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Our transceivers, amplifiers, ac-
cessories, computers and test equip-
ment all require power to operate. 
This chapter illustrates the various 
techniques, components and systems 
used to provide power at the voltage 
and current levels our equipment 
needs. Topics range from basic trans-
formers, rectifiers and filters to linear 
voltage regulation, switchmode power 
conversion, high voltage techniques 
and batteries. Material on switchmode 
conversion was contributed by Rudy 
Severns, N6LF and Chuck Mullett, 
KR6R. The section on batteries was 
contributed by Isidor Buchmann from 
his book Batteries in a Portable World. 
The sections on selecting batteries 
were contributed by, Alan Applegate, 
KØBG, on mobile use and James 
Duffey, KK6MC, on portable use. 

The title of this chapter reflects the broad assortment of methods for powering amateur 
equipment. More mobile and portable operation relies on power from batteries, for example. 
Hybrids of ac and dc power sources are becoming more common, blurring what has tradition-
ally been known as a “power supply.” (Generators are covered in the Portable Installations 
section of the chapter on Assembling a Station.)

7.1 Power Processing
Figure 7.1 illustrates the concept of a power processing unit inserted between the energy 

source and the electronic equipment or load. The power processor is often referred to as the 
power supply. That’s a bit misleading in that the energy “supply” actually comes from some 
external source (battery, utility power and so forth), which is then converted to useful forms 
by the power processor. Be that as it may, in practice the terms “power supply” and “power 
processor” are used interchangeably.

The real world is even more arbitrary. Power processors are frequently referred to as power 
converters or simply as converters, and 
we will see other terms used later in this 
chapter. It is usually obvious from the 
context of the discussion what is meant 
and the glossary at the end of this chap-
ter gives some additional information.

Power conversion schemes can take 
the form of: ac-to-ac (usually written 

Figure 7.1 — Basic concept of power 
processing.

Figure 7.2 — Four power processing schemes: ac-ac, dc-dc, ac-dc and dc-ac.
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7.2 AC-AC Power Conversion
In most US residences, three wires are 

brought in from the outside electrical-service 
mains to the house distribution panel. In this 
three-wire system, one wire is neutral and 
should be connected to a ground electrode. 
(See the Safety chapter for information on 
electrical safety.) The neutral connection to 
a ground rod or electrode is usually made at 
the distribution panel. The voltage between 
the other two wires is 60-Hz ac with a poten-
tial difference of approximately 240 V RMS. 
Half of this voltage appears between each of 
these wires and the neutral, as indicated in 
Figure 7.3A. In systems of this type, the 120 
V household loads are divided at the breaker 
panel as evenly as possible between the two 
sides of the power mains. Heavy appliances 
such as electric stoves, water heaters, central 
air conditioners and so forth, are designed for 
240 V operation and are connected across the 
two ungrounded wires.

Both hot wires for 240 V circuits and the 
single hot wire for 120 V circuits should be 
protected by either a fuse or breaker. A fuse or 
breaker or any kind of switch should never be 
used in the neutral wire. Opening the neutral 
wire does not disconnect the equipment from 
an active or “hot” line, possibly creating a 
potential shock hazard between that line and 
earth ground.

Another word of caution should be given 
at this point. Since one side of the ac line is 
grounded (through the green or bare wire — 
the standard household wiring color code) to 
earth, all communications equipment should 
be reliably connected to the ac-line ground 
through a heavy ground conductor made of 
strap, heavy flat-weave braid or #14 AWG 
or heavier wire. This safety conductor must 
be separate from the power wiring neutral 
conductor. (A properly-wired 120 V outlet 
with a ground terminal uses one wire for the 
ac hot connection, one wire for the ac neutral 
connection and a third wire for the safety 
ground connection.) This provides a measure 
of safety for the operator in the event of ac-
cidental short or leakage of one side of the ac 
line to the chassis. 

Remember that the antenna system is fre-
quently bypassed to the chassis via an RF 
choke or tuned circuit, which could make 
the antenna electrically “live” with respect 

Figure 7.3 — Three-wire power-line circuits. At A, normal three-wire-line termination. 
No fuse should be used in the grounded (neutral) line. The ground symbol is the power 
company’s ground, not yours! Do not connect anything other than power return wiring, 
including the equipment chassis, to the power neutral wire. At B, the “hot” lines each 
have a switch, but a switch in the neutral line would not remove voltage from either 
side of the line and should never be used. At C, connections for both 120 and 240 V 
loads. At D, operating a 120 V load through a 240-to-120 V step-down transformer (T1) 
to reduce the current drawn from the power source.

to the earth ground and create a potentially 
lethal shock hazard. A ground fault circuit 
interrupter (GFCI or GFI) is also desirable 
for safety reasons, and should be a part of 
the shack’s electrical power wiring. (See the 
reference item for Silver for more information 
on grounding and bonding.)

7.2.1 Fuses and  
Circuit Breakers

All transformer primary circuits should be 
fused properly and multiple secondary outputs 
should also be individually fused. To deter-
mine the approximate current rating of the fuse 
or circuit breaker on the line side of a power 
supply it is necessary to determine the total 
load power. This can be done by multiplying 
each current (in amperes) being drawn by the 
load or appliance, by the voltage at which the 
current is being drawn. In the case of linear 
regulated power supplies, this voltage has to 
be the voltage appearing at the output of the 
rectifiers before being applied to the regulator 

stage. Include the current drawn by bleeder 
resistors and voltage dividers. Also include 
filament power if the transformer is supply-
ing vacuum tube filaments. The National 
Electrical Code (NEC) also specifies maxi-
mum fuse ratings based on the wire sizes used 
in the transformer and connections.

After multiplying the various voltages and 
currents, add the individual products. This is 
the total power drawn from the line by the 
supply. Then divide this power by the line 
voltage and add 10 to 30% to account for the 
inefficiency of the power supply itself. Use a 
fuse or circuit breaker with the nearest larger 
current rating. Remember that the charging 
of filter capacitors can create large surges of 
current when the supply is turned on. If fuse 
blowing or breaker tripping at turn on is a 
problem, use slow-blow fuses, which allow 
for high initial surge currents.

For low-power semiconductor circuits, use 
fast-blow fuses. As the name implies, such 
fuses open very quickly once the current ex-
ceeds the fuse rating by more than 10%.

ac-ac), ac-dc, dc-ac and dc-dc. Examples 
of these schemes are given in Figure 7.2. 
Specific names may be given to each scheme: 
ac-dc => rectifier, dc-dc => converter and 
dc-ac => inverter. These are the generally 
recognized terms but you will see exceptions.

Power conversion normally includes 

voltage and current regulation functions. 
For example, the voltage of a vehicle bat-
tery may vary from more than 14 V when 
being charged down to 10 V or less when 
discharged. A converter and regulator are re-
quired to maintain adequate voltage to mobile 

equipment at both over- and under-voltage 
conditions. Commercial utility power may 
vary from 90 to 270 V ac depending on where 
you are in the world. AC power converters 
are frequently required to handle that entire 
voltage range while still providing tightly 
regulated dc power.
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7.3 Power Transformers
Numerous factors are considered to match 

a transformer to its intended use. Some of 
these parameters are:

1. Output voltage and current (volt-ampere 
rating).

2. Power source voltage and frequency.
3. Ambient temperature.
4. Duty cycle and temperature rise of the 

transformer at rated load.
5. Mechanical considerations like weight, 

shape and mounting.

7.3.1 Volt-Ampere Rating
In alternating-current equipment, the term 

volt-ampere (VA) is often used rather than the 
term watt. This is because ac components must 
handle reactive power as well as real power. 
If this is confusing, consider a capacitor con-
nected directly across the secondary of a trans-
former. The capacitor appears as a reactance 
that permits current to flow, just as if the load 
were a resistor. The current is at a 90º phase 
angle, however. If we assume a perfect capaci-
tor, there will be no heating of the capacitor, 
so no real power (watts) will be delivered by 
the transformer. The transformer must still be 
capable of supplying the voltage, and be able 
to handle the current required by the reactive 
load. The current in the transformer windings 
will heat the windings as a result of the I2R 
losses in the winding resistances. The product 
of the voltage and current in the winding is 
referred to as “volt-amperes,” since “watts” is 
reserved for the real, or dissipated, power in 
the load. The volt-ampere rating will always 
be equal to, or greater than, the power actually 
being drawn by the load.

The number of volt-amperes delivered by 
a transformer depends not only upon the dc 
load requirements, but also upon the type 
of dc output filter used (capacitor or choke 
input), and the type of rectifier used (full-
wave center tap or full-wave bridge). With a 
capacitive-input filter, the heating effect in the 
secondary is higher because of the high peak-
to-average current ratio. The volt-amperes 
handled by the transformer may be several 
times the power delivered to the load. The 
primary winding volt-amperes will be some-
what higher because of transformer losses. 
This point is treated in more detail in the sec-
tion on ac-dc conversion. (See the Electrical 
Fundamentals chapter for more information 
on transformers and reactive power.)

7.3.2 Source Voltage  
and Frequency

A transformer operates by producing 
a magnetic field in its core and windings. 
The intensity of this field varies directly 
with the instantaneous voltage applied to the 

transformer primary winding. These varia-
tions, coupled to the secondary windings, 
produce the desired output voltage. Since 
the transformer appears to the source as an 
inductance in parallel with the (equivalent) 
load, the primary will appear as a short circuit 
if dc is applied to it. The unloaded inductance 
of the primary (also known as the magnetizing 
inductance) must be high enough so as not 
to draw an excess amount of input current at 
the design line frequency (normally 60 Hz 
in the US). This is achieved by providing a 
combination of sufficient turns on the primary 
and enough magnetic core material so that the 
core does not saturate during each half-cycle.

The voltage across a winding is directly 
related to the time rate of change of magnetic 
flux in the core. This relationship is expressed 
mathematically by V = N dF/dt as described 
in the section on Inductance in the Electrical 
Fundamentals chapter. The total flux in turn 
is expressed by F = AeB, where Ae is the 
cross-sectional area of the core and B is the 
flux density. 

The maximum value for flux density (the 
magnetic field strength produced in the core) 
is limited to some percentage (< 80% for ex-
ample) of the maximum flux density that the 
core material can stand without saturating, 
since in saturation the core becomes ineffec-
tive and causes the inductance of the primary 
to plummet to a very low level and input cur-
rent to rise rapidly. Saturation causes high 
primary currents and extreme heating in the 
primary windings. 

At a given voltage, 50 Hz ac creates more 

flux in an inductor or transformer core because 
the longer time period per half-cycle results 
in more flux and higher magnetizing current 
than the same transformer when excited by 
same 60-Hz voltage. For this reason, trans-
formers and other electromagnetic equipment 
designed for 60-Hz systems must not be used 
on 50-Hz power systems unless specifically 
designed to handle the lower line frequency.

7.3.3 How to Evaluate 
an Unmarked Power 
Transformer

Hams who regularly visit hamfests fre-
quently develop a junk box filled with used 
and unmarked transformers. Over time, trans-
former labels or markings on the coil wrap-
pings may come off or be obscured. There 
is a good possibility that the transformer is 
still useable, but the problem is to determine 
what voltages and currents the transformer 
can supply. First consider the possibility that 
you may have an audio transformer or other 
impedance-matching device rather than a 
power transformer. If you aren’t sure, don’t 
connect it to ac power!

If the transformer has color-coded leads, 
you are in luck. There is a standard for trans-
former lead color-coding, as is given in the  
Transformers section of the Circuits and 
Components chapter. Where two colors 
are listed, the first one is the main color of 
the insulation; the second is the color of the  
stripe.

Check the transformer windings with an 

Figure 7.4 — Use a test fixture like this to test unknown transformers. Don’t omit the 
isolation transformer, and be sure to insulate all connections before you plug into the 
ac mains.
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ohmmeter to determine that there are no 
shorted (or open) windings. In particular, 
check for continuity between any winding 
and the core. If you find that a winding has 
been shorted to the core, do not use the trans-
former! The primary winding usually has a 
resistance higher than a filament winding and 
lower than a high-voltage winding.

Figure 7.4 shows that a convenient way to 
test the transformer is to rig a pair of test leads 
to an electrical plug with a 25 W household 
light bulb in series to limit current to safe (for 
the transformer) levels. For safety reasons 
use an isolation transformer and be sure to 
insulate all connections before you plug into 
the ac mains. Switch off the power while mak-
ing or changing any connections. You can be 
electrocuted if the voltmeter leads or meter 
insulation are not rated for the transformer 
output voltage! If in doubt, connect the meter 
with the circuit turned off, then apply power 
while you are not in contact with the circuit. 
Be careful! You are dealing with hazardous 
voltages!

Connect the test leads to each winding 
separately. The filament/heater windings 
will cause the bulb to light to full brilliance 
because a filament winding has a very low im-
pedance and almost all the input voltage will 

be across the series bulb. The high-voltage 
winding will cause the bulb to be extremely 
dim or to show no light at all because it will 
have a very high impedance, and the primary 
winding will probably cause a small glow. The 
bulb glows even with the secondary windings 
open-circuited because of the small magnetiz-
ing current in the transformer primary.

When the isolation transformer output is 
connected to what you think is the primary 
winding, measure the voltages at the low-
voltage windings with an ac voltmeter. If you 
find voltages close to 6 V ac or 5 V ac, you 
know that you have identified the primary and 
the filament windings. Label the primary and 
low voltage windings.

Even with the light bulb, a transformer can 
be damaged by connecting ac mains power 
to a low-voltage or filament winding. In such 
a case the insulation could break down in a 
primary or high-voltage winding because of 
the high turns ratio stepping up the voltage 
well beyond the transformer ratings.

Connect the voltmeter to the high-volt-
age windings. Remember that transformers 
from vacuum tube equipment may supply as  
much  as  800 Vpk or so across the winding, so 
make sure that your meter can withstand these 

potentials without damage and that you use  
the voltmeter safely.

Divide 6.3 (or 5) by the voltage you mea-
sured across the 6.3 V (or 5 V) winding in this 
test setup. This gives a multiplier that you can 
use to determine the actual no-load voltage 
rating of the high-voltage secondary. Simply 
multiply the ac voltage measured across the 
high-voltage winding by the multiplier.

You may find that with vintage equipment, 
the power transformers were designed for an 
ac line voltage of 110 V ac. The higher sec-
ondary voltages from today’s 120 V ac lines 
can damage older equipment, particularly  
the tube filaments. Primary voltage can be 
reduced without a variable input transformer 
as described in the Repair and Restoration  
of Vintage Equipment section of this  
book’s Troubleshooting and Maintenance 
chapter.

The current rating of the windings can be 
determined by loading each winding with the 
primary connected directly (no bulb) to the ac 
line. Using power resistors, increase loading 
on each winding until its voltage drops by 
about 10% from the no-load figure. The cur-
rent drawn by the resistors is the approximate 
winding load-current rating.

7.4 AC-DC Power Conversion
One of the most common power supply 

functions is the conversion of ac power to dc, 
or rectification. The output from the rectifier 
will be a combination of dc, which is the de-
sired component, and ac ripple superimposed 
on the dc. This is an undesired but inescapable 
component. Since most loads cannot tolerate 
more than a small amount of ripple on the 
dc voltage, some form of filter is required. 
The result is that ac-dc power conversion is 
performed with a rectifier-filter combination 
as shown in Figure 7.5.

As we will see in the rectifier circuit exam-
ples given in the next sections, sometimes the 
rectifier and filter functions will be separated 
into two distinct parts but very often the two 
will be integrated. This is particularly true for 
voltage and current multipliers as described in 
the sections on multipliers later in the chapter. 
Even when it appears that the rectifier and 
filter are separate elements, there will still 
be a strong interaction where the design and 
behavior of each part depends heavily on the 
other. For example the current waveforms in 
the rectifiers and the input source are func-
tions of the load and filter characteristics. In 
turn the voltage waveform applied to the filter 
depends on the rectifier circuit and the input 
source voltages. To simplify the discussion 
we will treat the rectifier connections and the 

Figure 7.5 — Ac-dc power conversion with a rectifier and a filter.

filters separately but always keeping in mind 
their interdependence.

The following rectifier-filter examples 
assume a conventional 60 Hz ac sine wave 
source, but these circuits are frequently 
used in switching converters at much higher 
frequencies and with square wave or quasi-
square wave voltage and current waveforms. 
The component values may be different but 
the basic behavior will be very similar.

There are many different rectifier circuits 
or “connections” that may be used depending 
on the application. The following discussion 

provides an overview of some of the more 
common ones. The circuit diagrams use the 
symbol for a semiconductor diode, but the 
same circuits can be used with the older types 
of rectifiers that may be encountered in older 
equipment.

For each circuit we will show the volt-
age and current waveforms in the circuit for 
resistive, capacitive and inductive loads. The 
inductive and capacitive loads represent com-
monly used filters. We will be interested in 
the peak and average voltages as well as the 
RMS currents.
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7.4.1 Half-Wave Rectifier
Figure 7.6 shows several examples of 

the half-wave rectifier circuit. It begins with 
a simple transformer with a resistive load 
(Figure 7.6A) and goes on to show how the 
output voltage and transformer current varies 
when a diode and filter elements are added.

Without the diode (Figure 7.6A) the output 
voltage (VR) and current are just sine waves, 
and the RMS current in the transformer wind-
ings will be the same as the load (R) current. 

Next, add a rectifier diode in series with 
the load (Figure 7.6B). During one half of 

Figure 7.6 — Half-wave rectifier circuits. A illustrates the voltage waveform at the out-
put without a rectifier. B represents the basic half-wave rectifier and the output wave-
form. C and D illustrate the impact of small and large filter capacitors on the output 
voltage and input current waveforms. E shows the effect of using an inductor filter with 
the half-wave rectifier. Note the addition of the shunt diode (D2) when using inductive 
filters with this rectifier connection.

the ac cycle, the rectifier conducts and there 
is current through the rectifier to the load. 
During the other half cycle, the rectifier is 
reverse-biased and there is no current (indi-
cated by the broken line in Figure 7.6B) in R. 
The output voltage is pulsating dc, which is a 
combination of two components: an average 
dc value of 0.45 ERMS (the voltage read by 
a dc voltmeter) and line-frequency ac ripple. 
The transformer secondary winding current 
is also pulsating dc. The power delivered to R 
is now 1⁄2 that for Figure 7.6A but the second-
ary RMS winding current in Figure 7.6B is 
still 0.707 times what it was in Figure 7.6A. 

For the same winding resistance, the wind-
ing loss, in proportion to the output power, is 
twice what it was in Figure 7.6A. This is an 
intrinsic limitation of the half-wave rectifier 
circuit — the RMS winding current is larger 
in proportion to the load power. In addition, 
the dc component of the secondary winding 
current may bias the transformer core toward 
saturation and increased core loss.

A filter can be used to smooth out these 
variations and provide a higher average dc 
voltage from the circuit. Because the fre-
quency of the pulses (the ripple frequency) 
is low (one pulse per cycle), considerable 
filtering is required to provide adequately 
smooth dc output. For this reason the circuit 
is usually limited to applications where the 
required current is small. Parts C, D and E in 
Figure 7.6 show some possible capacitive and 
inductive filters. 

As shown in Figure 7.6C and D, when a 
capacitor is used for filtering the output dc 
voltage will approach

pk RMS RMSV = 2 E  = 1.4 E× ×
             	

	 (1)        

and the larger we make the filter capacitance, 
the smaller the ripple will be.

Unfortunately, as we make the filter ca-
pacitance larger, the diode, capacitor and 
transformer winding currents all become 
high-amplitude narrow pulses which will 
have a very high RMS value in proportion 
to the power level. These current pulses are 
also transmitted to the input line and inject 
currents at harmonics of the line frequency 
into the power source, which may result in 
interference to other equipment. Narrow high-
amplitude current pulses are characteristic 
of capacitive-input filters in all rectifier con-
nections when driven from voltage sources.

As shown in Figure 7.6E, it is possible to 
use an inductive filter instead, but a second 
diode (D2, sometimes called a free-wheeling 
diode) should be used. Without D2 the out-
put voltage will get smaller as we increase 
the size of L to get better filtering, and the 
output voltage will vary greatly with load. 
By adding D2 we are free to make L large 
for small output ripple but still have reason-
able voltage regulation. Currents in D1 and 
the winding will be approximately square 
waves, as indicated. This will reduce the line 
harmonic currents injected into the source but 
there will still be some.

Peak inverse voltage (PIV) is the maximum 
voltage the rectifier must withstand when it 
isn’t conducting. This varies with the load and 
rectifier connection. In the half-wave rectifier, 
with a resistive load the PIV is the peak ac 
voltage (1.4 × ERMS). With a capacitor-input 
filter (Figure 7.6C and 7.6D), the capacitor is 
assumed to stay charged between the charging 
half-cycles. This means the rectifier output 
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stays near 1.4 × ERMS while its input reaches 
the full opposing peak voltage. Thus, the recti-
fier experiences a PIV of 2 (1.4 × ERMS) = 
2.8 x ERMS.

7.4.2 Full-Wave Center-
Tapped Rectifier

The full-wave center-tapped rectifier cir-
cuit is shown in Figure 7.7. The operation  
of this circuit can be imagined as the sec-
ondary of the transformer producing two 
waveforms (A and B) that are 180° out of 
phase that are each connected to a half-wave 
rectifier. The half-wave rectifier outputs are 
then combined so that both halves of the ac 
cycle are used to deliver power to the output. 
A transformer with a center-tapped second-
ary is required.

The average output voltage of this circuit is 
0.9 × ERMS of half the transformer secondary 
(the center-tap to one side); this is the maximum 
that can be obtained with a suitable choke-input 
filter. The peak output voltage is 1.4 × ERMS 

of half the transformer secondary; this is the 
maximum voltage that can be obtained from a 
capacitor-input filter.

As can be seen in Figure 7.7C, the PIV 
impressed on each diode is independent of 
the type of load at the output. This is be-
cause the peak inverse voltage condition oc-
curs when diode DA conducts and diode DB 

is not conducting. The positive and negative 
voltage peaks occur at precisely the same 
time, a condition different from that in the 
half-wave circuit. As the cathodes of diodes 
DA and DB reach a positive peak (1.4 ERMS), 
the anode of diode DB is at a negative peak, 
also 1.4 ERMS, but in the opposite direction. 
The total peak inverse voltage is therefore 
2.8 ERMS. If a capacitor-input filter is used, 
the capacitor stays charged to nearly 1.4 × 
ERMS during each diode’s non-conducting 

Figure 7.7 — Full-wave center-tap rectifier circuits. A illustrates the basic circuit. Diode 
conduction is shown at B with diodes A and B alternately conducting. The peak inverse 
voltage for each diode is 2.8 ERMS as depicted at C.

Figure 7.8 — Full-wave bridge rectifier circuits. The basic circuit is illustrated at A. 
Diode conduction and nonconduction times are shown at B. Diodes A and C conduct 
on one half of the input cycle, while diodes B and D conduct on the other. C displays 
the peak inverse voltage for one half cycle. Since this circuit reverse-biases two diodes 
essentially in parallel, 1.4 ERMS is applied across each diode.

half cycles and so the PIV is 2.8 × ERMS.
Figure 7.7C shows that the ripple frequency 

is twice that of the half-wave rectifier (two 
times the line frequency). Substantially less 
filtering is required because of the higher 
ripple frequency. Since the rectifiers work al-
ternately, each handles half of the load current. 
The current rating of each rectifier need be only 
half the total current drawn from the supply.

The problem with dc bias in the transformer 
core associated with the half-wave connection 
is largely eliminated with this circuit and the 
RMS current in the primary winding will also 
be reduced.

7.4.3 Full-Wave  
Bridge Rectifier

Another commonly used rectifier circuit 
that does not require a center-tapped trans-
former is illustrated in Figure 7.8. In this ar-
rangement, two rectifiers operate in series on 
each half of the cycle, one rectifier being in the 
lead supplying current to the load, the other 
being the current return lead. As shown in 
Figures 7.8A and B, when the top lead of the 
transformer secondary is positive with respect 
to the bottom lead, diodes DA and DC will 
conduct while diodes DB and DD are reverse-
biased. On the next half cycle, when the top 
lead of the transformer is negative with respect 
to the bottom, diodes DB and DD will conduct 
while diodes DA and DC are reverse-biased.

The output voltage wave shape and ripple 
frequency are the same as for the full-wave 
center-tapped circuit. The average dc output 
voltage into a resistive load or choke-input 
filter is 0.9 times ERMS delivered by the trans-
former secondary; with a capacitor filter and 
a light load, the maximum output voltage is 
1.4 times the secondary ERMS voltage.

Figure 7.8C shows the PIV to be 1.4 ERMS 
for each diode which is half that of the full-
wave center-tapped circuit for the same out-
put voltage. When an alternate pair of diodes 
(such as DA and DC) is conducting, the other 
diodes are essentially connected in parallel 
(the conducting diodes are essentially short 
circuits) in a reverse-biased direction. This 
limits the diode PIV to 1.4 × ERMS even if 
a capacitor-input filter is used. Each pair of 
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diodes conducts on alternate half cycles, with 
the full load current through each diode during 
its conducting half cycle. Since each diode is 
not conducting during the other half cycle the 
average diode current is one-half the total load 
current drawn from the supply. 

Compared to the half-wave and full-wave 
center-tapped circuit, the full-wave bridge 
circuit further reduces the transformer RMS 
winding currents. In the case of a resistive 
load the winding currents are the same as 
when the resistive load is connected directly 
across the secondary. The RMS winding cur-
rents will still be higher when inductive and 
especially capacitive filters are used because 
of the pulsating nature of the diode and wind-
ing currents.

7.4.4 Comparison of  
Rectifier Circuits

Comparing the full-wave center-tapped and 
the full-wave bridge circuits, we can see that 
the center-tapped circuit has half the number of 
rectifiers as the bridge but these rectifiers have 
twice the PIV rating requirement of the bridge 
diodes. The diode current ratings are identical 
for the two circuits. The bridge makes better 
use of the transformer’s secondary than the 
center-tapped rectifier, since the transformer’s 
full winding supplies power during both half 
cycles, while each half of the center-tapped 
circuit’s secondary provides power only during 
its positive half-cycle.

The full-wave center-tapped rectifier is 
typically used in high-current, low-voltage 
applications because only one diode conducts 

at a time. This reduces the loss associated 
with diode conduction. In the full-wave bridge 
circuit there are two diodes in series in con-
duction simultaneously, which leads to higher 
loss. The full-wave bridge circuit is typically 
used for higher output voltages where this 
is not a serious concern. The lower diode 
PIV and better utilization of the transformer 
windings makes this circuit very attractive 
for higher output voltages and higher powers 
typical of high voltage amplifier supplies.

Because of the disadvantages pointed out 
earlier, the half-wave circuit is rarely used in 
60-Hz rectification except for bias supplies 
or other small loads. It does see considerable 
use, however, in high-frequency switchmode 
power supplies.

7.5 Voltage Multipliers
Other rectification circuits are sometimes 

useful, including voltage multipliers. These 
circuits function by the process of charg-
ing one or more capacitors in parallel on 
one half cycle of the ac waveform, and then 
connecting that capacitor or capacitors in 
series with the opposite polarity of the ac 
waveform on the alternate half cycle. In full-
wave multipliers, this charging occurs during 
both half-cycles.

Voltage multipliers, particularly voltage 
doublers, find considerable use in high-volt-
age supplies. When a doubler is employed, 
the secondary winding of the power trans-
former need have only half the voltage that 
would be required for a bridge rectifier. This 
reduces voltage stress in the windings and 
decreases the transformer insulation require-
ments. This is not without cost, however, 
because the transformer-secondary current 
rating has to be correspondingly doubled for 
a given load current and charging of the ca-
pacitors leads to narrow high-RMS current 
waveforms in the transformer windings and 
the capacitors.

