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Preface

All electronic equipment requires a source of power—a power supply. A power
supply can be a separate assembly, or integrated into an electrical or electronic
system. It supplies load current at a particular voitage or voltages to the
system’s circuits. In most cases, a power supply is required to control its
output voltage (or voltages) to within close limits as its input voltage and/or
output load are changed. This is a regulated power supply. If the output were
not regulated, the variations in its output voltage could become signals within
the system circuits being powered and cause errors, distortions, extra signals,
etc.

Building Power Supplies has two goals. First, to help you, the reader, un-
derstand the basic function of each of the components in a power supply and
how the components work together to function as a power supply. Second, to
show how to build useful working power supplies. Easy to understand illustra-
tions visually enhance the learning.

Building Power Supplies begins with a refresher on basic sources of dcand
ac power. If you already know these basic principles, you may bypass this
material and start with Chapter 2.

Chapter 2 describes the functions of transformation, rectification, and
filtering that are required to convert common ac line voltage to a dc voltage. It
explains the components needed and identifies the important parameter
specifications. The system output is an unregulated voltage.

Chapter 3 begins a pattern that continues through Chapter 6: The basic
principles of a system regulating a dc voltage are discussed, and then instruc-
tions are presented for building useful power supplies. Chapters 3 and 4 deal
with power supply circuits that operate continuously in the linear region, and
Chapters 5 and 6 deal with switching power supplies. Specifications, compo-
nent selection, parts lists, construction plans, design techniques and operating
principles are covered. All parts used are readily available from Radio Shack.

Preformance measurements of each power supply, a calibration procedure
for the switching power supplies, and troubleshooting tips are contained in
Chapter 7.

Building Power Supplies should be a good teaching tool because if you
complete it, you should understand power supply system principles, and, if
you wish, you can build a useful power supply. Those are our objectives. We
hope we have succeeded.

D.L.
M.P.L
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Basic Sources
of DC and AC Power

INTRODUCTION

Power supplies are the energy sources that are required to operate any electri-
cal equipment, including electronic equipment. All types of electronic equip-
ment—from the simplest AM radio to complex computers; from a child’s
cassette player to the most sophisticated space electronics—need some kind
of power supply.

One goal of this book is to show how to build various types of power
supplies—from unregulated supplies to regulated switching supplies. With
photographs and other illustrations, Building Power Supplies lists the com-
ponents to use, shows how to interconnect the components to construct a
power supply, and shows performance measurements of the completed as-
sembly.

However, Building Power Supplies has another goal—to help you under-
stand the function of each component and the basic principles that are at work
as the components perform their functions. If you already know the basic
principles, the material in Chapter 1 can serve as a refresher, or you may chose
to skip ahead to Chapter 2.

POWER

What is power? Power is the rate at which energy is used. A common unit of
electrical power is the watt. A watt is the use of one joule of energy per second.
A watt-hour (the unit you see on your monthly electrical bill) is the supply of
one watt for one hour, or one joule per second for 3600 seconds. A joule is the
amount of energy that one would expend lifting a kilogram (1,000 grams = 2.2
pounds) about 10 centimeters (about 4 inches).

Power supplies for electronic equipment commonly have a wattage rating
as a measure of the energy that can be delivered. Technicians and engineers
know that the power supply voltage (in volts) times the current (in amperes)
delivered to its load (the circuit to which the power is being supplied) is the
watts of power supplied. For example, a power supply delivering 5 volits at 10
amperes to its load is providing 50 watts of power.

DC POWER

The most common type of power supply that all of us recognize is a battery.
Switch on your flashlight and the batteries inside supply current through the
completed circuit to the light bulb. The current through the filament of the
light bulb causes it to glow. Power flows from the battery through the light
bulb. If the flashlight uses two 1.5-volt batteries (for a total voltage of 3 volts)
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and the current supplied to the light bulb is 0.1 ampere, the power supplied is
0.3 watt.

The simple circuit for the flashlight is shown in Figure 1-1a. This repre-
sentation of an electrical circuit is called a schematic diagram. Standard sym-
bols are used on schematic diagrams to represent the various components.
Notice that the battery symbol is a combination of alternating short and long
parallel lines, with the short line indicating the negative (—) terminal.

Figure 1-1bshows a graphical plot of the current supplied by the battery in
the circuit of Figure 1-1a. The current is constant against time and always in
the positive direction. This current is called direct current (abbreviated as dc)
because the current always flows in one direction.

ENERGY FROM
CHEMICALS IN
RATTEAY
I
ENERGY +048 4
R — £ +016-
'|—l: 5 +0.14
1.5“ 1-W r“ 'l +0.12 =
- +0.10
- +0.08
: +0.05
COMNOFF A +0.04
ﬂﬂl +0.02 -
oo T T T T T
1] 1 2 3 4 5
TIME - MINUTES
a. Circuit b. Current vs Time

Figure 1-1. Simple DC Circuit

Battery

A battery is an electrochemical power source. The basic building block of a
battery is the electrochemical cell. Higher battery voltages are obtained by
connecting severat cells together in series. This is how the word “battery” was
derived. The cell cross-section shown in Figure 1-2a and the schematic shown
in Figure 1-2b show a battery supplying current to a load of series-connected
resistors.

Asshownin Figure 1-2a, an electrochemical cell contains two plates, called
the negative and positive electrodes, and a liquid or semi-liquid between the
electrodes, called the electrolyte. When a circuit (conductive path) is com-
pleted between the terminals of the electrodes, a chemical reaction takes place
between the positive electrode and the electrolyte that “pulls” electrons from
the circuit to the positive terminal and into the electrolyte. An opposite reac-
tion takes place at the negative electrode, “pushing” electrons out the negative
terminal and into the circuit. Electrons and positive ions flow in the electrolyte
to maintain the chemical reaction.

2
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Figure 1-2. Batteries Supply Current to a Load

In Figure 1-2a, two directions are shown for the current in the circuit
across the battery. One is electron current; the other is conventional current.
Electrons have a negative charge and flow from a point of negative voltage toa
point more positive in voltage. Because early scientists who discovered elec-
tricity assumed that conventional current was the movement of positive charges
(opposite from electrons), the conventional circuit current direction is oppo-
site to the electron current direction.

Conventional current direction is the standard most commonly used by
the electrical and electronic industries; therefore, it will be used in the remain-
der of this book. Just remember, electron current will be in the opposite
direction to the conventional current direction shown.

The chemical reaction develops a potential difference, called voltage,
between the positive and negative terminals. Voltage is measured in units of
volts. The pressure caused by the voltage is called the electromotive force. The
number of electrons that actually flow through a conductor per second is
called current, and is measured in units called amperes, commonly called
amps. The voltage of a battery decreases as the battery supplies current to its
load; therefore, batteries are commonly rated in “ampere-hours.” This rating
specifies the number of hours the battery can supply one ampere of current

3
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before the battery voltage decreases to a specified minimum value. For batter-
ies that are designed to supply less than one ampere, this rating is expressed in
“milliampere-hours,” where one milliampere equals 0.001 ampere.

Primary and Secondary Batteries

Batteries are available in many types and voltages for many different purposes.
Some are rechargeable (secondary cells) and some are non-rechargeable
(primary cells). An example of a primary battery is the alkaline cell used in
everything from flashlights to cameras to portable stereos. Examples of secon-
dary batteries are the nickel-cadmium (Ni-Cd) batteries in some cordless
tools, and the lead-acid batteries used in automobiles, Batteries are constantly
being improved to increase the power delivered or to reduce the physical size
required for a given power. Such developments increase their use in portable
electronic equipment.

DC Generator

Another power supply for direct current is a dc generator. To understand the
operation of a generator, you must understand the basic principles at work
when a wire is moved in a magnetic field.

Generator Principles

Look at Figure 1-3. Here a loop of wire is mounted on a shaft and positioned in
amagnetic field. The magnetic field, represented by lines in Figure 1-3, runs from
the North pole of the magnet to the South pole. This field is invisible, but it is
present. You know this is so because if a nail is brought close to the magnet it
will be pulled to the magnet. The lines are made visible in Figure 1-3 to illus-
trate the principle. Notice that a voltmeter is connected across the ends of the
wire loop. Theloop's 90 degree position is as shown—the loop sides are closest
to the pole pieces, and the face of the loop is parallel with the magnetic field.

Now, if the loop starts at 0 degrees and is rotated rapidly clockwise 180
degrees, the voltmeter needle will deflect to indicate a momentary voltage and
then fall back to zero. When the loop cut across the magnetic field lines, an
electromotive force was generated in each side of the wire loop to cause
current in the same direction through the meter circuit and deflect the meter.
The amplitude of the generated voltage depends on three factors: the strength
of the magnetic field, the speed of the rotating loop, and the number of turns of
wire on the loop. Increasing any factor increases the generated voltage.

If the loop is again rotated clockwise another 180 degrees, the voltmeter
needle will again deflect, but in the opposite direction. However, if before the
second 180-degree turn, the meter leads were reversed, the meter needle
would deflect in the same direction as for the first rotation. Thus, if the loop is
continually rotated while the leads are reversed at each 180-degree point, the
generated voltage plotted against time will look like the waveform shown in
Figure 1-4a. This is the basis of a direct-current generator.
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Commercial Generator

A commercial dc generator has many windings, each with many turns of wire,
wound on an iron core. This assembly is called an armature. The ends of the
windings connect to split slip rings, called the commutator, on the generator
shaft. The output terminals are connected to sliding connectors, called brushes,
which are in contact with the commutator. This combination reverses the
winding connections to the output terminals as the armature rotates so that
the generated voltage is always the same polarity. The windings are positioned
on the generator shaft so that the output voltage waveform looks like that
shown in Figure 1-4b when plotted against time. The output voltage is nearly
constant and when connected to a circuit load, the current in the circuit will
flow in only one direction. It will be direct current from a dc generator—a dc
power supply.

As mentioned above, the voltage level produced by a generator deperids
on the number of turns in the generator windings, on the speed at which the
generator shaft is driven, and on the strength of the magnetic field. The
maximum current that a dc generator can produce depends on the size of the
wire in the generator windings, the design of the commutator and brushes,
and the way the generator is cooled. The rated power wattage is equal to the
rated voltage times the rated current.

Induction

The voltage in the loop that caused a current in the meter connected to the
loop is said to be induced by the magnetic field. The induction can occur either
by moving the loop through the magnetic field, or by moving the magnetic
field through the loop. The principle of induction is very important to the dc
generator, to the ac generator discussed next, to inductors, and to transform-
ers discussed in Chapter 2.

AC POWER
Alternating current (ac) differs from dc in that the circuit current doesn’t flow
only in one direction,; it reverses and flows in the opposite direction as well. It
changes direction at regular time intervals. The regular periodic rate at which
the current reverses direction is called the frequency. AC-powered equipment
must be able to operate at the frequency at which the alternating current is
generated.

AC power runs trains, factories, and the appliances in our homes. What
makes it especially useful is that transformers can be used to convert ac to
different voltages, as we will see in Chapter 2.

AC Generator

The primary source of ac power is the ac generator, which is usually called an
alternator. It is very simiiar to the dc generator. Look again at Figure 1-3, Recall
that when the loop coil was rotated the first 180 degrees, thémeter deflected in
one direction; and if continued through a second 180 degrees without revers-

6
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ing the leads, the meter deflected in the opposite direction. The change in
direction of the meter’s deflection meant that the current changed its direc-
tion through the meter. The voltage induced in the loop was in the opposite
direction so the current in the circuit changed direction.

Look at Figure I-5a. The shaft on which the loop of wire of Figure 1-3 is
mounted is now driven by a motor that turns the loop so it makes 60 complete
rotations each second. The ends of the loop are connected to slip rings so the
meter is connected to the loop through brushes on the slip rings at all times as
the loop turns. The voltage indicated by the meter as the loop turns is shown in
Figure 1-5b. Notice that in the first 180 degrees, the voltage is positive, and in
the next 180 degrees, the voltage is negative.

Asthe loop turns, the voltage repeats itself each 360 degrees, or each cycle.
If the loop makes one 360 degree rotation in 1/60 of a second, then 60 cycles of
voltage will be induced or generated in one second, and the frequency of the ac
voltage is 60 cycles per second. The official name for “cycles per second” is
“hertz,” so the generated voltage has a frequency of 60 hertz. If the number of
turns on the loop of wire is increased until the generated voltage is 110 volts,
then a 110VAC, 60Hz ac generator will have been constructed. This is the
principle of an ac generator—the primary ac power supply. Because of its
simpler construction (continuous slip rings instead of a split commutator),
and because dc is easily derived from ac, as we will see in Chapter 2, the ac
generator or alternator is much more widely used than the dc generator.

Inductance

Let’s review up to this point. A wire cutting across a magnetic field will have a
voltage induced in it and there will be a current in the wire when itis connected
in a complete circuit. There is a counter principle to this as shown in Figure
1-6a. When there is current in a wire, a magnetic field will be formed around
the wire as shown. As current increases in the wire, the magnetic field in-
creases around the wire; as current decreases in the wire, the magnetic field
decreases around the wire. If other wires are near the wire carrying the varying
current, as shown in Figure 1-6b, the varying magnetic field cuts acrossthe wires
and induces a voltage in them. The varying magnetic field expanding and
collapsing around the nearby wires is the same as if the magnetic field were
stationary and the nearby wires where cutting across the magnetic field. This is
the principle of the transformer which will be discussed further in Chapter 2.
Inductors also use this principle to produce an electrical property called
inductance.

Inductive Reactance

When current passes through wire which is wound in a coil, a magnetic field
will be produced around the coil which is the result of the interactions of the
magnetic fields around each loop of wire in the coil. With alternating current
through the coil, the field expands and collapses around the coil. The expand-
ing and collapsing field induces a counter voltage in the coil that opposes the

7
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varying current that is producing the original field. This opposition or resis-
tance to ac is called inductive reactance. It has the symbol X, and is calculated
using the following equation with f as the frequency in hertz and L as the

inductance of the coil in henrys; = is a constant equal to 3.1416:

= 2nfL
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Inductance depends on the size (area and length) of the coil, the number
of turns, and the permeability of the material on which the coil is wound.
Permeability is a measure of how easily a material can be magnetized. Notice
that as the frequency of the varying current increases, the inductive reactance
increases. This will be important later when inductors used in power supply
filters are discussed.

The unit of inductive reactance is ohms, which is the same unit used for
the resistance of a resistor. The total opposition (impedance) by an inductance
in an ac circuit is the sum of the inductive reactance and the dc resistance of
the wire in the inductor. An inductor with dc or very low frequency ac flowing
through it has an impedance close to the dc resistance of the wire used to wind
it. As the frequency increases, the impedance increases dramatically because
the inductive reactance increases dramatically.

SUMMARY

In this chapter, we have discussed the basic sources of dc and ac electricity —
electrochemical (batteries) and electromechanical (generators, alternators).
We have illustrated how magnetic principles are used in generators and alter-
nators to generate electricity and in inductors to produce inductive reactance,
an electrical property that opposes alternating current. In Chapter 2, we will
see how the magnetic principles are used in transformers, one of the main
components in unregulated power supplies.




CHAPTER 2

Unregulated
Power Supply Systems

INTRODUCTION

Most electronic equipment circuits require a power supply that provides a dc
voltage at some maximum dc current. Batteries can be used to provide this
energy for equipment that has a low power requirement or if it is normally
used intermittently. Another possible power source is a dc generator, however,
neither batteries nor dc generators are practical or economical for many types
of electronic equipment. Since the 110VAC, 60-hertz power distributed by the
electric power company is readily available, most electronic equipment oper-
ates from a power supply that converts the ac line voltage to a dc voltage.

The basic unregulated dc power supply functions are transformation,
rectification, and filtering. These functions are indicated in Figure 2- 1, along with
the input and output waveforms for each function.

The transformation function input is the 110VAC from the utility line. Its
ac output voltage, which can be lower or higher than the input voltage, is the
input to the rectification function. The rectification function output is a dc
voltage, but because it has large amplitude variations, it is called “pulsating
dc.” The filtering function reduces the large amplitude variations so that the

+ +
Yy v,
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- - oS
"_1, !mmnumnu RECTIFICATION \ I FILTERING
TRANSFORMER HALFWAVE [V capaciTive
Vay STEP-DOWN FULL WAVE CAPACITIVE- LoAD
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Y.
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SELEGTED S °
Vg FOR PROPER Yo S
G OUTRUT APPLE
VOLTAGE

Figure 2-1. Unregulated DC Power Supply
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output is a dc voltage with only a small “ripple” voltage riding on it. This basic
power supply is called an unregulated dc power supply because its output
varies with changes in the ac input voltage as well as changes in theload on the
power supply output. To understand the operation of this power supply, let’s
discuss each of the functions in detail.

TRANSFORMATION
Transformation provides two primary functions:
® [tchanges theline voltage value to the voltage value required to produce
the proper dc voltage output.
® It electrically isolates the electronic equipment from the utility power
line.

Transformers

A transformer is the component that performs the transformation function. As
shown in Figure 2-2, it consists of at least two coils of wire wound on the same
iron core. The coil of wire receiving the input voltage is called the primary; the
coil providing the output voltage is called the secondary. Many times there are
two or more secondaries. The basic operating principle of a transformer is
induction, which was discussed in Chapter 1. Varying current from an ac
voltage applied to the primary creates a changing magnetic field in the iron
core. This magnetic field, coupled to the secondary through the core, cuts the
secondary windings and induces an ac voltage in each turn of the secondary.
Thus, energy is transferred from the primary to the secondary by the varying
magnetic field without any electrical connection between them.

AON COMSTANTLY
CORE CHANGING
_\ " MAGNEFIC FIELD
SINE X
WAYE  ppmaapy “ T SECONDARY
o/ 4P 49 b *
2 P> g » 2
o < M o
- Y ':'_-p v, -
1 ]
o I ] o
D -
| S < _L

Figure 2-2. Transformer Construction
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Isolation

Because the energy transfer is accomplished only by the magnetic coupling
between the primary and the secondary, the secondary and any circuits con-
nected to itare isolated from the primary and any circuits connected to it. This
is important for safety because the primary is connected to the high current
supply of the utility line. Without such isolation, there is a serious shock
hazard. Another advantage is that no dc connection exists between circuit
ground in the primary circuit and circuit ground in the secondary circuit.