7.5.1 Half-Wave  
Voltage Doubler

Figure 7.9 shows the circuit of a half-wave 
voltage doubler and illustrates the circuit op-
eration. For clarity, assume the transformer 
voltage polarity at the moment the circuit is 
activated is that shown at Figure 7.9B. During 
the first negative half cycle, DA conducts (DB 
is in a nonconductive state), charging C1 to 
the peak rectified voltage (1.4 ERMS). C1 is 
charged with the polarity shown in Figure 
7.9B. During the positive half cycle of the 
secondary voltage, DA is cut off and DB con-
ducts, charging capacitor C2. The amount 

Figure 7.9 — Part A shows a half-wave voltage-doubler circuit. B displays how the first 
half cycle of input voltage charges C1. During the next half cycle (shown at C), capaci-
tor C2 charges with the transformer secondary voltage plus that voltage stored in C1 
from the previous half cycle. The arrows in parts B and C indicate the conventional cur-
rent. D illustrates the levels to which each capacitor charges over several cycles.

of voltage delivered to C2 is the sum of the 
transformer peak secondary voltage plus the 
voltage stored in C1 (1.4 ERMS). On the next 
negative half cycle, DB is non-conducting 
and C2 will discharge into the load. If no 
load is connected across C2, the capacitors 
will remain charged — C1 to 1.4 ERMS and 
C2 to 2.8 ERMS. When a load is connected to 
the circuit output, the voltage across C2 drops 
during the negative half cycle and is recharged 
up to 2.8 ERMS during the positive half cycle.

The output waveform across C2 resembles 
that of a half-wave rectifier circuit because C2 
is pulsed once every cycle. Figure 7.9D illus-
trates the levels to which the two capacitors 

are charged throughout the cycle. In actual 
operation the capacitors will usually be large 
enough that they will discharge only partially, 
not all the way to zero as shown.

7.5.2 Full-Wave  
Voltage Doubler

Figure 7.10 shows the circuit of a full-wave 
voltage doubler and illustrates the circuit op-
eration. During the positive half cycle of the 
transformer secondary voltage, as shown in 
Figure 7.10B, DA conducts charging capaci-
tor C1 to 1.4 ERMS. DB is not conducting at 
this time.



7.8    Chapter 7

During the negative half cycle, as shown 
in Figure 7.10C, DB conducts, charging ca-
pacitor C2 to 1.4 ERMS, while DA is non-
conducting. The output voltage is the sum of 
the two capacitor voltages, which will be 2.8 
ERMS under no-load conditions. Figure 7.10D 
illustrates that each capacitor alternately re-
ceives a charge once per cycle. The effective 
filter capacitance is that of C1 and C2 in series, 
which is less than the capacitance of either 
C1 or C2 alone.

Resistors R1 and R2 in Figure 7.10A are 
used to limit the surge current through the 
rectifiers. Their values are based on the trans-
former voltage and the rectifier surge-current 
rating, since at the instant the power supply 
is turned on, the filter capacitors look like a 
short-circuited load. Provided the limiting 
resistors can withstand the surge current, 
their current-handling capacity is based on 
the maximum load current from the supply. 
Output voltages approaching twice the peak 
voltage of the transformer can be obtained 
with the voltage doubling circuit shown in 
Figure 7.10.

Figure 7.11 shows how the voltage de-
pends upon the ratio of the series resistance 
to the load resistance, and the load resistance 
times the filter capacitance. The peak inverse 
voltage across each diode is 2.8 ERMS. As 
indicated by the curves in Figure 7.11, the 
output voltage regulation of this doubler 
connection is not very good and it is not at-
tractive for providing high voltages at high 
power levels.

There are better doubler connections for 
higher power applications, and two possibili-
ties are shown in Figure 7.12. The connection 
in Figure 7.12A uses two bridge rectifiers in 
series with capacitive coupling between the 
ac terminals of the bridges. At the expense of 
more diodes, this connection will have much 
better output voltage regulation at higher 
power levels. Even better regulation can be 
achieved by using the connection shown in 
Figure 7.12B. In this example, two windings 
on the transformer are used. It is not essential 
that both windings have the same voltage, but 
both must be capable of providing the desired 
output current. In addition, the insulation of 
the upper winding must be adequate to ac-
commodate the additional dc bias applied to 
it from the lower winding.

7.5.3 Voltage Tripler  
and Quadrupler

Figure 7.13A shows a voltage-tripling 
circuit. On one half of the ac cycle, C1 and 
C3 are charged to the source voltage through 
D1, D2 and D3. R1 represents the resistance 
of the transformer secondary winding, which 
limits the amount of current available for 

Figure 7.10 — Part A shows a full-wave voltage-doubler circuit. One-half cycle is shown 
at B and the next half cycle is shown at C. Each capacitor receives a charge during 
every input-voltage cycle. D illustrates how each capacitor is charged alternately.

Figure 7.11 — DC output voltages from a full-wave voltage-doubler circuit as a function 
of the filter capacitances and load resistance. For the ratio R1 / R3 and for the R3 × C1 
product, resistance is in ohms and capacitance is in microfarads. Equal resistance  
values for R1 and R2, and equal capacitance values for C1 and C2 are assumed.  
(From Schade, see References)
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charging the capacitors. On the opposite half 
of the cycle, D2 conducts and C2 is charged 
to twice the source voltage, because it sees 
the transformer plus the charge in C1 as its 
source (D1 is cut off during this half cycle). 
At the same time, D3 conducts, and with 
the transformer and the charge in C2 as the 
source, C3 is charged to three times the trans-
former voltage.

The voltage-quadrupling circuit of 
Figure 7.13B works in similar fashion. In 
either of the circuits of Figure 7.13, the output 
voltage will approach an exact multiple of the 
peak ac voltage when the output current drain 
is low and the capacitance values are large.

The secondary resistance, R1, limits the 
charging current for the capacitors, and thus 
the maximum output voltage. This is illus-
trated in a complementary way by the flatten-
ing of the output voltage curve in Figure 7.11 
as filter capacitance increases. Increasing 
R1 has the same effect. For high-voltage 
supplies, a low-resistance secondary is often 
required to reach a full multiple of the avail-
able ac voltage. 

Figure 7.12 — Voltage-doubler rectifier connections for higher power levels. A is a capacitor-coupled doubler that can be extended to 
more sections for a higher multiplying factor. The circuit in B uses multiple transformer windings to boost the output voltage.

Figure 7.13 — Voltage-multiplying circuits 
with one side of the transformer second-
ary used as a common connection. A 
shows a voltage tripler and B shows a 
voltage quadrupler. Capacitances are 
typically 20 to 50 µF, depending on the 
output current demand. Capacitor dc rat-
ings are related to EPEAK (1.4 ERMS):
C1 — Greater than EPEAK 
C2 — Greater than 2 EPEAK 
C3 — Greater than 3 EPEAK 
C4 — Greater than 2 EPEAK 
R1 — Resistance of the transformer 
  secondary winding
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Figure 7.14 — A current doubler rectifier connection. A is the basic circuit. B illustrates 
current flow within the circuit.

7.7 Rectifier Types
Rectifiers have a long history beginning 

with mechanical rectifiers in the 1800s to 
today’s abundant variety of semiconductor 
devices. While many different devices have 
been created for this purpose, they all have the 
characteristic that they block current flow in 
the reverse direction, withstanding substantial 
reverse voltage and allowing current flow in 
the forward direction with minimum voltage 
drop. The simplest rectifiers are diodes, but it 
is also possible to have three-terminal devices 
(such as a thyristor) that can be controlled to 
regulate the output dc in addition to providing 
rectification. It is also possible to use devices 
like MOSFETs as synchronous rectifiers with 
very low forward drop during conduction. 
This is typically done to improve efficiency 
for very low voltage outputs. The following 
is a brief description of several of the more 
common examples. The sections on vacuum 
tube and other obsolete types of rectifiers from 
previous editions are available as a PDF article 
with this book’s online content.

7.7.1 Semiconductor Diodes
Rectifier diodes can be made from a num-

ber of different semiconductor materials 
such as germanium, silicon, silicon-carbide 
or gallium-arsenide, and no doubt other ma-
terials will appear in the future. The choice 
will depend on the application and as always 
cost is a factor.

Germanium diodes were the first of the 
solid-state semiconductor rectifiers. They 
have an extremely low forward voltage drop 
but are relatively temperature sensitive, hav-
ing high reverse leakage currents at higher 
temperatures. They can be easily destroyed 
by overheating during soldering as well. 
Germanium diodes are no longer used as 
power rectifiers.

Today, silicon diodes are the primary 
choice for virtually all power rectifier appli-
cations. They are characterized by extremely 
high reverse resistance (low reverse leakage), 
forward drops of a volt or less and operation 
at junction temperatures up to 125 °C. Some 

multi-junction HV diodes will have forward 
drops of several volts, but that is still low 
compared to the voltage at which they are 
being used. 

Many different types of silicon diodes are 
available for different applications. Silicon 
rectifiers fall into to two general categories: 
PN-junction diodes and Schottky barrier 
diodes (see the Circuits and Components 
chapter). Schottky diodes are the usual choice 
for low output voltages (<20 V) where their 
low forward conduction drop is critical for 
efficiency. For higher voltages however, the 
high reverse leakage of Schottky diodes is 
not acceptable and PN-junction diodes are 
normally chosen.

For 50/60 Hz applications, diodes with 
reverse recovery times of a microsecond or 
even more are suitable and very economi-
cal. For switchmode converters and inverters 
that regularly operate at 25 kHz and higher 
frequencies, fast-recovery diodes are needed. 
These converters typically have waveform 

7.6 Current Multipliers
Just as there are voltage multiplier con-

nections for high-voltage, low-current loads, 
there are current multiplier connections for 
low-voltage, high-current loads. An example 
of a current-doubler is given in Figure 7.14A.

To make the circuit operation easier to 
visualize, we can represent L1 and L2 as cur-
rent sources (Figure 7.14B) which is a good 
approximation for steady-state operation. 
When terminal 1 of the secondary winding 
is positive with respect to terminal 2, diode 
DA will be reverse-biased and therefore non-
conducting. The current flows within the cir-
cuit are shown in Figure 7.14B. Note that all 
of the output current (Io) flows through DB 
but only half of Io flows through the wind-
ing. At the cathode of DB the current divides 
with half going to L2 and the other half to the 
transformer secondary. The output voltage 
will be one-half the voltage of the average 
winding voltage (0.45 ERMS). This rectifier 
connection divides the voltage and multiplies 
the current! Because of the need for two in-
ductors, this circuit is seldom used in line-
frequency applications but it is very useful in 
high-frequency switchmode regulators with 
very low output voltages (<10 V) because it 
makes the secondary winding design easier 
and can improve circuit efficiency. At high 
frequencies, the inductors can be quite small.
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transitions of less than 1 µs within the circuit. 
MOSFET power transistors often have transi-
tions of less than 100 ns.

During the switching transitions, previ-
ously conducting diodes see a reversal of 
current direction. This change tends to re-
verse-bias those diodes, and thereby put them 
into an open-circuit condition. Unfortunately, 
as explained in the Circuits and Components 
chapter, solid-state rectifiers cannot be made 
to cease conduction instantaneously. As a 
result, when the opposing diodes in a bridge 
rectifier or full-wave rectifier become con-
ductive at the time the converter switches 
states, the diodes being turned off will actu-
ally conduct in the reverse direction for a 
brief time. That effectively short circuits the 
converter for a period of time depending on 
the reverse recovery characteristics of the 
rectifiers. This characteristic can create high 
current transients that stress the switching 
transistors and lead to increased loss and elec-
tromagnetic interference. As the switching 
frequency increases, more of these transitions 
happen each second, and more power is lost 
because of diode cross-conduction. 

These current transients and associated 
losses are reduced by using fast recovery di-
odes, which are specially doped diodes de-
signed to minimize storage time. Diodes with 
recovery times of 50 ns or less are available.

7.7.2 Rectifier Strings  
or Stacks

DIODES IN SERIES
When the PIV rating of a single diode is not 

sufficient for the application, similar diodes 
may be used in series. (Two 500 PIV diodes 
in series will withstand 1,000 PIV and so 
on.) There used to be a general recommenda-
tion to place a resistor across each diode in 
the string to equalize the PIV drops. With 
modern diodes, this practice is no longer 
necessary.

Modern silicon rectifier diodes are con-
structed to have an avalanche characteristic. 
Simply put, this means that the diffusion 
process is controlled so the diode will exhibit 
a Zener characteristic in the reverse-biased 
direction before destructive breakdown of  
the junction can occur. This provides a mea-
sure of safety for diodes in series. A diode 
will go into Zener conduction before it self-
destructs. If other diodes in the chain have  
not reached their avalanche voltages, the 
current through the avalanched diode will be 
limited to the leakage current in the other di-
odes. This should normally be very low. For 
this reason, shunting resistors are generally 
not needed across diodes in series rectifier 
strings. In fact, shunt resistors can actually 
create problems because they can produce a 
low-impedance source of damaging current 

to any diode that may have reached avalanche 
potential.

DIODES IN PARALLEL
Diodes can be placed in parallel to increase 

current-handling capability. Equalizing resis-
tors should be added as shown in Figure 7.15. 
Without the resistors, one diode may take 
most of the current. The resistors should be 
selected to have a drop of several tenths of a 
volt at the expected peak current. A disadvan-
tage of this form of forced current sharing will 
be the increase in power loss because of the 
added resistors.

7.7.3 Rectifier Ratings  
versus Operating Stress

Power supplies designed for amateur 
equipment use silicon rectifiers almost ex-
clusively. These rectifiers are available in a 
wide range of voltage and current ratings: PIV 
ratings of 600 V or more and current ratings 
as high as 400 A are available. At 1,000 PIV, 
the current ratings may be several amperes. It 
is possible to stack several units in series for 
higher voltages. Stacks are available commer-
cially that will handle peak inverse voltages 
up to 10 kV at a load current of 1 A or more.

7.7.4 Rectifier Protection
The discussion of rectifier circuits included 

the peak reverse voltage seen by the rectifiers 
in each circuit. You will need this information 
to select the voltage rating of the diodes in 
given application. It is normal good practice 
to not expose the diodes to more than 75% of 
their rated voltage for the worst case reverse 
voltage. This will probably be when operating 
at the highest input voltage but should also 
take into account transients that may occur.

The important specifications of a silicon 
diode are:

1. PIV — the peak inverse voltage.
2. I0 — the average dc current rating.
3. IREP — the peak repetitive forward 

current.
4. ISURGE — a non-repetitive peak half-sine 

wave of 8.3 ms duration (one-half cycle of 
60-Hz line frequency).

5. Switching speed or reverse recovery 
time.

6. Power dissipation and thermal resistance.
The first two specifications appear in 

most catalogs. IREP and ISURGE are not often 
specified in catalogs, but they are very im-
portant. Except in some switching regulator 
and capacitive filter circuits, rectifier current 
typically flows half the time — when it does 
conduct, the rectifier has to pass at least twice 
the average direct current. With a capacitor-
input filter, the rectifier conducts much less 
than half the time. In this case, when it does 
conduct, it may pass as much as 10 to 20 

times the average dc current, under certain 
conditions.

CURRENT INRUSH
When the supply is first turned on, the fil-

ter capacitors are discharged and act like a 
dead short. The result can be a very heavy 
current surge through the diode for at least 
one half-cycle and sometimes more. This cur-
rent transient is called ISURGE. The maximum 
surge current rating for a diode is usually 
specified for a duration of one-half cycle (at 
60 Hz), or about 8.3 ms. Some form of surge 
protection is usually necessary to protect the 
diodes until the filter capacitors are nearly 
charged, unless the diodes used have a very 
high surge-current rating (several hundred 
amperes). If a manufacturer’s data sheet is not 
available, an educated guess about a diode’s 
capability can be made by using these rules 
of thumb for silicon diodes commonly used 
in Amateur Radio power supplies:

Rule 1. The maximum IREP rating can be 
assumed to be approximately four times the 
maximum I0 rating, where I0 is the average 
dc current rating.

Rule 2. The maximum ISURGE rating can 
be assumed to be approximately 12 times 
the maximum I0 rating. This figure should 
provide a reasonable safety factor. Silicon 
rectifiers with 750 mA dc ratings, for ex-
ample, seldom have 1-cycle surge ratings 
of less than 15 A; some are rated up to 35 A  
or more. From this you can see that the recti-
fier should be selected on the basis of ISURGE 
and not on I0 ratings.

Although you can sometimes rely on the 
resistance of the transformer windings to pro-
vide surge-current limiting, this is seldom 
adequate in high-voltage power supplies. 
Series resistors are often installed between 
the secondary and the rectifier strings or in 
the transformer’s primary circuit, but these 
can be a deterrent to good voltage regulation.

One way to have good surge current limit-
ing at turn-on without affecting voltage regu-
lation during normal operation is to have a 
resistor in series with the input, along with 

Figure 7.15 — Diodes can be connected 
in parallel to increase the current-han-
dling capability of the circuit. Each diode 
should have a series current-equalizing 
resistor, with a value selected to have a 
drop of several tenths of a volt at the ex-
pected current.
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a relay across the resistor that shorts it out 
after 50 ms or so. This kind of arrangement is 
particularly important in HV supplies.

VOLTAGE TRANSIENTS
Vacuum-tube rectifiers had little problem 

with voltage transients on the incoming power 
lines. The possibility of an internal arc was of 
little consequence, since the heat produced 
was of very short duration and had little effect 
on the massive plate and cathode structures. 

Unfortunately, such is not the case with 
silicon diodes. Because of their low forward 
voltage drop, silicon diodes create very little 
heat with high forward current and therefore 
have tiny junction areas. However, conduc-
tion in the reverse direction beyond the normal 
reverse recovery time (reverse avalanching) 
can cause junction temperatures to rise ex-
tremely rapidly with the resulting destruction 
of the semiconductor junction.

To protect semiconductor rectifiers from 
voltage transients, special surge-absorption 
devices are available for connection across 
the incoming ac bus or transformer secondary. 
(See the RF Interference and Electromag-
netic Compatibility chapter for more infor-
mation.) These devices operate in a fashion 
similar to a Zener diode; they conduct heav-
ily when a specific voltage level is reached. 
Unlike Zener diodes, however, they have the 
ability to absorb very high transient energy 
levels without damage. With the clamping 
level set well above the normal operating 
voltage range for the rectifiers, these devices 
normally appear as open circuits and have 
no effect on the power-supply circuits. When 
a voltage transient occurs, however, these 
protection devices clamp the transient and 
thereby prevent destruction of the rectifiers.

Transient protectors are available in three 
basic varieties:

1. Silicon Zener diodes — large junction 
Zeners specifically made for this purpose and 

available as single junction for dc (unipolar) 
and back-to-back junctions for ac (bipolar). 
These silicon protectors are available under 
the trade name of TransZorb from General 
Semiconductor Corporation and are also 
made by other manufacturers. They have the 
best transient-suppressing characteristics of 
the three varieties mentioned here, but are 
expensive and have the least energy absorbing 
capability per dollar of the group.

2. Varistors — made of a composition 
metal-oxide material that breaks down at a 
certain voltage. Metal-oxide varistors, also 
known as MOVs, are cheap and easily ob-
tained, but have a higher internal resistance, 
which allows a greater increase in clamped 
voltage than the Zener variety. Varistors can 
also degrade with successive transients within 
their rated power handling limits (this is not 
usually a problem in the ham shack where 
transients are few and replacement of the 
varistor is easily accomplished).

Varistors usually become short-circuited 
when they fail. Large energy dissipation can 
result in device explosion. Therefore, it is a 
good idea to include a fuse that limits the 
short-circuit current through the varistor, and 
to protect people and circuitry from debris.

3. Gas tube — similar in construction to 
the familiar neon bulb, but designed to limit 
conducting voltage rise under high transient 
currents. Gas tubes can usually withstand the 
highest transient energy levels of the group. 
Gas tubes suffer from an ionization time prob-
lem, however. A high voltage across the tube 
will not immediately cause conduction. The 
time required for the gas to ionize and clamp 
the transient is inversely proportional to the 
level of applied voltage in excess of the device 
ionization voltage. As a result, the gas tube 
will let a little of the transient through to the 
equipment before it activates.

In installations where reliable equipment 
operation is critical, the local power is poor 

and transients are a major problem, the usual 
practice is to use a combination of protec-
tors. Such systems consist of a varistor or 
Zener protector, combined with a gas-tube 
device. Often there is an indicator light to 
warn when a surge has blown out the varistor. 
Operationally, the solid-state device clamps 
the surge immediately, with the beefy gas 
tube firing shortly thereafter to take most of 
the surge from the solid-state device.

HEAT
The junction of a diode is quite small, so 

it must operate at a high current density. The 
heat-handling capability is, therefore, quite 
small. Normally, this is not a prime consid-
eration in high-voltage, low-current supplies. 
Use of high-current rectifiers at or near their 
maximum ratings (usually 2 A or larger, stud-
mount rectifiers) requires some form of heat 
sinking. Frequently, mounting the rectifier 
on the main chassis — directly or with thin 
thermal insulating washers — will suffice. 

When a rectifier is directly mounted on the 
heatsink it is good practice to use a thin layer 
of thermal grease between the diode and the 
heat sink to assure good heat conduction. 
Most modern insulating thermal washers do 
not require the use of grease, but the older 
mica and other washers may benefit from 
a very thin layer of grease. Thermal grease 
and heat conducting insulating washers and 
pads are standard products available from 
mail-order component sellers. 

Large, high-current rectifiers often re-
quire special heat sinks to maintain a safe 
operating temperature. Forced-air cooling 
from a fan is sometimes used as a further 
aid. Safe case temperatures are usually given 
in the manufacturer’s data sheets and should 
be observed if the maximum capabilities of 
the diode are to be realized. See the thermal 
design section in the chapter on Circuits and 
Components for more information.

7.8 Power Filtering
Most loads will not tolerate the ripple (an 

ac component) of the pulsating dc from the 
rectifiers. Filters are required between the 
rectifier and the load to reduce the ripple 
to a low level. As pointed out earlier, some 
capacitances or inductances may be inher-
ent in the rectifier connection, reducing the 
ripple amplitude. In most cases, however, 
additional filtering is required. The design of 
the filter depends to a large extent on the dc 
voltage output, the desired voltage regulation 
of the power supply and the maximum load 
current. Power-supply filters are low-pass 
devices using series inductors and/or shunt 
capacitors.

7.8.1 Load Resistance
In discussing the performance of power-

supply filters, it is sometimes convenient to 
characterize the load connected to the output 
as a resistance. This load resistance is equal 
to the output voltage divided by the total load 
current, including the current drawn by the 
bleeder resistor.

7.8.2 Voltage Regulation
In an unregulated supply, the output voltage 

usually decreases as more current is drawn. 
This happens not only because of increased 
voltage drops in the transformer and filter 

chokes, but also because the output voltage at 
light loads tends to soar to the peak value of the 
transformer voltage as a result of charging the 
first capacitor. Proper filter design can reduce 
this effect. The change in output voltage with 
load is called the voltage regulation and is 
expressed as a percentage.

( )E1  E2
Percent Regulation    100%

E2
−

= × 	
	 (2) 
where

E1 = the no-load voltage, and
E2 = the full-load voltage.

A steady load, such as that represented 
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by a receiver, speech amplifier or unkeyed 
stages of a transmitter, does not require good 
(low) regulation as long as the proper voltage 
is obtained under load conditions. The filter 
capacitors must have a voltage rating safe for 
the highest value to which the voltage will rise 
when the external load is removed.

Typically the output voltage will display 
a larger change with long-duration changes 
in load resistance than with short transient 
changes. The reason for this is that transient 
load currents are supplied from energy stored 
in the output capacitance. The regulation with 
long-term changes is often called the static 
regulation, to distinguish it from the dynamic 
regulation (transient load changes). A load 
that varies at a syllabic or keyed rate, as rep-
resented by some audio and RF amplifiers, 
usually requires good dynamic regulation 
(<15%) if distortion products are to be held 
to a low level. The dynamic regulation of a 
power supply can be improved by increasing 
the output capacitance.

When essentially constant voltage is re-
quired, regardless of current variation (for 
stabilizing an oscillator, for example), special 
voltage regulating circuits described later in 
this chapter are used.

7.8.3 Bleeder Resistors
A bleeder resistor is a resistance (R) con-

nected across the output terminals of the 
power supply as shown in Figure 7.16A. Its 
functions are to discharge the filter capacitors 
as a safety measure when the power is turned 
off and to improve voltage regulation by 
providing a minimum load resistance. When 
voltage regulation is not of importance, the 
resistance may be as high as 100 W per volt of 
output voltage. The resistance value to be used 
for voltage-regulating purposes is discussed 
in later sections. From the consideration of 
safety, the power rating of bleeder resistors 
should be as conservative as possible — hav-
ing a burned-out bleeder resistor is dangerous!

7.8.4 Ripple Frequency  
and Voltage

The ripple at the output of the rectifier is an 
alternating current superimposed on a steady 
direct current. From this viewpoint, the filter 
may be considered to consist of: 1) shunt 
capacitors that short circuit the ac component 
while not interfering with the flow of the dc 
component; and/or 2) series chokes that read-
ily pass dc but will impede the ac component.

The effectiveness of the filter can be ex-
pressed in terms of percent ripple, which is 

Figure 7.16 — Capacitor-input filter circuits. At A is a simple capacitor filter. B and C 
are single- and double-section filters, respectively.

the ratio of the RMS value of the ripple to the 
dc value in terms of percentage.

E1Percent Ripple (RMS)    100%
E2

= × 		
	 (3)

where
E1 = the RMS value of ripple voltage, and
E2 = the steady dc voltage.

Any frequency multiplier or amplifier 
supply in a CW transmitter should have less 
than 5% ripple. A linear amplifier can tolerate 
about 3% ripple on the plate voltage. Bias 
supplies for linear amplifiers should have less 
than 1% ripple. VFOs, speech amplifiers and 
receivers may require no greater than 0.01% 
ripple.

Ripple frequency refers to the frequency of 
the pulsations in the rectifier output waveform 
— the number of pulsations per second. The 
ripple frequency of half-wave rectifiers is the 
same as the line-supply frequency — 60 Hz 
with a 60-Hz supply. Since the output pulses 
are doubled with a full-wave rectifier, the 
ripple frequency is doubled — to 120 Hz with 
a 60-Hz supply.

The amount of filtering (values of in-
ductance and capacitance) required to give 
adequate smoothing depends on the ripple 
frequency. More filtering is required as the 
ripple frequency is reduced. This is why the 
filters used for line-frequency rectification are 
much larger than those used in switchmode 
converters where the ripple frequency is often 
in the hundreds of kHz.

7.8.5 Capacitor-Input Filters
Typical capacitor-input filter systems are 

shown in Figure 7.16. The ripple can be re-
duced by making C1 larger, but that can lead 
to very large capacitances and high inrush 
currents at turn-on. Better ripple reduction 
will be obtained when moderate values for 
C1 are employed and LC sections are added 
as shown in Figure 7.16B and C.

INPUT VERSUS OUTPUT VOLTAGE
The average output voltage of a capaci-

tor-input filter is generally poorly regulated 
with load-current variations. As shown earlier 
(Figure 7.6) the rectifier diodes conduct for 
only a small portion of the ac cycle to charge 
the filter capacitor to the peak value of the ac 
waveform. When the instantaneous voltage 
of the ac passes its peak, the diode ceases to 
conduct. This forces the capacitor to support 
the load current until the ac voltage on the 
opposing diode in the bridge or full wave 
rectifier is high enough to pick up the load 
and recharge the capacitor. For this reason, 
the peak diode currents are usually quite high.

Since the cyclic peak voltage of the capac-
itor-filter output is determined by the peak of 
the input ac waveform, the minimum voltage 
and, therefore, the ripple amplitude, is deter-
mined by the amount of voltage discharge, 
or “droop,” occurring in the capacitor while 
it is discharging and supporting the load. 
Obviously, the higher the load current, the 
proportionately greater the discharge, and 
therefore the lower the average output.

There is an easy way to approximate the 



7.14    Chapter 7

peak-to-peak ripple for a certain capacitor and 
load by assuming a constant load current. We 
can calculate the droop in the capacitor by 
using the relationship:

C × E = I × t	 (4)

where
C = the capacitance in microfarads,
E = the voltage droop, or peak-to-peak 

ripple voltage,
I = the load current in milliamperes, and
t = the length of time in ms per cycle 

during which the rectifiers are not 
conducting, during which the filter 
capacitor must support the load cur-
rent. For 60-Hz, full-wave rectifiers, 
t is about 7.5 ms.

As an example, let’s assume that we need 
to determine the peak-to-peak ripple voltage 
at the dc output of a full-wave rectifier/ filter 
combination that produces 13.8 V dc and sup-
plies a transceiver drawing 2.0 A. The filter 
capacitor in the power supply is 5,000 µF. 
Using the above relationship:

C × E = I × t	 (5)

5,000 µF × E = 2,000 mA × 7.5 ms

2,000 mA  7.5 msE    3 V P-P
5,000 F

×
= =

µ

Obviously, this is too much ripple. A ca-
pacitor value of about 20,000 µF would be 
better suited for this application. If a linear 
regulator is used after this rectifier/filter com-
bination, then it is possible to trade off higher 
ripple voltage against high power dissipation 
in the regulator. A properly designed linear 
regulator can reduce the ripple amplitude to 
a very small value.