Turns Ratio

In an unregulated power supply, the transformation functlon must provide
the ac output voltage value required to produce the proper dc output voltage.
This is easily accomplished in a transformer by varying the ratio of the number
of secondary turns (N,} to the number of primary turns (N,). The ratio is formed
by dividing N, by N; that is, N,/N,. The secondary voltage can be less than or
greater than the primary voltage just by varying the turns ratio, N,/N,.

The amount of voltage induced in a turn of the secondary winding is the
same as the voltage induced in a turn of the primary. The voltage induced in
each turn of the primary, €, is the primary voltage, V,, divided by the primary
turns, N, In equation form, it is:

e, = V,/N,

If the same voltage is induced in each turn of the secondary winding, then the
secondary voltage, V,, is the number of secondary tumns, N,, times the induced
voltage, e,. In equation form, it is:

V,=N,;Xe,

By substituting the value of e, from the first equation into the second equation,
V; equals the turns ratio times V. In equation form, it is:

V,=N,/N, XV,

Knowing that the secondary voltage is the primary voltage times the turns
ratio, it is easy to see how the transformer can be used to vary the voltage level
of the ac voltage used in the unregulated power supply system. Let’s look at a
couple of examples using a schematic symbol for a transformer like that shown
in Figure 2-3a.

Step-Down Transformer

If the secondary turns are fewer than the primary turns, the secondary voltage
is less than the primary voltage. This is a step-down transformer. In the
example shown in Figure 2-3b, the turns ratio is 0.5 and the primary voltage is
110VAC; therefore, the secondary voltage is 110VAC X 0.5 = 55VAC.

12
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Step-Up Transformer

If the secondary turns are more than the primary turns, the secondary voltage
is greater than the primary voltage. This is a step-up transformer. In the
example shown in Figure 2-3¢, the turns ratio is 3.18 and the primary voltage is
110VAC; therefore, the secondary voltage is 110VAC X 3.18 = 350VAC.

Power Transfer and Efficiency
The power flowing out of the secondary in relation to the power flowing into
the primary is given by:

V,xL,=V,xXLxn

where n is the transformer efficiency. If the efficiency were 100% orn = 1, the
power out would be equal to the power in. Therefore, if V, is smaller than V,,, I,
must be larger than I, and if V, is larger than V|, I, must be smaller than . A
power transformer’s efficiency usually is between 85% and 95%.

AC VOLTAGE VALUES

A dc voltage usually has only one measured value. An ac voltage, because it is
continually changing, can have several different measured values depending
on how it is measured. Study these voltage values because they are important
in power supply design. They will be used later in this book for the project
designs.

13
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Figure 2-4 shows the common ac power-line voltage waveform plotted
against time. The time axis is also calibrated in the degrees of rotation of the ac
cycle. For the first 180 degrees, the voltage is positive; for the next 180 degrees,
it is negative. Because the power-line frequency is 60 hertz, a 360 degree
rotation cycle takes one sixtieth of a second.

Vims
The value of the power-line voltage is typically stated as 110VAC, but this value
isreally 110V ... Ve as shown in Figure 2-4, is the value normally measured on
an ac voltmeter. V,, is the usually stated value of an ac voitage because itis an
ac voltage that provides the same energy to a resistive load as an equivalent dc
voltage.

ViandV,,

Note in Figure 2-4 that other values can describe the ac voltage. The peak
voltage, V,,, is the maximum value of the voltage in its cycle. The peak-to-peak
voltage, V,,,, is the total value of the voltage from the maximum positive peak to
the maximum negative peak. For a sine-wave voltage (which is a voltage that
varies as the mathematical sine function of the angle of rotation) as shown in
Figure 2-4, V., equals 70.7% of the peak voltage (V,,s = 0.707 X V). Con-
versely, V,, is 141.4% of the V,,, voltage (V,, = 1.414 X V). The peak-to-peak
voltage for a sine-wave is twice the peak voltage (V,, = 2 X V).

RECTIFICATION
Rectification converts an ac voltage into a dc voltage. The component that
performs the rectification function is called a rectifier.

+200.0 -
+141.4 ,
i e
+100.0 T v, / G0Hz
§ $ \ﬁ Vo jraﬁ S \S & &
ar o | l’ | | | | v
g 1 | | r "
k-4
= 100,06 —
-141.4 - ¥
ppp g | V0 10187} SEC.

TIME —

Figure 2-4. AC Voltage Values
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Rectifier

The rectifier is a type of diode. Simply stated, it is a one-way valve for electric-
ity. As indicated in Figure 2-5, it allows electrons to flow freely in only one
direction, called the forward-biased direction, where the anode voltage is
more positive than the cathode voltage. In the opposite direction, called the
reverse-biased direction, electrons cannot flow easily. In this direction, the
anode voltage is more negative than the cathode voltage.

Ve

A forward-biased diode is not like a piece of wire because it has enough
resistance to produce a significant voltage drop across it. The forward-biased
voltage drop, shown as V; in Figure 2-5a, varies according to the type of mate-
rial used in the diode. A commonly used silicon diode has a V; 0f 0.5-0.7V, and
a germanium diode has a V; 0f 0.2-0.3V.

V., and PIV

The maximum reverse-bias voltage, shown as V; in Figure 2-5b, that can be
applied to a diode is called the peak inverse voltage (PIV). If this voltage is
exceeded, the anode-cathode junction may break down and allow a large
current to flow in the reverse direction. If breakdown is exceeded, the diode is
usually permanently damaged.

Half-Wave Rectifier

A simple half-wave rectifier circuit has a diode connected in series with a
transformer secondary output as shown in Figure 2-6a. The input primary
voltage is a power-line, 60-hertz, sine-wave voltage. The positive cycle alter-
nation is labeled A and the negative one is labeled B. The polarities of the
primary and secondary voltages are noted for each alternation.

DIODE
MECHANICAL VALVE r_v,_,..
+ -
_F::w‘:## GATE OPEN Dl
\“I
aoDE " T cATHOOE
EASY FLOW

{Large Current for Smail Vattage)
a. Forward Biased

DICDE
MECHANICAL VALVE PRI
- +
enmady GATE CLOSED ™~
FLOW BLOCKED ™. _| / L~ ~—
ANODE CATHODE
BLOCKED FLOW

(Very Small Current for Large Voitage)
b. Reversed Biased

Figure 2-5. Diode: A One Way Valve for Current
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On altemmation A, diode D1 conducts because its anode is more positive
than its cathode. A voltage equal to the secondary voltage (minus the diode’s
Vi) is developed across the load, R,. On alternation B, D1 blocks current so no
voltage is developed across R,. The secondary voltage appears as reverse volt-
age, Vy, across the diode. To withstand this voltage, D1's PIV must be greater
than the secondary voltage's V,,,.

The output voltage (Figure 2-6a) is a series of 60-hertz, half-cycle alterna-
tions of the secondary voltage. The voltage is always in one direction and is
known as “pulsating dc.” If the area under the positive pulses is averaged over
a complete cycle, the average dc voltage is 0.318 times the secondary’s V.

A half-wave rectifier circuit is used for low current applications such as
battery chargers and ac-dc adapters for calculators. Note that if a battery were
placed across the dc output as aload, it would charge to the peak voltage of the
secondary minus the V; of the diode.

Full-Wave Rectifier
The rectifier circuit in Figure 2-6b converts both alternations of the secondary
voltage to a dc voltage; therefore, it is known as a full-wave rectifier. A diode is
in series with each secondary output and the center tap is grounded. The
voltage between the center tap (See Fig.2-3a) and each secondary output is
equal in value, but opposite in direction. When V, is positive, Vj, is negative.

D1 conducts during the A alternation and D2 conducts during the B
alternation. The center tap is a common return for the current from each
diode. Because both diodes conduct current to the load in the same direction,
the pulsating dc has positive half-cycles on both alternations of the secondary
voltage. The output is pulsating dc at 120 hertz with an average dc voltage of
0.636V,,.

Onply half of the secondary is used at one time; therefore, the transformer
secondary output voltage must be twice that needed to provide the proper dc
voltage. Also, each diode’s PIV must be at least the full secondary’s V.

Bridge Rectifier

The rectifier circuit of Figure 2-6¢ is called a full-wave bridge rectifier. It uses
four diodes in a bridge network. One output terminal of the bridge network is
acommon ground for the return of the load current. The other output terminal
is connected to the load.

D1 and D2 conduct on alternation A, and D3 and D4 conduct on alterna-
tion B. Both conducting paths deliver current to the load in the same direction.
The pulsating dc output is the same as the full-wave rectifier. The output dc
voltage is the secondary voltage minus two forward diode drops. The diodes’
PIV must be greater than the secondary peak voltage, V.

FILTERING

The pulsating dc output after transformation and rectification is not a satisfac-
tory power source for most electronic circuits. The filtering function smooths
the output so that a nearly constant dc is available for the load.

16




2
UnrecuLaren Power SuppLy SYSTEMS

V), - VOLTS

= Average DC = 0.318V,
a. Half-Wave Rectifier t = 60Hz
[

n 4 POSITIVE
CA+R- “im T /' ALTERNATION
£

A+B- i . ¥,
£
1

lLllA|

=
H
A,

oc
NEGATIVE
=l ALTERMATION G

1
+

A~B+

‘ll‘l

t ——>

+ - A-B+ 02
g Average DC = 0.636V,
g AWFA v, f = 120Hz
1
>

- t— b. Full-Wave Rectifier
T
TMB‘ -
s 2v,
Viu C f AW 4 .L
C AVYyBY AE
aA-B+ £ (|E oo _T
- | — AVES
* ATEANATIONE o
GURRENT Average DC = 0638V,

B
=)

2>
=)

|
§
]
g

Figure 2-6. Rectifier Circuits

17



‘ 2 e
Bunoine Power SuppLies

The pulsating dc output from the rectifier contains an average dc value
and an ac portion called a ripple voltage. A filter circuit reduces the ripple
voltage to an acceptable value. Resistors, inductors and capacitors are used to
build filters. None of these components have amplification. Resistors oppose
current and normally function the same way in dc or ac circuits by not varying
with frequency. Inductors oppose current changes, and their inductive reac-
tance increases with frequency. Capacitors oppose voltage changes, and their
capacitive reactance decreases with frequency. Let’s take a closer look at
capacitors and understand what they do.

Capacitor
A capacitor consists of two conductive plates separated by an insulator, called
the dielectric, as shown in Figure 2-7a. When a dc voltage is applied across the
plates, electrons collect on one plate and positive ions on the other. The
difference in the electrical charges on the plates equals the voltage applied. If
the voltage is removed, the electrical charges remain in place and maintain the
voliage difference between the plates. In other words, the charge is stored by
the capacitor. The charge storage characteristic gives a capacitor in a circuit
the effect of opposing voltage changes. This effect is very important to the
filtering function in dc power supplies.

The electrical unit of capacitance is the farad. A farad is a very large
quantity so actual capacitors are usually rated in microfarads. One microfarad
is 0.000001 (1 X 10°°) farad.

Discharging a Capacitor
To understand how a capacitor is used in filtering, let's examine a capacitor’s
discharge characteristic. In Figure 2-7c, a capacitor has already been charged
to a voltage V.. Switch S, which has been open, is closed and the capacitor
discharges through resistor R. The voltage across the capacitor decreases as
time passes according to the very predictable curve shown in Figure 2-7d. It is
called an RC discharge curve because the time scale is in RC time constant
units. To find the RC time constant (in seconds) for the discharge curve,
multiply the resistance (in chms) discharging the capacitor by the capacitance
(in farads). If the capacitor is 10 microfarads (0.00001 farad) and the resistance
is 100 ohms, one RC time constant is 0.001 second (100 X 0.00001 = 0.001). The
resistance discharging a power supply filter capacitor is the power supply load.

The discharge curve of Figure 2-7d shows that V, will decrease to 37% of its
original charged value in one RC time constant. In five RC time constants, the
capacitor will be fully discharged. Analysis of the discharge curve reveals two
important facts:

& The larger the capacitance, the larger the RC time constant and the

slower the discharge.
= The smaller the resistance, the smaller the RC time constant and the
faster the discharge.
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Capacitive Filter

The simplest filter is a single capacitor in parallel with the output from a
rectifier. In Figure 2-8a, C,, is the filter capacitor and R, represents the power
supply load. I, equals V, divided by R, (Ohm's law). Look at the waveform of V,
plotted against time. V, increases rapidly to the peak voltage output from the
rectifier as the first alternation half-cycle charges Cg,. If there were no load
(R_=infinity), V, would remain at the peak voltage and C;, would not have to be
charged again; however, with a load of R, and a current of I,, C;, starts to dis-
charge as the rectified pulse decreases to zero. The discharge is according to
the curve of Figure 2-7d, and the RC time constant is C, times R,. C;, discharges
to point A shown on the V, waveform. At point A, the next alternation pulse
voltage increases above V, and recharges C,, to the peak voltage again.

A filter capacitor must be large enough to store a sufficient amount of
energy to provide a steady supply of current for the load. If the capacitor is not
large enough, or is not being charged fast enough, the voltage will drop as the
load demands more current.
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Figure 2-8. Filtering

The RMS voltage of the variation in V, above and below the output dc value
is shown as the ripple voltage, v, in Figure 2-8a. For a full-wave, 60Hz ac input,
Vitms) is:

Viemy = 2.4 /Cr @

where I, is in milliamperes, C;, is in microfarads, and an RC discharge is as-
sumed.

The equation can be rearranged to find C;, for a power supply that must
supply I, milliamperes of current and have a ripple voltage of V.

Cn =241 /Vymy o

Ripple Voltage
Ripple voltage is usually stated as a percent of the dc output voltage, V,:

ToVetemey = Vegume/ Vo X 100

For example, let’s assume a power supply must provide 10V dc at 200 milliam-
peres with a 1% maximum ripple voltage. Using the above equation, mulkiply
1 times 10 and divide by 100 to find that the ripple voltage must not exceed 0.1
volt. Then use the C, equation to find that C;, must be 4800 microfarads to
meet the ripple requirement.

Additional filter components can be added, as shown in Figure 2-8b, to
reduce the ripple voltage further. When L, is in henries, Cg, is in microfarads,
and the source is a 60Hz, full-wave rectifier, the V ;. of Figure 2-8b is:

Ve = Vegms X 1.77/Lg, Cp, @
'Basic Electronic Technology, Radio Shack No. 62-1394 © 1985 Texas Instruments, Dallas, TX.
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VOLTAGE DOUBLER

A transformer can increase the voltage level of ac, but a transformer is rela-
tively expensive and increases the weight and heat generation of a power
supply. In some cases, a special type of rectifier circuit called the voltage
doubler is used to provide a higher output voltage without using a larger and
heavier step-up transformer.

Operation

Figure 2-9a illustrates the circuit and Figure 2-9b shows the output waveform.
The first A alternation forward biases D1 and charges Cl1 to V. The first B al-
ternation forward biases D2 and charges C2 to V|,. Because Cl and C2 are
connected in series with their polarities aiding, the output voltage, V,, is the
addition of the two capacitors voltages, which is 2 X V,,. Additional circuit
segments can be used to form voltage triplers and quadruplers. Circuits such
as this are useful for photo-flash power supply applications that require a
high-voltage, high-current pulse for a short time period, and then allow a
relatively long time before another pulse is required.

m
N, N, B-A+ g
I 1 .
Gl Vplt

T

L4
Oty
LA A AL
—
Yr¥Yyy
-
o
o
+
»
r
o
o
=
=]
= ,_!

.3 -5 [+]
DC VOLTAGE = e A
TWO TMES THE - U A
BECONDARY A 'e‘ b L
PEAX VOLTAGE o . Ay, By ||
TIME —»-
a. Circuit b. Waveform

Figure 2-9. Voltage Doubler

SUMMARY

An unregulated power supply provides the rated output voltage when the
rated line voltage is input and the rated current is delivered to the load. If the
line voltage increases or if the load current decreases, the output voltage
increases. If the line voltage decreases or if the load current increases, the
output voltage decreases. Thus, the output voltage is unregulated because it
varies with line and load changes.

The basic functions required for unregulated power supply systems of
transformation, rectification and filtering were discussed in this chapter. The
components that perform these functions were explained and their important
parameters were identified. In the next chapter, the circuits required for regu-
lation will be added.
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l CHAPTER 3 —
Basic Regulated
Power Supply Systems

INTRODUCTION

Modern digital ICs provide many of the conveniences enjoyed today. Most of
these ICs require a precise power supply that controls the voltage level within
narrow limits. The supply must respond very quickly to peaks and dips in
current demand, because the ICs are adversely affected if certain voltage
variations occur. This chapter explains the basic methods for controlling the
output of the power supply so that changes in load current and input line
voltage have little or no effect on the output voltage. A power supply with its
output controlled in this fashion is called a regulated power supply.

To design a regulated power supply, an unregulated supply like those
described in the last chapter is used with a regulator circuit added to its output.
This chapter will show how a regulator can monitor the power supply output
and automatically make adjustments so the output voltage stays within de-
fined limits. The basic functional parts of a regulator are discussed along with
a variety of integrated circuits that perform these functions. These ICs simplify
the design and manufacture of a regulated power supply.

WHY IS A VOLTAGE REGULATOR NEEDED?

Figure 3-1a is a schematic circuit diagram of the unregulated power supply
shown in the functional diagram of Figure 2-1. Figure 3-1b shows a simplified
schematic equivalent to the circuit shown in Figure 3-1a. 1t has a certain open-
circuit (no load) dc voltage as its source, Vpc, and a series resistor, R, called the
outputimpedance. Anyload current, 1,, flows through R,. Two main factors work
to change the output voltage, V. One is a change in load current; the otheris a
change in input line voltage, V,y, which changes V.. Sometimes these two
factors occur independently, and sometimes they interact with each other.

Variations in Load Current

The dc output voltage, Vo, varies as the current demands of the load fluctuate.
Figure 3-2plots the variations. If there is no load current (I, =0), then V; equals .
Vpo, the peak ac level from the power transformer. As the load demands more
current, the voltage drop across R; causes the output voltage to fall. When the
load is at the rated output current, I, V, is at Vg, a point near the
transformer’s rated RMS voltage. This voltage variation is not a problem if the -
load circuit demands somewhat constant current, or if the load circuit opera-
tion can tolerate the variations in V,. For example, the power supply voltage for
an audio power amplifier can vary over a considerable range without affecting
the amplifier operation, as long as it doesn’t dip below the level where signal
clipping or other distortion occurs.
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Variations in Line Input Voltage
As shown in Figure 3-2, V4 also varies because the line input voltage, V,, varies.
If Vi changes, as it often does in many areas, the power transformer output
and the filtered V,, output will change.

VOLTAGE REGULATOR PRINCIPLES

To maintain a constant V,, a regulator circuit is inserted between R, and R, as
shown in Figure 3-3. There is a voltage drop across the regulator, Vy; there-
fore, the input voltage, Vy., must be larger than V,,. shown in Figure 3-1b. In
Figure 3-3, Vo = Vpe — (R + Vo).
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Regulator Action

To perform the required regulation, the regulator circuit varies Vg to keep V,
constant as I, and V¢ change. If I, increases, V; increases which tends to re-
duce Vy,; however, the regulator reduces Vg to offset the increase in V; so V,
remains constant. Conversely, if I, decreases, which tends to increase V), the
regulator increases Vi to keep V,, constant. Similarly, the regulator increases
or decreases Vi if Ve increases or decreases, respectively.

Sampling Circuit
The sampling circuit monitors the output voltage and feeds an output voitage
sample to the error amplifier.

Reference Voltage Generator
The reference voltage generator maintains a constant reference voltage for the
error amplifier regardless of input voltage variations.

Error Amplifier

The error amplifier compares the output voltage sample to the reference
voltage and generates an error voltage if there is any difference between them.
The error amplifier output is fed to the control element to control the value of
A/

Control Element

The control element is essentially a variable resistance which is in series with
Ve Rz and R;. When Vi, or I; changes, the input from the error amplifier ad-
justs this variable resistance to change Vg, to hold V, constant as explained
above.
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Now that the “big picture is understood,” let's learn the details of the
regulator circuit operation. First, the basic transistor action which is used in
the circuits will be discussed.

TRANSISTOR ACTION

Transistor Construction

To clarify what is meant by transistor action, look at Figure 3-4.Itis divided into
three parts. Figure 3-4a shows the construction of an integrated circuit NPN
transistor. The transistor is made up of islands of N, P and N semiconductor
material diffused into a semiconductor wafer substrate. The most commonly
used material is silicon. On the substrate, the devices next to each other are
isolated from each other so they can act independently. Small gold wires are
bonded to defined evaporated metal contacts to the N, P and N regions to
make external electrical connections to the base (B), emitter (E) and collector
(C)—the three terminals of a transistor.

+10v

%

q}
-
a. Construction of NPN
IC Transistor
R = 200 OHIAS LOAD LINE
= ,5mA
c a
w = 0. AmA
§ - ,
lg = 0.5mA
3 30
= {.2mA
2 X y 'ﬂ
! = £, 0mA
TR \\':!
N ®
H A W0 12 M 6 & 20
Ve - YOLTS
c. Charactenskics

Figure 3-4. Transistor Construction and Operation
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Transistor Circuit and Characteristic Curves

Figure 3-4b shows a transistor in a circuit and Figure 3-4c¢ describes transistor
action with a plot of collector current, I, against the collector-to-emitter volt-
age, V. Base current, I, flows from base to emitter when the base is more
positive than the emitter by a base-to-emitter voltage, Vg, greater than 0.7V.
With a given base current, a characteristic curve of collector current can be
plotted as V. is varied. Different characteristic curves are shown in Figure 3-4c¢
for different base currents. For example, if 1, equals 0.1 milliampere, then I¢ is
approximately 10 milliamperes for any V¢ from 2 volts to 20 volts.

Notice that there is a current gain in the transistor. L. is 10 milliamperes for
an I of 0.1 milliamperes; therefore, the base current controls a collector cur-
rent that is 100 times greater. The current gain is not affected much by V; until
Ve is less than 2 volts or greater than the collector-to-emitter breakdown
voltage.

Load Line

If R in Figure 3-4b is 200 ohms and if the supply voltage is 10V, then for any
base current, I, the V¢ of the transistor will fall on the diagonal dashed line
shown on the characteristic curves of Figure 3-4c. This line is called a load line.
IfI3=0, then I.=0 and the operating point would be at point B on the load line
where V; is 10 volts. If [;=0.5 milliampere, then 1.=46 milliamperes, which is
at point A on the load line. If I;=0.3 milliampere, then V=4 volts, which is at
point C on the load line. Thus, as I} varies, I; changes and V; changes. Tran-
sistor action such as this is the basis of the regulator circuit operation in Figure
3-5.

SERIES-PASS FEEDBACK REGULATOR

To gain more insight into the operation of a regulator, let’s examine in detail
the series-pass feedback regulator of Figure 3-5. The control element is NPN
transistor Q, which is connected in series between the input voltage, V,,, and
the output voltage, V,, thus, the name series-pass. The load current, 1, is the
same as I of Q,, therefore, all of the load current must pass through Q,. As we
learned from the discussion of transistor action, I cannot flow unless there is
an Iy into Q,, thus, I; controls I and I,. How this affects the regulator operation
will be discussed in a moment.

Figure 3-5is called a feedback regulator circuit because it is a closed loop
that feeds back a portion of the output voitage and compares it to a reference
voltage. The difference between the two voltages determines the action that
must be taken to keep the output constant.

Reference Voitage

The reference voltage, Vg, in Figure 3-5is the voltage across diode D,, which is
a special diode called a zener diode. It is operated in the reverse-biased
direction, which was described in Chapter 2 as the breakdown region. Ordi-
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Figure 3-5. Simple Feedback Regulator

nary diodes would be damaged if operated in this region, but zener diodes are
designed to be operated in this region.

In Figure 3-5, the input voltage to the regulator is applied to R, in series with
D,. Once the breakdown voltage of the zener diode is exceeded, the voltage
across D, remains fairly constant for wide variations of current through it. The
value of R, is chosen so the required minimum current passes through D, when
Vi is at its lowest value.

Sampling Circuit

The sampling circuit in Figure 3-5 consists of two resistors, R, and R,, in series
across the output voltage terminals. The output voltage sample is the voltage
across R,. This voltage depends on the ratio of the resistor values. The values of
R; and R, are chosen so the veltage across R, is 0.7 volt above the reference
voltage across D,. As stated previously, 0.7 volt is the V; voltage of a silicon
transistor.

Error Amplifier
Q, is the error amplifier and the Vi of Q, is the error voltage. The constant ref-
erence voltage is fed to the emitter of Q, and the output voltage sample is fed to
the base of Q,. Thus, any change in V,, varies the Vi of Q,, which changes the
base current, 1, of Q,. Changes in [; cause the collector current, I, of Q, to
change.

Q, provides current gain due to transistor action. The collector current will
change from 50 to 200 times the change in base current depending on the type
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of transistor used for Q,. R, completes the collector circuit for Q, to V| as its
supply voltage. The connection from the collector of Q, to the base of Q,
provides the error-amplifier control to the control element, Q,.

Control Element

As stated previously, Q, is a silicon NPN transistor. V,y is designed to be larger
than V,, so that Q, will always have enough V. for the load current range of the
power supply, and still not be too large to exceed the power dissipation and
temperature limits of Q,. The power dissipation in Q, at any operating point is
the V¢ across Q, times the current through Q,.

The emitter of Q, is connected to the regulator output voltage terminal.
The base of Q,, which is connected to Q,’s collector, is at 0.7 volt above Q,’s
emitter. The base-emitter circuit of Q, is similar to the circuit of Figure 3-4b.
Base current is supplied to Q, through R, from the supply voltage, V). I must
be large enough to provide the maximum rated power supply load current
(Ic=I). If Q, has a minimum gain of 50, then the minimum base current that
must be supplied through R, is the rated load current divided by 50.

Q, controls Q, when the collector current of Q, shunts away (reduces) base
current from Q,.

Regulator Action
Now put it all together and look at the overall regulator action. The circuit is in
a stable operating condition, and then a load current decrease occurs.

A decrease in load current tends to increase V. An increase in V, increases
the base current of Q,, which increases the collector current of Q,. The in-
creased I of Q, shunts away base current from Q,. The reduced base current of
Q, reduces its collector current which increases its collector-to-emitter volt-
age. The increased voltage drop across Q, reduces V.

An increase in load current causes opposite actions. Similar regulator
control loop action occurs to keep V, constant if V,y increases or decreases. The
reader should go around the loop and verify the action.

IC REGULATORS

Various combinations of the sampling element, error amplifier, and control
element are available in integrated circuit form, These devices make building
aregulated power supply a much simpler task than it was just a few years ago.
Three common voltage regulator ICs are presented in this chapter.

7800-Series Fixed-Output Voltage Regulators

The LM7800-series three-terminal regulator, as shown in Figure 3-6, is a se-
ries-pass regulator which has a V,, terminal, a Vyy,y terminal, and a ground
terminal. Rated output voltages from 5 to 24 volts are available in the 7800
series. The last two digits of the part number indicate the output voltage of the
regulator. For example, the 7805 is a 5-volt regulator, the 7812 is a 12-volt
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Figure 36. 7000-Serles Aegulator

regulator, and the 7815 is a 15-volt regulator. The regulated output voltage is
fixed for each regulator.

The regulator contains all of the functions shown in Figure 3-3. In addi-
tion, it contains protection circuits to limit the peak output current to a safe
value, and to maintain the internal power dissipation to a safe limit. A thermal
shutdown circuit operates if the internal power dissipation exceeds a preset
value. With proper heat sinks, the 7800-series can supply 1.5 amperes of load
current. Notice that in order for the output voltage to be at the rated value, the
sampling element must have a good ground point close to the load.

As shown in Figure 3-6, the output of the regulator can be increased by
raising the regulator ground to a voltage above ground. The dotted lines show
two 1N4001 diodes connected in series with the regulator’s ground pin. Due to
the forward-bias voltage drop of the silicon diodes, the ground pin of the
regulator will be 1.3 to 1.4 volts above the ground level, causing the output to
be 1.3 to 1.4 volts above the rated fixed-voltage output. Regulation suffers
slightly because only a portion of V,, is being sampled. Higher offsets can be
obtained by using more diodes, or by using a reverse-biased, high-current
zener diode. Such techniques are useful to increase the fixed output voltage by
a volt or two.

LM317 Adjustable Voltage Regulator

The LM317 three-terminal adjustable voltage regulator is similar to the 7800
regulator, except that it doesn’t have an internal sampling element, and the
ground terminal is replaced by an adjustment (AD)) terminal. This terminal is
connected to an external voltage divider which serves three purposes. The first
is to provide a sampling-element voltage to the built-in error amplifier. The
second is to provide enough current from ground through R1 to operate the
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circuit’s built-in voltage reference. The third is that it makes it easy to design an
adjustable power supply. The built-in control element, an NPN transistor, is
large enough to allow the LM317T to supply 1.5 amps if adequate heat-sink
surface is used. The LM317T has built-in protection for maximum current and
for exceeding internal power dissipation over its rated temperature range.

The operation of the LM317 is somewhat different from the 7800 series
because it is what’s known as a “floating regulator.” It maintains its reference
voltage relative to the output voltage, V,; therefore, whenever it operates, it
adjusts its operating point so that the voltage across R, in the R,, R, voltage
divider is always equal to its reference voltage, Vyze. As a result, as shown in
Figure3-7,V,isequal to Vgg: (1.25V in the case of the LM317) times one plus the
ratio of R,to R,. IfR,is 9 times R,, then foran LM317, V, is 10 times 1.25V, or 12.5
volts.

Onecan easily see that if R, is an adjustable resistor, V,,can be adjusted over
a wide voltage range, provided V,y is within the proper range. The minimum
Vv must be greater than V,, + Vyg.. The maximum V,, cannot be greater than V,,
+ 40 volts; for example, if V,=12 volts, V} cannot be greater than 52 volts. Of
course, the greater Vp., the greater the internal thermal dissipation.

Remote Sense

Another advantage of the external sampling element is that remote sensing is
made easy. In many system designs, long power distribution leads cannot be
avoided. A long power supply lead that has a high current will have a signifi-
cant voltage drop which is outside the regulation loop. To solve the problem,
remote sensing is used. A separate wire is connected to the actual load point
and feeds back the load voltage directly to the sampling circuit. Because there
is very small current in the wire, the voltage drop is negligible, and the regula-
tion at the load point is much improved.
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723 Regulator IC

The 723 regulator is shown in Figure 3-8. It contains a reference voltage source,
an error amplifier, a low-current control element, and two extra compo-
nents—a zener diode and a transistor. The extra transistor is used as a current
limiter. As illustrated, using the 723 requires more external components to
build a power supply than the 7800 and 317 regulators; however, because the
basic functions are available at the external pins, the 723 is a very versatile
regulator. Low-current (150 mA) stand-alone supplies use the 723, but its most
common use is to drive a much larger current-handling control element.

Adding External Transistor For Higher Output Current

Figure 3-8 shows how an external transistor that can handle much larger
current is connected to the 723 to provide a higher-current control element.
The collector of the external transistor is connected to V. of the 723. The base
is connected to Vg, and the emitter becomes the new V,,,; terminal for the
larger-current regulator. The 723 becomes a driver for the external control
element. A proper heat sink must be used to keep the external transistor in the
safe operating area.
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REGULATOR PROTECTION

A power supply regulator handles a considerable amount of energy while
doing its job. If the electrical and thermal forces get out of control, the circuit
can destroy itself. Manufacturers of IC regulators, and other IC semiconductor
devices that may be added externally, specify maximum voltage, current, and
temperature limits that must not be exceeded. When a circuit design stays
within these limits, all components are in their safe operating area. Operation
beyond these limits may destroy the device. To assure that regulators will not
be destroyed if limits are exceeded, protection circuits are added to the regula-
tors.

Short-Circuit Protection

A common occurrence is that a regulator’s output terminal is shorted to
ground. When this happens, the regulator tries to supply a large current
beyond its rated value. As previously discussed, short-circuit protection cir-
cuits are builtinto 7800-series and LM317T regulators. For the 723, as shown in
Figure 3-8, the current limiter transistor is connected to measure the voltage
drop across a low resistance in series with the output terminal. As the load
current increases, the voltage drop across this resistance increases. If this
voltage rises above the Vy; of the transistor, it indicates excessive current de-
mand by the load. The current limiter transistor conducts and shunts base
current from the control element to limit its I, which is the load current. This
keeps the control element in its safe operating area.

Thermal Runaway

Excessively high temperatures cause real problems in the operation of IC
regulators or any other solid-state circuit. If the maximum junction tempera-
ture specified on a device's data sheet is exceeded, the device is usually de-
stroyed. Junction temperature rises because of power dissipation. The ex-
pected power dissipation generated by a series-pass regulator is calculated by
multiplying the voltage drop across the control element (Vyy — Vour) by the
current flowing through it. This power is converted to heat which raises the
junction temperature. If this heat is not removed more quickly than it builds
up, a condition called thermal runaway can occur. The heat causes the device
to conduct more current, resulting in more heat, until the device literally
destroys itself. As long as the limits for the particular device are not exceeded,
the device will remain in its safe thermal operating area.

Thermal Conduction

To protect semiconductor junctions from excessive temperatures, a path must
be provided to conduct the heat away from the silicon substrate where it is
generated. The usual path that the heat must travel is from the silicon to the IC
package or case to the surrounding air. If the device is operated well below its
maximum ratings, this usually is an adequate conduction path; however, as
the power increases, the heat must be removed more rapidly.
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Heat Sink

Aheatsink is a piece of metal attached to a semiconductor device case or an IC
package for the purpose of conducting heat away from the device. The larger
the surface area of the heat sink, the faster heat is removed by conduction and
radiation into the surrounding air. Figure 3-9 shows how the metal, which isa
much more efficient thermal conductor, keeps the IC from becoming too hot.
Heat flows from the silicon chip, to the IC package, then to the air through the
leads, printed circuit board, and heat sink.

SILCON PC

Flgure 3-9. Heat Flow From IC to Heat Sink

To increase the efficiency of the heat transfer from the package to the heat
sink, a thermally conductive compound is often used between them. If it is
necessary to electrically insulate the device from the heat sink, amica insulator
is used. Radio Shack’s power semiconductor mounting kit, 276-1371, includes
such an insulator.

Sometimes the conduction and radiation cooling of the heat sink is not
enough to keep the power device below its maximum junction temperature. In
this situation, a fan is used to move air across the heat sink to increase
convection cooling. In any design, temperature measurements should be
made to ensure that maximum temperatures are not being exceeded.

SUMMARY

What has been learned? — how an available ac line voltage can be transformed
to a level close to the dc voltage needed, how rectification and filtration can
give a steady dc voltage, and how a regulator provides a precise voltage even
under varying input voltage variations and output current demands. In Chap-
ter 4, these principles will be put to work in useful projects.
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This chapter contains three power supply projects using the principles devel-
oped in the previous three chapters. These projects use commonly available
parts from Radio Shack.

REGULATED 5-VOLT POWER SUPPLY

The first project is a regulated +5V power supply that can be used to power
digital circuits. This is an ideal power supply for experimentation using IC
breadboards such as Radio Shack's No. 276-169.

Requirements

Digital integrated circuits are available for nearly any purpose in a wide range
of complexities. As varied as they are, the vast majority require a supply voltage
of 5 volts regulated to within 10%; however, some of the more complex ICs,
such as microprocessors, require 5% regulation.

Regulation

The percentage of load regulation is expressed as follows:
%Load Reg = (Vi ~ V)/V, X 100

It is the change in voltage, expressed as a percentage, that occurs when the
load changes from no-load (NL) to a load (L) divided by the load voltage. Itis
a measure of how far the output voltage varies in response to rapid changes in
current demand by the load. Let’s verify the output voltage of a 5V supply with
aregulation of 5% using the load regulation equation. In the following calcula-
tion, V, is the Vyy, — V, variation in the above equation.

+5% =V,/5 X 100
*0.05=V,/5
+V, = 5(+0.05) = +0.25
-V, = 5(-0.05) = —0.25

Therefore, with +5% regulation, the 5V output voltage will vary from 5.25 to
4.75 volts regardless of the rapid peaks and dips in current demand. This
regulation also applies to input voltage changes.