7.8.6 Choke-Input Filters
Choke-input filters provide the benefits of 

greatly improved output voltage stability over 
varying loads and low peak-current surges in 

Figure 7.17 — Inductive filter output volt-
age regulation as a function of load cur-
rent. The transition from capacitive peak 
charging to inductive averaging occurs at 
the critical load current, IC.

Figure 7.18 — The choke inductor con-
stant, A, is used to solve equation 6.

filters are frequently used in high-frequency 
switchmode converters where the chokes will 
be much smaller. 

As long as the inductance of the choke is 
large enough to maintain a continuous cur-
rent over the complete cycle of the input ac 
waveform, the filter output voltage will be 
the average value of the rectified output. The 
average dc value of a full-wave rectified sine 
wave is 0.637 times its peak voltage. Since the 
RMS value is 0.707 times the peak, the output 
of the choke input filter will be (0.637 / 0.707), 
or 0.9 times the RMS ac voltage.

As shown in Figure 7.17, there is a mini-
mum or “critical” load current below which 
the choke does not provide the necessary 
filtering. For light loads, there may not be 
enough energy stored in the choke during 
the input waveform crest to allow continuous 
current over the full cycle. When this happens, 
the filter output voltage will rise as the filter 
assumes more and more of the characteristics 
of a capacitor-input filter. One purpose of the 
bleeder resistor is to keep the minimum load 
current above the critical value.

The value for the critical (or minimum) 
inductance for a given maximum value of 
load resistance in a single phase, full-wave 
rectifier with a sine wave source voltage can 
be approximated from:

Lc = R/A	 (6)

where 
R = the maximum load resistance, and
A = a constant obtained from Figure 7.18, 

derived from the frequency of the input 
current (see Reference 1).

Low values for minimum load current (high 
minimum load R) can lead to large values for 
LC which may not be practical. Standard filter 
inductors typically have a relatively constant 
value for L as the dc current is varied but it is 
possible to use a swinging choke instead. This 
is an inductor which has a high inductance at 
low currents and much lower inductance at 
high currents. Using a swinging choke will 
usually result in a much smaller filter choke 
and/or better output regulation.

the rectifiers. On the negative side, the output 
voltage will be lower than that for a capacitor-
input filter.

In line-frequency power supplies, choke-
input filters are less popular than they once 
were. This change came about in part because 
of the high surge current capability of silicon 
rectifiers, but more importantly because size, 
weight and cost are reduced when large filter 
chokes are eliminated. However, choke input 
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Figure 7.19 — Zener-diode voltage 
regulation. The voltage from a negative 
supply may be regulated by reversing the 
power-supply connections and the diode 
polarity.

Figure 7.20 — Linear electronic voltage regulator circuits. In these diagrams, batteries 
represent the unregulated input-voltage source. A transformer, rectifier and filter would 
serve this function in most applications. Part A shows a series regulator and Part B 
shows a shunt regulator. Part C shows how remote sensing overcomes poor load regu-
lation caused by the IR drop in the connecting wires by bringing them inside the feed-
back loop. The use of extra connections to sense voltage is called a “four-wire Kelvin 
connection.”

7.9 Power Supply Regulation
The output of a rectifier/filter system may 

be usable for some electronic equipment, but 
for today’s transceivers and accessories, fur-
ther measures may be necessary to provide 
power sufficiently clean and stable for their 
needs. Voltage regulators are often used to 
provide this additional level of conditioning.

Rectifier/filter circuits by themselves are 
unable to protect the equipment from the 
problems associated with input-power-line 
fluctuations, load-current variations and re-
sidual ripple voltages. Regulators can elimi-
nate these problems, but not without costs 
in circuit complexity and power-conversion 
efficiency.

There are many types of regulator circuits, 
both linear and switchmode. This section 
addresses the most common circuits used by 
amateurs. A broader introduction is available 
in the Linear Technology application note 
AN140, “Basic Concepts of Linear Regulator 
and Switching Mode Power Supplies” which 
is available online at www.analog.com/
media/en/technical-documentation/app-
notes/an140.pdf.

7.9.1 Zener Diodes
A Zener diode (developed by Dr Clarence 

Zener) can be used to maintain the voltage 
applied to a circuit at a practically constant 
value, regardless of the voltage regulation of 
the power supply or variations in load current. 
The typical circuit is shown in Figure 7.19. 
Note that the cathode side of the diode is 
connected to the positive side of the supply. 

Zener diodes are available in a wide va-
riety of voltages and power ratings. The 
voltages range from less than 2 V to a few 
hundred volts, while the power ratings (power 
the diode can dissipate) run from less than  
0.25 W to 50 W. The ability of the Zener diode 
to stabilize a voltage depends on the diode’s 
conducting impedance. This can be as low 
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as 1 W or less in a low-voltage, high-power 
diode or as high as 1,000 W in a high-voltage, 
low-power diode.

The circuit in Figure 7.19 is a shunt regula-
tor in that it “shunts” current through a con-
trolling device (the Zener diode) to maintain 
a constant output voltage. To design a Zener 
shunt regulator, you must know the mini-
mum and maximum input voltage (EDC); the 
output voltage, which is equal to the Zener 
diode voltage (EZ); and the minimum and 
maximum load current (IL) through RL. If the 
input voltage is variable, you must specify the 
maximum and minimum values for EDC. As a 
rule of thumb, the current through the Zener 
should be 10% of the maximum load current 
for good regulation and must be greater than 
the IZ(min) at which the Zener diode maintains 
its constant voltage drop. Once these quanti-
ties are known the series resistance, RS, can 
be determined:

DC(min) Z
S

L(max)

E E
R

1.1 I
−

= 	 (7)

The power dissipation of the Zener diode, 
PDZ, is

DC(max) Z
DZ L(min) Z

S

E E
P I E

R
− 

= − 
 

	 (8)

and of the series resistor, RS,

( )2DC(max) Z
DR

S

E E
P

R
−

= 	 (9)

It is good practice to provide a five times 
rated power dissipation safety margin for both 
the series resistor and the Zener diode. This 
avoids heating in the Zener and the resulting 
drift in voltage. High-power Zener diodes  
(10 W dissipation or more) will require 
heat-sinking as discussed in the section 
on Heat Management in the Circuits and 
Components chapter.

7.9.2 Linear Regulators
Linear regulators come in two varieties, 

series and shunt, as shown in Figure 7.20. The 
shunt regulator is simply an electronic (also 
called “active”) version of the Zener diode. 
For the most part, the active shunt regula-
tor (Figure 7.20B) is rarely used since the 
series regulator is a superior choice for most 
applications.

The series regulator (Figure 7.20A) con-
sists of a stable voltage reference, which is 
usually established by a Zener diode, a tran-
sistor in series between the power source and 
the load (called a series pass transistor), and 
an error amplifier. In critical applications a 
temperature-compensated reference diode 
would be used instead of the Zener diode.

The output voltage is sampled by the error 
amplifier, which compares the output (usu-
ally scaled down by a voltage divider) to the 

Q1 — NPN transistor, MJE340 or 
equivalent 

Figure 7.21 — At A, a Darlington-connected transistor pair for use as the pass element 
in a series-regulating circuit. At B, the method of connecting two or more transistors in 
parallel for high-current output. Resistances are in ohms. The circuit at A may be used 
for load currents from 100 mA to 5 A, and the one at B may be used for currents from  
6 A to 10 A. 

Q2-Q4 — Power transistor such as 
2N3055 or 2N3772 

reference. If the scaled-down output voltage 
becomes higher than the reference voltage, 
the error amplifier reduces the drive current 
to the pass transistor, thereby allowing the 
output voltage to drop slightly. Conversely, 
if the load pulls the output voltage below the 
desired value, the amplifier drives the pass 
transistor into increased conduction.

The “stiffness” or tightness of regulation 
of a linear regulator depends on the gain  
of the error amplifier and the ratio of the 
output scaling resistors. In any regulator, the 
output is cleanest and regulation stiffest at  
the point where the sampling network or error 
amplifier is connected. If heavy load current 
is drawn through long leads, the voltage drop 
can degrade the regulation at the load. To 
combat this effect, the feedback connection 
to the error amplifier can be made directly to  
the load. This technique, called remote 
sensing, or a four-wire Kelvin connection, 
moves the point of best regulation to the 
load by bringing the connecting loads inside the 
feedback loop. This is shown in Figure 7.20C.

INPUT VERSUS OUTPUT VOLTAGE
In a series regulator, the pass-transistor 

power dissipation is directly proportional 
to the load current and input/output voltage 
differential. The series pass element can be 
located in either leg of the supply. Either NPN 
or PNP devices can be used, depending on 
the ground polarity of the unregulated input.

The differential between the input and 
output voltages is a design tradeoff. If the 
input voltage from the rectifiers and filter is 
only slightly higher than the required output 
voltage, there will be minimal voltage drop 
across the series pass transistor. A small drop 
results in minimal thermal dissipation and 
high power-supply efficiency. The supply 
will have less capability to provide regulated 

power in the event of power line brownout 
and other reduced line voltage conditions, 
however. Conversely, a higher input voltage 
will provide operation over a wider range of 
input voltage, but at the expense of increased 
heat dissipation.

7.9.3 Linear Regulator  
Pass Transistors

DARLINGTON PAIRS
A simple Zener-diode reference or IC op-

amp error amplifier may not be able to source 
enough current to a pass transistor that must 
conduct heavy load current. The Darlington 
configuration of Figure 7.21A multiplies the 
pass transistor beta, thereby extending the 
control range of the error amplifier. If the 
Darlington arrangement is implemented with 
discrete transistors, resistors across the base-
emitter junctions may be necessary to prevent 
collector-to-base leakage currents in Q1 from 
being amplified and turning on the transis-
tor pair. These resistors are contained in the 
envelope of a monolithic Darlington device.

When a single pass transistor is not avail-
able to handle the current required from a 
regulator, the current-handling capabil-
ity may be increased by connecting two or 
more pass transistors in parallel. The circuit of 
Figure 7.21B shows the method of connecting 
these pass transistors. The resistances in the 
emitter leads of each transistor are necessary 
to equalize the currents.

TRANSISTOR RATINGS
When bipolar (NPN, PNP) power transis-

tors are used in applications in which they are 
called upon to handle power on a continuous 
basis, rather than switching, there are four 
parameters that must be examined to see if 
any maximum limits are being exceeded. 
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Operation of the transistor outside these limits 
can easily result in device failure, and these 
parameters must be considered during the 
design process.

The four limits are maximum collector cur-
rent (IC), maximum collector-emitter voltage 
(VCEO), maximum power and second break-
down (ISB). All four of these parameters are 
graphically shown on the transistor’s data 
sheet on what is known as a safe operating 
area (SOA) graph. (see Figure 7.22) The first 
three of these limits are usually also listed 
prominently with the other device informa-
tion, but it is often the fourth parameter — 
secondary breakdown — that is responsible 
for the “sudden death” of the power transistor 
after an extended operating period.

The maximum current limit of the tran-
sistor (IC MAX) is usually the current limit 
for fusing of the bond wire connected to the 
emitter, rather than anything pertaining to 
the transistor chip itself. When this limit is 
exceeded, the bond wire can melt and open 
circuit the emitter. On the operating curve, this 
limit is shown as a horizontal line extending 
out from the Y-axis and ending at the voltage 
point where the constant power limit begins.

The maximum collector-emitter voltage 
limit of the transistor (VCE MAX) is the point 
at which the transistor junctions can no lon-
ger withstand the voltage between collector 
and emitter.

With increasing collector-emitter voltage 
drop at maximum collector current, a point 
is reached where the power in the transistor 
will cause the junction temperature to rise 
to a level where the device leakage current 
rapidly increases and begins to dominate. 
In this region, the product of the voltage 
drop and the current would be constant and 
represent the maximum power (Pt) rating 

for the transistor; that is, as the voltage drop 
continues to increase, the collector current 
must decrease to maintain the power dissipa-
tion at a constant value.

With most transistors rated for higher volt-
ages, a point is reached on the constant power 
portion of the curve whereby, with further 
increased voltage drop, the maximum power 
rating is not constant, but decreases as the 
collector to emitter voltage increases. This de-
crease in power handling capability continues 
until the maximum voltage limit is reached.

This special region is known as the for-
ward bias second breakdown (FBSB) area. 
Reduction in the transistor’s power handling 
capability is caused by localized heating in 
certain small areas of the transistor junction 
(“hot spots”), rather than a uniform distri-
bution of power dissipation over the entire 
surface of the device.

The region of operating conditions con-
tained within these curves is called the safe 
operating area, or SOA. If the transistor is 
always operated within these limits, it should 
provide reliable and continuous service for 
a long time.

MOSFET TRANSISTORS
The bipolar junction transistor (BJT) is rap-

idly being replaced by the MOSFET in new 

Figure 7.22 — Typical graph of the safe 
operating area (SOA) of a transistor. See 
text for details. Safe operating conditions 
for specific devices may be quite different 
from those shown here.

Figure 7.23 — Overload protection for a regulated supply can be implemented by addi-
tion of a current-overload-protective circuit, as shown at A. At B, the circuit has been 
modified to employ current-foldback limiting.

power supply designs because MOSFETs 
are easier to drive. The N-channel MOSFET 
(equivalent to the NPN bipolar) is more pop-
ular than the P-channel for pass transistor 
applications.

There are some considerations that should 
be observed when using a MOSFET as a linear 
regulator series pass transistor. Several volts 
of gate drive are needed to start conduction 
of the device, as opposed to less than 1 V for 
the BJT. MOSFETs are inherently very-high-
frequency devices and will readily oscillate 
with stray-circuit capacitances. To prevent 
oscillation in the transistor and surrounding 
circuits, it is common practice to insert a small 
resistor of about 100 W directly in series with 
the gate of the series-pass transistor to reduce 
the gate circuit Q.

OVERCURRENT PROTECTION
Damage to a pass transistor can occur when 

the load current exceeds the safe amount. 
Figure 7.23A illustrates a simple current-
limiter circuit that will protect Q1. All of the 
load current is routed through R1. A volt-
age difference will exist across R1; the value 
will depend on the exact load current at a 
given time. When the load current exceeds 
a predetermined safe value, the voltage drop 
across R1 will forward-bias Q2 and cause it to 
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conduct. Because Q2 is a silicon transistor, the 
voltage drop across R1 must exceed 0.6 V to 
turn Q2 on. This being the case, R1 is chosen 
for a value that provides a drop of 0.6 V when 
the maximum safe load current is drawn. In 
this instance, the drop will be 0.6 V when IL 
reaches 0.5 A. R2 protects the base-emitter 
junction of Q2 from current transients, or 
from destruction in the event Q1 fails under 
short-circuit conditions.

When Q2 turns on, some of the current 
through RS flows through Q2, thereby de-
priving Q1 of some of its base current. This 
action, depending upon the amount of Q1 
base current at a precise moment, cuts off Q1 
conduction to some degree, thus limiting the 
current through it.

FOLDBACK CURRENT LIMITING
Under short-circuit conditions, a constant-

current type current limiter must still with-
stand the full source voltage and limited 
short-circuit current simultaneously, which 
can impose a very high power dissipation or 
second breakdown stress on the series pass 
transistor. For example, a 12 V regulator 
with current limiting set for 10 A and having 
a source of 16 V will have a dissipation of  
40 W [(16 V – 12 V) × 10 A] at the point of 
current limiting (knee). But its dissipation will 
rise to 160 W under short-circuit conditions 
(16 V × 10 A).

A modification of the limiter circuit can 
cause the regulated output current to decrease 
with decreasing load resistance beyond the 
over-current knee. With the output shorted, 
the output current is only a fraction of the 
knee current value, which protects the series- 
pass transistor from excessive dissipation  
and possible failure. Using the previous 
example of the 12 V, 10 A regulator, if the  
short-circuit current is designed to be 3 A 
(the knee is still 10 A), the transistor dis-
sipation with a short circuit will be only  
16 V × 3 A = 48 W.

Figure 7.23B shows how the current-limiter 
example given in the previous section would 
be modified to incorporate foldback limiting. 
The divider string formed by R2 and R3 pro-
vides a negative bias to the base of Q2, which 
prevents Q2 from turning on until this bias is 
overcome by the drop in R1 caused by load 
current. Since this hold-off bias decreases as 
the output voltage drops, Q2 becomes more 
sensitive to current through R1 with decreas-
ing output voltage. See Figure 7.24.

The circuit is designed by first calculating 
the value of R1 for short-circuit current. For 
example, if 0.5 A is chosen, the value for 
R1 is simply 0.6 V / 0.5 A = 1.2 W (with the 
output shorted, the amount of hold-off bias 
supplied by R2 and R3 is very small and can be 
neglected). The knee current is then chosen. 
For this example, the selected value will be  
1.0 A. The divider string is then proportioned 
to provide a base voltage at the knee that is just 
sufficient to turn on Q2 (a value of 13.6 V for 
13.0 V output). With 1.0 A flowing through 
R1, the voltage across the divider will be  
14.2 V. The voltage dropped by R2 must then 
be 14.2 V –13.6 V, or 0.6 V. Choosing a di-
vider current of 2 mA, the value of R2 is then 
0.6 V / 0.002 A = 300 W. R3 is calculated to 
be 13.6 V / 0.002 A = 6800 W.

7.9.4 Three-Terminal  
Voltage Regulators

The modern trend in regulators is toward 
the use of three-terminal devices commonly 
referred to as three-terminal regulators. 
Inside each regulator is a voltage reference, a 
high-gain error amplifier, temperature-com-
pensated voltage sensing resistors and a pass 
element. Many currently available units have 
thermal shut-down, overvoltage protection 
and current foldback, making them virtu-
ally destruction-proof. It is easy to see why 

regulators of this sort are so popular when 
you consider the low price and the number 
of individual components they can replace.

Three-terminal regulators have connec-
tions for unregulated dc input, regulated dc 
output and ground, and they are available 
in a wide range of voltage and current rat-
ings. Fixed-voltage regulators are available 
with output ratings in most common values 
between 5 and 28 V. Other families include 
devices that can be adjusted from 1.25 to 
50 V. 

The regulators are available in several dif-
ferent package styles, depending on current 
ratings. Low-current (100 mA) devices fre-
quently use the plastic TO-92 and DIP-style 
cases. TO-220 packages are popular in the 
1.5 A range, and TO-3 cases house the larger 
3 A and 5 A devices. They are available in 
surface mount packages too. 

Three-terminal regulators are available as 
positive or negative types. In most cases, 
a positive regulator is used to regulate a 
positive voltage and a negative regulator a 
negative voltage. Depending on the system 
ground requirements, however, each regula-
tor type may be used to regulate the “op-
posite” voltage.

Figure 7.25A and B illustrate how the 
regulators are used in the conventional 
mode. Several regulators can be used with 
a common-input supply to deliver several 
voltages with a common ground. Negative 
regulators may be used in the same manner. 
If no other common supplies operate from the 
input supply to the regulator, the circuits of 
Figure 7.25C and D may be used to regulate 
positive voltages with a negative regulator 
and vice versa. In these configurations the 
input supply is floated; neither side of the 
input is tied to the system ground.

Manufacturers have adopted a system of 
family numbers to classify three-terminal 

Figure 7.24 — The 1 A regulator shown in 
Figure 7.23B will fold back to 0.5 A under 
short-circuit conditions. See text. 

Figure 7.25 — Parts A and B illustrate the conventional manner in which three-terminal 
regulators are used. Parts C and D show how one polarity regulator can be used to 
regulate the opposite-polarity voltage.



Power Sources   7.19

regulators in terms of supply polarity, output 
current and regulated voltage. For example, 
7805 describes a positive 5 V, 1.5 A regu-
lator and 7905 a negative 5 V, 1.5 A unit. 
Depending on the manufacturer, the full part 
number might have a prefix such as LM, UA 
or MC, along with various suffixes (for ex-
ample, LM7805CT or MC7805CTG). There 
are many such families with widely varied 
ratings available from manufacturers. 

Make sure to check the pin assignments 
(pinouts) for all voltage regulators. While 
the fixed-voltage positive regulators gener-
ally share a common pattern of input, output, 
and ground, negative-voltage and adjustable 
regulators do not. Installing a regulator with 
the wrong connections will usually destroy 
it and may allow excessive voltage to be 
applied to the circuit it supplies.

SPECIFYING A REGULATOR
When choosing a three-terminal regulator 

for a given application, the most important 
specifications to consider are device output 
voltage, output current, minimum and maxi-
mum input-to-output differential voltages, 
line regulation, load regulation and power 
dissipation. Output voltage and current re-
quirements are determined by the load with 
which the supply will ultimately be used.

Input-to-output differential voltage is one 
of the most important three-terminal regulator 
specifications to consider when designing a 
supply. The differential value (the difference 
between the voltage applied to the input ter-
minal and the voltage on the output terminal) 
must be within a specified range. The mini-
mum differential value, usually about 2.5 V, 
is called the dropout voltage. If the differen-
tial value is less than the dropout voltage, no 
regulation will take place. Special low dropout 
regulators with lower minimum differential 
values are available as well. At the other end 
of the scale, maximum input-output differ-
ential voltage is generally about 40 V. If this 
differential value is exceeded, device failure 
may occur.

Increases in either output current or differ-
ential voltage produce proportional increases 
in device power consumption. By employing 
current foldback, as described above, some 
manufacturers ensure that maximum dis-
sipation will never be exceeded in normal 
operation. Figure 7.26 shows the relationship 
between output current, input-output differ-
ential and current limiting for a three-terminal 
regulator nominally rated for 1.5 A output 
current. Maximum output current is available 
with differential voltages ranging from about  
2.5 V (dropout voltage) to 12 V. Above 
12 V, the output current decreases, limiting the 
device dissipation to a safe value. If the out-
put terminals are accidentally short circuited, 
the input-output differential will rise, caus-
ing current foldback, and thus preventing the 

Figure 7.26 — Effects of input-output dif-
ferential voltage on three-terminal regula-
tor current. 

Figure 7.27 — By varying the ratio of R2 
to R1 in this simple LM317 schematic dia-
gram, a wide range of output voltages is 
possible. See text for details. 

Figure 7.28 — The basic LM317 voltage 
regulator is converted into a constant-
current source by adding only one 
resistor.

power-supply components from being over 
stressed. This protective feature makes three-
terminal regulators particularly attractive in 
simple power supplies.

When designing a power supply around 
a particular three-terminal regulator, input-
output voltage characteristics of the regula-
tor should play a major role in selecting the 
transformer-secondary and filter-capacitor 
component values. The unregulated voltage 

applied to the input of the three-terminal 
device should be higher than the dropout 
voltage, yet low enough that the regulator 
does not go into current limiting caused by 
an excessive differential voltage. If, for ex-
ample, the regulated output voltage of the 
device shown in Figure 7.26 were 12 V, then 
unregulated input voltages of between 14.5 
and 24 V would be acceptable if maximum 
output current is desired.

In use, all but the lowest-current regulators 
generally require an adequate external heat 
sink because they may be called on to dis-
sipate a fair amount of power. Also, because 
the regulator chip contains a high-gain error 
amplifier, bypassing of the input and output 
leads is essential for stable operation.

Most manufacturers recommend bypass-
ing the input and output directly at the leads 
where they protrude through the heat sink. 
Solid tantalum capacitors are usually recom-
mended because of their good high-frequency 
capabilities.

External capacitors used with IC regulators 
may discharge through the IC junctions under 
certain circuit conditions, and high-current 
discharges can harm ICs. Look at the regulator 
data sheet to see whether protection diodes are 
needed, what diodes to use and how to place 
them in any particular application.

Adjustable Regulators
In addition to fixed-output-voltage ICs, 

high-current, adjustable voltage regulators 
are available. These ICs require little more 
than an external potentiometer for an adjust-
able output range from 5 to 24 V at up to 
5 A. The unit price on these items is only a 
few dollars, making them ideal for test-bench 
power supplies. A very popular low current, 
adjustable output voltage three terminal regu-
lator, the LM317, is shown in Figure 7.27. 
It develops a steady 1.25 V reference, VREF, 
between the output and adjustment terminals. 
By installing R1 between these terminals, a 
constant current, I1, is developed, governed 
by the equation:

REFVI1
R1

= 	 (10)

Both I1 and a 100 µA error current, I2, 
flow through R2, resulting in output voltage 
VO. VO can be calculated using the equation:

O REF
R2V V 1 I2 R2
R1

 = + + × 
 

	 (11)

Any voltage between 1.2 and 37 V may  
be obtained with a 40 V input by changing 
 the ratio of R2 to R1. At lower output volt-
ages, however, the available current will 
be limited by the power dissipation of the 
regulator.

Figure 7.28 shows one of many flexible 
applications for the LM317. By adding only 
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one resistor with the regulator, the voltage 
regulator can be changed into a constant-
current source capable of charging NiCd 
batteries, for example. Design equations are 
given in the figure. The same precautions 
should be taken with adjustable regulators 
as with the fixed-voltage units. Proper heat 
sinking and lead bypassing are essential for 
proper circuit operation.

INCREASING REGULATOR  
OUTPUT CURRENT

When the maximum output current from an 
IC voltage regulator is insufficient to operate 
the load, discrete power transistors may be 
connected to increase the current capability. 
Figure 7.29 shows two methods for boost-
ing the output current of a positive regulator, 
although the same techniques can be applied 
to negative regulators.

In A, an NPN transistor is connected as 
an emitter follower, multiplying the output 

Figure 7.29 — Two methods for boost-
ing the output-current capacity of an IC 
voltage regulator. Part A shows an NPN 
emitter follower and B shows a PNP 
“wraparound” configuration. Operation 
of these circuits is explained in the text. 

current capacity by the transistor beta. The 
shortcoming of this approach is that the base-
emitter junction is not inside the feedback 
loop. The result is that the output voltage is 
reduced by the base-emitter drop, and the 
load regulation is degraded by variations in 
this drop.

The circuit at B has a PNP transistor 
“wrapped around” the regulator. The regu-
lator draws current through the base-emitter 
junction, causing the transistor to conduct. 
R1 provides bias voltage for turning on Q1 
so that U1 doesn’t see the excess current.  
For example, a 6 W resistor will limit the cur-
rent U1 sees to 100 mA. The IC output volt-
age is unchanged by the transistor because 
the collector is connected directly to the IC 
output (sense point). Any increase in output 
voltage is detected by the IC regulator, which 
shuts off its internal-pass transistor, and this 
stops the boost-transistor base current.

7.10 “Crowbar” Protective Circuits
Electronic components do fail from time 

to time. In a regulated power supply, the only 
component standing between an elevated dc 
source voltage and your transceiver is one 
transistor, or a group of transistors wired in 
parallel. If the transistor, or one of the transis-
tors in the group, happens to short internally, 
your equipment could suffer lots of damage.

To safeguard the load equipment against 
possible overvoltage, some power-supply 
manufacturers include a circuit known as a 
crowbar. This circuit usually consists of a 

silicon-controlled rectifier (SCR) or thyristor 
connected directly across the output of the 
power supply, with an over-voltage-sensing 
trigger circuit tied to its gate. The SCR is large 
enough to take the full short-circuit output 
current of the supply, as if a crowbar were 
placed across the output terminals, thus the 
name.

In the event the output voltage exceeds 
the trigger set point, the SCR will fire, and 
the output is short circuited. The resulting 
high current in the power supply (shorted 

output in series with a series pass transistor 
failed short) will blow the power supply’s 
line fuses. This is a protection for the supply 
as well as an indicator that something has 
malfunctioned internally. For these reasons, 
never replace blown fuses with ones that have 
a higher current rating.

An example of a crowbar overvoltage pro-
tection circuit can be found as a project at the 
end of this chapter. It provides basic design 
equations that can be adapted to a wide range 
of power supply applications.
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7.11 DC-DC Switchmode Power Conversion
Very often the power source is dc, such as a 

battery or solar cell, or the output of an unregu-
lated rectifier connected to an ac source. In 
most applications high conversion efficiency 
is desired, both to conserve energy from the 
source and to reduce heat dissipation in the 
converter. When high efficiency is needed, 
some form of switching circuit will be em-
ployed for dc-dc power conversion. Besides 
being more efficient, switching circuits are 
usually much smaller and lighter than con-
ventional 60 Hz, transformer-rectifier circuits 
because they operate at much higher frequen-
cies — from 25 to 400 kHz or even higher. 
Switching circuits go by many names; switch-
ing regulators and switchmode converters are 
just two of the more common names.