Load Current

The current demands of digital ICs vary from a few milliamps for logic devices
to a few hundred milliamps for complex ICs. Power switching devices often
control load currents of 100 mA or more which drive motors, contactors, lamps
or relays. This current is in addition to the current for the logic’s internal
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circuitry. As a result, a +5V supply with a maximum rated current of 1A (1000
mA) and a possible current of 1.5A (1500mA) should be sufficient to handle
small projects and experiments that consist of around 10 ICs and some power
devices.

Ripple
The ripple specification is derived using the input capacitor filter equation
(from Chapter 2) and the fact that the regulator compensates for ripple voltage
variations at its input. This regulator characteristic is called ripple rejection.
Digital logic circuits usually have a minimum of 200 millivolts noise mar-
gin around critical logic levels in their system design. Any power supply ripple
reduces the amount of “headroom” (tolerance) on this design margin. Thus, if
ripple voltage were to cause logic levels to vary by 20 millivolts, it would reduce
the noise margin by 10%.
An ipput capacitor filter, CF,, with a capacitance of 4700pF is chosen for
this project. At a 1500mA load, the ripple voltage is:

Viems = 2.4 X 1500/4700
Viamsy = 0.76 or 760 millivolts

The 7805 regulator will be used in the design. It has a ripple rejection charac-
teristic of 60 decibels. The decibel, which is abbreviated dB, is the unit used to
express the ripple voltage that appears at the output of the regulator when a
certain voltage appears at the input. The relationship (a reduction) is ex-
pressed as follows:

"GOdB = 20]03,0 Volvlu
=3 = log,e Vo/ Vi
107 = V,/Viy

It means that the output ripple voltage,V,, will be reduced by 1000 times
over what appears at the input, V,,. Since the input ripple voltage is 760 milli-
volts, it should be 0.76 millivolts at the regulator output. This is small enough
to cause no problem with noise margin.

The schematic diagram for the full supply is shown in Figure 4-1.

Protections

Here are a number of protections built into the design.

1.The power switch, S1, is a double-pole double-throw (DPDT) switch with the
line cord connected to one of the outside pairs of terminals. This isolates the
line voltage inside the switch body when the switch is off.

2.An input fuse is in series with one of the primary leads of the transformer to
protect against transformer shorts.

3.An LED indicator is wired across the output terminals as a pilot light and an
aid in determining when the filter capacitors have discharged.

4. A fuse in series with the output helps prevent an experiment from “going up
in smoke.” It has been included to demonstrate its use in a design. It really
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Figure 4-1. Regulated + 5V Power Supply Schematic

isn’t necessary because the 7805 regulator has current limiting. If the regula-
tor used has no short-circuit protection, the fuse is absolutely necessary for
experimental supplies like this.

5.8Since this supply may be used with a variety of loads, a diode is connected
from the input to the output so that it is reverse biased under normal
operation. This provides protection if a large amount of capacitance is
connected to the output. When the input voltage is turned off, the large
capacitance on the output may discharge more slowly than the capacitance
on the input. This would reverse bias the regulator and could damage it. The
diode provides a “safe path” for the discharging current.

Regulator Choice

The requirements for this regulated +5V power supply project closely match
the ratings of the fixed-voltage 7805 IC regulator—5 volts output voltage and
1.5 amperes maximum load current. The built-in thermal cutoff circuit and
current limiting features are especially useful to provide additional protection
when powering your experiments.

Since the 7805 IC will be delivering a power supply rated current of 1
ampere and a possible maximum current of 1.5 amperes, and since its mini-
mum standoff voltage is 3 volts, it will dissipate a minimum of 4.5 watts at
maximum load. It must be and is mounted in a heat sink and cooling holes are
drilled in the enclosure to prevent heat build up.

Transformer and Rectifier Choice
The 7805 IC regulator requires a minimum voltage differential between the
input and output of 3 volts. Thus, to obtain a 5-volt output, the input to the
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regulator must be at least 8 volts. The transformer’s center-tapped secondary
is rated at 12.6 volts at 3 amps. Using the two-diode full-wave rectification
scheme produces 8.9 volts peak (6.3 X 1.414) at 3 amps. The rectifier diodes,
which require a PIV of 17.8 volts, and the protection diode across the regulator
are rated at 3A, 50V PIV. By choosing an 18V centertapped transformer (RS#
273-1515), the supply would be able to operate at 1.5A continuously because
the peak voltage is raised. However, the heat sinking of the 7805 regulator has
to be more extensive to protect the regulator from exceeding the power dissi-
pation and case temperature limits.

Filters :

The filtering and resultant ripple voltage is as previously described for the 7805
regulator. A small capacitor (0.1pF) is placed across the output of the regulator
to bypass high-frequency noise that may be generated by the load.

Construction Details
The parts listed in Table 4-1 are used for this project.

Table 4-1. Regulated +5V Power Supply Parts List

Reference
Catalog No. Description Quantity Designator
273-1511 12.6V transformer 1 Tt
276-1141 Diode, 1N5400 3 CR1-CR3
276-1770 IC, 7805 voltage regulator 1 u
276-089 LED indicator 1 CR4
272-1022 Capacitor, 4700uF, 35V electrolytic 1 C1
272-109 Capacitor, 0.1pF, 50V ceramic 1 c2
2711313 Resistor, 2201}, “a"W 1 R1
276-1363 Heat sink 1
276-1373 Heat sink mounting hardware 1
276-1372 Thermmal compound 1
275-614 DPDT switch 1 S1
276-158 Circuit board (2%" X 3%") 1
270-232 Box (2%W" X 4%" X 73¢") 1
270-364 Fuse holder 2
270-1274 1.5A fuse 2 F1, F2
278-1255 Line cord 1
278-1636 Strain refief 1
274-661 Binding post set 1 TP1, TP2
64-2342 Rubber feet (set) 1
276-195 Standofis 4
278-1627 Heat shrinkable tubing
64-3012 Screws 6-32, 3/4” long
64-3019 Nuts 6-32
64-3011 Screws 4-40, 1/4” long
64-3018 Nuts 4-40
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Construct the circuit on the circuit board following the connection dia-
gram in Figure 4-2 and the photograph in Figure 4-4. Figure 4-2 shows the
underside of the circuit board. Insert the component leads through the board
in the positions shown, and bend the leads as shown against the bottom of the
board to hold the components in place. Besides the leads, extra lengths of bare
or insulated wire are used to make the connections.

Use thermal compound between the IC and the heat sink when mounting
the regulator IC. Use a 6-32 screw and nut to hold the IC in place. Insert the
regulator pins through the holes in the board, wrap the component leads and
wire connections around the pins, and then quickly solder the connections
without heating the IC excessively. Remember, shiny solder connections are
proper connections, not grainy gray. The solder on the IC leads should wet the
contacts on the board to hold the IC in place, but make sure the leads do not
short together.

TRANSFORMER THANSFORMER YO NEGATIVE
SECONDARY (YELLOW GT {BLACK) LEAD auTFUT

Off RED) LEADS COMNECTS HERE TERMIMAL TPZ
CONNECT HERE

Figure 4-2. Regulated + 5V P.S. Circuit Board Parts Placement
{Underside shown)
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Enclosure-Mounted Components
Remove the bottom cover from the box. Refer to Figure 4-14afor apictorial view.
Drill mounting and cooling holes in the box in the positions shown in Figure
4-3.The 1/8" holes are for mounting the circuit board and the transformer. The
front panel holes are for fuses, binding posts, an indicator, and a power switch.
The 3/8” end hole is for the line cord.

While the circuit board is unmounted, insert the two secondary (red or
yellow) transformer leads through the board, and solder each to a formed
diode lead on the underside of the board. Do the same with the centertap
(black) lead, but solder it to the negative lead of capacitor Cl. Insert a red wire
through the board at the junction of CR3, C2, and the output pin of the 7805
and solder it in place. This is the positive output voltage lead to F2. Insert a
black wire through the board at the negative lead of C1 and solder it in place.
This is the negative output voltage lead to terminal TP2. Insert another black
wire through the board and connect it to R1. This wire will be connected to the
LED. Mount the standoffs to the circuit board with the short 4-40 screws.

Assembly Steps

1. Mount the transformer upside down directly to the box top in the position shown in
Figure 4-3. Use 6-32 screws and nuts.

2. Install the fuse holders, binding posts, LED, and power switch in the front panel as
shown in Figures 4-3 and 4-4. Mounting hardware is on the components.

3. Mount the circuit board on standoffs inside the box in the position shown in Figure
4-3. Use the short 4-40 screws,

4. Insert the ac line cord through the strain relief and anchor the strain relief in the
end 3/8” hole. Allow 2” of slack inside the box.

5. Solder the primary leads of the transformer to the center pair of terminals on the
power switch. The switch handle up indicates the power supply is on and that the
bottom terminals are intemally connected to the center terminals.

6. Solder one wire of the ac line cord to the side contact on the fuse holder for F1.
Run a wire from the end contact of the fuse holder to one terminal of the bottom
pair of terminals on the power switch. Solder the other wire of the ac line cord to
the other bottom switch terminal. Insert a 1.5A fuse in the holder.

7. Solder the negative black wire from the circuit board to the lug from the black
binding post TP2, then secure the lug to the post with the nut provided. This is the
negative terminal of the output voitage.

8. Solder the positive red wire from the circuit board to the end terminal of the fuse
holder for F2. Insert a 1.5A fuse in the holder.

9. Solder a red wire from the side terminal of the fuse holder, F2, to the red binding-
post (TP1) lug. Secure the lug to the post with the nut provided. This is the positive
terminal of the output voltage.

10. Solder the black wire from R1 to the short lead of the LED.

11. Slip a small piece of heat-shrinkable tubing over a red wire and solder it from the
long lead of the LED to the lug on TP1. Pull the tubing up over the LED connection.

12. Recheck all connections against the schematic in Figure 4-1. Correct any errors.

13. Attach the cover with the self-tapping screws provided. Mark the position for the
rubber feet, strip off the self-adhesive covering, and stick the feet in place.

14. Connect a voltmeter to the output, plug in the ac cord, and flip the power switch on
to test the output voltage before using the supply. The open-circuit output voltage
should be 5 volts and it should not change more than 5% when a resistive load
drawing rated load of 1 amp (5 ohms) is placed across it.
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further ripple reduction, more filter sections can be added to the input filter-
ing, or, as will be mentioned for the LM317 regulator, additional components
can be added to the regulator circuit.

Regulation

It is not likely that the current changes due to signals are going to be as severe
in analog circuits as in digital circuits; however, much smaller voltage changes
become significant signals in the analog circuits. For this reason, the regula-
tion of the differential supply voltages is set at 0.5%, with a maximum of 1%
over wide temperature swings.

Protection
Similar protection features to those included in the +5V supply are included in
this design—a primary fuse, a DPDT power switch, and an LED pilot light.

Component Choices

Because negative regulator ICs are not as widely available as positive regulator
ICs, this project uses two LM317T adjustable regulators and separate 25.2-volt
center-tapped transformers for each side.

The schematic diagram in Figure 4-5 shows two independent power sup-
ply circuits connected in series at their output, with the ac input in parallel.
This is possible because of the isolation provided by the power transformers.
The positive lead of the second supply is connected to the negative lead of the
first, forming the central ground. The specifications of the supply are:

Output voltage: =12V, 0.5% typical, common central ground.
Output current: a maximum of 1.5 amps for each voltage.
Ripple: 65 to 80 dB typical rejection.

The peak voltage output across the capacitor input filter is 17.8 volts (12.6
X 1.414). Two 1N5400 diodes are used for full-wave rectification, with the
centertaps of the transformers used as the negative terminals. The diodes are
rated at 3 amps, 50 PIV, well within the 35.6V PIV required.

The LM317T regulator offers the added advantage that the output voltage
can be changed simply by changing the ratio of the resistance between the
adjustment pin and ground and the resistance between the adjustment pin
and the output. For 12 volts output, using 390-ohm resistors for R1 and R3, the
programming resistors R2 and R4 are calculated by using the equation:

V, = 1.25[1+(R2/R1)]
VO/I.ZS -1= Rz/Rl

Substituting 12V for V,, gives:

12/1.25 - 1 = R,/R,
9.6 - 1 =R,/R,
8.6R, =R,

If R, = Ry = 390Q, then R, = R, = 3300Q.
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Figure 4-5. Regulated +12V Power Supply Schematic

The LM317 has a typical ripple rejection characteristic of 65dB. It can be
raised to 80dB by bypassing R, and R, with a 10¢F capacitor (shown as C5 and
C6). Since the same capacitive input filter is used as in the +5V supply, the
input ripple will be the same—760 millivolts. With 65dB rejection, the output
ripple is over 2000 times less. At 80dB rejection, the ripple at the output is
reduced by 10,000 times.

Construction Detalls
The parts listed in Table 4-2 are used for this project.

Construct the circuit on the perfboard following the connection diagram
in Figure 4-6. Scribe the perfboard along a row of holes to obtain the 3" X 6"
dimensions, then snap the board along the scribe line. As in the other projects,
insert the leads of the components through the board in the position shown,
bend the leads over against the bottom of the board, and make the connection
to the underside of the board as shown in Figure 4-6. Add extra wire to com-
plete all connections, and solder component leads and wire together.

Insert through the board, at the positions shown in Figure 4-6, two red wires,
one black wire, and two wires of another color. Solder one red wire to the
negative output, TP3, and the other red wire to the positive output, TP1. Solder
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Table 4-2. Regulated +12V Power Supply Parts List

Reference
Catalog No. Description Quantity Designator
273-1512 25.2V transformer 2 T1,.T2
276-1141 Diode, 1N5400 4 CR1-CR4
276-1778 IC, LM317 voltage regulator 2 U1, U2
276-069 LED indicator 1 CR5
272-1022 Capacitor, 4700F, 35V electrolytic 2 C1,C2
272-109 Capacitor, 0.1uF, 50V ceramic 2 C3.C4
271-018 Resistor, 390Q2, 1/2W 2 A1, R3
271-1328 Resistor, 3.3kQ, 1/4W 2 R2, R4
276-1363 Heat sink 2
276-1373 Heat sink mounting hardware 2
275-614 DPDT switch 1 St
270-274 Box (3" X 8%" X 84" 1
276-1394 Perfboard (4%2" X 67) 1
270-364 Fuse holder 1
270-1274 1.5A fuse 1 F1
278-1255 Line cord 1
278-1636 Strain relief 1
274-661 Binding post set 1 TP1
64-2342 Rubber feet (set) 1
276-195 Standoffs 4
64-3012 Screws 6-32, 3/4” long
64-3019 Nuts 6-32
64-3011 Screws 4-40, 1/4" fong

the black wire to the ground connection, TP2. The other colored wires will
connect to CR5. Solder one to the junction of CR1 and CR2, and the other to the
end of R5. Mount the standoffs at each comer of the board with short 4-40
SCrews.

Enclosure-Mounted Components

Drill mounting and cooling holes in the bottom and top of the enclosure as
shown in Figure 4-7. Refer to Figure 4-14bfor a pictorial view. The transformer
and perfboard mount to the inside of the bottom. Install the rubber feet to the
bottom with the self-adhesive pads in the position indicated in Figure 4-7.

Assembly Steps

1. Install the binding posts and LED to the front panel portion of the bottom, and the
power switch and fuse holder to the rear panel as shown in Figures 4-7 and 4-8.

2. Insert the ac line cord through the strain relief and anchor the strain relief in the
3/8” hole in the rear panel. Allow 2” of slack inside the bottom,

3. Mount the transformers to the bottom near the rear panel as shown in Figure 4-7,
Use 6-32 screws and nuts.

4. Solder one wire of the ac line cord to the end contact on the fuse holder or Fi. Run
a wire from the fuse holder's side contact to one terminal of the bottom pair of
terminals on the power switch, S1. Solder the other ac line cord wire to the other
bottorn switch terminal. Solder the primary leads of the transformers to the center
pair of terminals. Insert a 1.5A fuse in the fuse holder. When the switch handle is
up, the power supply is on.
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CAUTION

If the supply is going to be used continuously at 1.5A, then it is best to have a
fan blowing down on the top to keep the regulator within its limits of power
dissipation at a particular case temperature.

VARIABLE POWER SUPPLY

The last project for this chapter is a power supply with a variable output
voltage suitable for a wide range of uses. It covers approximately 3.0 - 30 volts
at up to 1.5 amps of current in three ranges. The schematic is shown in Figure
4-9.

Transformer and Regulator

The transformer is a 25.2V, 2A, center-tapped transformer used with a full-
wave bridge rectifier rated at 1.5A, 50V PIV, to provide 35.6 Vi, (minus the bridge
diode drops), or a few volts higher if the ac line voltage is over 120 volts. The
regulatorisan LM317. Since the LM317 regulator is used, the typical regulation
specification is 0.5% just like the previous supply. The sampling element
includes a variable resistor (SKQ) to provide a front-panel voltage adjustment.

When the output current is 1.54, the input capacitive filter peak voltage
has dropped to 27 - 28 volts. If the output voltage were set to 3.0 volts, the
regulator would have to drop over 25 volts. Thus, at 1.5 amps, the regulator
would dissipate over 37.5 watts as heat, which would quickly trigger the device’s
thermal-shutdown protection circuit.

To keep the power dissipation of the regulator within acceptable values,
the operating range of the supply is divided into three ranges. Within each
range, switching is designed to limit the minimum output voltage, and the
inputvoltage to the regulator at maximum current. A voltage dropping resistor
is placed in series with the regulator to control the input voltage, while the
minimum voltage for each range is set by the resistor ratio in the sampling
element. For exampile, for the low range, R1 plus R2 is 740 ohms and R6 plus R7
is a minimum of 740 ohms. The ratio of R6 plus R7 to R1 plus R2 is 1. Using the
equation:

Vo = 1.25(1 + (R6+R7)/(R1+R2))

the minimum voltage for the range is 2.5 volts (1.25(1 + 1)). The minimum dif-
ferential voltage across the LM317 is specified to be 3 volts; however, many of
the regulators will operate down to 2.5 volts. By inserting a 90 resistor in series
right after the capacitive input filter, the input voltage to the regulator is
limited to 14.5 volts when the load current is 1.5 amperes. The resistor not only
serves as a series dropping resistor, but also as the resistive part of another
resistive-capacitive filter section formed with C2.
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The approximate voltage drops across the series resistance for the low and
mid ranges is as follows:

Range Rg 1.0A 1.5A
LO 9Q 9V 13.5V
MID 40 4V 6V

Ripple

As in the previous supply using the LM317, the ripple rejection is either 65dB,
or, if bypass capacitor C5 is used, it increases to 80dB. Using the ripple voltage
equation, the ripple voltage input to the regulator is calculated as:

Viemg = 2.4 X 150072200 = 1.64 volts

With 65dB of ripple rejection, the ripple voltage at the regulator output is
reduced over 2000 times to below 0.82 millivolts. Actual measurements show
this to be from 3 to 10 millivolts. Long leads due to the switching seem to
contribute to larger ripple.

The output capacitor C3 is a 2.2uF tantalum capacitor whose main task is
to prevent noise generated by the load from affecting the regulator operation.
If a layout of a power supply design were to place the filter capacitors a fair
distance from the regulator, then the 0.1pF capacitor C4 (indicated in dotted
lines) would be added to the design.

Indicators

A LED pilot light and a meter are used to indicate voltage presence. The LED,
with a current-limiting resistor (2.2kQ), indicates the presence of dc (prior to
regulation). The meterindicates the output voltage and a range switch changes
the full scale from 15 volts to 30 volts. The TRANSPORT position of the switch,
which shorts across the meter, should be used when the supply is being
moved.

Heat Sinks

Because of the high power dissipation in this supply at the current extremes,
the regulator and TO-220 heat sink are mounted to the back of the enclosure.
The regulator is insulated from the heat sink. This provides maximum heat
sink area for thermal protection. However, if the supply is operated continu-
ously at voltage and current conditions near the maximum boundaries indi-
cated in Figure 4-10, a fan should be directed to blow over the back of the
enclosure as an added precaution to protect the regulator.
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Figure 4-10. Operating Regions for Adjustable Power Supply

Operating Region

As shown in Figure 4-10, there are regions within the operating voltage ranges

where the maximum power dissipation of the LM317 (15W @ T¢=25-90°C) is

being exceeded. The power supply should not be operated within these regions.

Other operating restrictions also are shown:

1.The peak voltage output from the transformer and rectifier at various cur-
rents and the 3V minimum differential across the LM317 limit the maximum
output voltage to 25 volts at 1.5A.

2.The maximum load current for the LM317 is 1.5A.

3.The three nominal voltage ranges are:

LO: 3.0to 11 volts
MID: 9.5 to 20 volts
HI: 18.0 to 30 volts

The voltage adjustment varies with the ranges. A full turn of the knob is
required on the LO range, appzoximately half of the sweep is required on the
MID range, and less than half of the sweep is required for the HI range. As the
output voltage on each range is increased, the differential voltage across the
LM317 decreases, and (especially at high currents) may drop below 3 volts.
This causes the LM317 to drop out of regulation.

Construction Details
The parts listed in Table 4-3 are used for this project:
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Table 4-3. Variable Power Supply Parts List

Reference

Catalog No. Description Quaniity Designator
273-1512 25.2V transformer 1 T
276-1152 Bridge rectifier 1 BR1
276- 1141 Oiode, 1N5400 1 CR1
276-069 LED indicator 1 CR2
276-1778 LM317 1 n
272-1048 Capacitor, 2200uF, S0V electrolytic 2 C1,C2
272-1435 Capagcitor, 2.2uF, 35V electrolytic 1 Cc3
271-020 Resistor, 5609, 1/2W 2 R1, R6
271-016 Resistor, 270Q, 1/2W 2 R2,R7
271-1312 Resistor, 150Q, 1/4W 1 R3
271-010 Resistor, 680, 1/4W 1 R4
2711315 Resistor, 330Q, 1/4W 1 RS
2711714 Potentiometer, SkQ 1 R8
271131 Resistor, 1Q, 10W 2 R9, R10
271132 Resistor, 1022, 10W 5 R11, R12, R17-RA19
271-133 Resistor, 50Q, 10W 4 R13-R16
271-1337 Resistor, 15kQ, 1/4W 2 R20, R21
271-027 Resistor, 2.2k2, 1W 1 R22
276-158 Circuit Board (2%4" %X 3%") 1
276-1363 Heat sink 1
276-1373 Heat sink mounting hardware 1
275-614 DPDT switch ] S1
276-1545 DPDT switch, center off 2 §2,83
270-274 Box (3%¢" X 8% X 6'%") 1
270-364 Fuse holder 1
2701274 Fuse, 1.5A 1 F1
274-661 Binding post set 1 TP1, TP2
64-2342 Rubber feet (set) 1
278-1255 Line cord 1
278-1636 Strain relief 1
270-1754 Panel meter 1 M
274-433 Knob 1
276-195 Standoffs 4
278-1627 Heat Shrinkable Tubing
64-3012 Screws 6-32, 3/4" long
64-3019 Nuts 6-32
64-3011 Screws 4-40, 1/4” long

Circuit Board

Aswith the previous projects, insert the components through the circuit board
in the positions shown in Figure 4-11, bend the leads, and interconnect the
circuit. Use extra wire as necessary. Insert three 2” wires through the board at
points E, F, and G, respectively, as shown, and solder in place. Remember
Figure 4-11 is the underside of the board. Slip short lengths of shrinkable
tubing over the wires. These wires connect to the LM317, which is mounted on
the rear panel of the enclosure.

52



4
Linean Powea SuppLy ProJecTs

To Jet of To MID Range To HI Range
A9 and A13 {Bottom) Terminals (Top) Terminals
of 52 (Lett Side) of S2 (Left Side)

To Negative

Terminal, TP2 \

To Positive
Terminal, TP1 "]

©

To Center and
Right Terminals _ |
of Voltage Adjust
Pot as Viewed

from Rear

To Negative
Terminal of M1

To Center
Terminal of $2

@.—ﬂ"'
ToLED ?

Transtormer __
Secondary Leads

Pl

O

""-...:.m

To LO Range

Q |/ (center) Terminal

of S2 (Lett Side)

[ o Input Pin, 1

=
To Output Pin, O
™ Yo Adjust Pin, A

™ To Left Terminal
of R8 as Viewed
from Rear

R16 and R17

Figure 4-11. Adjustable P.S. Circuit Board Parts Placement

(Underside Shown)

Insert 7" lengths of wire for A, C, D, 1, J, L, M, N and O, and two lengths at B,
and solder in place. Make these wires different colors so they can be identified
easily. A will be in the main output supply line to the LM317 and connects to
C2. B is the V,, voltage line to the series dropping resistors and to the range
switch, §2, controlling the voltage ranges. The connection to S2 is called Q. C,
D, and M connect to one side of the range switch, $2; 1 and J connect to CR2; L
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and N connect to the adjustment control, R8; and O connects to M1 for full
scale of 15 volts.

Insert a 6" red and black wire through the board at TP1 and TP2, and solder
in place. TP1 will connect to the positive output voltage terminal and TP2 to
the negative output voltage terminal.

Drill holes in the enclosure as shown in Figure 4-12. Refer to Figure 4-14b
for a pictorial view of the enclosure. Instail the rubber feet to the bottom with
the self-adhesive pads.

Assembly Steps

1. Proceed carefully one step at a time. The interconnections are a bit complicated.
Refer to Figures 4-9, 4-11, 4-12, and 4-13 at each step.

2. Install the power switch, fuse holder, and ac line cord in strain relief i m the rear
panel. Leave about 2” line cord slack inside the box.

3. Solder one wire of the line cord to the end contact on the fuse holder for F1.Runa
wire from the fuse holder’s side contact to one bottom terminal of the power switch,
$1. Solder the other line cord wire to the other bottom switch terminal. Insert a 2A
fuse in the fuse holder.

4. Mount the transformer to the bottom of the enclosure. Solder the primary leads to
the center pair of terminals of S1. When the switch handle is up, the power supply
is on.

5. The power resistors are stacked and held in contact with the enclosure bottom by
two wire ties, as shown in Figures 4-12 and 4-13. Pass the ties through the holes
in the bottom of the enclosure to hold the resistors in place. Interconnect and
solder the leads of R9 through R18 shown in Figure 4-9. Attach two wires to form
the connection H and the connection P from the resistors to the range switch, S2.

6. Install the front-panel components, S2, 3, CR2, TP1, TP2, R8 and M1.

7. Mount the regulator IC on the heat sink with the insulator provided in 276-1373
between the IC and the heat sink. With the same screw and nut, attach the heat
sink to the rear of the enclosure. Use thermal compound on all surfaces.

8. Before mounting the circuit board, insert the transformer secondary leads through
the circuit board as indicated in Figure 4-11, and solder in place.

9. Mount the circuit board to the standoffs, and mount the assembly to the bottom in
the position shown in Figures 4-12 and 4-13. Use 4-40 screws.

10. Solder wires E, F, and G to the LM317 as shown in Figure 4-11. Trim wires to
length and slip shrinkable tubes over connections.

11. Looking at the voitage adjustment resistor, R8, from the rear, solder N to the left
hand terminal. Solder L to the center terminal and right hand terminal, shorting the
terminals together.

12. Slip a small length of heat shrinkable tubing over the LED wires, | and J, and
solder them to the LED indicator leads. J connects to the short lead (cathode); |
connects to the long lead (anode). Slip tubing over connections.

13. Solder the positive red wire to the lug of TP1, and the negative black wire to the
lug of TP2. These are the output voitage binding posts.

14. Solder wire O to the negative terminal of the meter, M1. Solder a wire, R, from the
negative terminal of M1 to the bottom right-side terminal (looking from rear) of S3.

15. Run a wire S from the positive terminal of M1 to the center right-side terminal of
83. Also, between this same terminal and the top terminal of 83, connect R21. R21
makes M1 into a 30V full-scale meter. Complete the M1 connections by running
wire T from the top temminal of S3 to the lug of TP1. Solder all connections.

16. Solder wire A to the junction of power resistors R9 and R13. At this junction is wire
H from step 4. Solder H to the top right-side (looking from rear) terminal of S2.
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‘ CHAPTER § ~
Switching Power Supply
Systems

This chapter describes the operation of a switching power supply system
which uses switching regulators. A switching regulator has much higher effi-
ciency than the linear systems described in the first four chapters.

Linear series-pass regulators convert an input voltage that is higher than
needed to a desired lower voltage. The extra energy (the voltage drop across
the control element times the current flowing through it) is dissipated as heat.
Asaresult, typical series-pass regulators have a conversion efficiency (Poyr/Pyy)
of 50% or less.

Switching regulators, on the other hand, can have a conversion efficiency
of 85% or more. Such efficiency results in lower power dissipation and much
smaller size components for a given power output. Other advantages are:
1. operation over a wide range of current and voltage, 2. switching-mode
operation for the control element, 3. input voltage can be lower than the
output voltage, and 4. the output voltage can be of opposite polarity than the
input voltage.

SWITCHING POWER SUPPLY OPERATING PRINCIPLES

Figure 5-1is a block diagram of a switching regulator power supply. As one can
see, there are many similarities between switching systems and the linear
systems discussed in Chapter 3. The differences lie in the action of an inductor
used for temporary energy storage, and how the control element is controlled
to provide regulation.

e
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- AC CONTROL TEMPORARY i)
i #ww'renps ELEMENT STORAGE [—+{ TEIER.
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Figure 5-1. Switching Power Supply Block Diagram
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If an ac source is used, the transformation, rectification, and filtering
circuits that provide a dc input voltage to the regulator serve the same function
in a switching power supply as in a linear power supply. If a dc source is used,
an input filter may be required for ripple or noise reduction or for stability.

Control Element Action

In linear systems, regulation is accomplished by varying the resistance of the
control element. In switching systems, it is done by rapidly turning the control
element on and off, and by varying the ratio of ON time to OFF time. Unlike the
series-pass control element, there is no linear operating state; the control
element is either completely on or completely off.

The ON switching action “pumps” energy in sudden bursts into the induc-
tor temporary storage element. During the time that the switch is OFF, the
stored energy is directed by a diode into the filter capacitor to supply the load
as needed. The sampling element, reference-voltage source, and error amplifier
work in an identical manner to those in a linear supply. However, the output of
the error amplifier is used differently.

Error Amplifier, Oscillator and PWM

The new circuits for the switching regulator are the oscillator, the pulse-width
modulator (PWM), and the temporary storage element inductor. The control
element is still a transistor or power field-effect transistor, but it is operated as
a switch. It is turned on and off by the PWM as shown in Figure 5-2.
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Figure 5-2. Switching and Control Waveforms
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The oscillator provides output pulses at a constant frequency, and the
PWM output pulses have varying ON times compared to the total period, T, of
the oscillator pulses. The oscillator pulse to the PWM input tells the PWM
output pulse to turn the control element ON. The error amplifier voltage level
tells the PWM how long the output pulse should keep the control element ON.
Thus, the error amplifier output controls the width of the PWM pulse, which
controls the ON time of the control element. The duty cycle of the control
element is tyy/T.

Inductor Action — Storing Energy
The switching regulator cannot be understood unless the action of the tempo-
rary storage inductor is understood. Figure 5-3a shows an inductor in series
with resistor, R, which represents the load, and switch, S1, across a battery with
voltage V. The initial conditions are: S1 is open, current is zero (I=0), and
voltage across the load is zero (Vz=0). The inductor, L, is assumed to have no
resistance.

The curve shown alongside the circuit plots the value of V; against time.
Since Va=IR and R is a constant, the curve also represents the value of I in the
circuitatany instant in time. After Sl is closed a relatively long time, notice that

VR = VIN and I = VINIR‘

At the instant that S1 is closed, the current in the circuit tries to increase to
the Vj,/R value, but the inductor action resists current change. It does this by
developing a counter voltage, V|, across itself that is in a direction to resist the
current change. The counter voltage is expressed by engineers as the counter
electromotive force (CEMF). (This is the same “voltage by induction” that was
discussed in Chapter 1 for generators and transformers.) As the current changes,
the magnetic flux extending out from the inductor as a resulit of the current
change, cuts the turns of the inductor coil and induces the counter voltage, V,,
in the inductor. The V, (or CEMF) developed across the inductor can be ex-
pressed by the equation:

VL =L A_I
At
where: L = the inductance in henries
Al = change in current in amperes
At = time period in seconds of current change

At the instant that S1 is closed, the current is trying to change from zero to
maximum, therefore, V, is maximum. Since all the input voltage appears across
theinductor, V;=0. As time passes, the current increases in a logarithmic curve
as shown for V;, and finally reaches its maximum value, Vyy/R. When the cur-
rent reaches maximum, it no longer changes, and the magnetic flux stops
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changing; therefore, V, =0. Since all of the input voltage, V,y, appears across R,
Vp is maximum. Thus, the action of the inductor is to resist a current change
and store energy in the magnetic flux field built up around it by the current
through it. A similar opposition to current change that occurs when §1 is
opened is described in the following paragraphs.

Inductor Action — Releasing Energy

Figure 5-3bis the same circuit as Figure 5-3aexcept dicde, D1, hasbeen added.
The diode’s purpose will be explained shortly. The current in the circuit is
maximum, V,,/R, and Vy=V,,. Energy has been stored in the magnetic flux
surrounding the inductor. Now, S1 is opened.

The curve alongside the circuit plots V; against time. At the instant S1 opens,
the current, I, wants to change to zero because Sl is open. Since I wants to
change to zero, the magnetic flux field built up in L collapses. As the magnetic
flux cuts the turns of wire in the inductor, the counter voltage, Vi, is again in-
duced, but this time the polarity of V, is opposite to what it was in Figure 5-3a.
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b. Action of inductor When S1 Opens

Figure 5-3. Switched Inductor Action
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The polarity is such that it wants to keep the current in the same direction as it
was before S1 opened. D1 provides a complete path for I through Rand Lasthe
magnetic field collapses. (If D1 were not present, a very high voltage would be
developed across the opened S1 contacts, causing the contacts to arc over to
release the stored energy in L.)

Thus, the energy stored in the magnetic field of L is returned to the circuit
by inducing a voltage in L to resist the change in [, and to keep I through R in
the same direction it was before the current change occurred. Vi, and thus I,
reduces along a logarithmic curve as the field collapses until I and V; are zero.
V. is calculated from the same equation as for Figure 5-3a. The inductor action
described in Figures 5-3a and 5-3b is used in several different types of switch-
ing regulators.

STEP-DOWN REGULATOR

Figure 5-4ashows a control element, inductor and output filter for a step-down
switching regulator. It is used when the required regulated voltage is lower
than the input voltage. When the control element is switched on, the inductor
stores energy, helps supplyload current, and supplies current to the capacitor.
When the control element is switched off, the energy stored in L helps supply
the Joad current, but also again restores the charge on C; that is supplied to the
load during the time that the control element is off and L has discharged its
energy. In this circuit V, =V,,—V, when the control element turns on, and V, =V,
when the control element turns off.

Alongside the circuits in Figure 5-4, waveforms of inductor and/or ca-
pacitor currents in the circuits are plotted against the time that the control
element is on and off. Figures 5-4a and 5-4bshow curves of the cuirent, I, into
the output filter capacitor. There are times when L is supplying current to
charge the capacitor (+1;) and supplying the load current as well; and there are
times when the load current is supplied only by the capacitor (—1c). The
switching regulator, when working properly, is just at balance in a switching
cycle—it is supplying the capacitor as much charge, +Q, as the load dis-
charges, —Q, from the capacitor.

STEP-UP REGULATOR

Figure 5-4bshows the same circuit parts for a step-up switching regulator. It is
used when the required regulated voltage is higher than the input voltage. It
operates slightly differently than Figure 5-4a. Energy is stored in L when the
control element is on. The energy is supplied by V,, and V, =V, during this time.
The load, isolated by D1, is supplied by the charge stored in C;.. When the
control element turns off, the stored energy in L is added to the input voltage,
and I, helps supply the load current and restores the energy discharged from
Cr. Cpsupplies current to the load after L discharges. When the contrpl element
turns off, V,=V,=V,,.
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INVERTER REGULATOR

Figure 5-4¢ shows the same circuits parts for an inverter regulator, sometimes
called a flyback regulator. The inverter regulator is used when a regulated
output voltage of the opposite polarity of V,y is required. Its operation is similar
to the step-up regulator. When the control element is on, energy is stored in L,
and D1 isolates L from the load. The load current is supplied by the charge on
C:. When the control element turns off, the stored energy in L charges C; to a
polarity such that V;, is negative. I, supplies load current and restores the charge
on C; during the time itis discharging its energy. As with the step-up regulator,
Cesupplies theload current after L discharges. When the control elementis on,
V. =V; when the control turns off, V, =V,,. Depending on how the inverter is
designed, it can be used for voltages higher or lower than the input.