The possibility of achieving high conver-
sion efficiency stems directly from the use of 
switches for the power conversion process, 
along with low-loss inductive and capacitive 
elements. An active switch is a device that is 
either ON or OFF and the state of the switch 
(ON or OFF) can be controlled with an ex-
ternal signal. The loss in the switch is always 
the product of the voltage across the switch 
and the current flowing through it (P = E × I).

In the ON (conducting) state the voltage 
drop across the switch is small, and in the 
OFF state the current through the switch is 
small. In both cases the losses can be small 
relative to the power level of the converter. 
During transitions between ON and OFF 
states, however, there will simultaneously 
be both substantial voltage across the switch 
and significant current flowing through it. 
This results in power dissipation in the switch, 
called switching loss. This loss is minimized 
by making the switching transitions as short 
as possible. In this way even though the in-
stantaneous power dissipation may be high, 
the average loss is low because of the small 
duty cycle of the transitions. Of course, the 
more frequently the switch operates (higher 
switching frequency), the higher the average 
loss will be, and this eventually limits the 
maximum operating frequency. The need to 
be above audible frequencies (>25 kHz) puts 
a limit on the lower end of the switching fre-
quency range.

This is quite different from the linear 
regulators discussed earlier in which there 
is always some voltage drop across the pass 
transistor (which is acting as a controlled 
variable resistor) while current is flowing 
through it. As a result, the efficiency of a 
linear regulator can be very low, often 65% 
or less. Switchmode converters, on the other 
hand, will typically have efficiencies in the 
range of 85 to 95%.

For converters in the power range typical of 
amateur applications (a few watts through 2 – 
3 kW) the most common choices for switches 

are bipolar junction transistors (BJTs) and 
power MOSFETs. The circuit diagrams in 
this section will show MOSFETs or generic 
switch symbols for the switches.

Switchmode circuits can also generate 
radio-frequency interference (RFI) through 
VHF because of switching frequency har-
monics and ringing induced by the rapid rise 
and fall times of voltage and current. In at-
tempting to minimize the ON/OFF transi-
tion time, significant amounts of RF energy 
can be generated. To prevent RFI to sensitive 
receivers, careful bypassing, shielding, and 
filtering of both input and output circuits is 
required. (RFI from switchmode or “switch-
ing” supplies is also discussed in the chapter 
on RF Interference and Electromagnetic 
Compatibility.)

There are literally hundreds of different 
switchmode circuits or “topologies” (see 
Reference 2), but we will only look at a few 
of those most commonly used by amateurs. 
Fortunately, an understanding of the basic 
circuits provides an entry point to many other 
circuits.

The following discussion is only an in-
troduction to the basics of switchmode con-
verters. To really get a handle on designing 
these circuits, the reader will have to do some 
additional reading. Fortunately, a very large 
amount of useful information is freely avail-
able online. Many useful application notes are 

available from semiconductor manufactur-
ers, and additional information can be found 
on the websites of filter capacitor and ferrite 
core manufacturers (see References 3 and 
4). There are also numerous books on the 
subject, often available in libraries and used 
bookstores.

7.11.1 The Buck Converter
A schematic for a buck converter is shown 

in Figure 7.30A. This circuit is called a 
“buck” converter because the output voltage 
is always less than or equal to the input volt-
age. Power is supplied from the dc source (VS) 
through the input filter (L1, C1) to the drain 
of the switch (Q1). The load (R) is connected 
across the output filter (L, C2).

The equivalent circuit when Q1 is ON is 
shown in Figure 7.30B (where the input filter 
components are assumed to be part of VS). 
VS is connected to one end of the output 
inductor (L) and, because VO < VS, current 
flows from the source to the output deliver-
ing energy from the source to the output and 
also storing energy in L. At some point Q1 
is turned OFF and the current flowing in L 
commutates (switches) to D1, as shown in 
Figure 7.30C. (The current in an inductor 
cannot change instantaneously, so when Q1 
turns OFF, the collapsing magnetic field in L 
pulls current through shunt diode D1, called 

Figure 7.30 — Typical buck converter.
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a free-wheeling diode.) The energy in L is 
now being discharged into the output. This 
cycle is repeated at the switching frequency 
(fs). The ratio of the switch ON-time to the 
total switching period (Ts = ton + toff = 1/fs) 
is called the duty cycle (D). 

Typical voltage and current waveforms for 
a buck converter are shown in Figure 7.31 
where V1 is the voltage at the junction of Q1, 
D1 and L (see Figure 7.30A).

The interval 0-t1 corresponds to the ON 
time of Q1 and Ts – t1 corresponds to the OFF 
time (Ts = t1 + t2). From the waveforms it can 
be seen that the current in the inductor rises 
while Q1 is ON and falls while Q1 is OFF. The 
energy in the inductor is proportional to LI2/2.

The input current (Is) is pulsating at the 
switching frequency. This pulsation in the in-
put current is the reason for the input filter (L1 
and C1). We need to keep this high frequency 
noise (the ac component of the pulsation) 
out of the source. All switchmode converters 
require some form of filter on the input to 
keep switching noise out of the source. Some 
form of filter is also required on the output to 
keep the switching noise out of the load. In 
Figure 7.30, L and C2 form the output filter. 
For applications requiring low ripple it would 
not be unusual to see an additional stage of 
L-C filtering added to the output.

The voltage waveform (V1) at the input 
to the output filter (L and C2) is pulse-width 
modulated (PWM) and VO (the dotted line 
in the waveform for V1 in Figure 7.31A) is 
the time average of V1. VO is controlled or 
regulated by adjusting the duty cycle of Q1 
in response to input voltage or output load 
changes. If we increase D we increase VO up 
to the point where D = 1 (the switch is ON 
all the time) and VO ≈ VS. If we never turn 
Q1 on (D = 0) then VO = 0. Normal operation 

Figure 7.31 — Waveforms in a buck 
converter.

Figure 7.32 — Change in output voltage to input voltage ratio (M=VO/VS) as a function 
of switch duty cycle (D).

will be somewhere between these extremes.
The inductor current waveform in Figure 

7.31 does not go to zero while Q1 is OFF. In 
other words, not all of the energy stored in 
L is discharged into the output by the end of 
each switching cycle. This is a common mode 
of operation for heavier loads. It is referred to 
as the continuous conduction mode or CCM, 
where the conduction referred to is the current 
in L. There is another possibility: during the 
time Q1 is off all of the energy in L may be 
discharged and for some period of time the 
inductor current is zero until Q1 is turned 
ON again. This is referred to as the discon-
tinuous conduction mode or DCM. A typical 
converter will operate in CCM for heavy loads 
but as the load is reduced, at some point the 
circuit operation will change to DCM. CCM 
is often referred to as the “heavy load” condi-
tion and DCM as the “light load” condition.

This distinction turns out to be very impor-
tant because the behavior of the circuit, for 
both small signal and large signal, is radically 
different between the two modes. Figure 7.32 
shows the relationship between the duty cycle 
(D) of Q1 and the ratio of the output voltage 
to the input voltage (M = VO/VS) as a function 
of tL in Figure 7.32:

L S
L f
R

 τ =  
 

	 (12)

tL is just a convenient way to make Figure 
7.32 more general by tying together the vari-
ables L, R and fs. Smaller values for tL cor-
respond to lighter loads (larger values for R). 
As can been seen in Figure 7.32, for very 
light loads the higher values for D have little 
effect on the output/input voltage ratio. This 
is basically charging of the output capacitor 
(C2) to the peak value of V1 ≈ VS.

For CCM operation, M is a linear function 
of  D. As we vary the load, VO will remain 
relatively constant. But when we go into 
DCM, the relation between D and M is no 
longer linear and in addition is heavily de-
pendent on the load: VO will vary as the load 
is changed unless the duty cycle is varied to 
compensate. This kind of behavior is typical 
of all switching regulators, even those not 
directly related to the buck converter. In fact, 
we have seen this behavior already in the 
section on choke input filters in Figure 7.17 
where the output voltage is close to the peak 
input voltage for light loads and decreases as 
the load increases until a point is reached (IC) 
where VO stabilizes.

In a buck converter the value for the critical 
inductance (LC) can be found from:

c
S
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This looks just like equation 6 (in the ear-
lier section on choke-input filters) with 
A = 2fs / (1 – M)! The two phenomena are the 
same: peak charging versus averaging of V1.

7.11.2 The Boost Converter
A boost converter circuit is shown in  

Figure 7.33A. This circuit is called a “boost” 
converter because the output voltage is always 
greater than or equal to the input voltage.

When Q1 is ON (Figure 7.33B), L is con-
nected in parallel with the source (VS) and 
energy is stored in it. During this time interval 
load energy is supplied from C. When Q1 
turns OFF (Figure 7.33C), L is connected 
via D1 to the output and the energy in L, 
plus additional energy from the source, is 
discharged into the output. The value for L, 
VS and length of time it is charged determines 
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Figure 7.33 — Typical boost converter.

Figure 7.34 — DC control characteristic for a boost converter. M = VO/VS, D = duty 
cycle of Q1 and tL = fs (L/R).

the energy stored in L. Again we have the 
possibilities that either some (CCM) or all 
(DCM) the energy in L is discharged during 
the OFF-time of Q1. The variation in the ratio 
of the output-to-input voltage (M) with duty 
cycle is shown in Figure 7.34.

As we saw in the buck converter, the con-
duction mode of L is important. In an ideal 
converter operating in CCM, the output volt-
age is substantially independent of load and M 
≈ 1 / (1 – D). In realistic boost converters there 
is an important limit on the CCM value for M. 
In an ideal boost converter you could make the 
boost ratio (M) as large as you wish but in real 
converters the parasitic resistances associated 
with the components will limit the maximum 
value of M as indicated by the dashed line for 
CCM operation. The exact shape of this part of 
the control function will depend on the ratio of 
the parasitic resistance within the converter to 
the load resistance (see Reference 2).

There is also another very important practi-
cal effect of this limitation on the peak value 
for M. When the duty cycle is increased be-
yond the point of maximum M (this occurs 
at D = 0.9 in Figure 7.34), the sign of the 
slope of the control function changes so that 
the control loop will change from negative 
feedback to positive feedback. This can cause 
the converter to latch up under some load 
conditions if the control circuit allows D to 
exceed the value at maximum M. In boost 
converters the design of the control circuit 
must limit the maximum value for D so that 
latch-up is not possible although this may be 
difficult for overload conditions.

As in the case of the buck converter, in 
DCM the control function for M is very dif-
ferent from what it is in CCM and is strongly 
dependent on the load R. One advantage of 
the DCM operation is that the limitation on 
the maximum value for M because of para-
sitic circuit resistances is not nearly so pro-
nounced. By operating in DCM it is possible 
to have M > 5.

An important limitation of the boost 

converter is that with Q1 turned OFF, you have 
no control over VO. VO will simply equal VS. 
In addition, when VS is turned on there will 
be an inrush current through D1, into C which 
cannot be controlled by Q1. In the case of the 
buck converter, if Q1 is kept OFF when VS 
is turned on, there will be no inrush current 
charging the output filter capacitor (C2). In the 
buck converter C2 can be charged slowly by 
ramping up the duty cycle of Q1 during turn-on 
but this is not possible in the boost converter.

7.11.3 Buck-Boost and 
Flyback Converters

Figure 7.35 shows an example of a buck-
boost converter. The name “buck-boost” 
comes from the fact that the magnitude of 
the output voltage can be either greater or 
less than the input voltage.

When S1 is ON, VS is applied across L 
and energy is stored in it. During the ON 

time of Q1, D1 is reverse-biased and non-
conducting. The output voltage (VO) across 
the load (R) is supported solely from the en-
ergy stored in C. When S1 is OFF, the energy 
in L is discharged into C through D1. Note 
that the polarity of VO is inverted from VS: 
positive VS means negative VO. The relation-
ship between VO and VS as a function of duty 
cycle is shown in Figure 7.36.

This graph closely resembles that for the 
boost converter (Figure 7.34) with one impor-
tant exception: |M| begins at zero. This allows 
the magnitude of the output voltage to be either 
below or above the source voltage, hence the 
name “buck-boost.” (A buck-boost converter 
construction project, “An Easy to Build Buck-
Boost Converter” by N9DK was published in 
the October 2019 issue of QRP Quarterly.)

FLYBACK CONVERTERS
Simple buck-boost converters are occa-

sionally used, but much more often it is the 
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transformer-coupled version of this converter, 
referred to as a flyback converter, that is em-
ployed. The relationship between the flyback 
and buck-boost converters is illustrated in 
Figure 7.37. In Figure 7.37A we have a stan-
dard buck-boost converter, the only change 
from Figure 7.35 being two parallel and equal 
windings on the inductor. In Figure 7.37B we 
remove the links at the top and bottom of the 
two parallel windings, converting the inductor 
into a transformer with primary and second-
ary windings. The only change is that when 
S1 is ON, current flows in the primary of the 
transformer and when S1 is OFF, the current 
flows in the secondary winding delivering the 
stored energy to the output. At this point the 
circuit operation is the same except that we 
have introduced primary-to-secondary gal-
vanic isolation.

We are now free to change the turns ratio 
from 1:1 to anything we wish. We can also 

Figure 7.35 — An example of a buck-boost 
converter.

Figure 7.36 — DC control function for an ideal buck-boost converter. M = VO/VS, D = 
duty cycle of Q1 and tL = fs (L/R).

Figure 7.37 — The relationship between 
buck-boost and flyback converters.

change the polarity of the output voltages and/
or add more windings with other voltages and 
additional loads as shown in Figure 7.37C, a 
typical example of a flyback converter. These 
are most often used in the power range of a 
few watts to perhaps 200 W. For higher power 
levels other circuits are generally more useful.

The advantages of the flyback converter lie 
in its simplicity. It requires only one power 
switch and one diode on each of the output 
windings. The inductor is also the isolation 
transformer so you have only one magnetic 
component. The disadvantage of this circuit 
is that both in the input and output current 
waveforms are pulsating. The result is that 
more filtering is required and the filter capaci-
tors are exposed to high RMS currents relative 
to the power level.

The dots near the end of the inductors are 
phasing dots that indicate where instanta-
neous ac waveforms are in-phase. In these 
switchmode transformers, current flowing 
into a primary winding at the end with the 
dot will cause current to flow out of the 
secondary winding at the end with the dot. 
Phasing dots are discussed in the Circuits  
and Components chapter section on 
Transformers.

7.11.4 The Forward 
Converter

The buck converter has many useful prop-
erties but it lacks input-to-output galvanic 
isolation, the ability to produce output volt-
ages higher than the input voltage, and/or 
multiple isolated output voltages for multiple 
loads. We can overcome these drawbacks by 
inserting a transformer between the switch 
(S1) and the shunt diode (D1). To make this 
simple idea work however, we also have to add 
a diode in series with the output of the trans-
former (D2), and a third winding (NR) with 
another diode (D3) to the transformer. This 
is done to provide a means for resetting the 
core (returning the magnetic flux to zero) by 
the end of each switching cycle. The result is 
the forward converter shown in Figure 7.38.

The circuit in A is the one just described. 
The variation in B uses two switches (S1 and 
S2, which switch ON and OFF simultane-
ously) instead of one but eliminates the need 
for a reset winding on the transformer. For the 
circuit in A and a given input voltage, the volt-
age across the switch (in the OFF state) will be 
equal to VS plus the reset voltage during the 
OFF-time. Typically the peak switch voltage 
will be about 2VS. In the circuit shown in B 
the switch voltage is limited to VS which is 
very helpful at higher line voltages. These cir-
cuits behave just like a buck converter except 
you can now have multiple isolated outputs 
with arbitrary voltages and polarities. These 
circuits are typically used in converters with 
power levels of 100 to 500 W.
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Figure 7.38 — Example of a forward converter.

Figure 7.39 — 
Example of a 
parallel quasi-
square wave dc-dc 

Figure 7.40 — Examples of half and full-bridge quasi-square wave dc-dc converters.

7.11.5 Parallel, Half and  
Full-Bridge Converters

As the power level increases it becomes 
advantageous to use more switches in a some-
what more complex circuit. For applications 
where the input voltage is low (<100V) and 
the current high, the push-pull quasi-square 
wave circuit shown in Figure 7.39 is often 
used.

S1 and S2 are switched on alternately 
with duty cycles <0.5. The output voltages 

are controlled by the duty cycle, D. The peak 
switch currents are equal to the input current 
but the peak switch voltages will be 2VS.

This circuit is still just a buck converter, but 
with an isolation transformer added that al-
lows multiple outputs with different voltages 
above or below the input voltage. It would 
be very common to have a 5 V, high-current 
output and ±12 V, lower-current outputs, for 
example. This converter is typically used for 
operation from vehicular power with loads 
up to several hundred watts.

Operating directly from rectified ac utility 
power usually means that VS will be 200 V or 
more. For these applications, Figure 7.40 
shows how the switches are configured in ei-
ther a half- (Figure 7.40A) or full-bridge 
(Figure 7.40B) circuit.

In A, S1 and S2 switch alternately and are 
pulse-width modulated (PWM) to control the 
output. CA and CB are large capacitors that 
form a voltage divider with VS/2 across each 
capacitor. The peak switch voltages will be 
equal to VS but the switch currents will be 2IS. 
The peak voltage across the primary wind-
ing will be VS/2. This circuit would typically 
be used for off-line applications with output 
powers of 500 W or so.

In B, S1 and S4 switch simultaneously al-
ternating with S2 and S3 which also switch 
simultaneously. The output is controlled by 
PWM. The peak switch voltage will be equal 
to VS and the peak switch current close to IS 
(the peak value is a little higher due to ripple 
on the inductor current which is reflected back 
into the primary winding). The full-bridge 
circuit is typically used for power levels of 
500 W to several kW. CS is present in the 
full-bridge circuit to prevent core saturation 
due to any asymmetry in the primary PWM 
voltage waveforms. Cs should be a non-polar-
ized capacitor since differences in duty cycle 
between S1-4 can create dc voltages of either 
polarity across it.
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7.11.6 Switchmode 
Construction

Once a topology has been selected, the next 
step is to design the circuit. For nearly all 
applications, the necessary voltage reference, 
current switch or switch driver, output voltage 
control, and operating control circuitry are 
available on a single IC with many products 
available. Performing the calculations and 
selecting the energy storage inductor and ca-
pacitor can be complex, so the vendors also 
provide online tools to assist the switchmode 
circuit designer — see the sidebar “Switch-
mode Converter Design Aids” for a list of 
some of the better-known websites. The de-
sign tools will help you select the right IC 
for your application and generate the entire 
circuit, including component part numbers.

For a low-power converter, the current 
switch is included on the IC. Only the induc-
tor, filter capacitor, and a few resistors and 
bypass capacitors are typically added to the 
converter IC. Figure 7.41 shows an example 
of the LM20343 switchmode regulator IC con-
figured as a buck converter with the associated 
components. For higher output power, ICs are 
available to drive an external transistor that can 
handle higher currents. Figure 7.42 shows the 
LTC3872-1 IC configured as a boost converter 
with an external MOSFET switch.

LINE-OPERATED CONVERTERS
Some commercial non-isolated switch-

mode converters operate directly from the ac 
line. This type of circuit presents significant 
safety hazards that must be addressed care-
fully. Line operation requires special line-
rated parts and mitigations against various 
shock and failure hazards. Commercial units 
are designed and tested to be completely safe 
by using a sophisticated process that is not 
recommended for the casual designer. With so 
many inexpensive power supplies available, 
it is easier and safer to buy rather than build, 
in this case.

PCB LAYOUT OF  
SWITCHMODE CONVERTERS

An important concern for switchmode con-
verter PCB design is RFI created by switching 
current on and off. Switching rates from tens 
of kHz to more than 1 MHz are typical. To 
minimize switching losses, the rise and fall 
times of signals driving the current switch 
and the switched current itself are very short. 
The resulting switched current waveform in-
cludes components into the VHF and UHF 
range. The RF can be radiated directly from 
the PCB trace or conducted onto input and 
output connections. Careful attention to PCB 
layout minimizes the amount of time and ex-
pense spent on filtering, shielding, testing, 
and even re-laying out the PCB.

To minimize RFI from the converter, spe-

Figure 7.41 — Block 
representation of an 
LM20343 connected to 
external components.

HBK1054

ITH VIN

IPRG

GND

VFB

RUN/
SS

NGATE

SW
Vout

5V, 2A

VIN
3.3 V

1 μH

D1

10 μF

M1

1.8 nF 17.4 k

47 pF

VIN

11 k

1%

34.8 k 1% 1 nF

LTC3872-1

100 μF

Figure 7.42 — The LTC3872-1 switchmode boost converter circuit showing the  
external current switch MOSFET (M1) and associated control and filter components. 
(After Linear Technology LTC3872-1 data sheet)
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Figure 7.43 — Hot loops in a switchmode converter act as small loop antennas, 
radiating RF from the rapidly changing currents that becomes RFI. (After Linear 
Technology AN139)

cial attention must be paid to how the circuit 
traces and ground planes are laid out to mini-
mize the area of hot loops that carry signifi-
cant current and will radiate signals. Each hot 
loop acts as a small loop antenna, so minimiz-

ing loop area will also minimize radiation. Do 
not use point-to-point or breadboard construc-
tion for switchmode circuits if minimizing 
RFI is important to the application.

Figure 7.43 shows a simple converter cir-
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Table 7.1
Switchmode Converter Design Aids
Vendor	  Main Web Site 	 Design Tools
Analog Devices 	 www.analog.com 	 www.analog.com/en/design-center.html
Infineon 	 www.infineon.com 	 Look under the Tools menu
ON Semiconductor 	 www.onsemi.com 	 www.onsemi.com/support/design-resources/tools
Renesas 	 www.renesas.com	 Look under the Design & Support menu
Texas Instruments	 www.ti.com	 www.ti.com/power-management/overview.html

HBK1056

Monolithic ceramic bypass capacitors across the
input and output connections.

Ferrite core chokes near the module

Figure 7.44 — Ferrite core chokes and bypass capacitors at the input and output of 
switchmode power supply PCBs are used to block common-mode RF on the wiring 
where it will radiate noise over a wide spectrum.

cuit that includes three hot loops: (1) through 
the switches and the input capacitor, CIN; 
(2) through S1–inductor–COUT–CIN; and 
(3) through S2–inductor–COUT. RF com-
ponents are present in all three hot loops. By 
using wide traces, large ground planes, and 
keeping signal and current paths as short as 
possible, the production and radiation of RF 
is minimized. Techniques for laying out PCB 
switchmode converters are discussed in the 
Linear Technology application note, AN139, 
“Power Supply Layout and EMI” which is 
available online at www.analog.com/media/
en/technical-documentation/application-
notes/an139f.pdf.

RFI FROM SWITCHMODE 
CONVERTERS

Along with minimizing hot loop area, 
switchmode converter builders must also 
minimize the amount of RF that is conducted 
and radiated by the input and output wiring. 
RF into and out of the PCB can be blocked 
with a series inductor (10 to 100 µH values 
are typical) and filtered out with 0.1 to 1 nF 
bypass capacitors. If the supply is floating or 
not shielded by a metal enclosure, each lead 
into and out of the supply must be filtered. 
If the supply is in a metal enclosure, the in-
put and output leads can be bypassed to the 
enclosure at the entry point. Due to the long 
circuit path through the enclosure, it is not 
recommended that the enclosure be used as 
circuit ground or circuit common. Use a direct 

ground-lead connection to the PCB from the 
enclosure entry point. 

Another technique is to wind the input and 
output leads on a ferrite core to create an RF 
choke. Use a core that is designed for the 
frequency range involved — Type 31 for HF 
and upper MF; Type 43 for upper HF and 
VHF/UHF. The core should be as close to the 
converter PCB as possible as shown in Figure 
7.44. If only one lead is wound on the choke, 
be sure the core will not saturate at maximum 
current. Saturation concerns are minimized if 
both the output and return wires are wound 
on the same core. Combining ferrite chokes 
and bypass capacitors is a good combination.

If filtering at the input and output is unsuc-
cessful at reducing RFI, the design of the con-
verter circuit and PCB should be inspected. 
Using a small RF “sniffer” loop (see the RF 
Interference and Electromagnetic Com-
patibility chapter) and an oscilloscope may 
allow you to isolate the source of the RFI to 
one or more of the hot loops. Correcting a PCB 
layout is rarely feasible, so you can either re-
layout the board if it is your design or adjust 
the circuit design. Increasing the switching 
time (if possible) will reduce the amount of 
RF energy generated but will also increase 
power dissipation in the switch.

SWITCHMODE CONVERTER 
MODULES

The least expensive way of utilizing switch-
mode converters may be to purchase indi-

vidual modules which are available at very 
low cost. Search online for “dc-dc converter 
module” and you will find a wide variety of 
options. Be sure you review the specifica-
tions carefully, including isolation (if needed), 
input voltage, whether the output voltage is 
adjustable, mounting options, etc. DC-DC 
converter modules are available from most 
component distributors and hobby electron-
ics companies.

The more inexpensive converters will prob-
ably not have a lot of filtering for RFI, and 
you will have to provide that yourself with 
additional components. Converters that meet 
EU standards should be fairly clean, but it is 
prudent to assume they will produce some RF 
and plan to add filtering. Modules operated 
near their maximum power limits may also 
require heat sinking or additional air flow to 
keep from overheating.

7.11.7 Switchmode  
Converter Design Aids

Today, there are hundreds of ICs on the 
market, from dozens of manufacturers, aimed 
at controlling the power conversion process. 
These devices have grown from their simplest 
forms when introduced over 20 years ago 
to include a long list of ancillary functions 
aimed at reducing the supporting circuitry 
and enhancing the quality and efficiency of 
the power conversion process. As a result, 
the task of designing these ICs into the final 
power conversion circuit has actually become 
more complex. To the circuit designer who 
is below the expert level, the task can seem 
daunting, indeed.

In answer to this problem, many IC manu-
facturers provide computer-aided design tools 
that greatly simplify the task of using their 
products. These tools take several forms, 
from the most rudimentary cookbook-style 
guides, to full-fledged circuit simulation tools 
like SPICE. The purpose of these tools is to 
help the designer pick appropriate resistors, 
capacitors and magnetic components for the 
design, and also to estimate the stresses on 
the power-handling components.

These design tools fall generally into two 
types: equation-based design tools and itera-
tive circuit simulators. The differences are that 
the equation-based tools simply automate the 
basic design equations of the circuit, provid-
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Figure 7.45 — Example of the filter capacitor/bleeder resistor installation in a high volt-
age power supply.

ing recommended choices for the components 
and then solving equations to compute the 
voltage, current and power stresses on the 
components. In some cases, thermal analysis 
is also included. 

The simulators, on the other hand, use de-
tailed mathematical models for the compo-
nents and provide both dc and ac simulation 
of the circuits. This allows the user to see the 
dynamic behavior of the circuit. The simula-
tion includes details during the switching in-

tervals and shows rise times, parasitic effects 
caused by component capacitance, internal 
resistance and other characteristics.

In modern power converter design, the 
magnetic components — transformers, power 
inductors and filter inductors — can be a chal-
lenge to the designer not versed in magnetic 
design. As a result, the vendors of these parts 
usually furnish design tools created specifi-
cally to the design of these components and/
or the proper choice of off-the-shelf versions. 

The reader is encouraged to explore design 
aids available from the websites of manufac-
turers (Table 7.1). The following is far from 
complete, but should give the reader valuable 
insight into the vast array of available tools. 
Remember also that manufacturers of passive 
components such as capacitors, resistors, heat 
sinks and thermal hardware may also have 
helpful and informative design aids on their 
websites. — Chuck Mullett, KR6R

7.12 High-Voltage Techniques
The construction of high-voltage supplies 

requires special considerations in addition to 
the normal design and construction practices 
used for lower-voltage supplies. In general, 
the builder needs to remember that physical 
spacing between leads, connections, parts 
and the chassis must be sufficient to pre-
vent arcing. Also, the series connection of 
components such as capacitor and resistor 
strings needs to be done with consideration 
for the distribution of voltage stresses across 
the components. High-voltages can constitute 
a safety hazard and great care must be taken 
to limit physical access to components and 
wiring while high potentials are present.

7.12.1 High-Voltage 
Capacitors

For reasons of economy and availability, 
electrolytic capacitors are frequently used 
for output filter capacitors. Because these 
capacitors have relatively low voltage ratings 
(<600 V), in HV applications it will usually 
be necessary to connect them in series strings 
to form an equivalent capacitor with the capa-
bility to withstand the higher applied voltage. 
Electrolytic capacitors have relatively high 
leakage currents (low leakage resistance) es-
pecially at higher temperatures.

To keep the voltages across the capacitors 
in the series string relatively constant, equal-
value bypassing resistors are connected across 
each capacitor. These equalizing resistors 
should have a value low enough to equalize 
differences in capacitor leakage resistance 
between the capacitors, while high enough not 
to dissipate excessive power. Also, capacitor 
bodies need to be insulated from the chassis 
and from each other by mounting them on 
insulating panels, thereby preventing arcing 
to the chassis or other capacitors in the string. 
The insulated mounting for the capacitors is 
often plastic or other insulating material in 
board form. A typical example from a com-
mercial amplifier that implements some the 
guidelines given in this section is shown in 
Figure 7.45.

Equalizing resistors are needed because 

of differences in dc leakage current between 
different capacitors in the series string. The 
data sheet for an electrolytic capacitor will 
usually give the dc leakage current at 20 °C in 
the form of an equation. For example:

leakageI 3 CV= 	 (14)

where 
C = the value in µF,
V = the working voltage, and
Ileakage = leakage current in µA.

Keep in mind that the leakage current will 
increase as the capacitor temperature rises 
above 20 °C. A value of 3 to 4 times the  
20 °C value would not be unusual because of 
normal heating.

We can use an approximation which in-
cludes allowance for heating to determine 
the maximum value of the divider resistors:

r m

leakage

V VR
I
−

≤ 	 (15)

where
Vr = the voltage rating of the capacitor, and
Vm = the voltage across the capacitor dur-

ing normal operation. 

A typical 3,000 V power supply might use 
eight 330 µF, 450 V capacitors in series. In 
that case, Vr = 450 V, Vm = 375 V and Ileak-

age = 1.06 mA. This would make R = 68 kW 
(standard value) or a total of 544 kW for the 
resistor string. With 3,000 V across the resistor 
string, the total power dissipation would be 
16.5 W or about 2.06 W per resistor. To be 
conservative you should use resistors rated 
for at least 4 W each.

The equalizing resistors may dissipate sig-
nificant power and become quite warm. It is 
important that these resistors do not heat the 
capacitors they are associated with, as this 
will increase the capacitor leakage current. 
You also have to be careful that the heat from 
the resistors is not trapped under the plastic 
support panels. The best practice is to place 
the resistors above the capacitors and their 
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mounting structure allowing the heat to rise 
unobstructed as shown in Figure 7.45.

OIL-FILLED CAPACITORS
For high voltages, oil-filled paper-dielec-

tric capacitors are superior to electrolytics 
because they have lower internal impedance 
at high frequencies, higher leakage resistance 
and are available with much higher working 
voltages. These capacitors are available with 
values of several microfarads and have work-
ing voltage ratings of thousands of volts. On 
the other hand, they can be expensive, heavy 
and bulky. 

Oil-filled capacitors are frequently offered 
for sale at flea markets at attractive prices. 
One caution: It is best to avoid older oil-
filled capacitors because they may contain 
polychlorinated biphenyls (PCBs), a known 
cancer-causing agent. Newer capacitors have 
eliminated PCBs and have a notice on the 
case to that effect. Older oil-filled capaci-
tors should be examined carefully for any 
signs of leakage. Contact with leaking oil 
should be avoided, with careful washing of 
the hands after handling. Do not dispose of 
any oil-filled capacitors with household trash, 
particularly older units. Contact your local 
recycling agency for information about how 
to dispose of them properly.

7.12.2 High-Voltage  
Bleeder Resistors

Bleeder resistors across the output are used 
to discharge the stored energy in the filter 
capacitors when the power supply is turned 
off and should be given careful consideration. 
These resistors provide protection against 
shock when the power supply is turned off 
and dangerous wiring is exposed. A general 
rule is that the bleeder should be designed 
to reduce the output voltage to 30 V or less 
within 30 seconds of turning off the power 
supply.

Take care to ensure that the maximum volt-
age rating of the resistor is not exceeded. In 
a typical divider string, the resistor values 
are high enough that the voltage across the 
resistor is not dissipation limited. The volt-
age limit is typically related to the insulation 
intrinsic to the resistor. Resistor maximum 
voltage ratings are usually given in the manu-
facturer’s data sheet and can be found on-
line. Two major resistor manufacturers are 
Ohmite Electronics (www.ohmite.com) and 
Stackpole Electronics (www.seielect.com). 

A 2 W carbon composition resistor will 
have a maximum voltage rating of 500 V. As 
a rough estimate, larger wire-wound power 
resistors are typically rated at 500 VRMS per 
inch of length — but check with the manu-
facturer to be sure.

The bleeder will consist of several resis-
tors in series. Typically wire-wound power 

High Voltage Safety Considerations
We are all so besieged these days with verbose safety warnings on mostly harmless 

consumer goods that it is easy to forget that some things really are dangerous. High 
voltage power supplies definitely fall into this category, especially since many amateurs 
are accustomed to solid-state circuits and seldom encounter any dc voltage higher 
than 12 V. This power supply produces voltages that are highly lethal. So please 
take to heart the following 10 precautions. Furthermore, don’t expect to learn from your 
mistakes, because if you don’t exercise proper precautions the first time, you’re unlikely 
ever to have a second chance. 

1. Don’t let your reach exceed your grasp. High voltage power supplies are not a 
project for beginners. You should not attempt to build this type of power supply unless 
you’re a seasoned builder who has experience with high voltage circuitry. 

2. Young amateurs should not attempt this type of project alone. Working with high 
voltages requires the maturity and patience that comes with age and experience. 

3. Never work around high voltage when you are tired, stressed, or in a hurry. 
4. Never work around high voltage after drinking alcohol. Even one beer or glass of 

wine can impair your judgment and make you careless. 
5. Before working on a high voltage power supply, always follow these three steps: 

Unplug (the ac power cord), discharge (the filter capacitors) and verify (that the output 
voltage is truly zero). Time-honored practice is to use a “chicken stick” (a wooden dowel 
or PVC tube, with one end attached to a grounded wire) to make sure filter capacitors 
are completely discharged. See Figure 7.47 for an example.

6. When working on a high voltage power supply, remember that a dangerous time is 
after the power supply has just been turned off, but before the filter capacitors have fully 
discharged. A 50 μF capacitor charged to 4,000 V holds a potentially deadly 400 joules 
of energy. Even with bleeder resistors, it can take a minute or more to discharge fully. 

7. When removing a recently discharged filter capacitor from a power supply, tie the 
two terminals together with wire. Large high voltage capacitors can self-charge to dan-
gerous levels if the terminals are left floating. 

8. Don’t stake your life on the expectation that bleeder resistors, fuses, circuit break-
ers, relays, and switches are always going to do their job. Even though modern compo-
nents are very reliable, it is safe practice always to assume the worst. 

9. Don’t build a high voltage power supply if you don’t understand how the circuit 
works. High power amplifiers and power supplies are not “plug-and-play” projects with 
step-by-step instructions. Builders must be knowledgeable enough to improvise, make 
component substitutions, and implement design changes. 

10. With high voltage projects, it doesn’t pay to be “penny wise and pound foolish.” 
Use high quality components throughout and save your forty-year-old junk box parts for 
projects where safety and reliability are not paramount requirements. 

(The preceding guidelines are taken from the QEX article “A Deluxe High Voltage 
Supply” by Jim Garland, W8ZR, which is included with this book’s online content.)

resistors are used for this application. One 
additional recommendation is that two sepa-
rate (redundant) bleeder strings be used, to 
provide safety in the event one of the strings 
fails. When electrolytic capacitors are used, 
the equalizing resistors can also serve as the 
bleeder resistor but they should be redundant. 
Again, give careful attention to keeping the 
heat from the resistors away from the capaci-
tors as shown in Figure 7.45.

In the example given above for calculating 
the equalizing resistor value, eight 330 µF 
capacitors in series created the equivalent of 
a 41 µF capacitor with a 3,000 V rating. The 
total resistance across the capacitors was 8 × 
63 kW = 504 kW. This gives us a time con-
stant (R × C) of about R × C ≈ 21 seconds. To 
discharge the capacitors to 30 V from 3,000 V 
would take about four time constants (about 
84 seconds) which is well over a minute. To 
get the discharge time down to 30 seconds 
would require reducing the equalizing resis-
tors to 25 kW each. The bleeder power dis-
sipation would then be:

2 23,000 45
200,000

= = =
VP W
R

	 (16)

For a 2 or 3 kV power supply, this is a 
reasonable value but it is still a significant 
amount of power and you need to make sure 
the resulting heat is properly managed.

7.12.3 High-Voltage  
Metering Techniques

Special considerations should be observed 
for metering of high-voltage supplies, such as 
the plate supplies for linear amplifiers. This 
is to provide safety to both personnel and to 
the meters themselves.

To monitor the current, it is customary 
to place the ammeter in the supply return 
(ground) line. This ensures that both me-
ter terminals are close to ground potential. 
Placing the meter in the positive output line 
creates a hazard because the voltage on each 
meter terminal would be near the full high-
voltage potential. Also, there is the strong 
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Figure 7.46 — Example 
of a high voltage board 
with a solder ball on 
a protruding lead 
and the use of a 
cap nut to ter-
minate the end 
of a screw 
thread.

possibility that an arc could occur between 
the wiring and coils inside the meter and 
the chassis of the amplifier or power supply 
itself. This hazardous potential cannot exist 
with the meter in the negative leg. 

Another good safety practice is to place a 
low-voltage Zener diode across the terminals 
of the ammeter. This will bypass the meter 
in the event of an internal open circuit in the 
meter. A 1 W Zener diode will suffice since 
the current in the metering circuit is low.

The chapter on RF Power Amplifiers con-
tains examples of how to perform current and 
voltage metering in high voltage supplies and 
amplifiers. In the past, amplifier articles have 
shown the meters mounted on plastic boards 
with stand-off insulators behind a plastic win-
dow in the amplifier or power supply front 
panel. While this can work it is not considered 
good practice today. It is usually possible to 
arrange the metering so that the meters are 
close to ground potential and may be safely 
mounted on the front panel of either the am-
plifier or the power supply.

For metering of high voltage, the builder 
should remember that resistors to be used in 
multiplier strings will often have voltage-
breakdown ratings well below the total volt-
age being sampled. Usually, several identical 
series resistors will be used to reduce voltage 
stress across individual resistors. A basic rule 
of thumb is that these resistors should be 
limited to a maximum of 200 V, unless rated 
otherwise. For example, in a 2,000 V power 
supply, the voltmeter multiplier should have 
a string of 10 resistors connected in series to 
distribute the voltage equally. The comments 
on resistor voltage rating in the sections on 
capacitor equalization and bleeder resistors 
apply to this case, as well.

7.12.4 High-Voltage 
Transformers and Inductors

Usable transformers and filter inductors 
can often be found at amateur flea markets 
but frequently these are very old units, often 
dating from WWII. The hermetically-sealed 
military components are likely to still be 
good, especially if they have not been used. 
Open-frame units, with insulation that has 
been directly exposed to the atmosphere and 
moisture for long periods of time, should 
be considered suspect. These units can be 
checked by running what is called a “hipot 
test” (high potential test). This involves a low 
current, variable output voltage power supply 
with a high-value resistor in series with the 
output. Unfortunately this equipment is sel-
dom available to amateurs. Some motor repair 
shops will have an insulation tester called a 
“Megger” and may be willing to perform an 
insulation test on a transformer or inductor for 
you. This is not a completely definitive test 
but will certainly detect any gross problems 

with the insulation.
An alternative would be to perform the 

transformer tests discussed earlier with a vari-
able autotransformer on the ac input. Slowly 
increase the input voltage until full line volt-
age is reached and let the transformer run for 
an hour or two while watching to see if there 
are any signs of failure. Doing this test in a 
dark room makes it easier to see any visible 
corona discharge, another sign of insulation 
problems. Because the transformer terminals 
will be at full voltage great care should be 
taken to avoid contact with the HV terminals. 
Some form of transparent insulating shield for 
the test setup is necessary.

7.12.5 Construction 
Techniques for High- 
Voltage Supplies

Layout and component arrangement in HV 
supplies requires some additional care beyond 
those for lower voltage projects. The photo-
graphs in the RF Power Amplifiers chapter 
are a good start, but there are some points 
which may not be obvious from the pictures.

SHARP EDGES
Sharp points, board edges and/or hardware 

with ragged edges can lead to localized in-
tensification of the electric field’s strength, 
resulting in a possible breakdown. One com-
mon offender is the component leads on the 
soldered side of a printed-circuit board. These 
are usually soldered and then cut off leaving 
a small but often very sharp point. The best 
way to handle this is to cut the lead as close to 
the board as practical and form a small solder 
ball or mound around the cutoff lead end.  
An example of these suggestions is given in 
Figure 7.46. The protruding component wire 
near the top would have a high field gradi-
ent. Below that we see a wire cut short with 
a rounded mound of solder covering the end 
of the wire.

The ends of bolts with sharp threads often 
protrude beyond the associated nut. One way 
to eliminate this is to use the dome-style nuts 
(cap nuts) that capture the end of the bolt or 
screw, forming a nicely rounded surface. An 

example of a cap nut is shown in Figure 7.46. 
Sheet metal screws, with their needle-sharp 

ends, should be avoided if possible. Sheet 
metal screws used to close metal housings 
at high potential should have the screw tips 
inside the enclosure, which would be normal 
in most cases. You must also be careful of 
the tips of sheet metal screws that protrude 
on the inside of an outer enclosure. If these 
are in proximity to circuits at high potential, 
they can also lead to arcing. Keeping sheet 
metal screw tips well away from high voltage 
circuitry is the best defense.

Small pieces of sheet metal that may be part 
of a structure at high potential should have 
their edges rounded off with a file. Copper 
traces near the edges of circuit boards do not 
benefit from rounding, however. In fact, filing 
may make the edge sharper, ragged and more 
prone to breakdown. In critical areas, a small 
solid round wire can be soldered to the edges 
of a copper trace to form a rounded edge as 
illustrated at the right side of Figure 7.46.

INSULATORS
Some portions of the circuit may be mounted 

on insulators or plastic sheets. A new, clean 
insulator should easily withstand 10 kV per 
inch without creepage or breakdown across the 
insulating surface, but over time that surface 
will accumulate dirt and dust. Reducing the 
high-voltage stress across insulators to 5 kV 
per inch would be more conservative.

In theory the spacing between two smooth 
surfaces across an air gap can be much smaller, 
perhaps 20 to 30 kV per inch or even higher. 
But given the uncertainties of layout and 
voltage gradients around hardware, wiring, 
components and board edges, sticking with 
5 kV per inch is good idea even for air gaps. 
This separation will seldom cause construc-
tion layout problems unless you are trying to 
build a very compact unit.

WIRE
Be sure to use wire that is rated for high 

voltage and for high temperatures. Pomona 
Electronics type 6733 test lead wire is strand-
ed #18 AWG, rated for 10 kV and 150 °C with 
silicone insulation, available in both red and 
black. Flexible and durable, it is easy to route 
around a chassis or to fit inside sleeving with 
other wires. The outer diameter (0.144 inch) 
is thinner and more flexible than spark plug 
wire or most HV cable.

FUSES
Sometimes a fuse will be placed in series 

with a high voltage output to provide protec-
tion in case of load arcing. These fuses pose 
special problems. When a fuse blows, the 
fuse element will at least melt and perhaps 
even vaporize. There may be an interval when 
most, if not all, the output voltage appears 
across the fuse but the fuse has not stopped 
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Figure 7.47 — Example of a grounding 
stick or hook to discharge capacitor 
energy safely. The end of the wire is con-
nected to ground and the hook is touched 
to the capacitor terminals to discharge 
them. A diagram showing how to con-
struct a grounding stick is shown at B.

(A)    

(B)
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conducting. That is, there can be a sustained 
arc in the fuse. 

Fuses have voltage ratings that are the 
maximum voltages across the fuse for which 
the arc can be expected to quench quickly. 
The standard 0.25 × 1.25 inch fuses used in 
the input ac line are typically rated for 250 V.  
While no doubt these ratings are conserva-
tive, this type of fuse cannot be expected to 
reliably clear an arc with 2 to 3 kV across the 
fuse and should not be used in series with a 
high-voltage output. 

Your first choice for HV fuses should be 
the recommended part specified by the power 
supply manufacturer. If those are unavailable 
or you are building the supply yourself, fuses 
for microwave oven transformer secondary 
use are often suitable. Do not substitute lower-
voltage fuses or fuse holders not rated for 
HV service. When working on a HV power 
supply with the fuse visible and uncovered, 
be sure to wear safety glasses as the fuse may 
explode during a high-current overload, scat-
tering shards of glass or ceramic at high speed.

7.12.6 Construction Practices 
for High-Voltage Safety

The voltages present in HV power sup-
plies are lethal. Every effort must be made to 
restrict physical access to any high voltages. 
A number of steps can be taken:

1) Build the power supply within a closed 
box, preferably a metal one.

2) Install interlocks on removable panels 
used for access to the interior. An interlock is 
usually a normally-open microswitch in series 
with the input power line. The microswitch 
is positioned so that it can be closed only 
when the overlying panel has been secured in 
place. When the panel is removed the switch 

moves to the open position, removing power 
from the supply.

3) As noted previously, the use of a bleeder 
resistor to rapidly discharge the capacitors is 
mandatory.

4) To further protect the operator when ac-
cessing the inside of a high-voltage power 
supply, a grounding hook like that shown in 
Figure 7.47A should be used to positively 
discharge each capacitor by touching the 
hook to each capacitor terminal. The hook is 
connected to the chassis via the wire shown 
and held by the insulated handle. It is normal 

practice to leave the hook in place across the 
capacitors while the supply is being worked 
on, just in case primary power is inadvertently 
applied. When the work is finished, remove 
the hook and replace the covers on the power 
supply.

Figure 7.47B shows how to construct a 
grounding stick of your own. A large screw 
eye or hook is substituted for the hook. It is 
important that the grounding wire be left out-
side the handle so that any hazardous voltages 
or currents will not be present near your hand 
or body.
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7.13 Batteries

Table 7.2 
Dimensions of Common Standard Cells
Size	 Dimensions	 Notes
D	 34 × 61 mm
C	 25.5 × 50 mm
A	 17 × 50 mm	 Only available for NiCd; also available in half- 
		  length size
AA	 14.5 × 50 mm
AAA	 10.5 × 44.5 mm
AAAA	 8.3 × 42.5 mm	 Typical size of cell making up 9 V batteries
N	 12 × 32 mm
9 V	 48.5 × 26.5 × 17.5 mm	 Contains six AAAA cells in series, snap terminals
18650	 18 × 65 mm	 Commonly used in lithium-ion battery packs
Lantern	 115 × 68.2 × 68.2	 Spring terminals
CR2016	 20 × 1.6 mm	 Coin cell
CR2025	 20 × 2.5 mm	 Coin cell
CR2032	 20 × 3.2 mm	 Coin cell

Information courtesy of Cadex and from en.wikipedia.org/wiki/List_of_battery_sizes

A battery is a group of individual cells, 
usually series-connected to give some desired 
multiple of the cell voltage. The cell voltage 
is usually in the range of 1 to 4 V. Each 
chemical system used in the cell gives a par-
ticular nominal voltage that will vary with 
temperature and state of charge. This must 
be taken into account to make up a particu-
lar battery voltage. For example, four 1.5 
V carbon-zinc cells make a 6 V battery and 
	six 2 V lead-acid cells make a 12 V battery. 
Table 7.2 lists the dimensions of commonly 
used batteries.

The following sections on battery types 
and usage consist primarily of excerpts 
from Batteries in a Portable World by Isidor 
Buchmann, CEO of Cadex Electronics 
(www.cadex.com), a leading manufacturer 
of battery charging and related equipment. The 
ARRL appreciates having been given permis-
sion to use this material. The book discusses 
the issues summarized here (and many others) 
in detail. The reader is directed to the origi-
nal text for more complete information. This 
summary is intended to present and compare 
the various options commonly used by ama-
teurs. Additional information and an extensive 
battery glossary is provided online at www.
batteryuniversity.com.

Batteries are divided into two categories: 
primary (non-rechargeable) and secondary 
(rechargeable). Secondary batteries are ex-
pected to account for more than 80% of global 
battery use by 2015. The most common types 
of battery chemistry are lithium, lead and 
nickel-based systems.

Batteries store energy well and for a con-
siderable length of time. Primary batteries 
hold more energy than secondary, and their 
self-discharge is lower. Alkaline cells are 
good for 10 years with minimal losses. Lead, 
nickel and lithium-based batteries need peri-
odic recharges to compensate for lost power.  
Figure 7.48 illustrates the energy and power 
densities of lead-acid, nickel-cadmium 
(NiCd), nickel-metal-hydride (NiMH), and 
the lithium-ion family (Li-ion).

Rather than giving batteries unique names 
by type, they are broadly distinguished by the 
following characteristics:

Chemistry — the families of chemicals 
used to make the battery. The most common 
chemistries are lead, nickel and lithium.

Voltage — the nominal open circuit voltage 
(OCV), which varies with chemistry and the 
number of cells connected in series. 

Size — standard sizes of batteries or cells, 
such as AAA, AA, C and D.

Capacity (C) — the specific energy in 
ampere-hours (Ah).

Cold Cranking Amps (CCA) — a starter 
battery’s ability to supply high load current 
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Figure 7.48 — Specific energy and specific power of rechargeable batteries. 
(Courtesy of Cadex)

at –18 °C (0 °F) as specified by the vehicle 
standard SAE J357.

Specific energy — battery capacity in watt-
hours per kilogram (Wh/kg)

Specific power — indicates the loading 
capability or the amount of current the battery 
can provide in watts/kilogram (W/kg)

C-rate — charge and discharge rate speci-
fied in units of C (capacity). At 1 C, the battery 
charges or discharges at a current numeri-
cally equal to its Ah rating. For example, a 
2,000 mAh battery discharging at 1 C is sup-
plying a current of 2 A. At 0.5 C, the current 

would be 1 A, and so forth.
Load — whatever draws energy from the 

battery. Internal battery resistance and de-
pleting the battery’s state of charge cause the 
voltage to drop.

Primary batteries have one of the highest 
energy densities. One of the most common 
primary batteries is the alkaline-manganese, 
or alkaline battery. The carbon-zinc or 
Leclanché battery is less expensive but holds 
less energy than the alkaline battery. Although 
secondary batteries have improved, a regular 
household alkaline cell provides 50% more 
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Battery Safety
In addition to the precautions 

given for each type of battery, the 
following precautions apply to all 
battery types. Always follow the 
manufacturer’s advice! Extensive 
application information can found 
on manufacturer’s websites.

Hydrogen gas escaping from 
storage batteries can be explosive. 
Keep flames or any kind of burning 
material away, including cigarettes, 
cigars, pipes and so on. Use and 
charge batteries in well-ventilated 
areas to prevent hydrogen gas from 
building up.

No battery should be subjected 
to unnecessary heat, vibration or 
physical shock. The battery should 
be kept clean. Frequent inspection 
for leaks is a good idea. Electrolyte 
that has leaked or sprayed from 
the battery should be cleaned 
from all surfaces. The electrolyte is 
chemically active and electrically 
conductive, and may ruin electrical 
equipment. Acid may be neutralized 
with sodium bicarbonate (baking 
soda), and alkalis (found in NiCd 
batteries) may be neutralized with 
a weak acid such as vinegar. Both 
neutralizers will dissolve in water 
and should be quickly washed off. 
Do not let any of the neutralizer en-
ter the battery.

Keep a record of the battery use, 
and include the last output voltage 
and, for lead-acid storage batteries, 
the hydrometer reading. This allows 
prediction of useful charge remain-
ing, and the recharging or procuring 
of extra batteries, thus minimizing 
failure of battery power during an 
excursion or emergency.

Batteries can contain a number 
of hazardous materials such as 
lead, cadmium, mercury or acid, 
and some thought is needed for 
their disposal at the end of useful 
life. Municipal and county waste 
disposal sites and recycling centers 
will usually accept lead-acid batter-
ies because they can readily be re-
cycled. Other types of batteries are 
typically not recycled and should 
be treated as hazardous waste. 
Most disposal sites and recycling 
centers will have occasional special 
programs for accepting household 
hazardous waste. Hardware and 
electronic stores may have battery 
recycling programs, as well. Take 
advantage of them.
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Figure 7.49 — Energy comparison of different battery types at a load of 1 C. 
(Courtesy of Cadex)

Table 7.3 
Alkaline Specifications of Standard Batteries at Low Load
Battery	 Nominal 	 Rated	 Voltage	 Rated	 Discharge 
Type	 Voltage	 Capacity	 Cutoff	 Load	 C-rate 
	 (V)		  (mAh)	 (V)	 (W)
9 V	 9	 570	 4.8	 620	 0.025
AAA	 1.5	 1150	 0.8	 75	 0.017
AA	 1.5	 2870	 0.8	 75	 0.007
C	 1.5	 7800	 0.8	 39	 0.005
D	 1.5	 17,000	 0.8	 39	 0.0022

(Table courtesy of Cadex)

energy than lithium-ion. 
Primary batteries tend to have high inter-

nal resistance, which limits the discharge to 
light loads. This reduces the battery’s specific 
power, even though its specific energy may 
be quite high. Non-rechargeable lithium metal 
and alkaline batteries are commonly used in 
low power applications such as clocks, meter 
LCDs, keyers and so forth.

Manufacturers of primary batteries specify 
specific energy at a small fraction of C and 
the batteries are allowed to discharge to a 
very low voltage of 0.8 volts per cell. Figure 
7.49 compares primary and secondary batter-
ies discharged at a rate of 1 C. The primary 
(alkaline and lithium) batteries are unable to 
deliver their rated specific energy at heavy 
loads. Table 7.3 gives typical specifications 
for alkaline batteries at light loads, such as 
operating a handheld radio during receive. 

If recharging is available, using primary 
batteries can be expensive — about thirty-fold 
higher than for secondary batteries. Amateurs 
using batteries in the field, particularly for 
emergency communications, may want to 
maintain the ability to use primary batteries 

for times when recharging for secondary bat-
teries is not available.

7.13.1 Choices of  
Secondary Batteries

The following discussion examines today’s 
most popular secondary battery systems ac-
cording to specific energy, years of service 
life, load characteristics, safety, price, self-
discharge, environmental issues, maintenance 
and disposal. Table 7.4 compares the charac-
teristics of four commonly used rechargeable 
battery systems showing average performance 
rating at the time of publication in 2013.

The lithium-ion family is divided into three 
major battery types, so named by their cath-
ode oxides, which are cobalt, manganese and 
phosphate. The characteristics of these Li-ion 
systems are as follows:

Lithium-ion-cobalt or lithium-cobalt 
(LiCoO2) — Has high specific energy with 
moderate load capabilities and modest ser-
vice life.

Lithium-ion-manganese or lithium-
manganese (LiMn2O4) — Is capable of high 
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Table 7.4
Characteristics of Commonly Used Rechargeable Batteries
Specification	 Lead-Acid	 NiCd	 NiMH	 Li-ion	 Li-ion	 Li-ion
				    Cobalt	 Manganese	 Phosphate

Specific energy	 30-50	 45-80	 60-120	 150-190	 100-135	 90-120
   (Wh/kg)

Internal resistance1	 <100	 100-200	 200-300	 150-300	 25-752	 25-502 
   (mΩ)	 12 V pack	 6 V pack	 6 V pack	 7.2 V	 per cell	 per cell

Cycle life4	 200-300	 10003	 300-5003	 500-1,000	 500-1,000	 1,000-2,000
   (80% DoD)

Fast-charge time	 8-16 h	 1 h	 2-4 h	 2-4 h	 1 h 	 1 h
		  typical			   or less	 or less

Overcharge tolerance	 High	 Moderate	 Low	 Low. Cannot	 Low. Cannot	 Low. Cannot
				    tolerate trickle	 tolerate trickle	 tolerate trickle
				    charge	 charge. 	 charge.