COMPLETE SWITCHING REGULATOR

Figure 5-5 shows a functional block diagram of a complete step-down switch-
ing power supply. Each of the individual functions will be discussed in more
detail.

input Voltage

The input voltage for a switching power supply can vary over a surprisingly
wide range while still maintaining good conversion efficiency. An ac source is
indicated for V,y. All the same design considerations apply for the transforma-
tion, rectification and filtering as for the unregulated supply of Chapter 2. The
ripple voltage filtering, which takes care of any 60Hz or 120Hz noise, can be
somewhat less because of the output filtering of the switching regulator.
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Figure 5-5. Complete Switching Regulator (Step-Down)
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Control Element Switch

The control element switch is a switching power semiconductor. It must have
low Vo across it, and must have fast switching times. It may be a single NPN
transistor or power FET, or it may be a combination NPN and PNP for higher
gain operation. Regardless of what type of transistor is used, it is turned
completely on (lowest resistance) during the ON time, then abruptly turned
completely off (highest resistance) during the OFF time. It is used as if it were
arelay, but operates at a very fast rate—from 20kHz to 100kHz. A 100 kHz wave
has a period of 10 microseconds (0.00001 second).

The Catch Diode — Directing the Energy

When the magnetic field of the inductor begins to collapse and release its
stored energy, the energy must be contained and channeled in a useful direc-
tion. A diode, called the catch diode, does this in each of the circuits of Figure
5-4. Tt directs the stored energy into the output filter capacitor. The one-way
conduction of the diode is used to provide the proper circuit connection when
the induced voltage across the inductor is the proper polarity. Due to the high
switching frequencies in these supplies, the diode must have a very low for-
ward voltage and a very fast switching time and recovery time. A Schottky
diode is an ideal diode for the application.

The inductor

The action of the inductor has been discussed thoroughly. The main concern
is that the chosen inductor has the proper inductance, that it not saturate
during its operation, and that the core has the volume to handle the power
required. If it saturates, it loses its inductance and its ability to efficiently
transfer energy to the output.

The inductance is determined by the core material and the number of
turns of wire on the core. Ferrite and powdered iron cores are usually used for
switching power supply inductors. When iron laminated cores are used, they
have core loss at higher frequencies which causes the supply efficiency to be
low.

The inductance of a coil can be determined from the following equation:

L= N’I;.uu,
where: L = inductance in henries
N = number of turns
A = cross sectional area of coil (m?)
u = permeability of core material
u, = absolute permeability of air (1.26 10 H/m)
1 = length (m)

Inductance increases with more turns, larger area, higher permeability, and
shorter length.
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Filters

The output filter capacitor serves essentially the same function in the switch-
ing regulator as it does in the series-pass regulator; that is, it stores energy to be
used by the load. Because the output ripple frequency is much higher, the
output filter capacitor usually is a much smaller value than for the series-pass
regulator.

The input filter must reduce the 60Hz or 120Hz ripple to acceptable values
and/or it must keep the switching-frequency ripple from the input to keep the
system stable and noise free. Switching power supplies can be a significant
source of electromagnetic interference (EMI). Shielding and filtering are used
to keep any generated EMI from escaping.

Oscillator and PWM Circuit

Refer again to Figure 5-2 where the operation and waveforms of the oscillator

and PWM were discussed. A convenient IC for both functions is the 556 dual

timer. Figure 5-6 shows the 556 interconnected as an oscillator and a PWM.
The first timer is used as a free-running oscillator, or multivibrator. The

oscillation frequency is calculated by the following equation:

- 1.44
(Ry + 2Rg)Cy
The ON output pulse (C) from the PWM (the second timer) to the control
element is triggered on by the constant frequency pulses (A) from the oscilla-

tor. When triggered, the PWM output goes high, turning on the control ele-
ment. The output remains high for a time determined by the control voltage

- - —— e e e T -
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Figure 5-6. Oscillator, PWM and Error Amplifier
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(B) from the error amplifier. When the ON time has expired, the PWM resets
the output, forcingitlow and turning off the control element. The PWM output
remains low until it is triggered again by the oscillator. The time range of the
ON pulse is controlled by R; and C;, the oscillator frequency by R, and R, and
its Cy, and the trigger pulse width by R,.

Error Amplifier and Voltage Reference

A convenient IC to use for the error amplifier and voltage reference is the 723
regulator described in Figure 3-8, and shown again in Figure 5-6. The sampling
element, made up of R2 and R3, delivers a feedback voltage to one input of the
error amplifier. The error amplifier compares the feedback voltage to the
reference voltage, and produces a corresponding drive current for the 723's
output transistor. The output resistors R4 and R5 develop the final control
voltage connected to the PWM input. When using the 556 as a PWM, R,=0
because the voltage range of 3.3—10.3V is a convenient range for the 556. If V,
of the regulator is greater than the 7.15V reference voltage, the reference
voltage can be connected directly to the inverting input of the error amplifier;
however, this restricts the voltage swing of the control voltage. It is best to
divide down the reference voltage with R;and R; to alower voltage, and set the
voltage on the inverting input from the sampling element to the same value.

DESIGN CHOICES

In any switching regulator design, certain design specifications are set for the
design. Using these, the component values and design parameters are calcu-
lated and selected for the type of regulator used for the design.

Design Specifications

Output Voltage
What nominal output voltage(s) is required by the load? This sets V.

Load Current

How much current is required by the lpad? Sometimes this specification is for
small load variations that may occur around g steady-state load current. If the
current will not vary from a minimum load to full-load, some of the compo-
nents may be smaller, or the efficiency higher, etc. The regulator must still be
capable of supplying the full-load current.

Regulation

What percent regulation is required by the circuits or equipment to be pow-
ered? Some circuits need only 10%, while others need 1%.

Ripple Voltage

How much noise or ripple variation can the circuits or equipment tolerate?
This specification determines the quality of filtering required on the regulator
output.
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Design Parameters

With knowledge of the specifications, the available input source, the available
components, and the design flexibility, the regulator type can be selected and
the design parameters determined. The following parameters usually are
required:

a. Dutycycleand ON time  d. Switching frequency

b. Peak current e. Output filter capacitance
c. Coil inductance f. Switching transistor and diode ratings.
Duty Cycle and ON Time

If a step-down regulator is used, in order to support an output of V, from a
higher input voltage, V,y, the area under the two voltage-time curves must be
equal as shown in Figure 5-4a. Viy X tg, must equal Vo X T. Thus, the duty cycle,
DC, and t,y equations are:

Duty Cycle = fon _ fton = Vo Vol _ Vo

The duty cycle and output voltage for three type regulators are as follows.
The equation for V,, of the step-down regulator shows that V, can be controlled
by controlling the duty cycle.!

Step-Down Step-Up Inverter
V, Vo — V, Vol
DutyCycle —2 0 __IN _
ty Cy Vin Vo Vol + Vi
V, DC
OutputV Vo = V)yDC VO = # {VO} = Vi W
{Vo! is the value of -V,
without the sign

Peak Current

The peak current in the switching regulator occurs when the inductor current
is just enough to discharge the inductor completely and replace all the charge
on the output filter capacitance at maximum load current. It is determined by
the maximum load current and the fact that the inductor must be aliowed to
completely discharge (I =0). The peak current varies with the different regula-
tors as follows:

Step-Down Step-Up Inverter

V
L = 2Iion0 Lo = 2 T0pp V,t;

1,k=2[m[1+ W‘“}]

Vix
! Linear Technology Corporation, Application Note 19, C. Nelson, LT1070 Design Manual.
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Coil Inductance
The voltage across the inductance, L, during the peak current change in time
toy determines L. The general equations for the voltage and inductance is:

Ve L1, L= V ton
. tON ka
Forthe three types of regulators, L is (disregarding transistor and diode drops):?
Step-Down Step-Up Inverter
L=Vm—v°t0N L= Vin ton L=VIN ton
I Loy I

Knowing the peak current, toy, and the voltage(s}, the inductance can be cal-
culated. The inductance value for continuous current in the inductoris chosen
based on the minimum current that the switching regulator must handle—the
lower the current, the larger the inductance. Calculate the I, current using the
minimum current, and use this value to calculate the inductance.

Switching Frequency
The period, T, must be long enough to allow toy+t,. Using the voltage equation
above, the value of t, that allows L to discharge completely must be:

Step-Down Step-Up Inverter

= £I££ td = i‘i— td = E!PE,
Vo Vo = Vi Vol

t = [Vin — Volton ty= Vin_ton G = Vin_ton

‘ Vo Vo = Vi ¢ Vol

Since T=tyy+t,, 1/T determines the maximum frequency.

For the project designs of Chapter 6, t,, is between 10 and 20 microsec-
onds, and the duty cycle is set at the midrange of the load current to be
regulated, and thus, the frequency is set. t,, will vary as the regulator controls
the pulse width, getting narrower as the load decreases. Since the frequency
remains constant, t .. increases and exceeds t,, and the inductor, being com-
pletely discharged, goes into discontinuous operation. Therefore, if the PWM
and error amplifier pulse width versus control voltage curve will allow it, t
and the frequency are best set when handling the lowest current.

Output Filter Capacitance

Increasing the charge on a capacitor increases the voltage across it; therefore,
the I (and charge) curves of Figures 5-4 would cause a ripple voltage as shown
in Figure 5-4c. Since Q=CV, then C=Q/V.

2 Motorola Semiconductor Technical Data MC34163/D “Power Switching Regulators,” Motorola
Inc., 1990.
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As shown in Figure 5-4, the charge added or subtracted from C, is the area
under the I current-time curves. The largest charge deviation is used to calcu-
late the value of C, to limit the voltage change to the specified ripple voitage.
With V| representing the ripple voltage, C, is:

. 4Q
Ce= v,

Using geometry to calculate the current-time area (IXt) and considering that
the +Q is the same for t,y and t, or tog, the equations for C; of the different types
of regulators are as follows:?

Step-Down Step-Up Inverter

I
(Ix —1)? Vi Tl Vo I — 102 Vol +Viy
VI, MY, T v, ST,
By substituting the voltage specification for V,, the value of C; can be calcu-
lated.

C|:=

Ratings for DI and Q1

As stated previously, the diode is usually a Schottky diode because of its
excellent switching times and low forward voltage. The diode’s PIVneed notbe
greater than the larger of the input or output voltage. It must handle the peak
current of the regulator.

The transistor must have low forward voltage and must have a breakdown
voltage greater than any output-to-input difference, including polarity. It also
must handle the peak current of the regulator, and have switching times much
less than any ¢, times.

SUMMARY

The ability to build a switching power supply opens the door to a wide range of
battery-powered projects that would not be practical with linear regulators.
This chapter presented the basic operating principles that govern switching
power supplies, the basic types—step-down, step-up, and inverter—and their
circuits, the calculation of design parameters and the selection of compo-
nents. Chapter 6 shows how to build some useful switching power supply
projects.

3 Texas Instruments Application Report SLVA001, J. Spencer, E.J. Tobaben, “Designing Switching
Voltage Regulators with TL497A."
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CHAPTER 6

Switching Power
Supply Projects

This chapter contains two switching power supply projects to demonstrate the
basic concepts and fundamentals for designing a switching power supply, not
to design the most elaborate and exotic supply. All the parts used are com-
monly available from Radio Shack.

The integrated circuits used clearly show the selection of major functions,
such as oscillator frequency, PWM pulse widths for the trigger and turn-on
time pulses, and error-amplifier reference voltage. Major semiconductor
manufacturers are now concentrating on integrating all the control functions
of the switching power supply for lower-wattage power supplies into one IC.

DESIGN PARTS, LIMITATIONS AND CAUTIONS
Table 6-1 lists specifications for the ICs, semiconductors and inductors used
for the projects. These specifications place boundary conditions on the project

designs.
Table 6-1. Project Paris and Their Design Limitations

Part Catalog No. Function Case Design Limitations
728 276-1740 Error Amplifier NO14 Ve greater than 9.5V
Reference Voltage 15mA max current
Output Centrof Voltage Voltage swing—3.3V-10.3V
556 Dual 276-1728 Oscillator for Sw NO14 Some instability below
Timer Pulse-Width Modulator pulse width of 10us
{(PWM}
IRF511 276-2072 Switching Transistor TO-220 Max lps=3A, Vps=60V
N-Ch MOSFET Vas=20V(+ or =), Py=20W
@ 25°C, derate 0.16W/rC
Diode 276-1165 “Catch” diode-Schottky Al PIV=40V Max |=1A

{Three diodes are used in
parallel {0 provide I:=3A
to match IRF511)

MJE34 276-2027 PNP Power Transistor TO-220 Max c=10A, V=40V
(TIP42) fre=20-100 @ 3A
Po=90W w/heat sink

2N3053  276-2030 NPN Switching Transistor TO-39 Max |.=0.7A, V=40V
hee=50-250 @ 0.15A, Po=1W

L 273-102 100puH RF choke Rated at 2A,
Core volume limited

L 273-104 Snap-together choke Air gap can cause inductance
with 23 turns #22 magnet variations
wire—200pH
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ICs

For the projects, Vjy =+ 12V to meet the V.. requirement of the 723. Feedback
resistors are used to limit the gain of the 723, even so, some manufacturer’s
parts seem to cause the closed loop operating point to be right at the edge of
the range of the voltage swing. Some 556 dual timers multiple trigger and cause
misoperation. A calibration procedure has been setup in Chapter 7 to assure
proper closed-loop operation. This procedure should be followed before ap-
plying power to the switching power supplies.

Transistor and Diode

Note that the power FET, IRF511, used for switching has a maximum Ipg=3A,
while the maximum collector current of the MJE34 is [.=10A. However, the
design limitation is the peak inductor current that can be switched through the
Schottky diodes. Even though it is not the best design technique, three Schottky
diodes are operated in parallel to provide the same 3A maximum switching
current as the IRF511. This is not normal design practice because, at the
maximum peak current of 3 amps, the diode with the lowest V, tends to “hog”
more current than the other two, which exceeds its individual current rating, If
a diode fails, it usually shorts because of excess current, which protects the
other diodes in parailel. A 1N5822 Schottky diode is an alternate choice if the
Radio Shack part is not available.

inductor

Readily available inductors from Radio Shack, though not the most efficient
inductors, provide practical design examples. The 100uH RF choke has a
continuous current rating of 2A; however, switching 3A at the step-down duty
cycle provides satisfactory operation. The snap-together choke core was glued
together with steel-filled, conductive epoxy cement before the coil was wound
on it. Nova Magnetics wound a special 170uH inductor for a step-down design.
Its core and coil specifications are given in the Appendix, as well as a list of
other magnetic materials manufacturers and distributors.

Maximum Load Current
The maximum load current that can be drawn from the project designed
power supplies can be limited by:
1.The peak current in the inductor, which is limited by the maximum current
that can be switched by the transistor and diodes.
2.The maximum current limit of the power supply providing the input voltage
(V).
Step-up designs demand high currents from the input supply due to the
output high-voltage power transfer. The input current to a power supply is
calculated using the following power-transfer equation:

= Vo Xliown

™V X Eff
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Caution

Switching power supplies require a minimum load. If operated with no load,
the regulator controller will decrease the PWM turn-on time to very narrow
pulses, causing very high voltages from the inductor which will destroy the
switching transistor, diodes, and possibly the other ICs. In addition, the dis-
continuous inductor operation on turnoff causes unstable operation and
subharmonic frequency generation. A minimum load current limit for the
inductance used is specified for each project design. A commercially available
switching power supply may have an internal active load that draws the
minimum current from the supply if there is no load on the power supply
terminals. When an external load is placed on the supply that exceeds the
minimum current, the active load cuts out, and is effectively removed from the
circuit.

PROJECT #1 — STEP-DOWN CONVERTER +12V TO +5V
Project #1 is a regulated +5V supply to power digital logic circuits in an envi-
ronment, such as an automobile, where the only available power source is
approximately 12V dc. The circuit schematic is shown in Figure 6-1.

a1
V.= +12V MJE3S (TIP4: t1, 100pH Vo
g - (TiP42) e —9
o _|_ _]_cz . A
: 220m .
kad 35V -
--a
SCHOTTKY /TN AT~ 1000pF
= = c3 16V
0.1uF —0 —

1
le our T
0.047,F
T~ R 6 REF vz o us '
TR
U2 oL
L R7 ) . C11
* 100 HATZS 0.01pF
cs Vo
RS S -
22%0 NONINV  INV
RY & Vee™ COMP [ 4
3.3kQ 7 13 ] OuT __ RES
.' L ©8 220p! R':g £ |_' 0
- '( 1 =+
Paf 3 ‘ ' - LTI |
' R10 C9 470pf
5kQ I( & 556 lc‘a
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Figure 6-1. Step-Down Converter Circuit + 12V to +5V
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Design Specifications
Vi = +12V Input Regulation = 2% for a +5%
Vo = +5V input variation
L.osomax = 1.5A Swilching Frequency = approx. S0kHz
ILOADM’ = 300mA Ripple = S50mV at 'LOAD =1A
Load Regulation = 2% for |, o0 current Efficiency = 65% @ losp = 1A
range Operating Ambient Temperature = 25°C

Input Voltage and Its Supply

The adjustable linear supply designed in Chapter 4, with a maximum load
current limit of 1.54, is used to supply V,y. Aregulated input supply simulates
a +12V battery, eliminates V,, variations, and makes it easier to build a suc-
cessful, stable switching power supply. For an application other than +12V, the
reader need only design an unregulated input supply to handle the load
current variations expected.

Output Voltage
The +5V output is regulated to 2% over the load current range. The 2% regula-
tion is maintained for an input voltage variation of +5%.

Load Current

Using the input current equation and the equation for step-down peak current
from Chapter 5 (calculations are shown in Table 6-2), the load current limit for
the step-down design is 1.5A because the inductor peak current of 3A cannot
be exceeded due to the Schottky diodes. The power supply efficiency was
assumed to be 65%.