Self-discharge/month	 5%	 20%5	 30%5	 <10%6	 <10%6	 <10%6

   (room temp)

Cell voltage (nominal)	 2 V	 1.2 V7	 1.2 V7	 3.6 V8	 3.8 V8	 3.3 V

Peak load current	 5C9	 20 C	 5 C	 >3 C	 >30 C	 >30 C 
   (best result)	 (0.2 C)	 (1 C)	 (0.5 C)	 (<1 C)	 (<10 C)	 (<10 C)

Operating temp.10	 –20 to 60 °C	 –40 to 60 °C	 –20 to 60 °C	 –20 to 60 °C	 –20 to 60 °C	 –20 to 60 °C
   (discharge only)

Maintenance requirement	 3-6 months11	 30-60 days	 60-90 days	 Not required	 Not required	 Not required

Safety requirements	 Thermally	 Thermally stable,	 Thermally stable,	 Protection	 Protection	 Protection
	 stable	 fuse protection	 fuse protection	 circuit	 circuit	 circuit
		  common	 common	 mandatory	 mandatory	 mandatory

In use since	 Late 1800s	 1950	 1990	 1991	 1996	 2006

Toxicity	 Very high	 Very high	 Low	 Low	 Low	 Low

Table Notes:
1Internal resistance of a battery pack varies with milliampere-hour (mAh) rating, wiring and number of cells. Protection circuit of lithium-ion adds 

about 100 mW.
2Based on 18650 cell size. Cell size and design determines internal resistance.
3Cycle life is based on battery receiving regular maintenance.
4Cycle life is based on the depth of discharge (DoD). Shallow DoD improves cycle life.
5 Self-discharge is highest immediately after charge. NiCd loses 10% in the first 24 hours, then declines to 10% every 30 days. High temperature 

increases self-discharge.
6Internal protection circuits typically consume 3% of the stored energy per month
7The traditional voltage is 1.25 V; 1.2 V is more commonly used.
8Low internal resistance reduces the voltage drop under load and Li-ion is often rated higher than 3.6 V/cell. Cells marked 3.7 V and 3.8 V are 

fully compatible with 3.6 V.
9Capable of high current pulses; needs time to recuperate.
10Applies to discharge only; charge temperature is more confined.
11Maintenance may be in the form of equalizing or topping charge to prevent sulfation.

(Table courtesy of Cadex)

charge and discharge currents but has low 
specific energy and modest service life.

Lithium-ion-phosphate or lithium- 
phosphate (LiFePO4) — often abbreviated 
LiPo.Is similar to lithium-manganese; nomi-
nal voltage is 3.3 V/cell; offers long cycle life, 
has a good safety record but exhibits higher 
self-discharge than other Li-ion systems.

Another type of lithium-ion cell is the 

popular lithium-ion-polymer or Li-polymer. 
While Li-ion systems get their name from 
their unique cathode materials, Li-polymer 
differs by having a distinct architecture in 
which a gelled electrolyte replaces the usual 
porous separator between the anode and cath-
ode. The gelled electrolyte acts as a catalyst 
to enhance the electrical activity of the other 
battery materials.

7.13.2 Lead-acid Batteries
Most lead-acid batteries used today are 

maintenance-free types in which the liquid 
electrolyte is sealed inside the battery in liquid 
or gel form. Two similar types are used: the 
sealed lead-acid (SLA) and the valve-regu-
lated lead-acid (VRLA). SLA batteries have 
capacities up to about 30 Ah. VRLA batteries 
are larger and have capacities from 30 Ah to 
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Table 7.6
Cycle Performance of Starter and Deep-Cycle Batteries
Depth of Discharge	 Starter Battery	 Deep-cycle Battery
100%	 12-15 cycles	 150-200 cycles
50%	 100-120 cycles	 400-500 cycles
30%	 130-150 cycles	 1,000 and more cycles

(Table courtesy of Cadex)

Table 7.5 
Advantages and Limitations of Lead-Acid Batteries

Advantages
Inexpensive and simple to manufacture; lowest cost per watt-hour
	Mature and well-understood technology; provides dependable service
	Low self-discharge; lowest among rechargeable batteries
	High specific power, capable of high discharge currents

Limitations 
Low specific energy; poor weight-to-energy ratio
	Slow charge; fully saturated charge takes 14 hours
Must always be stored in charged condition
	Limited cycle life; repeated deep-cycling reduces battery life
Flooded version requires watering
Not environmentally friendly
	Transportation restrictions on the flooded type

(Table courtesy of Cadex)

several thousand Ah. Table 7.5 summarizes 
the advantages and limitations of lead-acid 
battery systems.

Applying the right voltage limit when 
charging lead-acid systems is critical and 
will be a compromise between capacity when 
recharged and maintaining the battery’s in-
ternal materials. A low charge limit voltage 
may shelter the battery but this causes poor 
performance and a buildup of sulfation on the 
negative plate. A high voltage limit improves 
performance but it promotes irreversible grid 
corrosion on the positive plate. Temperature 
also changes the voltage threshold.

Lead-acid does not lend itself to fast charg-
ing and a fully saturated charge requires 14 to 
16 hours. The battery must always be stored at 
full state-of-charge to avoid sulfation. Lead- 
acid is not subject to memory, but correct 
charge and float voltages are important to 
get a long life (see the section on charging 
below). While NiCd loses approximately 40% 
of its stored energy in three months, lead-acid 
self-discharges the same amount in one year.

Lead-acid batteries are inexpensive on 
cost-per-watt basis but are less suitable for 
repeated deep cycling. A full discharge causes 
strain and each discharge/charge cycle per-
manently robs the battery of a small amount 
of capacity. The fading becomes more acute 
as the battery falls below 80% of its nomi-
nal capacity. Depending on the depth of dis-
charge and operating temperature, lead-acid 
for deep-cycle applications provides 200 to 
300 discharge/charge cycles. 

High temperature reduces the number of 
available cycles. As a guideline, every 8 °C 
(13 °F) rise above the optimum temperature 
of 25 °C (77 °F) cuts battery life in half.

Lead-acid batteries are rated at a 5-hour 
(0.2 C) and 20-hour (0.05 C) discharge, and 
the battery performs best when discharged 
slowly. Lead-acid can deliver high pulse 
currents of several C if done for only a few 
seconds, making lead-acid well suited as a 
starter battery.

STARTER AND DEEP-CYCLE 
BATTERIES

The starter battery is designed to crank an 
engine with a momentary high power burst; 
the deep-cycle battery, on the other hand, is 
built to provide continuous power. The starter 
battery is made for high peak power and does 
not tolerate deep cycling well. The deep-cycle 
battery has a moderate power output but per-
mits cycling.

Starter batteries have a CCA rating in am-
peres and a very low internal resistance. Deep-
cycle batteries are rated in Ah or minutes of 
runtime. A starter battery cannot be swapped 
with a deep-cycle battery and vice versa be-
cause of their different internal construction. 
Table 7.6 compares the typical life of starter 
and deep-cycle batteries when deep-cycled.

Table 7.7
Advantages and Limitations of NiCd Batteries
Advantages	 Fast and simple charging even after prolonged storage
	 High number of charge/discharge cycles; provides 
	   over 1000 charge/discharge cycles with proper maintenance
	 Good load performance; rugged and forgiving if abused
	 Long shelf life; can be stored in a discharged state
	 Simple storage and transportation; not subject to regulatory control
	 Good low-temperature performance
	 Economically priced; NiCd is the lowest in terms of cost per cycle
	 Available in a wide range of sizes and performance options

Limitations	 Relatively low specific energy compared with newer systems
	 Memory effect; needs periodic full discharges
	 Environmentally unfriendly; cadmium is a toxic metal and cannot be  
	   disposed of in landfills
	 High self-discharge; needs recharging after storage

(Table courtesy of Cadex)

ABSORBENT GLASS MAT (AGM)
AGM is an improved lead-acid battery in 

which the electrolyte is absorbed in a mat 
of fine glass fibers. This makes the battery 
spill-proof. AGM has very low internal resis-
tance, is capable of delivering high currents 
and offers long service even if occasionally 
deep-cycled. It also stands up well to high 
and low temperatures and has a low self-
discharge. AGM has a higher specific power 
rating for high load currents and allows faster 
charge times (up to five times faster) than 
conventional lead-acid. AGM has a slightly 

lower specific energy and higher manufac-
turing cost.

AGM batteries are sensitive to overcharg-
ing. They can be charged to 2.40 V/cell with-
out problems but the float charge should be 
reduced to 2.25 to 2.30 V/cell and summer 
temperatures may require lower voltages. 
Automotive charging systems designed for 
flooded lead-acid often have a fixed float 
voltage setting of 14.40 V (2.40 V/cell) and 
a direct replacement with an AGM battery 
could result in overcharge on a long drive.

Heat can be a problem for AGM and other 
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Table 7.8
Advantages and Limitation of NiMH Batteries
Advantages	 30-40% higher capacity than a standard NiCd
	 Less prone to memory than NiCd
	 Simple storage and transportation; not subject to regulatory control
	 Environmentally friendly; contains only mild toxins
	 Nickel content makes recycling profitable

Limitations	 Limited service life; deep discharge reduces service life
	 Requires complex charge algorithm
	 Does no absorb overcharge well; trickle charge must be kept low
	 Generates heat during fast-charge and high-load discharge
	 High self-discharge; chemical additives reduce self-discharge at the expense 
	   of capacity
	 Performance degrades if stored at elevated temperatures; should be stored  
	   in a cool place at about 40% state-of-charge

(Table courtesy of Cadex)

Table 7.9
Characteristics of the Four Most Commonly Used Lithium-ion Batteries
Specifications	 Li-cobalt	 Li-manganese	 Li-phosphate	 NMC1 
	 LiCoO2 (LCO)	 LiMn2O4 (LMO)	  LiFePO4 (LFP)	 LiNiMnCoO2

Voltage (V)	 3.60	 3.80	 3.30	 3.60/3.70
Charge limit (V)	 4.20	 4.20	 3.60	 4.20
Cycle life2	 500-1,000	 500-1,000	 1,000-2,000	 1,000-2,000
Operating temperature	 Average	 Average	 Good	 Good
Specific energy (Wh/kg)	 150-190	 100-135	 90-120	 140-180
Specific Power (C)	 1	 10, 40 pulse	 35 continuous	 10
Safety	 Average3	 Average3	 Very safe4	 Safer than Li-cobalt4
Thermal runaway5 (°C/°F)	 150/302	 250/482	 270/518	 210/410
Cost	 Raw material high	 30% less than cobalt	 High	 High
In use since	 1994	 1996	 1999	 2003

Table Notes
1 NMC (nickel-manganese-cobalt), NCM, CMN, CNM, MNC and MCN are basically the same. The order of Ni, Mn and Co does not matter much
2 Application and environment govern cycle life; the numbers do not always apply correctly
3 Requires protection circuit and cell balancing of multi cell pack. Requirements for small formats with 1 or 2 cells can be relaxed
4 Needs cell balancing and voltage protection
5 A fully charged battery raises the thermal runaway temperature, a partial charge lowers it

(Table courtesy of Cadex)

gelled electrolyte batteries. Manufacturers 
recommend halting charge if the battery core 
reaches 49 °C (120 °F). However, AGM bat-
teries can sit in storage for long periods be-
fore a recharge to prevent sulfation becomes 
necessary.

7.13.3 Nickel-based Batteries
NICKEL-CADMIUM (NiCd)

The standard NiCd remains one of the 
most rugged and forgiving batteries but needs 
proper care to attain longevity. Nickel-based 
batteries also have a flat discharge curve that 
ranges from 1.25 to 1.0 V/cell. Table 7.7sum-
marizes the advantages and limitations of 
NiCd battery systems.

NICKEL-METAL-HYDRIDE (NiMH)
NiMH provides 40% higher specific energy 

than standard NiCd, but the decisive advan-
tage is the absence of toxic metals. NiMH 

also has two major advantages over Li-ion: 
price and safety. NiMH is offered in AA and 
AAA sizes.

NiMH is not without drawbacks. It has a 
lower specific energy than Li-ion and also has 
high self-discharge, losing about 20% of its 
capacity within the first 24 hours, and 10% per 
month thereafter. New types of NiMH such 
as the Eneloop from Sanyo, ReCyko by GP 
and others have reduced the self-discharge by 
a factor of six, increasing storage life by the 
same amount at the sacrifice of some capac-
ity. Table 7.8 summarizes the advantages and 
limitations of NiMH battery systems.

7.13.4 Lithium-based 
Batteries

The specific energy of Li-ion is twice that 
of NiCd and the high nominal cell voltage 
of 3.60 V as compared to 1.20 V for nickel 
systems contributes to this gain. The load 

characteristics are good, and the flat discharge 
curve offers effective utilization of the stored 
energy in a desirable voltage spectrum of 3.70 
to 2.80 V/cell. Li-ion batteries vary in per-
formance according to the choice of cathode 
materials. Table 7.9 presents the characteris-
tics of common Li-ion battery chemistries and  
Table 7.10 summarizes the advantages and 
limitations of lithium-ion battery systems.

Lithium-polymer employs a gelled elec-
trolyte in a micro-porous separator between 
the anode and cathode. Li-polymer is a con-
struction technique and not a type of battery 
chemistry, so it can be applied to any of the 
lithium battery chemistries. Most Li-polymer 
battery packs are based on Li-cobalt. Charge 
and discharge characteristics of Li-polymer 
are identical to other Li-ion systems and this 
chemistry does not require a special charger.

Figure 7.50 compares the specific energy 
of lead, nickel and lithium-based systems. 
While Li-cobalt is the clear winner in terms of 
higher capacity than other systems, this only 
applies to specific energy. In terms of specific 
power and thermal stability, Li-manganese 
and Li-phosphate are superior.

7.13.5 Charging Methods
The performance and longevity of recharge-

able batteries are to a large extent governed by 
the quality of the charger. Choosing a quality 
charger is important considering the costs of 
battery replacement and poor performance.

CHARGERS
This discussion focuses on third-party 

chargers designed to charge and maintain 
individual cells or batteries. Fleet chargers 
designed for maintaining many batteries of a 
common type in a company or agency envi-
ronment are often provided by the equipment 



Power Sources   7.37

Table 7.10
Advantages and Limitations of Li-ion Batteries
Advantages	 High specific energy
	 Relatively low self-discharge; less than half that of NiCd and NiMH
	 Low maintenance. No periodic discharge is needed; no memory

Limitations	 Requires protection circuit to limit voltage and current
	 Subject to aging, even if not in use (life span is similar to other  
	   chemistries)
	 Transportation regulations apply when shipping in larger quantities

(Table courtesy of Cadex)
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Figure 7.50 — Typical energy densities of lead, nickel- and lithium-based batteries.

OEM and usually have special features for 
battery conditioning.

“Smart” chargers include valuable ad-
ditional features beyond simply applying 
current to a battery. Temperature protection 
is particularly important to slow or prevent 
charging below freezing or above recom-
mended thresholds when the battery is hot. 
Advanced lead-acid chargers adjust the float 
and trickle charge thresholds based on tem-
perature and battery age. Table 7.11 summa-
rizes the types of third-party chargers.

There are two common charge methods: 
voltage limiting (VL) and current limited 
(CL). Lead and lithium-based chargers cap 
the voltage at a fixed threshold. When reach-
ing the cutoff voltage, the battery begins to 
saturate and the current drops while receiving 

the remaining charge on its own timetable. 
Full charge detection occurs when the current 
drops to a designated level.

Nickel-based batteries charge with a con-
trolled current and the voltage is allowed to 
fluctuate freely. A slight voltage drop after 
a steady rise indicates a fully charged bat-
tery. The voltage drop method works well 
in terminating a fast charge, but the charger 
should detect and protect against shorted or 
mismatched cells. Most chargers include 
temperature sensors to end the charge if the 
temperature exceeds a safe level. (Some bat-
teries also have internal temperature sensors.)

A temperature rise is normal as nickel-
based batteries approach full charge. When 
in “ready” mode, the battery must cool down 
to room temperature. Heat causes stress and 

Table 7.11
Charger Characteristics
Type	 Chemistry	 C-rate (C)	 Time	 Charge Termination
Slow	 NiCd, Lead-acid	 0.1	 14 h	 Continuous low charge or fixed timer. 
				    Subject to overcharge. Remove battery when charged.
Rapid	 NiCd, NiMH, Li-ion	 0.3-0.5	 3-6 h	 Senses battery by voltage, current, temperature, 
				    and time-out timer
Fast	 NiCd, NiMH, Li-ion	 1	 1+ h	 Same as rapid charger with faster service
Ultra-Fast	 Li-ion, NiCd, NiMH	 1-10	 10-60 min	 Applies ultra-fast charge to 70% SoC; limited to specialty batteries

All values specified over 0°C to 45°F (32°F to 113°F) range

(Table courtesy of Cadex)

prolonged exposure to elevated temperature 
shortens battery life. Extended trickle charge 
also inflicts damage on nickel-based batter-
ies, which should not be left in the charger 
continuously or beyond a few days.

A lithium-based battery should not get warm 
in a charger, and if this happens either the bat-
tery or charger may be faulty. Li-ion chargers 
do not apply a trickle charge and disconnect 
the battery electrically when fully charged. If 
the battery is left in the charger, a recharge 
may occur when its open circuit voltage drops 
below a set threshold. It is not necessary to 
remove Li-ion batteries from a charger.

SIMPLE GUIDELINES WHEN 
BUYING A CHARGER

• Use the correct charger for battery chem-
istry. Most chargers service one chemistry 
only.

• The battery voltage must agree with the 
charger. Do not charge if different.

• The Ah rating of a battery can be some-
what higher or lower than specified on the 
charger. A larger battery will take longer to 
charge than a smaller one and vice versa.

• The higher the amperage of the charger, 
the shorter the charge time will be, subject to 
limits on how fast the battery can be charged.

• Accurate charge termination and correct 
trickle charge prolong battery life.

• When fully saturated, a lead-acid charger 
should switch to a lower voltage; a nickel-
based charger should have a trickle charge; 
a Li-ion charger provides no trickle charge.

• Chargers should have a temperature over-
ride to end charge on a malfunctioning battery.

• Observe the temperature of the charger 
and battery. Lead-acid batteries stay cool dur-
ing charge; nickel-based batteries elevate the 
temperature toward the end of charge and 
should cool down after charge; Li-ion bat-
teries should stay cool throughout charge.

SLOW CHARGERS
This type of charger applies a fixed current 

of about 0.1 C (one-tenth of the rated capac-
ity) as long as the battery is connected. Slow 
chargers have no full-charge detection, charge 
current is always applied, and the charge time 
for a fully discharged battery is 14 to 16 hours. 
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Most slow chargers have no “ready” indicator.
When fully charged, a slow charger keeps 

NiCd batteries lukewarm to the touch. Some 
overcharge is acceptable and the battery does 
not need to be removed immediately when 
ready. Leaving the battery in the charger can 
cause internal crystal growth that leads to 
“memory effects” in NiCd batteries.

Charging a battery with a lower Ah rating 
than specified for the charger will cause the 
battery to heat up as it approaches full charge 
due to the higher charging rate. Because slow 
chargers have no provision to lower the cur-
rent or terminate the charge, the excessive heat 
will shorten the life of the battery.

The opposite can occur when a slow char-
ger is charging a larger battery than it is rated 
for. In this case, the battery may never reach 
full charge and remains cold. Battery perfor-
mance will be poor because of insufficient 
charge. Repeated partial charging can also 
cause crystal growth and memory effects.

RAPID CHARGERS
Falling between a slow and fast charger, 

the rapid charger is designed for nickel and 
lithium-based batteries. Unless specially de-
signed, the rapid charger cannot service both 
types of batteries.

Rapid chargers are designed to charge fully 
discharged batteries and battery packs in 3 
to 6 hours. When full charge is reached, the 
charger switches to a “ready” state. Most rapid 
chargers include temperature protection.

FAST CHARGERS
The fast charger typically applies charge at 

a 1 C rate so that a fully discharged battery is 
recharged in a little over 1 hour. As the bat-
tery approaches full charge, the charger may 
reduce the charge current (particularly for 
NiCd), and when the battery is fully charged, 
the charger switches to a trickle or mainte-
nance charge mode.

Most nickel-based fast chargers accom-
modate NiCd and NiMH batteries and ap-
ply the same charging algorithm, but cannot 
charge Li-ion batteries. To service a Li-ion 
pack, specialty dual-mode chargers can read 
a security code on the battery to switch to the 
right charger setting.

Lead-acid batteries cannot be fast-charged 
and the term “fast charge” is a misnomer for 
lead-acid chargers. Most lead-acid chargers 
charge the battery in 14 hours; anything 
slower may be a compromise. Lead-acid can 
be charged relatively quickly to 70% of full 
charge with the important saturation charge 
consuming the remaining time. A partial 
charge at high rate is acceptable provided 
the battery receives a fully saturated charge 
once every few weeks to prevent sulfation.

ULTRA-FAST CHARGERS
Large NiCd and Li-ion batteries can be 
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charged at a very high rate (10 C is typical) 
up to 70% of full charge. Ultra-fast charging 
stresses batteries. If possible, charge the bat-
tery at a more moderate current. An ultra-fast 
charger should offer user-selectable rates to 
optimize the charging requirements.

At a rate of 10 C, a battery can be charged 
in a few minutes but several conditions must 
be observed:

• The battery must be designed to accept 
an ultra-fast charge.

• Ultra-fast charging only applies during 
the first charge phase and charge current must 
be lowered once the 70% state-of-charge 
(SoC) threshold is reached.

• All cells in a pack must be balanced and 
in good condition. Older batteries with high 
internal resistance will heat up and are no 
longer suitable for ultra-fast charging.

• Ultra-fast charging can only be done at 
moderate temperatures. Low temperatures 
slow the chemical reaction and the unab-
sorbed energy results in gassing and heat 
buildup.

• The charge must include temperature 
compensation and other safety provisions to 
end the charge if the battery is overly stressed.

CHARGING FROM A USB PORT
The universal serial bus (USB) interface 

has become ubiquitous on computers and 
consumer electronics. It is increasingly used 
on radio equipment.  

USB hubs are specified to provide 5 V and 
500 mA of current. (High-current charging 
ports can supply up to 2.0 A.) While this would 
be enough to charge a small Li-ion battery, 
it could overload the hub if other devices are 
attached. Many hubs limit the current and will 
shut down if overloaded, so charging capacity 
is quite limited.

The most common USB chargers are de-
signed for single-cell Li-ion batteries. The 
charge begins with a constant current charge 
to 4.20 V/cell, at which point the voltage levels 
off and current begins to decrease. Due to 
voltage drops in the USB cable and charger 
circuit, the hub may not be able to fully charge 
the battery. This will not damage a Li-ion bat-
tery but it will deliver shorter than expected 
runtimes.

CHARGING LEAD-ACID
Lead-acid batteries should be charged in 

three stages as shown in Figure 7.51:
1 — constant-current charge
2 — topping charge
3 — float charge

The constant-current charge applies the 
bulk of the charge and takes up roughly half of 
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the required charge time. The topping charge 
continues at a lower charge current and pro-
vides saturation. The float charge compen-
sates for the loss caused by self-discharge.

During the constant-current charge the bat-
tery charges to 70% SoC in 5 to 8 hours and 
the remaining 30% is supplied by the slower 
topping charge that lasts another 7 to 10 hours. 
The topping charge is essential for the well-
being of the battery. If topping charge is not 
performed, the battery will eventually lose the 
ability to accept a full charge and performance 
will decrease because of sulfation. The float 
charge maintains the battery at full charge.

The switch to topping charge happens 
when the battery reaches the set voltage limit. 
Current begins to drop as the battery starts to 
saturate and full charge is reached when the 
current decreases to 3% of the rated current. 
A battery with high leakage may never reach 
this level and a timer is required to start charg-
ing termination.

The correct setting of the charge voltage is 
critical, ranging from 2.3 to 2.45 V per cell. 
The threshold is selected as a compromise 
between charging to maximum capacity and 
creating internal corrosion and gassing. The 
battery voltage also shifts with temperature, 
with warmer temperatures requiring slightly 
lower voltage thresholds. If variable voltage 
thresholds are not available in the charger, 
it is better to use a lower voltage threshold 
for safety.

Once fully charged through saturation, the 
battery should not dwell at the topping voltage 
for more than 48 hours and must be reduced to 
the float voltage level. This is especially criti-
cal for sealed systems because they are less 
able to tolerate overcharge than the flooded 
type due to heating and gas (hydrogen) gen-
eration. The recommended float voltage of 
most lead-acid batteries is 2.25 to 2.27 V/
cell. Manufacturers recommend lowering the 
float charge at ambient temperatures above 
29 °C (85 °F). Not all chargers feature float 
charge. If the charger remains at the topping 
voltage and does not drop below 2.30 V/cell, 
remove the charger after a maximum of 48 
hours of charge.

Aging batteries develop imbalances be-
tween cells that can result in overcharge and 
gassing from weak cells. This can also cause 
a strong cell to be undercharged and develop 
sulfation. Some battery manufacturers have 
developed cell-balancing devices that com-
pensate for cell imbalance.

Lead-acid batteries must always be stored 
in a charged state. A topping charge should be 
applied every six months to prevent the volt-
age from dropping below 2.10 V/cell. With 
AGM, these requirements can be somewhat 
relaxed.

Measuring the open circuit voltage (OCV) 
while in storage provides a reliable indication 

of the battery’s state-of-charge (SoC). A volt-
age of 2.10 V at room temperature indicates 
a charge of about 90%. (That is equivalent to 
12.6 V for a typical six-cell “12 V” lead-acid 
battery.) Such a battery is in good condition and 
needs only a brief full charge prior to use. If the 
OCV is lower, the battery must be charged to 
prevent sulfation. Cool temperatures increase 
OCV slightly and warm temperatures lower it. 
Use OCV as an SoC indicator after the battery 
has rested for a few hours to allow the effects 
of charging to dissipate.

SIMPLE GUIDELINES FOR 
CHARGING LEAD-ACID BATTERIES

• Charge in a well-ventilated area. Hydrogen 
gas generated during charging is explosive.

• Choose the appropriate charge program 
for flooded, gel and AGM batteries. Follow 
the manufacturer’s specifications of voltage 
thresholds.

• Charge lead-acid batteries after each use 
to prevent sulfation. Do not store in a low-
charge condition.

• The plates of flooded batteries must al-
ways be fully submerged in electrolyte. Fill 
battery with distilled or de-ionized water to 
cover the plates if low. Never add electrolyte.

• Fill water level to designed level after 
charging. Overfilling a discharged battery can 
result in overflow and acid spillage.

• Formation of gas bubbles in a flooded 
lead-acid battery is an indication of approach-
ing full charge.

• Reduce float charge if the ambient tem-
perature is higher than 29 °C (85 °F).

• Do not allow a lead-acid battery to freeze 
and never charge a frozen battery.

• Do not charge at temperatures above 49 
°C (120 °F).

CHARGING NICKEL-CADMIUM
Battery manufacturers recommend that 

new NiCd batteries be slow-charged for 16 to 
24 hours before use. A slow charge brings all 
cells in a battery pack to an equal charge level. 
This is important because each cell within the 
NiCd battery may have self-discharged at its 
own rate. Furthermore, during long storage 
the electrolyte tends to gravitate to the bottom 
of the cell and the initial trickle charge helps 
redistribute the electrolyte to eliminate dry 
spots on the separator. The cells will reach 
optimal performance after several charge/
discharge cycles.

Full-charge Detection  
by Temperature

Full-charge detection of sealed nickel-
based batteries is more complex than for 
lead-acid and lithium-ion systems. Low-cost 
chargers often use temperature sensing to 
end the fast-charge, but this can be inaccu-
rate due to internal and external temperature 

differences. Charger manufacturers use 50 °C 
(122 °F) as the temperature cutoff. Although 
any prolonged temperature above 45 °C 
(113 °F) is harmful, brief overshoot is accept-
able if temperature will drop quickly when the 
charger changes to the “ready” state.

Some microprocessor-controlled chargers 
sense the rate of temperature increase with 
time, using the rapid temperature rise toward 
the end of charge to trigger the “ready” state. 
This is referred to as delta temperature over 
delta time or dV/dt. A rate of 1 °C (1.8 °F) 
per minute terminates charging. This keeps 
the battery cooler, but the cells need to charge 
reasonably fast for temperature to rise at the 
required rate. An absolute temperature of 
60 °C (140 °F) terminates charging under any 
circumstances.

Chargers relying on temperature inflict 
harmful overcharges when fully charged 
batteries are inserted into the charger, such 
as if a hand-held radio is left in the charger 
between each use. This is not the case with 
Li-ion batteries where the charger uses volt-
age as the SoC indicator.