Table 6-2. Load Current Limits

Limit Limit
o linmaxy loso
|
howo = —5— 3A - 1.5A
o= YL 2

With transistors and diodes that have higher current ratings, the load
current could increase to 2.34A before the I,y=1.5A limit is reached.

Minimum load current is determined by the inductance used in the cir-
cuit. Since the design uses a 100pH choke and f =50kHz, the peak current at
the minimum output load current can be determined from the equations in
Chapter 5 as follows:

Vi — Vo Yin = Yoy Yo _ 35 _ 0,584 = 580mA
60

= —X =
== fon 3 WV,

Since L = 2l,4,p, minimum I, = 290mA.
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The switching power supply regulates below the minimum current, but
the inductor begins to operate in discontinuous mode, which generates more
noise and is more difficult to stabilize.

Oscillator

The oscillator is one section of the 556 dual timer IC operating in an astable
mode. C12 is the timing capacitor. The total series resistance of R14+R15 and
R16 charge the capacitor during the time, t, shown in Figure 5-2, when the output
is high, and R16 discharges the capacitor during the time, t,, when the output
islow.

The basic operating frequency of this supply is 50kHz, with a period, T, of
approximately 20us. The trigger puise width, t,, is slightly larger than 1us. The
trigger pulse width is initially calculated using the equation t,=0.693(R16) (C12),
and the frequency using the equation f=1.44/[R14+R15+2(R16))(C12), as
given in Chapter 5. According to the equations, f=94kHz using the final com-
ponent values, and t,=0.693us. Internal delays of the 556 IC itself cause the
equation to yield only approximate values. The final circuit values shown in
Figure 6-1 were determined experimentally using an oscilloscope to monitor
the waveform,

Puise-Width Modulator

The PWM half of the 556 is used in a “one-shot” configuration, where it
produces a single positive pulse for every negative-going trigger pulse it re-
ceives from the oscillator. The width of the PWM output pulse depends on the
values of C11 and R13, and on the control voltage. Without a control voltage on
thatinput, toy=1.1(R13)(C11), or 11us. The resistor and capacitor establish the
range, and V,, from pin 10 of the 723 to the control voltage input to the 556 (pin
11) determines the exact pulse width. The output from the PWM section of the
556 (pin 9) drives the base of an NPN transistor in the switch circuit. Again, the
equations predict approximate values; the values shown are determined ex-
perimentally.

Error Amplifier and Voltage-Reference

The switching power supply projects use the 723 regulator IC as the error
amplifier and voltage reference. The 723’s built-in current-limit circuit is not
used. Pins 2 and 3 are left unconnected.

In this project, the output voltage is fed back directly to the inverting input
of the error amplifier, pin 4, as illustrated in Figure 6-1. The reference voltage
output is connected through a voltage divider (R7 | R8) and (R9+R10+R11) to
the non-inverting input of the error amplifier. R10 and R11 form a reference
voltage adjustment used in the closed loop calibration procedure to adjust the
output voltage of the regulator to +5V. The voltage of the non-inverting input
to the 723 should be within 0.01V to 0.03V of +5V. A 0.051F capacitor is con-
nected between V), and the non-inverting input of the error amplifier to stabi-
lize the error amplifier against noise feedback from V.
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To improve the regulation stability, a network consisting of a total of 690
pF (a 220pF and a 470pF) in parallel with a IMQ resistor is connected between
the inverting error-amplifier input, pin 4, and the frequency-compensation
input, pin 13. Both resistor and capacitor values were determined experi-
mentally. Circuit layout can affect stability. False triggering and erratic output
voltage under load are signs of unstable circuits. Keep all connecting leads as
short as possible.

The error amplifier output from the 723 is an emitter follower. The emitter,
pin 10, drives a 470Q resistor connected to ground to supply the control volt-
agetopin 11 of the 556 PWM. This voltage ranges from 3.3V to 10.3V depending
on the setting at the non-inverting reference input, the sample-voitage input,
and the reference voltage. The midpoint output current condition of the
design should set this voltage at about 7V. The collector of the internal output
transistor, Vg, is tied to V¢ and the input voltage V). A 0.1uF ceramic capacitor
across V. reduces the effects of power-supply noise.

Inductor Choice
Using, f=50kHz, t,y is determined from the duty-cycle equation in Chapter 5
as:

fViy, 50X 10°X 12

The inductance required for a peak current of 3A is calculated from the

step-down equation in Chapter 5, as follows (f=50kHz):
L=22-5x 5 94
3 50 X 10* X 12

An inductance of 19.4uH is the minimum inductance that can be used at
apeak current of 3A at 50kHz. The minimum current of 290mA for continuous-
mode operation using the 100uH choke was calculated using the same equa-
tion. 100pH is used so the minimum current can be at least 300maA. If a lower
minimum current is required, a largerinductance must be used. The size of the
inductor may affect the overall size of the power supply in many designs.

ton = 8.33us

Switching Transistor Choice
An MJE34 PNP power transistor is chosen as the switch because of its low
Veesar- The PNP transistor has its emitter tied to Vi, =12V. It is turned on by
pulling 150mA of base current through a 50Q resistor to ground. To ensure a
rapid turn-off time, a 10Q resistor is connected between the base and emitter,
providing approximately 70mA of turn-off current. The total base plus turn-off
current is limited to approximately 220mA by the series 50Q resistor, com-
posed of two 100Q, 1Wresistors in parallel for extra power handling capability.
Since the output waveform of the PWM is high during the on time of the
switch, the signal needs to be inverted from the PWM before driving the base of
the MJE34. A small-signal NPN transistor, the 2N3053, inverts the PWM output
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and drives the base of the MJE34. The PWM output drives approximately 30
mA into the 2N3053 base through a series 220Q current-limiting resistor. A33Q
resistor from the base to ground provides 21mA of turn-off current to ensure
rapid turn-off time,

“Catch” Diode Choice .

The Schottky-barrier diode is rated at 40 volts peak repetitive reverse voltage,
and will handle an average forward current of 1A. Three diodes are used in
parallel to provide 3A. This is a weak link in the design, but was done to
demonstrate that the rest of the circuitry could handle 1.5A.

Output and Input Filters

To keep the output ripple voltage (V,) below 50mV, the minimum output- ca-
pacitor value is calculated using the step-down equation for C. from Chapter 5.
With I,=3A, I.=1.5A and t,y=8.33us, the minimum C; for this supply is:

(B — 1.5 12

CF = X 833 X 10 X —= = 150pF

2X005x3
A small size, 1000uF, 16V electrolytic capacitor with radial leads, almost 10
times the size needed, is selected for C.. A 0.1pF, 50V ceramic capacitor is
placed in parallel to bypass high-frequency noise.
A 220uF, 35V input capacitor acts as an input filter. It is necessary in a
switching power supply because the switching action of the transistor can
induce a hefty ripple voltage on the input supply voltage.

Construction Details

The project is built on a 1'2” X 6” strip of perfboard (RS# 276-1396). This allows
the same circuit layout of Figure 6-3 to be included on one end of a circuit
board for an application that is to be powered by the supply.

Component Layout
The component layout, while originally hand wired on perfboard, can be used
as a guide for making a printed circuit board using a PC-board kit (RS# 276-
1530). As shown in the photographs in Figure 6-2, power and ground conduc-
tors were made from 20-gauge hookup wire, with wire-wrap posts used to
connect between the circuit side and component side of the board. Smaller
wired connections were made either with wire-wrap wire or by bending the
component leads into the desired shape after insertion into the board.
Figure 6-3 shows a parts-placement and wiring diagram from the compo-
nent side and the circuit side. The component leads and wiring on each side of
the board are shown as solid lines. The parts used are listed in Table 6-3.
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Operation and Testing

A calibration procedure is included in Chapter 7. Check out your total circuit
carefully and assure that all connections are correct. Make sure that you apply
no power to your circuit until you perform the calibration procedure. Because of
component tolerances, values stated in a design may vary due to the combina-
tion of tolerances present in the circuit.

Table 6-3. Parts List for Step-Down Converter

Reference
Catalog No. Description Quantity Designator
276-1396 Pertboard, 4" X 6” 1
278-1304 Hookup wire, 20 gauge 1
278-503 Wire-wrap wire 1
276-1987 Wire-wrap posts 1
275-409 SPDT Slide Switch 1 S
276-1728 IC, dual timer, NE556 1 U1
276-1740 IC, voltage regulator, 723 1 u2
276-2027 Transistor, PNP power, MJE34 011 1 Q1
276-2016 Transistor, NPN, 2N3053 1 Q2
276-1165 Diode, Schottky 1A, 40V 3 Dt, D2, D3
273-102 RF Choke 1 L1
271-1301 Resistor, 108, W 1 R1
271-152 Resistor, 100Q, 1W 2 R2, R3
271-1313 Resistor, 220Q, AW 1 R4
271-007 Resistor, 33Q, LW 1 RS
271-1317 Resistor, 4709, 2W 1 R6
271-1347 Resistor, 100k, W 1 R7
271-1325 Resistor, 2.2kQ, W 1 R8
271-1315 Resistor, 3.3kQ, YaW 2 R9, R14
271-217 Potentiometer, 5kQ 2 R10, R17
271-1330 Resistor, 4.7kQ, ViW 1 R11
271-1356 Resistor, 1IMQ, W 1 R12
271-1321 Resistor, 1kQ, YW 2 R13, R16
271-1335 Resistor, 10k, VeW 1 R15
272-109 Capacitor, .1uF, 50V ceramic 4 C1,C3,Cs,C10
272-1029 Capacitor, 220pF, 35V electrolytic 1 c2
272-958 Capacitor, 1000pF, 16V electrolytic 1 ca
272-130 Capacitor, .0047pF, S0V ceramic 1 C5
272-134 Capacitor, .047pF, SOV ceramic 1 C7
272-124 Capacitor, 220pF, 50V ceramic 1 cs
272-125 Capacitor, 470pF, 50V ceramic 1 co
272-131 Capacitor, .01uF, 50V ceramic 2 Ct1,C13
272-126 Capacitor, .001F, 50V ceramic 1 c12

NOTE: All 1/4W resistors are +5% tolerance
All 1/2W resistors are =10% tolerance

PROJECT #2 — STEP-UP CONVERTER +12V to +24V

An application that is well served by a switching regulator is when a dc output
voltage is required that is higher than an input dc voltage. Project #2 is a
regulated +24V supply that has an input voltage of +12V. It is a design that
demonstrates a basic step-up converter circuit, and shows some of its advan-
tages and limitations. The schematic is shown in Figure 6-4.
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Figure 6-4. Step-Up Converter Circuit +12V to +24V

Design Specifications

VIN = +12V

Vo = +24V

'LOAD(MAX) = 750mA*t

ILOAD(MIN) = 200mA

Load Regulation = 2% for | s current
range

Input Regulation = 2% for a 5% input
variation

Switching Frequency = 41kHz

Ripple = 100mV at | o, = 0.6A

Efficiency = 90%

Operating Ambient Temperature = 25°C

*limited to 675 mA by input supply (90% eff.)
tlimited by 3A maximum switching current (100% eff.)

Input Voltage and Its Supply
The input power supply is again the linear adjustable supply of Chapter 4 with
its 1.5A maximum load current limit.

Output Voltage
The +24V output voltage is regulated to within 2% over the output current
range, and over a £5% variation in input voltage.
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Load Current

Since the input supply can provide no more than 1.54, it limits the load current
that can be drawn from the step-up converter. As a result, the maximum load
currentis limited to 0.675A, assuming 90% efficiency for the power supply. The
calculations are shown in Table 6-4. If an input power supply is used that can
supply more than 1.5A, then the load current could increase to 0.75A before
the peak inductor current limit of 3A is reached.

Table 6-4. Load Current Limit

Limit Limit

b lvmay lioso

howo = '\;';‘;0 3A - 0.75A
o L o

The inductance used for project #2 is a 200pH coil wound with 18 turns of
#22 magnet wire on the snap-together toroidal core. The minimum load
current for this inductance, based on a frequency of approximately 41kHz, and
a duty cycle of 0.5, is 180mA based on the following calculations:

ka=v%Xt0N=—2'0'o%i_ofex 12 X 10 = 0.72A

Substituing 0.72A in the I, 4 equation in Table 6-4, [5xp meo = 180mMA.

Oscillator

The 556-based oscillator/PWM circuit is identical to that of the step-down
converter with some of the values changed. The values for the step-up con-
verter are as follows:

Rl4 in parallel with R13 = 20kQ  R15=1.0kQ  C10= 0.001pF

The resultant frequency is approximately 41kHz. The trigger pulse width is
slightly larger than 1us.

Pulise-Width Modulator
The output from the PWM section of the 556 (pin 9) drives the gate of the
IRF511 power FET. The values for the resistor and capacitor are as follows:

C9 = 0.01uF RI2 = 1.0kQ
The ty time for median pulse width is 12us.

Error Amplifier and Voltage-Reference Choice

The error amplifier and voltage reference is provided by the 723 regulator as in
the step-down converter. Since the output voltage that must be sampled is
greater than 7 volts, the error amplifier circuit shown in Figure 6-4 differs
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slightly from that of the step-down converter. The sampling element is an
additional voltage divider from V, with the junction of R8 and R9 providing the
sampled voltage to the inverting input of the 723, When the output is at 24
volts, the voltage at the inverting input is from 5.85 t0 5.95 volts. The reference
voltage is divided down to approximately 5.90 volts at the non-inverting input
by the voltage divider formed by resistors R1 through R5. Three circuit design
techniques assure regulator stability. First, a 0.1uF capacitor is connected
from V), to the non-inverting input, pin 5. Second, a 690pF capacitor in parallel
with a 220k<Q resistor are connected between the error-amp input, pin 4, and
the frequency-compensation input, pin 13. Third, a 0.1uF ceramic capacitor is
placed from V,, to ground to reduce the effects of power-supply noise.

Pin 11, the collector of the internal output transistor is tied to V,,, and the
emitter drives a 470Q resistor connected to ground. This is the control voltage
that varies the PWM output.

Inductor Choice
I, is again limited by the Schottky diodes to 3A, and is used to determine the
minimum inductance as follows:

V, 12

L=—F X tgy = — X 12 X 10 = 48uH
Tox 3
Only 48uH are required when the power supply operates at maximum

inductor current, but the 200pH value is chosen to allow the regulator to
operate at a minimum current of 180mA. If a lower minimum current is
required, the inductor would have to be larger.

Coil Fabrication

The two ferrite halves of the snap-together core are glued together using a
steel-filled, conductive epoxy cement. Electrical tape is wrapped around the
core before the #22 magnet wire is wound evenly on it. The completed inductor
is shown in Figure 6-6¢.

Switching Transistor Choice

An IRF511 power field-effect transistor (FET), rated at lg,,,,=3A continuous,
is used as the switching transistor in the step-up design. The breakdown
voltage is 60V, well above the levels encountered in this supply. The power FET
has a maximum forward voltage drop of 1.8V at the peak current of 3A. The
input capacitance of a power FET is relatively large. The 556 has a totem-pole
output stage that rapidly charges and discharges the IRF511 input capacitance,
ensuring fast turn-on and turn-off times.

“Catch” Diode Choice

Three Schottky barrier diodes are used in parallel to handle a peak inductor
current of 3A, even though the maximum load current of 1.5A from Vi limits the
maximum inductor current to 2.7A.
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Operation and Testing

A calibration procedure is included in Chapter 7. Check out your total circuit
carefully and assure that all connections are correct. Make sure that you apply
no power to your circuit until you perform the calibration procedure. Because of
component tolerances, values stated for a design may vary due to the combi-
nation of tolerances present in the circuit.

Table 6-5. Parts List for Step-Down Converter

Reference
Catalog No. Description Quantity Designator
276-1396 Persfboard, 4” x 6" 1
278-1304 Hookup wire, 20 gauge 1
278-1345 Magnet wire, 22 gauge 1
278-503 Wire-wrap wire 1
276-1987 Wire-wrap posts 1
275-409 SPDT Slide Switch 1 S1
276-1728 IC, dual timer, NE556 1 U1
276-1740 IC, voltage regulator, 723 1 U2
276-2072 FET, Power, IRF511 1 Q1
276-1165 Diode, Schottky 1A, 40V 3 D1,02, D3
273-104 Core, Snap Together 1 L1
271-025 Resistor, 1.5k, 2W 1 R1
271-1328 Resistor, 3.3kQ, W 1 R2
271-1325 Resistor, 2.2k, VeW 1 R3
271-217 Potentiometer, 5kQ, YsW 2 R4, R16
271-1330 Resistor, 4.7kQ, VsW 1 RS
2711317 Resistor, 470Q, 2W 1 A6
271-1314 Resistor, 270Q, VWW 1 R?
271-1325 Resistor, 3.9kQ, .W 1 R8
271-1321 Resistor, 1kQ, V4W 3 RY, A12, R15
271-1315 Resistor, 3300, “.W 1 R10
271-1350 Resistor, 220kQ, 4W 1 R11,14
271-1339 Resistor, 22kQ, VAW 1 R13
272-109 Capacitor, .1uF, 50V ceramic 4 C1,C3,C5,Cé
272-1030 Capacitor, 470uF, 35V electrolytic 1 Cc2
272-1020 Capacitor, 2200uF, 35V electrolytic 1 C4
272-124 Capacitor, 220uF, 50V ceramic 1 Cc7
272-125 Capacitor, 470uF, S0V ceramic 1 Cs8
272-131 Capacitor, .01pF, 50V ceramic 2 Cs, C11
272-126 Capacitor, .001pF, 50V ceramic 1 ci0

NOTE: All 1/4W resistors are 5% tolerance
All 172W resistors are +10% folerance

Summary

This chapter concludes the power supply projects. Switching power supply
stability can be very sensitive to layout and to the 1Cs used. Make sure that the
calibration procedure in Chapter 7 is followed to assure the regulators will
operate properly. In addition, Chapter 7 discusses measurement techniques,
presents data on all the project power supplies, and provides troubleshooting
tips.




CHAPTER 7 Vame

Measurements, Calibration
and Troubleshooting

In this final chapter, results of performance measurements on the power-
supply projects from Chapters 4 and 6 are listed, along with troubleshooting
tips and a calibration procedure for the switching power supplies.