Full-charge Detection by  
Voltage Signature

Advanced chargers terminate charging 
when a defined voltage signature or profile 
with time occurs, referred to as negative delta 
V or NDV. This provides more precise full-
charge detection for nickel-based batteries 
than temperature-based methods. Charging 
is terminated when the battery voltage drops 
as full charge is reached. NDV is the rec-
ommended method for NiCd cells that do 
not include an internal thermistor for tem-
perature control and avoids overcharging 
of fully-charged batteries. NDV requires a 
charge rate of at least 0.5 C to generate a reli-
ably measurable change in voltage and works 
best with fast charging. At a charge rate of  
1 C, a fully discharged battery is recharged 
in about an hour.

Figure 7.52 illustrates the relationship of 
cell voltage, pressure, and temperature of a 
charging NiCd battery. Up to about 70% SoC, 
the battery accepts almost all of the energy 
supplied (called charge efficiency). Above 
70%, the battery loses ability to accept charge, 
begins to generate gases so that pressure rises, 
and temperature increases rapidly.

Ultra-high-capacity NiCd batteries tend to 
heat up more than standard batteries when 
charging at 1 C and higher rates due to their 
higher internal resistance. Applying a high 
current during initial charge and tapering to 
a lower rate achieves good results with all 
nickel-based batteries and moderates tem-
perature rise.

Some chargers can “burp” a charging bat-
tery by applying a load to generate a discharge 
pulse to cause gases to recombine and lower 



7.40    Chapter 7

internal pressure. The result is a cooler and 
more effective charge than with conventional 
dc charging. Pulse charging does not apply to 
lead and lithium-based systems.

After full charge, the NiCd battery receives 
a trickle charge of between 0.05 C and 0.1 C 
to compensate for self-discharge. To avoid 
possible overcharge, trickle charging should 
be done at the lowest possible rate and the 
batteries should be removed from the charger 
after more than a few days.

CHARGING 
NICKEL-METAL-HYDRIDE

The charging algorithm for NiMH is simi-
lar to NiCd with the exception that NiMH is  
more complex. The NDV method of measur-
ing full charge has difficulty because the volt-
age drop at full charge is very small — about 
5 mV/cell. As a result, modern chargers com-
bine the various methods of measuring voltage 
and temperature into a composite algorithm 
that reacts depending on battery condition.

Some advanced chargers apply an initial 
fast charge at 1 C. After reaching a certain 
voltage threshold, a few minutes rest is taken 
to allow the battery to cool. Charging then 
resumes at lower currents as the charge pro-
gresses to full charge. This is known as the 
“step-differential charge” and works well for 
all nickel-based batteries, achieving an extra 
capacity of about 6% above basic chargers. A 

Figure 7.52 — Charge characteristics of a NiCd cell. Above 70% state-of-charge, 
temperature and cell pressure rise quickly. NiMH has similar charge characteristics. 
(Courtesy of Cadex)
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drawback of this method is that the fast-charge 
stress on the battery will shorten overall bat-
tery life by 10 to 20%.

NiMH cannot absorb overcharge well and 
the trickle charge current must be limited to 
around 0.05 C. In comparison, a basic NiCd 
charger trickle charges at 0.1 C. This higher 
trickle charge and the need for sensitive full-
charge detection render the basic NiCd char-
gers unsuitable for NiMH batteries. On the 
other hand, NiCd cells can be charged in a 
NiMH charger at the lower trickle charge rate.

Slow charging should not be used for 
NiMH batteries. At the charging rate of 0.1 
to 0.3 C, the voltage and temperature profiles 
make it very difficult to measure full charge 
accurately so the charger must depend on 
a timer. Harmful overcharge will occur if a 
fixed timer is used, particularly when charg-
ing partially or fully charged batteries. The 
same is true for charging old batteries with 
reduced capacity.

Inexpensive chargers are prone to incor-
rect charging because of the difficulty in 
correctly sensing full charge. Remove the 
batteries from the charger when you think 
they are fully charged. For high charge rates, 
remove the batteries when they are warm to 
the touch. It is better to remove the batteries 
and recharge them before use than to leave 
them in the charger where they might be over-
charged and damaged.

SIMPLE GUIDELINES ON 
CHARGING NICKEL-BASED 

BATTERIES
• Do not charge at high or freezing tem-

peratures; room temperature is best.
• Do not use chargers that allow the batter-

ies to heat; remove the batteries when warm 
to the touch.

• Nickel-based batteries are best fast 
charged.

• NiMH chargers can charge NiCd batteries 
but not vice versa.

• High charge current or overcharging on 
an aging battery may cause heat build-up.

• Do not leave a nickel-based battery in 
the charger for long periods, even with cor-
rect trickle charge. Remove and apply a brief 
charge before use.

• Nickel- and lithium-based batteries re-
quire different charge algorithms and cannot 
share the same charger unless it can switch 
between the different chemistries.

CHARGING LITHIUM-ION
The Li-ion charger is a voltage-limiting 

device that is similar to the lead-acid system. 
The difference lies in a higher voltage per cell, 
tighter voltage tolerance and the absence of 
trickle or float charge at full charge. Li-ion 
cannot accept overcharge — any extra charg-
ing causes stress.

Most Li-ion cells charge to 4.20 V/cell 
with a tolerance of ±50 mV/cell. Figure 7.53 
shows the voltage and current signature as 
lithium-ion passes through the stages for con-
stant current and topping charge. The charge 
rate of a typical consumer Li-ion battery is 
between 0.5 and 1 C in Stage 1 and the charge 
time is about three hours. Manufacturers rec-
ommend charging the 18650 cell at 0.8 C or 
less. The cell should remain cool during the 
charging process although there may be a 
slight temperature rise of a few degrees when 
reaching full charge. Full charge occurs when 
the battery reaches the voltage threshold and 
the current drops to 3% of the rated current, 
or if the charging current reaches a constant 
value and does not decrease further. The latter 
may be due to elevated self-discharge.

Li-ion does not need to be fully charged, as 
is the case with lead-acid, nor is it desirable 
to do so. In fact, it is better not to fully charge 
so as not to stress the battery. Choosing a 
lower voltage threshold or eliminating satura-
tion charge prolongs battery life at the cost of 
reduced runtime. Without a saturation stage, 
the battery is usually charged to around 85% 
of capacity.

Once charging is terminated, the battery 
voltage begins to drop and this eases the volt-
age stress. Over time, the open circuit voltage 
(OCV) will settle to between 3.60 and 3.90 
V/cell. A battery receiving a fully saturated 
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charge will keep the higher voltage longer 
than a battery that was fast charged and ter-
minated without a saturation charge.

If a lithium-ion battery must be left in the 
charger for operational readiness, some char-
gers apply a brief topping charge to compen-
sate for the small self-discharge of the battery 
and its protective circuit. It is common to 
let the battery voltage drop to 4.00 V/cell 
and then recharge to 4.05 V/cell to reduce 
voltage-related stress and prolong battery life. 
Battery-powered devices should be turned 
off when charging their battery. Otherwise, 
the parasitic load of the device can confuse 
the charger, distorting the charge cycle and 
stressing the battery.

Overcharging Lithium-ion
Lithium-ion systems operate safely within 

the designated operating voltages; however, 
the battery becomes unstable if inadvertently 
charged to a voltage higher than specified. 
Prolonged charging above 4.30 V/cell forms 
plating of metallic lithium on the anode, while 
the cathode material becomes an oxidizing 
agent, loses stability and produces CO2. Cell 
pressure rises until the internal current inter-
rupt device (CID) disconnects the current at 
1380 kPa (200 psi).

Should the pressure rise further, a safety 
membrane bursts open at 3450 kPa (500 
psi) and the cell might eventually vent with 
flame. The thermal runaway moves lower 
when the battery is fully charged; for Li-cobalt 

this threshold is between 130-150 °C (266- 
302  °F), for nickel-manganese-cobalt (NMC) 
between 170-180 °C (338-356 °F), and man-
ganese is 250 °C (482 °F). Li-phosphate en-
joys similar and better temperature stabilities 
than manganese.

Lithium-ion is not the only battery that 
is a safety hazard if overcharged. Lead and 
nickel-based batteries are also known to melt 
down and cause fires if improperly handled. 
Properly designed charging equipment is 
paramount for all battery systems.

SIMPLE GUIDELINES FOR 
CHARGING LITHIUM-BASED 

BATTERIES
• A battery-powered device should be 

turned off while charging.
• Charge at a moderate temperature. Do not 

charge below freezing.
 Lithium-ion does not need to be fully 

charged; a partial charge is better.
• Chargers use different methods for 

“ready” indication and may not always indi-
cate a full charge.

•  Discontinue using a charger and/or bat-
tery if the battery gets excessively warm.

• Before prolonger storage, apply some 
charge to bring a pack to about half charge.

SUMMARY OF CHARGING
Batteries have unique needs and Table 7.12 

explains how to satisfy these needs with correct 
handling. Because of similarities within the 

battery families, only lead, nickel and lithium 
systems are covered. Along with these guide-
lines, you can prolong battery life by following 
three simple rules: keep the battery at moder-
ate temperatures, control the level and rate of 
discharge, and avoid abusing the battery.

7.13.6 Discharge Methods
C-RATE

According to the definition of coulomb, a 
current of 1 ampere is a flow of 1 coulomb 
(C) of charge per second. Today, the battery 
industry uses C-rate to scale the charge and 
discharge current of a battery.

Most portable batteries are rated at 1 C, 
meaning that a 1,000 mAh battery that is dis-
charged at 1 C should under ideal conditions 
provide a current of 1,000 mA for 1 hr. The same 
battery discharging at 0.5 C would provide  
500 mA for 2 hours, and at 2 C, the 1,000 mAh 
battery would deliver 2,000 mA for 30 min- 
utes. 1 C is also known as a one-hour discharge; 
a 0.5 C is a two-hour discharge, a 2 C is a half-
hour discharge, and so on.

A battery’s capacity — the amount of energy 
a battery can hold — can be measured with a 
battery analyzer. The analyzer discharges the 
battery at a calibrated current while measuring 
the time it takes to reach its specified end-
of-discharge voltage. If a 1,000 mAh battery 
could provide 1,000 mA for 1 hour, 100% of 
the battery’s nominal energy rating would be 
reached. If the discharge only lasted 30 minutes 
before reaching the specified voltage, the bat-
tery has a capacity of 50% of its nominal rating.

When discharging a battery at different 
rates a higher C-rate will produce a lower 
capacity reading due to the internal resistance 
turning some of the energy into heat instead of 
delivering it as current to a load. Lower C-rate 
discharges will produce a higher capacity.

For example, to obtain a reasonably good 
capacity rating, manufacturers commonly 
rate lead-acid batteries at 0.05 C, or a 20-
hour discharge. Figure 7.54 illustrates the 
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Table 7.12 
Best Charging Methods
Frequently Asked	 Lead-acid	 Nickel-Based	 Lithium-ion 
Question	 (Sealed, flooded)	 (NiCd and NiMH)	 (Li-ion, Polymer)

How should I prepare 	 Battery comes fully charged.	 Charge 14-16 h.	 Apply a topping charge before 
a new battery?	 Apply topping charge	 Priming may be needed.	 use. No priming needed

Can I damage a battery	 Yes, do not store partially	 Battery is robust and the	 Keep some charge. Low 
with incorrect use?	 charged, keep fully charged	 performance will improve with use.	 charge can turn off protection
				    circuit.

Do I need to apply a	 Yes, partial charge	 Partial charge is fine.	 Partial charge better 
full charge?	 causes sulfation.			   than a full charge.

Can I disrupt a charge	 Yes, partial charge	 Interruptions can cause heat	 Yes, partial charge causes no harm.
cycle?	 causes no harm.	 buildup.

Should I use up all	 No, deep discharge wears	 Apply scheduled discharges only	 No, deep discharge wears
battery energy before	 the battery down. Charge	 to prevent memory.	 the battery down.
charging?	 more often.

Do I have to worry	 No memory	 Discharge NiCd every	 No memory
about “memory”?		  1-3 months.

How do I calibrate a	 Not applicable	 Apply discharge/charge when	 Apply discharge/charge when
“smart” battery?		  the fuel gauge gets inaccurate.	 the fuel gauge gets inaccurate.
		  Repeat every 1-3 months.	 Repeat every 1-3 months.

Must I remove the battery	 Depends on charger; needs	 Remove after a few days in	 Not necessary; 
when fully charged?	 correct float voltage	 charger.	 charger turns off

How do I store my	 Keep cells above 2.10 V,	 Store in cool place; a total	 Store in cool place partially
battery?	 charge every 6 months	 discharge causes no harm.	 charged, do not fully drain

Is the battery allowed to	 Battery may get lukewarm	 Battery gets warm but must	 Battery may get lukewarm
heat up during charge?	 toward the end of charge.	 cool down on ready.	 toward the end of charge.

How do I charge	 Slow charge (0.1C): 0°-45 °C	 Slow charge (0.1C): 0°-45 °C	 Do not charge 
when cold?	 (32°-113 °F)	 (32°-113 °F)	 above 50 °C (122 °F)
	 Fast charge (0.5-1C): 5°-45 °C	 Fast charge (0.5-1C): 5°-45 °C	 Do not charge 
	 (41°-113 °F)	 (41°-113 °F)	 above 50 °C (122 °F)

Can I charge at hot	 Above 25 °C, lower threshold	 Battery will not fully charge	 Do not charge above 50 °C 
temperatures?	 by 3 mV/°C.	 when hot	 (122 °F)

What should I know	 Charger should float at 2.25-	 Battery should not get too hot;	 Battery must stay cool; no trickle 
about chargers?	 2.30 V/cell when ready.	 should include temp sensor.	 charge when ready.

(Table courtesy of Cadex)

discharge times of a lead-acid battery at vari-
ous loads expressed in C-rate.

DEPTH OF DISCHARGE
The end-of-discharge voltage for lead-

acid is 1.75 V/cell; for nickel-based systems 
it is 1.00 V/cell; and for most Li-ion it is 
3.00 V/cell. At this level, roughly 95% of the 
battery’s stored energy has been spent and 
voltage would drop rapidly if discharge were 
to continue. Most devices prevent operation 
beyond the specified end-of-discharge volt-
age. When removing the load after discharge, 
the voltage of a healthy battery gradually re-
covers toward the nominal voltage.

Because of internal resistance, wiring, pro-
tection circuits and contact resistance, a high 
load current lowers the battery voltage and 

the end-of-discharge voltage threshold should 
be lowered accordingly. The cutoff voltage 
should also be lowered when discharging at 
very cold temperatures. Table 7.13 shows 
typical end-of-discharge voltages of various 
battery chemistries. The lower end-of-dis-
charge voltage for higher loads compensates 

for the losses from internal battery resistance.
Since the cells in a battery pack can never 

be perfectly matched, a negative voltage po-
tential can occur across a weaker cell on a 
multi-cell pack if the discharge is allowed to 
continue beyond a safe cutoff point. Known as 
cell reversal, the weak cell suffers damage to 

Table 7.13
Recommended End-of-Discharge Voltages in V/Cell
End-of-discharge	 Li-manganese	 Li-phosphate	 Lead-acid	 NiCd/NiMH
Normal load	 3.00	 2.70	 1.75	 1.00
Heavy load	 2.70	 2.45	 1.40	 0.90

(Table courtesy of Cadex)
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the point of developing a permanent electrical 
short circuit. The larger the number of cells 
in the pack, the greater the likelihood that a 
cell might reverse under heavy load. Over-
discharge, particularly at low temperatures, is 
a large contributor to battery failure of cord-
less power tools, especially for nickel-based 
packs. Li-ion packs have protection circuits 
and the failure rate is lower.

DISCHARGING AT HIGH  
AND LOW TEMPERATURES

Batteries achieve optimum service life if 
used at 20 °C (68 °F) or slightly below, and 
nickel-based chemistries degrade rapidly 
when cycled at high ambient temperatures. 
Higher temperature operation lowers internal 
resistance and speeds up the chemical reac-
tions but shortens service life if prolonged.

The performance of all battery chemis-
tries drops drastically at low temperatures. At 
–20 °C (–4 °F) most nickel, lead, and lithium-
based batteries stop functioning. Although 
NiCd can be used down to –40 °C (–40 °F), 
the permissible discharge is only 0.2 C (5-
hour rate). Lead-acid also has the problem of 
the electrolyte freezing which can crack the 
enclosure. Lead-acid electrolyte also freezes 
more easily at a low charge.

SIMPLE GUIDELINES FOR 
DISCHARGING BATTERIES

• Battery performance decreases with cold 
temperature and increases with heat.

• Heat increases battery performance but 
shortens cycle life by a factor of two for every 
10 °C (18 °F) above 25-30 °C (18 °F above 
77-86 °F).

• Only charge at moderate temperatures. 
Check the manufacturer’s specifications for 
charging below freezing.

•  Use heating blankets if batteries need 
rapid charging at cold temperatures.
 Prevent over-discharging. Cell reversal 

can cause an electrical short circuit.
• Use a larger battery if repetitive deep dis-

charge cycles cause stress.
• A moderate dc discharge is better for a 

battery than pulsed loads.
•  Lead-acid systems are sluggish and re-

quire a few seconds of recovery between 
heavy loads.

7.13.7 Battery Handling
This section touches on the most important 

aspects of handling batteries when they are 
new, during their service life, and how to store 
and dispose of them.

FORMATTING AND PRIMING 
BATTERIES

Rechargeable batteries may not deliver 
their full rated capacity when new and will re-
quire formatting — a process that essentially 

completes the manufacturing process. Li-ion 
systems require less care in this regard, but 
cycling these batteries after long storage 
has been reported to improve performance. 
Priming is a conditioning cycle that is applied 
to improve battery performance during usage 
or after prolonged storage. Priming applies 
mainly to nickel-based batteries.

Formatting of lead-acid batteries occurs by 
applying a charge, followed by a discharge 
and recharge as part of regular use. Gradually 
increase the load on a new battery, allowing it 
to reach full capacity after 50 to 100 cycles.

Manufacturers advise to trickle charge a 
nickel-based battery pack for 16 to 24 hours 
when new and after a long storage. This allows 
the individual cells to reach an equal charge 
level. A slow charge also helps to redistribute 
the electrolyte to eliminate dry spots on the 
separator that may have formed due to grav-
ity. Applying several charge/discharge cycles 
through normal use or with a battery analyzer 
completes the formatting process. This can 
require from five to seven cycles or as many 
as 50 cycles depending on battery quality.

Cycling also restores lost capacity when 
a nickel-based battery has been stored for 
six months or longer. Storage time, state-of-
charge, and storage temperature all affect bat-
tery recovery. The longer the storage and the 
higher the temperature, the more cycles are 
required to regain full capacity.

Lithium-ion does not need formatting 
when new, nor does it require the level of 
maintenance that nickel-based batteries do. 
Maximum capacity is available immediately. 
A discharge/charge cycle may be beneficial 

Testing and 
Monitoring Batteries

Several sections of the “Testing and 
Monitoring” chapter from Batteries 
in a Portable World are provided 
with this book’s online content. The 
information covers measuring inter-
nal resistance and state-of-charge, 
measuring capacity, and special 
techniques for measuring nickel- and 
lithium-based batteries.

for calibrating a “smart” battery but this does 
not improve the internal chemistry.

STORING BATTERIES
The recommended storage temperature 

for most batteries is 15 °C (59 °F) and the 
extreme allowable temperature is –40 °C to 
50 °C (–40 °F to 122 °F) for most chemistries. 
While lead-acid must be kept at full charge 
during storage, nickel and lithium-based 
chemistries should be stored at around 40% 
state-of-charge.

Storage will always cause batteries to age. 
Table 7.14 illustrates the recoverable capac-
ity of lithium and nickel-based batteries at 
various temperatures and charge levels over 
one year. Recoverable capacity is the avail-
able battery capacity after storage with a full 
charge.

A sealed lead-acid battery can be stored up 
to two years. It is important to apply a charge 
when the battery falls to 70% SoC, typically 
2.07 V/cell or 12.42 V for a 12 V pack.

Nickel-metal-hydride can be stored for 
about three years. The capacity drop that oc-
curs during storage can partially be reversed 
with priming.

Primary alkaline and lithium batteries can 
be stored for up to 10 years with minimum 
capacity loss.

SIMPLE GUIDELINES FOR  
STORING BATTERIES

• Remove batteries from equipment and 
store in a dry and cool place.

• Avoid freezing. Batteries freeze more eas-
ily if in a discharged state.

•  Charge lead-acid before storing and mon-
itor the voltage frequently; apply a charge if 
below 2.10 V/cell.

• Nickel-based batteries can be stored for 
five years and longer, prime before use.

• Lithium-ion must be stored in a charged 
state, ideally 40%.

• Discard Li-ion if the voltage has stayed 
below 2.00 V/cell for more than a week.

RECYCLING BATTERIES
The main objective for recycling batteries 

is to prevent hazardous materials from enter-
ing landfills. Lead-acid and NiCd batteries are 
of special concern.

Table 7.14
Estimated Recoverable Capacity After Storage For 1 Year
Temp	 Lead-acid	 Nickel-based	        Lithium-ion (Li-cobalt) 
(°C)	 at full charge	 at any charge	 40% charge	 100% charge
  0	 97%	 99%	 98%	 94%
25	 90%	 97%	 96%	 80%
40	 62%	 95%	 85%	 65%
60	 38% (after 6 months)	 70%	 75%	 60% (after 3 months)

(Table courtesy of Cadex)
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Under no circumstances should batteries 
be incinerated, as fire can cause an explo-
sion. Wear approved gloves when touching 
electrolyte. On exposure to skin, flush with 
water immediately. If eye exposure occurs, 
flush with water for 15 minutes and consult 
a physician immediately.

Automotive and larger lead-acid batter-
ies can be recycled through auto parts stores 
and battery dealers. A recycling fee is usually 
charged when the battery is purchased.

Smaller batteries, including smaller SLA, 
can be recycled at many electronics and hard-
ware stores, or your local municipal recycling 
center. Perform an Internet search for battery 
recyclers in your area.

It is helpful to create a specific location or 
designate a container for spent batteries at 
your home, office or workbench. This makes 
it easy to recycle the batteries by keeping them 
together in one spot.

7.13.8 DC-AC Inverters
For battery-powered operation of ac-pow-

ered equipment, dc-ac inverters are used. An 
inverter is a dc-to-ac converter that provides 
120 V ac. Inverters come with varying de-
grees of sophistication. The simplest type of 
inverter switches directly at 60 Hz to produce 
a square-wave output. This is no problem 
for lighting and other loads that don’t care 
about the input waveform. However, some 
equipment will work poorly or not at all when 
supplied with square wave power because of 
the high harmonic content of the waveform.

The harmonic content of the inverter out-
put waveform can be reduced by the simple 
expedient of reducing the waveform duty 
cycle from 50% (for the square wave) to about  
40%. For many loads, such as computers and 
other electronic devices, this may still not be 
adequate, and so many inverters use wave-
form shaping to approximate a sine-wave 
output. The simplest of these methods is a 
resonant inductor-capacitor filter. This adds 
significant weight and size to the inverter. 
Most modern inverters use high-frequency 
pulse-width modulation (PWM) techniques 
to synthesize the 60 Hz sinusoidal output 
waveform, much like a switching power sup-
ply. See Figure 7.55.

Inverters are usually rated in terms of their 
VA or “volt-ampere product” capability al-
though sometimes they will be rated in watts. 
Care is required in interpreting inverter rat-
ings. A purely resistive load operating from 
a sinusoidal voltage source will have a si-
nusoidal current flowing in phase with the 
voltage. In this case, VA, the product of the 
voltage (V) and the current (A), will equal 
the actual power in watts delivered to the 
load so that the VA and the watt ratings are 
the same. Some loads, such as motors and 
many rectifier power supplies, will shift the 
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Figure 7.55 — Output waveforms of typi-
cal dc-ac inverters. At A, the output of 
a modified sine wave inverter. Note the 
stepped square waves. At B, the output 
of a “pure sine wave” inverter. Note the 
close approximation of a commercial ac 
sine wave. 

phase of load current away from the source 
voltage; or the load current will flow in short 
pulses as shown earlier for capacitor input fil-
ters. In these cases (which are very common), 
the VA product for that type of load can be 
much larger than the delivered power in watts. 
In the absence of detailed knowledge of the 
load characteristics it is prudent to select an 
inverter with a VA or wattage capability of 
25% or more above the expected load.

7.13.9 Selecting a Battery  
for Mobile Operation

There are two basic modes of mobile opera-
tion: in-motion, and stationary. Each mode 
has unique power requirements and thus dif-
ferent battery requirements. To satisfy these 
needs, there are three basic battery types. It 
is important to understand the differences be-
tween the types and to apply them properly.

Standard vehicle batteries are referred to as 
SLI (starting, lights, ignition) or just starter 
batteries. Their primary function is to start 
the engine and then act as a power filter for 
the alternator which is the actual long-term 
power source. The most important rating of an 
SLI battery is the cold cranking amps (CCA) 
rating — the number of amps that the battery 
can produce at 32 °F (0 °C) for 30 seconds.

Batteries designed for repeated cycles of 
charging and discharging use are often called 
deep-cycle although the term is widely over-
used. A true deep-cycle battery is designed to 
be repeatedly discharged to 20% remaining 
capacity. The term “deep cycle” is a misno-
mer, as all lead-acid batteries are considered 
discharged when their output voltage drops 
below 10.5 V at some specified current draw 
as outlined by the Battery Council Institute 
(BCI — www.batterycouncil.org). At 10.5 V, 
a six-cell lead-acid battery is considered 
discharged.

Marine batteries are designed to be stored 
without charging for up to two years, yet still 
maintain enough power to start a marine en-
gine. Contrary to common practice, they’re 
not really designed for extended low-current 
power delivery. Marine batteries often have 
hybrid characteristics between SLI and deep-
cycle batteries.

To differentiate true deep-cycle batteries 
from SLI and marine batteries, examine a 
battery’s reserve capacity (RC). A battery’s 
RC rating is the number of minutes that the 
battery can deliver 25 A while maintaining 
an output voltage above 10.5 V. Deep cycle 
batteries typically have RC ratings 20% or 
more higher than SLI batteries and perhaps 
50% higher under ICAS (intermittent, com-
mercial, and amateur service) conditions. A 
deep-cycle battery has a lower CCA rating 
than an SLI battery due to its internal con-
struction that favors long-term power delivery 
over high-current starting loads.

With these facts in mind, we can now select 
the correct battery for our style of mobile op-
erating. For in-motion operation with power 
outputs up to 200 W, a second trunk-mounted 
battery is seldom needed if the power ca-
bling wire size is chosen correctly. (See the 
Assembling a Station chapter for informa-
tion on wire sizes in mobile applications.)

When an amplifier is added for higher out-
put power levels, it is often less expensive 
to add a second trunk-mounted battery than 
to install larger cables to the main battery. 
In these cases, the second battery can be of 
almost any type, as long as it is lead-acid. 
The second battery should be connected in 
parallel to the vehicle’s main SLI battery. The 
battery’s ampere-hour rating should be close 
to that of the vehicle’s main SLI battery.

All secondary wiring should be prop-
erly fused, as outlined in the Assembling a 
Station chapter’s section on mobile installa-
tions. The use of relays and circuit breakers 
should be avoided. Remember, should a short 
circuit occur, good-quality lead-acid batteries 
can deliver upwards of 3,000 A which exceeds 
the break circuit ratings of most relays and 
circuit breakers. A better solution is a FET 
switch such as those made by Perfect Switch 
(www.perfectswitch.com).

Assuming the second battery is mounted 
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inside the vehicle’s passenger compartment 
or in the trunk, it should be an AGM type. 
AGM (Absorption Glass Mat) batteries do not 
outgas explosive hydrogen gas under normal 
operating conditions. Flooded (liquid elec-
trolyte) batteries should never be used in an 
enclosed environment.

For stationary operation, select a battery 
with a large RC rating because it will not be 
continuously charged. There are two main 
considerations; the ampere-hour rating (Ah) 
and the reserve capacity rating, typically listed 
as C/8, C/10, or C/20, with units of hours. (C 
is the battery’s capacity in Ah.) Dividing the 
Ah rating by the load amperage (8, 10 or 
20 A) will give you the reserve capacity in 
hours, but the actual ampere-hours any given 
battery can deliver before the voltage reaches 
10.5 V (nominal discharge level) will vary 
with the load, both average and peak. Heavier 
loads will reduce the actual ampere-hours 
available.