TYPES OF MEASUREMENTS

The measurements made on the linear supplies were load regulation, power
output, percent regulation, and rms ripple voltage. The measurements made
on the switching power supplies included input regulation, conversion effi-
ciency, ripple voltage, control voltage, toy, and the sample and reference volt-
ages under various loads. The results are provided in a series of tables. The
percent of load regulation is calculated using the equation given in Chapter 4.

LINEAR POWER SUPPLIES
Table 7-1. +5V Series-Pass Power- Table 7-2. =12V Series-Pass Power-
Supply Measurements Supply Measurements
V, b P \/ %Reg V. + V- t P '/ %Reg
v A W oV % vV Vv A W oV %
499 0 ] <1 1181 1182 © 0 <1

487 49 237 < 26% 1179 11.80 . 71 <1 016%
474 95 449 <1 52% 1178 1178 156 177 <1 025%
461 140 644 <1 82%"

“Not to be operated continuously unless
cooled with fan

Table 7-3. Adjustable Power-Supply Measurements

4.98 05 25 <1 0.4% 1180 1181 05 059 <1 0.08%
8
5

v, L P, v, %Reg
v A W oy %
3.0 0 0 <3 -
3.0 05 18 <« -

3.1 5 15 3 0.33%
6.0(6.11@ o = 0) 15 9 3 1.8%
14.99 (150 @ lo = 0) 05 75 <5 0.06%

14.98 5 75 S 0.13%
14,97 15 25 < 0.20%
25(25.0@ | = 0) 05 125 <10 -
24.9 5 125 <10 0.40%
248 15 375 <10 0.61%
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SWITCHING POWER SUPPLIES

The switching power supplies in Chapter 6 used readily available parts, but
some of the parts are capable of greater precision than others, therefore,
adjustments are provided to overcome these variations. First, a potentiometer
allows the reference voltage applied to the non-inverting input (pin 5) of the
723 IC to be varied. Second, a switch allows the control loop to be opened, and
with a voltage from another potentiometer, to directly vary the PWM output
pulse width. These adjustments, used with the calibration procedure that
follows, allow the switching power supplies to be precisely adjusted to the
correct output voltage, regardless of component variations.

Switching Power Supply Calibration Steps

1. Disconnect the power supply providing V.

2. Place S1 in the Calibrate (open-loop) position, toward the open-loop po-
tentiometer (R17 for the +5V supply, R16 for the +24V supply). This con-
nects the wiper tap of the potentiometer to the PWM control-voltage input.

3. Set the potentiometer to the middle of its adjustment range.

4. Connect a load resistor across the output of the supply that will draw

approximately 500mA (10£2 for +5V, 50%} for +24V).

. Connect a voltmeter across the power supply output to monitor V.

. Turn on the power supply for V.

. Adjust the open-loop potentiometer to obtain the desired V,— +5V for the

step-down converter, +24V for the step-up converter.

CAUTION: Turning the open-loop potentiometer should produce a smooth,
even changein V,,. If the V, change is erratic, replace the 556 and repeat the
procedure. Some 556s double trigger, causing erratic operation.

8. With V,, set to the correct level, measure the voltage at pin 4 of the 723, and
record it.

9. Measure the voltage at pin 5 of the 723, and adjust the reference-voltage
adjustment potentiometer until the voltage at pin 5 equals the voltage at
pin4.If, on the step-up converter, the potentiometer does not have enough
adjustment range to bring the pin-5 voltage down to the level at pin 4,
replace R2 with a wire (shorts R2) and repeat this step.

10. Measure the control-voltage output of the 723 at pin 10. It shouid be within
the 3V-10V linear range of the 723. if the voltages on pins 4 and 5 differ by
more than 0.1V, the 723 output will be either 3V or 10V, depending on
whether pin 4 or pin 5 is greater. For the supply to operate properly, the
voltages at pins 4 and 5 must be the same. If they are, and the pin-10 voltage
is outside the linear range, replace the 723 and repeat the procedure.

11. Turn off Vy,, and place Sl in the Normal (closed loop) position which
connects pin 10 of the 723 to pin 11 of the 556.

12. The supply is now calibrated and should regulate V, to the desired voltage
when Vi is turned on. Slightly trimming the reference-voltage adjustment
potentiometer may result in greater V, accuracy.

o,
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Table 7-4 + 5V Step-Down Converter Measurements

vln llu Pln vo lo Pﬂ E“ vﬂrml) cV tON vump an
Vv mA W v A W % mV Vv ps Vv v

12 180 2.2 493 0.16 087 364 15 30 6 493 490
12 385 4.6 493 049 24 52 15 62 72 493 49
12 580 7 493 088 48 69 15 67 78 493 490
12 780 9.5 493 147 72 76 16 7.1 82 493 490

Table 7-5 +24V Step-Up Converter Measurements

vln IIﬂ pIn vo Io po Eﬁ vt(lmc) cv l@l vlm vu!
v A w v mA w % mV Vv Us Vv v
12 52 62 240 203 49 785 44 79 110 573 57

12 101 132 240 480 115 87 g 82 119 573 57
12 130 156 238 595 142 a1 150 82 12 873 57

TROUBLESHOOTING TIPS—INITIAL OPERATION

There are five major reasons that a power supply circuit doesn’t operate

initially:

1.Wrong Circuit Connection—Check the circuit carefully to make sure all
connections are correct. The switching power supply circuits are somewhat
detalled, and thus, more difficult to build.

2.Bad Connections—It is easy to have a cold solder joint so that a connection
is open; reheat the suspected joints. Or solder may have run between con-
nections to produce a short; especially on ICs. Use an ohmmeter or continu-
ity meter to check for shorts.

3.Wrong Component Values—Assure that all component values are correct. A
common cause is that the color coding on resistors was read incorrectly.

4.Bad Components—Integrated circuits, transistors and diodes are very sensi-
tive to heat, static electricity, and conditions that exceed specifications.
They may have been damaged when soldered if heated too long, or because
a built-up static charge discharged through it. Or due to wrong circuit
connections, voltage, current or power specifications may have been ex-
ceeded. Remember, the linear regulator ICs will shut down if they are asked
to supply excessive current or get too hot. A short in the circuit could cause
this condition and make it appear that the regulator is bad. Look at the
problem and analyze it carefully.

5.Circuit Oscillations—When a circuit oscillates, a signal is being fedback from
output to input to provide positive feedback to cause the resultant output to
get larger rather than negative feedback to keep the output under control.
The cause is that there is too much gain in the circuit or the feedback signal
time relationship (phase) is wrong. Clean circuit layout and short leads are
very important to keep circuits from oscillating. A 0.1uF capacitor to ground
or to the power rail is a good tool to try to stabilize oscillations. Connect it to
the various circuit points by trial and error. If the circuit stabilizes, see if a
layout change or amplifier gain reduction might solve the problem.
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The feedback loop may have to be opened so that the circuit can be
adjusted to proper operating conditions before the loop can be closed. Use the
switching power supply calibration procedure as an example of how this is
done.

It is suggested that voltage measurements be made around the power
supply circuit once it is operating to use for troubleshooting if the power
supply were to fail.

TROUBLESHOOTING TIPS—OPERATIONAL FAILURE

After a power supply has been operating properly and then fails, here are some

COmmOon causes:

1. Fuses—A fuse has blown. Replace the fuse.

2.Exceeding Specifications—Sometime during the use of the power supply,
the specifications were exceeded. If a short is placed on the switching power
supplies of Chapter 6, the switching current of the diodes will be exceeded,
and the diodes will be damaged. In this case, the diodes usually short rather
than open. If the supplies are allowed to operate without a load, high voltage
will destroy the diodes and all the ICs. In this case, the diodes usually open.
The only solution is to replace components.

3.A Connection Has Opened or Shorted—Make voltage and continuity or
resistance measurements to isolate the problem. Repair the faulty connec-
tion. Here is where a chart of voltages around the circuit, taken when the
circuit is operating properly, is very helpful.

4.A Component Has Failed—Resistors may change in value, capacitors and
transformers usually short, switches and contacts become corroded. ICs
and other semiconductors open because of excessive temperature cycling,
short because of excessive voltage or current, or burst open because of
excessive heat.

VOLTAGE, CURRENT AND RESISTANCE MEASUREMENTS
Remember, when making voltage measurements, measure across a compo-
nent, oran input or output. When measuring current, turn off the power, break
into the circuit, and put the multitester in series with the circuit component.
When measuring a component’s resistance, turn off the power and disconnect
one end of the component from the circuit. Leaving the component in the
circuit may damage the meter or may cause errors in readings. For anyone
needing help with multitester measurements, Radio Shack has a book titled
Using Your Meter, RS #62-2039, that shows how to apply a multitester.

SUMMARY

In thisbook, basic concepts and fundamentals are presented, including design
guidelines, component selection and why, and actual practical designs de-
tailed so they can be built. The objective was to promote understanding and
have success by applying it. We hope we have met our goal.
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Appendix

Inductors for Switching Power Supplies of Chapter 6

Specifications:

Core: 0.68770D
0.375”1ID
0.187”H (Thick)

Powered Iron Toroid
Permeability = 75

With 42 turns of #22 magnet wire
Switching Inductance @ 0.5A = 170pH

Supplier.

Nova Magnetics, Inc.
1101 E. Walnut St.
Garland, TX 75040
Part No. 9595-09-0057

Other Suppliers of Same Core:
Micrometals, Inc.

1190 N. Hawk Circle
Anaheim, CA 92087-1788
Part No. T68-26

Pyroferric International, Inc.
200 Madison Street

Toledo, IL 62468

Part No. PT680-75

Permacor, Inc.

9540 S. Tulley Ave.
Oak Lawn, IL 60453
Part No. P75-T17-9-5

Some Other Magnetic Materials Manufacturers or Distributors

Interconnection Products
2601 South Garnsey
Sania Anna, CA 92701

Pulse Engineering
3295 River Exchange Dr. #180
Norcross, GA 30092

South Haven Coil, Inc.
P.O. Box 409

Blue Star Highway
South Haven, MI 43080

Phillips Components
5083 Kings Highway
Saugerties, NY 12477

Temco N.W.
P.O. Box 847
Bothell, WA 98041

Pulse Engineering
7250 Convoy Court
San Diego, CA 92111

Coil craft
1102 Silver Lake Rd.
Cary, IL 60013

Pulse Engineering
942 Highway 51 North
Wesson, MS 39191

Renco Electronics, Inc.
60 Jeffryn Blvd. East
Deer Park, NY 11729

Master Publishing, Inc. or Radio Shack does not endorse or in any way imply
preference for, or warrant, any of the above listed suppliers.
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Glossary

ACline: Alternating-current power distribution line.
Typically 110V-125V at 60Hz in the United States.

Alternating current: An electrical current (produced
by a voltage) that periodically changes in magni-
tude and direction.

Ampere: The unit of measurement for electrical cur-
rent in coulombs (6.25 X 10" electrons) per sec-
ond. There is one ampere of current in a circuit
that has one ochm resistance when one volt is ap-
plied to the circuit. See Chm's law.

Amplifier: An electrical circuit designed to increase
the current, voltage or power of an applied signal.

Capacitor: A device made up of two metallic plates
separated byadielectric (insulatingmaterial). Used
to store electrical energy in the electrostatic field
between the plates. [t produces an impedance to
an ac current, and opposes changes to the voltage
across it.

Circuit: A complete path that allows electrical cur-
rent from one terminal of a voltage source 0 the
other terminal.

Closed loop: When used in reference to power sup-
plies, the completed circuit of the control loop
wherein a portion of the output is fedback to the
input to accomplish the control of the output.

Control loop: The circuit consisting of control de-
vice, power-supply output, sampling circuit, feed-
back signal, error amplifier, and control voltage.
See regulator action discussion in Chapter 3.

Conversion efficiency: The percentage of input
power that a power supply converts to useful en-
ergy at its output.

Current (1): The flow of charge (electrons) measured
in amperes. See ampere.

Direct Current(dc): Current in which the charge
(electrons) lows in only one direction.

Electromagnetic interference (EMI): Disruption of
the proper operation of a radio receiver or other
electronic circuit caused by electromagnetic ra-
diation (noise) from another circuit. This interfer-
ing noise may be transmitted through the air or
conducted as power-supply noise.

Farad (F): The basic unit of capacitance. A capacitor
has a value of one farad when it can store one
coulomb of charge with one volt across it.

Feedback: An electrical signal from a later process-
ing stage in a regulated power supply that gives an
earlier stage the information it needs to properly
do its task, e.g.the sampling circuit provides a
feedback voltage to the error amplifier.

Filter: A circuit element or group of components
which passes signals of certain frequencies while
blocking signals of other frequencies.

Frequency: The number of complete cycles of a pe-
aiodic waveform during one second, expressed as

ertz.

Ground: Refers to a point of (usually) zero voltage,
md can pertain to a power circuit or a signal cir-

t

Hertz: A unit of frequency equal to one cycle per

second, named after German physicist H.R. Hertz.

[
GLossany

tmpedance(Z): The opposition (measured in chms)
of circuit elements to alternating current. The im-
pedance includes both resistance and reactance.

Inductdnce(L): The capability of a coil to store en-
ergy in a magnetic field surroundingit. It produces
an impedance to an ac current, and opposes
changes in current through it.

LCfilter: Filter composed of both capacitors (usuvally
paralleled with the load) and inductors (in series
with the load).

Line voltage: See AC line.

Load/line ation: The maximum ocutput-voltage
variation allowed by a regulated power supply in
response to load-current orinput (line) variations.

Ohm (Q): A unit of electrical resistance, reactance or
impedance.

Ohm’s law: A basic law of electric circuits. It states
that the current | in amperes in a circuit is equal to
the voltage E in volts divided by the resistance Rin
ohms; thus, I = E/R.

On time: The portion of the switching waveform
:lluring which the control-switching device con-

ucts.

Off time: The portion of the switching waveform
during which the control-switching device is not
conducting.

Peak: The maximum amplitude of a voltage or cur-
rent. For a sine-wave ac, Vi, = 1.414 Voo .

Peak-to-Peak: The magnitude of the difference be-
tween the maximum positive and negative peaks
of a voltage or current.

Period: For electrical circuits, the length of time re-
quired for one cycle of a periodic wave.

Phase: The angular or time displacement between
the voltage and current in an ac circuit.

Polarity: In circuits, the description of whether a
voltage is positive or negative with respect to some
reference point.

Potentiometer: A variable resistance with a wiper
mounted on a rotating shaft.

Power(P): The rate at which energy is used (voltage
times current.)

Reactance: The opposition that a pure inductance
or pure capacitance provides to a current in an ac
circuit,

RMS: An acronym for root mean square. The RMS
value of an alternating current produces the same
heating effect in a circuit as the same value of
direct cwstent. For a sine-wave, Vi, = 0.707 V.

Sine Wave: A waveform of an line alternating current
or voltage. Its instantaneous magnitude is propor-
tional to the sine of the angle of rotation of the coil
generating the voltage.

Voltage or Volt(V): The unit of electromotive force
that causes current when included in a closed cir-
cuit. One volt causes a current of one ampere
through a resistance of one chm. See Ohm's law.

Watt(W): A unit of electrical power. It is the use of
one joule of energy per second. One volt times one
ampere equals one watt. See Power.
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723:31
7800: 28

A

AC voltage measurement: 13
adjustment terminal: 30
alternating current: 6
alternator: 6

ampere: 2

ampere-hour: 3

anode: 15

armature: 6

B

battery: 2, 4

battery, primary: 4
battery, secondary: 4
battery, alkaline: 4
battery, lead-acid: 4
bridge rectifier: 16

C

calibration: 87

capacitive filter: 19

capacitive reactance: 18

capacitive-inductive filter: 20

capacitor: 18

catch diode: 65, 77, 82

cathode: 15

cell: 4

closed loop: 75

coil inductance: 7, 9, 69

commutator: 6

control loop: 28, 38, 82

control element: 24, 28, 59, 65

Conventional current: 3

conversion efficiency: 58, 65,
80

core: 11

current: 2

current limiting: 32

D

DC circuit: 2

diode: 15

direct current: 2

duty cycle: 59, 68

E

electrochemical: 2

electrodes: 2

electrolyte: 2

electromagnetic interference
(EMI): 66

electromotive force: 3

electron current: 3

error amplifier: 24, 27, 59, 75,
81

error voltage: 27

external transistor: 31

F

farad: 18

feedback: 26
filtering: 16, 20, 66
floating regulator: 30
flyback regulator: 64
forward bias: 15
frequency: 6, 66, 69
full-wave rectifier: 16

G
generator: 6

H

half-wave rectifier: 15

heat sink: 33

hertz: 7

|

IC regulators: 28

impedance: 9

inductance: 7, 9, 61, 65, 69

induction: 6, 8, 11

inductive reactance: 8, 9, 13,
18

inductor action: 7, 60

inductor: 7, 65,72, 76

inverter regylator: 64

ion: 2

isolation: 9, 12, 35, 42

J

joule: 1

junction temperature: 32

L

LM317:29

load: 3

load current: 68, 72, 74, 81
load regulation: 34, 80

M

magnetic field: 4,6, 11
magnetic lines of force: 4
minimum load: 73

o

on time: 59, 68
oscillator: 59, 66, 75, 81
P

peak current: 68
peak-inverse voltage: 15
permeability: 9, 65

pole {(magnet): 4

potential: 3

power: 1

pulsating DC: 10

pulse-width modulator: 59,
66, 75, 81

R

RC time constant: 18

rechargeable batteries: 4

rectification: 14

rectifier: 15

reference voltage generator:
24

regulator: 23

remote sense: 30

reverse bias: 15

ripple voltage: 11, 18, 20, 35

S

sampling circuit: 24, 27

series-pass regulator: 26, 28

short-circuit protection: 32,
35

sine wave: 8

step-down converter: 73

step-down regulator: 62, 64

step-up regulator: 62

step-up converter: 79

switch, control element: 65

switching control element: 59

switching frequency: 69

T
thermal runaway: 32
thermal compound: 33
thermal conduction: 32
transformation: 10, 11
transformer: 11
transistor: 25
transistor construction: 25
transistor load line: 26
transistor characteristic
curves: 25

v

volt: 3

voltage doubler: 21

voltage-regulator principles:
23

w

watt: 1

watt hour: 1

F 4

zener diode: 26
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