Automotive batteries are arranged in BCI 
group sizes (www.batterystuff.com/kb/
tools/bci-battery-group-sizes.html), from 
21 through 98. Generally speaking, the larger 
the group size the larger the battery and the 
higher the Ah rating. For example, size 24 
(small car) has an average rating of 40 Ah, and 
size 34 (large car) has an average rating of 55 
Ah. Exact ratings, including their reserve ca-
pacity, are available from the manufacturers’ 
websites listed below. A good rule of thumb is 
to select a battery as physically large as you 
have room for, consistent with the highest RC 
rating for any given Ah rating.

Batteries are heavy, and need to be prop-
erly secured inside a battery box or by us-
ing factory-supplied brackets. For example, 
a BIC group 34 (average SLI size) battery 
weighs about 55 pounds. Some battery mod-
els (such as the Optima) come supplied with 
mounting brackets and terminal protection 
covers. Even though battery boxes aren’t al-
ways needed, they should be used as a safety 
precaution to prevent accidental contact with 
the terminals and can protect the battery from 
external items. Battery restraints should be 
adequate to provide 6 Gs of lateral and 4 Gs 
of vertical retention, ruling out sheet metal 
screws and most webbing material. Use the 
proper brackets!

There are three other considerations: iso-
lating the battery electrically, recharging the 
battery, and output voltage regulation. Diode-
based battery isolators are not all equal. 
Models with FET bypass switches are the 
preferred type because of the low voltage-
drop across the FET.

If you have wired the battery in parallel 
with the vehicle’s main SLI battery, recharg-
ing is taken care of whenever the vehicle is 
running. If you plan on operating in station-
ary mode, you’ll need a separate recharg-
ing system. Most vehicle factory-installed 

trailer wiring systems also include a circuit 
for charging RV or boat “house” batteries. 
Check with your dealer’s service personnel 
about these options.

Voltage regulators, commonly called “bat-
tery boosters,” are almost a necessity for sta-
tionary operation. A model with a low-voltage 
cutoff should be used to avoid discharging 
the battery below 10.5 V, as discharging a 
lead-acid battery beyond this point drastically 
reduces its charge-cycle life — the number 
of full-charge/full-discharge cycles. (See 
the November 2008 QST Product Review 
column.)

For additional information on battery rat-
ings, sizes, and configuration, visit these 
websites:
optimabatteries.com, www.exide.com
www.interstatebatteries.com
www.lifelinebatteries.com

7.13.10 Selecting a Battery 
for Portable Operation

When choosing batteries for portable op-
eration, consider the requirements that your 

type of operation will present and how your 
radio behaves when operated on batteries. 
The requirements are very different for casual 
operation while car camping compared to 
a Summits on the Air (SOTA) activation. If 
your radio will operate over a wide voltage 
range, the requirements for batteries are very 
different than if voltage must be in a critical 
range. If you are in a position to carry spares, 
then that will affect the requirements for bat-
tery capacity, too. 

Developing a Battery Strategy
Powering portable equipment is much 

easier with a plan and a strategy. If possible, 
use the same battery type for all equipment or 
minimize the number of different types. This 
is not always possible, particularly with com-
mercial equipment, but it is a good goal. In-
ternal batteries are convenient, but they need 
to be checked, recharged, or replaced before 
an outing. It is good practice to be able to 
power devices with an external power source. 

Physical size and weight are a consider-
ation, particularly if you are backpacking 
or carrying your equipment a significant 
distance. The various lithium chemistry bat-
teries, both primary and secondary, are the 
lightweight champs. Lead-acid chemistry is 
the heaviest with NiMH and NiCd chemistries 
in between. Pilots of RC (radio-controlled) 
model airplanes and drones are very sensi-
tive to weight and size, so there are a lot of 
battery products from companies specializing 
in RC accessories, mostly lithium-based, that 
are of interest for amateur radio operations, 
particularly for backpacking.

AA batteries are a good standard choice. 
Alkaline AA cells are ubiquitous and com-
monly available from nearly any store or gas 
station. If you are camping, you may have oth-
er equipment powered by AA batteries which 
you can share for replacements. Rechargeable 
NiMH AA batteries are also available.

For higher power requirements, such as a 
QRP transmitter or even a modest power level 
transmitter, the 12 V, 7 Ah battery is com-
mon and available in both sealed lead-acid 
(SLA) and lithium iron phosphate (LiFePO4) 
chemistries. See www.powerstream.com/
Size_SLA.htm for a table of SLA battery 
dimensions.

One must have a way to recharge secondary 
(rechargeable) batteries, so standardizing on 
a battery chemistry and type is useful. Batter-
ies should be charged before going to the field, 
but charging with a solar panel, even supply-
ing just a fraction of the total power consump-
tion, will extend operating time. Some opera-
tors also find it useful to be able to recharge 
batteries from a vehicle, but types other than 
lead-acid may require a special charger. Some 
RC suppliers can provide battery chargers that 
operate from a car battery.

Don’t forget batteries for peripheral de-

Power Connections 
for Portable Operating

Try to use just one or two types of 
power connector. Anderson Power-
poles are a good choice for moderate 
to heavy-duty use and are the stan-
dard for many emergency communica-
tions and public service groups. When 
installed correctly, they are impossible 
to connect with reversed polarity. 

The 5.5 mm OD × 2.1 mm ID 
coaxial connector is another com-
mon standard size. Some caution is 
necessary in using these connec-
tors: While it is common for the inner 
conductor to carry positive voltage, it 
is not universal. If you have a piece of 
equipment with the opposite connector 
polarity, label the connector in large 
print, preferably on a brightly colored 
background as a warning. 

It is easy to forget power cords 
when going to the field, so being able 
to interchange them is good. Another 
useful tip is to leave the power cord 
connected to the equipment when 
stored. That way it is always attached 
and if you select a piece of equipment 
without its accompanying cord, you 
immediately know it. You may wish 
to make up some cords with different 
power connectors on each end to do 
conversions from one connector to an-
other. It is also helpful to have a cord 
or two with a car power outlet plug 
(formerly known as a cigarette lighter) 
on one end and your favorite power 
connector on the other end.
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vices. When shopping for new peripherals, 
battery size should be a consideration. If you 
use standalone peripherals, a keyer, automatic 
antenna tuner, clock, flashlight, or GPS all 
use batteries. If these all use one battery type, 
such as AA cells, so much the better, but carry 
spares for any odd size batteries. Try not to du-
plicate peripherals, particularly when packing 
light. Using a radio that has peripherals built 
in, such as a keyer, automatic tuner, or clock, 
eliminates additional batteries and cables. A 
clock may be superfluous if you have a watch, 
GPS, or cell phone, for example. 

When purchasing new equipment or build-
ing equipment for portable use, do so with an 
eye toward battery consumption. While some 
things like current draw, are obvious, other 
parameters, such as lowest stable operating 
voltage are not. Some “12 Volt” equipment is 
really designed for 13.8 V and does not oper-
ate properly much below 12 V. On the other 
hand, some equipment designed for portable 
operation will operate down to 9 V or less. 
This information is not always apparent when 
reviewing the specifications, but may be noted 
in the manual. Other users of the equipment 
can also be polled for their experiences, along 
with online reviews. 

CALCULATING REQUIRED  
BATTERY CAPACITY

It is straightforward to calculate how much 
battery you need with some basic parameters. 
You should know the current draw of all the 
devices you are using, both on transmit and 
receive. These can usually be found in the 
equipment manual or are easily measured. 
Don’t neglect the current drawn from a light 
if you are operating after dark, or a computer 
or laptop if you are using one for logging. 
You should also know the useful voltage end 
point of the battery. This can be found from 
manufacturer’s data sheets. 

The first step is to measure the current draw 
for of all devices you will be using. You should 
do this for both receive (Irec) and full-power 
transmit (Itran), as the current draw is usu-
ally significantly different in the two cases. 
Iperipherals is the total current consumption of 
all peripherals using the same battery as the 
transceiver.

Next decide on what mode or modes you 
will be using and find the duty factor for each. 
(Duty factor is a value between 0 and 1. Duty 
cycle = duty factor × 100%.) 

Next, determine your average transmit 
time, txmt, which is the ratio of transmitting 
time to total operating time. (Average receive 
time, trcv, equals 1 – txmt.) For casual operat-
ing, assume an average transmit time of 0.25 
(transmitting 1⁄4 of the time). For contest or 
special event-style operating such as POTA 
or SOTA activation, assume an average trans-
mit time of 0.5 (transmitting and receiving in 

equal amounts). 
Operating duty factor is a measure of the 

time the transmitter is at full output when 
transmitting. Here are some operating duty 
factors for common modes taken from the 
RF Exposure safety calculation guidelines at 
hintlink.com/power_density.htm:

• 0.4 for CW
• 0.2 for SSB (0.4 if speech processing or 

if compression is used)
• 1.0 for FM 
• 1.0 for continuous transmission digital 

modes such as RTTY and PSK
• 0.5 for interleaved transmission digital 

modes such as FT8 or FT4
The calculation for overall average current 

draw is then:

Iavg = Peripheral current + average receive 
current + average transmit current

Iavg = Iperipherals + (trcv)(Irec) + (txmt)
(operating duty factor)(Itran)

Finally, determine the overall length of 
time, t, you will operate. The required bat-
tery capacity, C, is given by:

C = Iavg × t

Add whatever margin you require (10% 
is typical) and look for batteries with that 
capacity at the acceptable discharge level and 
end voltage.

Here are two example calculations:
Example 1: For four hours of contest-style 

CW operating (trcv = txmt = 0.5) with Iperipherals 
= 50 mA, Irec = 100 mA, and Itran = 1200 mA:

Iavg = 50 + (0.5) (100) + (0.5) (0.4) (1200) 
= 340 mA

C = 340 mA × 4 hours = 1.36 Ah

Example 2: For ten hours of casual SSB 
operating (txnt = 0.25 and trcv = 0.75) without 
compression and using the same equipment:

Iavg = 50 + (0.75) (100) +  
(0.25) (0.2) (1200) = 185 mA

C = 185 mA × 10 hours = 1.85 Ah

There are many batteries that will meet 
these requirements. A pack of 2.87 Ah al-
kaline AA batteries or a small 3 Ah SLA 
battery would provide plenty of margin for 
both types of operating. There are lithium 
chemistry batteries available with the same 
size and slightly higher capacity, so that would 
be a good choice, as well. 

This calculation is a bit simplistic in that 
it assumes the voltage is more or less con-
stant throughout the discharge of the battery, 
whereas there is some additional voltage drop 
under load, called droop, in nearly all battery 
chemistries. It is greatest (worse) for lead-
acid and least (better) for lithium chemistries. 
As voltage droops, the current drawn by the 
radio will need to be increased to maintain 
the same power, so the transmitting current 
will increase. If one chooses a battery with 
little voltage droop during discharge or with 
a higher capacity, then this is not a significant 
problem. 

Tables 7.3, 7.4, and 7.9 can help you 
choose. If you are buying a battery specifi-
cally for portable operation, Li-phosphate 
batteries are good choices because they are 
reliable, safe, can withstand deep discharge, 
and have much lower weight than SLA bat-
teries with the same capacity. They cost more, 
but if properly maintained, they will outlast 
lead-acid batteries of similar size.

BATTERY SELECTION TIPS
If you only operate portable on occasion, 

or want to try portable operation at minimal 
expense, alkaline cells are probably the best 
choice. If weight is not a factor, you can oper-
ate a typical QRP radio from alkaline D-cells 
for months of casual operating and from a pair 
of alkaline lantern cells for almost a year. But 
their voltage drops as current is drawn from 
them, so, it is wise to carry spares. 

For portable operations where weight is not 
a concern, sealed lead-acids were once the 
best bet. They are relatively inexpensive, par-
ticularly if you can get a surplus “pull” battery, 
and are easy to charge. Do some homework 
to size the battery properly.

For backpacking with efficient low power 
radios, where low weight is paramount, use 
a battery pack made from NiMH AA cells. If 
the capacity of an AA cell is not sufficient, 
use the larger sizes available in NiCd cells. 
NiMH cells must be charged with care to 
avoid damage.

Lithium chemistries have overtaken lead-
acid and nickel chemistries, albeit at a higher 
cost. They offer a lot of advantages: lighter 
weight, flatter discharge curve, and higher 
usable endpoint voltage. Very lightweight and 
efficient battery packs are available from RC 
model airplane and drone suppliers. These are 
particularly attractive to backpackers, where 
every ounce counts. 

Li-phosphate batteries are available in the 
same sizes for SLA batteries from 2 Ah to 
as large as vehicle starting batteries. They 
are a good initial battery choice for portable 
operation as they will last a very long time, 
even if abused.

If you want to try solar power, SLA bat-
teries and NiCd batteries are the easiest to 
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use and charge with solar panels. If the solar 
panel output is no larger than 0.1 C, the bat-
tery can be charged without a controller. If 
radio equipment has a similar current draw, 
there is little risk of overcharging and there 
will be sufficient charge to operate after dark.

Cold weather operation favors lithium, 
NiCd, and NiMH cells. SLA batteries and al-
kaline cells are poor choices for cold weather 
operation.

In order to make your rechargeable batter-
ies last the longest, do not overcharge them, 

do not discharge them fully, store them fully 
charged, and top them off as required. Charg-
ing a stored battery every few months to its full 
capacity is better than leaving it on a trickle 
charger or battery maintainer. 
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7.15 Power Source Projects
Construction of a power supply or acces-

sory — basic to all of the radio equipment 
we operate and enjoy — can be one of the 
most rewarding projects undertaken by a ra-
dio amateur. Final testing and adjustment of 
most power-supply projects requires only a 
voltmeter, and perhaps an oscilloscope — 
tools commonly available to most amateurs.

General construction techniques that may 
be helpful in building the projects in this 
chapter are outlined in the Construction 
Techniques chapter. Other chapters in the 
Handbook contain basic information about 
the components that make up power supplies.

Safety must always be carefully considered 
during design and construction of any power 
supply. Power supplies contain potentially le-
thal voltages, and care must be taken to guard 
against accidental exposure. For example, 
electrical tape, insulated tubing (“spaghetti”) 
or heat-shrink tubing is recommended for cov-
ering exposed wires, components leads, com-
ponent solder terminals and tie-down points. 
Whenever possible, connectors used to mate 
the power supply to the outside world should 
be of an insulated type designed to prevent 
accidental contact.

Connectors and wire should be checked 
for voltage and current ratings. Always use 
wire with an insulation rating higher than the 

working voltages in the power supply. For 
supply voltages above 300 V, use wire with in-
sulation rated accordingly. The Component 
Data and References chapter contains a 
table showing the current-carrying capabil-
ity of various wire sizes. Scrimping on wire 
and connectors to save money could result in 
flashover, meltdown or fire.

All fuses and switches should be placed 
in the hot circuit(s) only. The neutral circuit 
should not be interrupted. Use of a three-wire 
(grounded) power connection will greatly 
reduce the chance of accidental shock. The 
proper wiring color code for 120 V circuits 
is: black — hot; white — neutral; and green 
— ground. For 240 V circuits, the second hot 
circuit generally uses a red wire.

POWER SUPPLY PRIMARY-CIRCUIT 
CONNECTOR STANDARD

The International Commission on Rules for 
the Approval of Electrical Equipment (CEE) 
standard for power-supply primary-circuit 
connectors for use with detachable cable as-
semblies is the CEE-22. The CEE-22 has been 
recognized by the ARRL and standards agen-
cies of many countries. Rated for up to 250 
V, 6 A at 65 °C, the CEE-22 is the most com-
monly used three-wire (grounded), chassis-
mount primary circuit connector for electronic 

equipment in North America and Europe. It 
is often used in Japan and Australia as well.

When building a power supply requiring 
6 A or less for the primary supply, a builder 
would do well to consider using a CEE-22 
connector and an appropriate cable assembly, 
rather than a permanently installed line cord. 
Use of a detachable line cord makes replace-
ment easy in case of damage. CEE-22 com-
patible cable assemblies are available with a 
wide variety of power plugs including most 
types used overseas.

Some manufacturers even supply the 
CEE-22 connector with a built-in line filter. 
These connector/filter combinations are es-
pecially useful in supplies that are operated 
in RF fields. They are also useful in digital 
equipment to minimize conducted interfer-
ence to the power lines.

CEE-22 connectors are available in many 
styles for chassis or PC-board mounting. 
Some have screw terminals; others have sol-
der terminals. Some styles even contain built-
in fuse holders.

7.15.1 12 V, 15 A Linear 
Power Supply

This power supply is a linear 12 V, 15 A de-
sign by Ed Oscarson, WA1TWX. It is suitable 
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for typical mobile radios and offers adjustable 
output voltage and current limiting. Supply 
regulation is excellent, typically exhibiting a 
change of less than 20 mV from no load to 15 
A. This basic design, with heftier components 
and additional pass transistors, can deliver 
over 30 A — enough to supply a 100 W class 
transceiver. (All numbered notes, additional 
circuit design information, a discussion of 
how to change the supply voltage and/or cur-
rent ratings, construction and testing notes, 
a PCB template and a complete parts list are 
included with this book’s online content.)

CIRCUIT DESCRIPTION
Figure 7.56 is the supply’s schematic. The 

ac line input is fused by F1, switched on and off 
by S1 and filtered by FL1. F1 and S1 are rated 
at about 1⁄4 of the output current requirement 
(for 15 A output, use a 4 or 5 A slow-blow 
fuse or a similarly rated circuit breaker). FL1 
prevents any RF from the secondary or load 
from coupling into the power line and prevents 
RF on the power line from disturbing sup-
ply operation. If your ac power line is clean, 
and you experience no RF problems, you can 
eliminate FL1, but it’s inexpensive insurance.

When discharged, filter capacitor C1 
looks like a short circuit across the output of 
rectifier U2 when ac power is applied. That 
usually subjects the rectifier and capacitor 
to a large inrush current, which can damage 
them. Fortunately a simple and inexpensive 
means of inrush-current limiting is available. 
Keystone Carbon Company (and others) pro-
duce a line of inrush-current limiters (therm-
istors) for this purpose. The device (RT1) is 
placed in series with one of the transformer 
primary leads. RT1 has a current rating of 
6 A1, and a cold resistance of 5 W. When 
it’s hot, RT1’s resistance drops to 0.11 W. 
Such a low resistance has a negligible effect 
on supply operation. Thermistors run hot so 
they must be mounted in free air, and away 
from anything that can be damaged by heat.2,3

The largest and most important part in the 
power supply is the transformer (T1). If pur-
chased new, it can also be the most costly. 
Fortunately, a number of surplus dealers of-
fer power transformers that can be used in 
this supply.

T1 produces 17 V ac RMS at 20 A; the 
center tap is not used. Bridge rectifier U2 
provides full-wave rectification. Full-wave 
rectification reduces the ripple component of 
current that flows in the filter capacitor, result-
ing in less power dissipation in the capacitor’s 
internal resistance. U2’s voltage rating should 
be at least 50 V, and its current rating about 
25% higher than the normal load require-
ment; a 2 A bridge rectifier will do. U2 is 

Switchmode DC-DC 
Converters

Inexpensive dc-dc converter 
modules available online can reduce 
or increase dc voltage from common 
power sources, avoiding the need for 
a full power supply. For example, a 5 V 
dc USB charging port can be converted 
to 9 V, as described by Tom Wheeler, 
NØGSG, in the online project article.

secured to the chassis or a heat sink because 
it dissipates heat.

C1 is a computer-grade electrolytic. Any 
capacitor value from 15,000 to 30,000 µF 
will suffice. This version uses a 19,000 µF, 
40 V capacitor. The capacitor’s voltage rat-
ing should be at least 50% higher than the 
expected no-load rectified de voltage. In this 
supply, that voltage is 25 V, and a 40 V capaci-
tor provides enough margin,

R5, a 75 W, 20 W bleeder resistor, is con-
nected across C1’s terminals to discharge the 
supply when no load is attached or one is 
removed, Any resistance value from 50 W 
to 200 W is fine; adjust the resistor’s wattage 
rating appropriately.

At the terminals of C1, we have a dc volt-
age, but it varies widely with the load applied. 
When keying a CW transmitter or switching 
a rig from receive to full output, 5 V swings 
can result. The dc voltage also has an ac ripple 
component of up to 1.5 V under full load. 
Adding a solid-state regulator (U1) provides 
a stable output voltage even with a varying 
input and load.

VOLTAGE REGULATOR IC AND 
PASS TRANSISTORS

The LM723 used at U1 has a built-in 
voltage reference and sense amplifier, and a  
150 mA drive output for a pass-transistor ar-
ray. U1’s voltage reference provides a stable 
point of comparison for the internal regulator 
circuitry. In this supply, it’s connected to the 
non-inverting input of the voltage-sense op 
amp. The reference is set internally to 7.15 V, 
but the absolute value is not critical because 
an output-voltage adjustment (R12) is pro-
vided. What is important is that the voltage is 
stable, with a specified variation of 0.05% per 
1,000 hours of operation. This is more than 
adequate for the supply.

For the regulator to work properly, its 
ground reference must be at the same point 
as the output ground terminal. The best way 
to ensure this is to use the output GROUND 
terminal (J4) as a single-point ground for all of 
the supply grounds. Run wires to J4 from each 
component requiring a ground connection. 
Figure 7.56 attempts to show this graphically 
through the use of parallel connections to a 

single circuit node.
The output pass transistor array consists of 

a TIP112 Darlington-pair transistor (Q5) driv-
ing three 2N3055 power transistors (Q1-Q3). 
This two-stage design is less efficient than 
connecting the power transistors directly to the 
LM723, but Q5 can provide considerably more 
base current to the 2N3055s than the 150 mA 
maximum rating of the LM723. You can place 
additional 2N3055s in parallel to increase the 
output current capacity of the supply.

This design is not fussy about the pass 
transistors or the Darlington transistor used. 
Just ensure all of these devices have voltage 
ratings of at least 40 V. Q5 must have a 5 A 
(or greater) collector-current rating and a beta 
of over 100. The pass transistors should be 
rated for collector currents of 10 A or more, 
and have a beta of at least 10.5

Resistors R17, R18 and R19 prevent leak-
age current through the collector-base junc-
tion from turning on the transistor by diverting 
it around the base-emitter junction. When the 
pass transistors are hot, at the VCE encoun-
tered in this design, the leakage current can 
be as high as 3 mA. The resulting drop across 
the 33 W resistors is 0.1 V — safely below the 
turn-on value for VBE.

When unmatched transistors are simply 
connected in parallel they usually don’t 
equally share the current.6 By placing a low-
value resistor in each transistor’s emitter lead 
(emitter-ballasting resistors, R1-R3), equal 
current sharing is ensured. When a transistor 
with a lower voltage drop tries to pass more 
current, the emitter resistor’s voltage drop 
increases, allowing the other transistors to 
provide more current. Because the voltage-
sense point is on the load side of the resistors, 
the transistors are forced to dynamically share 
the load current.

With a 5 A emitter current, 0.25 V devel-
ops across each 0.05 W resistor, producing 
1.25 W of heat. Ideally, a resistor’s power 
rating should be at least twice the power it’s 
called upon to dissipate. To help the resistors 
dissipate the heat, mount them on a heat sink, 
or secure them to a metal chassis. You can use 
any resistor with a value between 0.065 and 
0.1 W, but remember that the power dissipated 
is higher with higher-value resistors (10 W 
resistors are used here).

At the high output currents provided by this 
supply, the pass transistors dissipate consider-
able power. With a current of 5 A through each 
transistor-and assuming a 9 V drop across the 
transistor — each device dissipates 45 W. 
Because the 2N3055’s rating is 115 W when 
used with a properly sized heat sink, this dis-
sipation level shouldn’t present a problem. If 
the supply is to be used for continuous-duty 
operation, increase the size of the heat sink 
and mount it with the fins oriented vertically 
to assist in air circulation.

1See the full article included with this book’s 
online content for a list of numbered notes.
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Figure 7.57 — Schematic for the 13.8 V, 5 A power supply. Unless otherwise specified, resistors are 1⁄4 W, 5% tolerance. A PC board 
and U3 are available from FAR Circuits (www.farcircuits.net). Early versions of the circuit board from FAR mislabel U1 vs Q1. Check 
the board traces to be sure the parts are installed correctly. The PC board has mounting holes and pads to allow for handling differ-
ent trimmer-potentiometer footprints. A PC board template is included with this book’s online content. The author may be contacted 
at scskits@charter.net for assistance in obtaining parts and printed-circuit boards.

C1 — 10,000 µF, 35 V electrolytic.
C2, C4 — 1 µF, 35 V tantalum.
C3 — 10 µF, 35 V tantalum.
C5 — 0.1 µF, 25 V ceramic disc.
D1-D3 — 1N4002.
DS1 — Red LED.
F1 — Slow-blow 0.5 A fuse. 
F2 — Fast-acting 10 A fuses; three  

required (see text).
FL1— Ac-line filter.

Q1 — BT152 400 V, 25 A SCR in TO-220A 
package (NTE5554)

R8 — 500 W, single-turn trimmer 
potentiometer.

R9 — 500 W or 1 kW, single-turn trimmer 
potentiometer.

S1 — SPST panel-mount switch.
T1 — 120 V primary, 16- to 20 V, 5 A 

secondary.
U1 — 100-PIV, 6 A bridge rectifier.

U2 — LM338K 5 A adjustable power regu-
lator in a TO-3 package.

U3 — MC3423P1 overvoltage protection IC.
Misc: two panel-mount fuse holders; line 
cord; heat sinks for TO-3 case transistors; 
TO-3 mounting kit and heat-sink grease; 
black and red binding posts; chassis 
or cabinet; PC board; hardware, rubber 
hoods, heat-shrink tubing or electrical 
tape for F1 and FL1, hook-up wire. 

The output-voltage sense is connected 
through a resistive divider to the negative 
input of U1. U1 uses the difference between 
its negative and positive inputs to control the 
pass transistors that in turn provide the out-
put current. C3, a compensation capacitor, is 
connected between this input and a dedicated 
compensation pin to prevent oscillation. The 
output voltage is adjusted by potentiometer 
R12 and two fixed-value resistors, R6 and 
R7.7 The voltage-sense input is connected 
to the supply’s positive output terminal, J3.

Current sensing is done through R4, a 
0.075 W, 50 W resistor connected between 
the emitter-ballasting resistors and J3. R4’s 
power dissipation is much higher than that 
of R1, R2 or R3 because it sees the total out-
put current. At 15 A, R4 dissipates 17 W. At 
20 A, the dissipated power increases to 30 W.

U1 provides current limiting via two sense 

inputs connected across R4. Limiting takes 
place when the voltage across the sense inputs 
is greater than 0.65 V.8 For a 15 A maximum 
output-current limit, this requires a 0.043 W 
resistor. By using a larger-value sense resistor 
and a potentiometer, you can vary the current 
limit. Connecting potentiometer R13 across 
R4 provides a current-limiting range from full 
limit voltage (8.7 A limit) to no limit voltage. 
This allows the current limit to be fine-tuned, 
if needed, and also permits readily available 
resistor values (such as the author’s 0.075 W 
resistors) to be used. A current limit of 20 A 
is at the top end of the ammeter scale.

R20 maintains a small load of 35 – 40 mA 
depending on power supply output voltage. 
This reduces the effect of leakage current in 
the pass transistors and keeps the regulator’s 
feedback action active, even if no external 
load is connected.

METERING
Voltmeter M1 is a surplus meter. R8 and 

potentiometer R15 provide for voltmeter cali-
bration. If the correct fixed-value resistor is 
available, R15 can be omitted. The combined 
value of the resistor and potentiometer is de-
termined by the full-scale current requirement 
of the meter used.9

Ammeter M2 is actually a voltmeter (also 
surplus) that measures the potential across R4. 
The positive side of M2 connects to the high 
side of R4. R8 and potentiometer R14 connect 
between the positive output terminal (J3) and 
the negative side of M2 to provide calibration 
adjustment. The values of R8 and R14 are 
determined by the coil-current requirements 
of the meter used. (Digital panel meters or a 
dedicated DMM can be used instead of sepa-
rate analog meters.)
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trip voltage. The prototype crowbar is set to 
conduct at 15 V. The S6025L SCR is rated at 
25 A and should be mounted on a metal chassis 
or heat sink. (Note: Some SCRs are isolated 
from their mountingtabs, others are not. The 
S6025L and the 65-ampere S4065J are isolated 
types. If the SCR you use is not isolated, use 
a mica washer or thermal pad to insulate it 
from the chassis or heat sink.)

The bold lines in Figure 7.56 indicate 
high-current paths that should use heavy-
gauge (#10 or #12 AWG) wire. Traces that 
are connected to the output terminals in the 
schematic by individual lines should be con-
nected directly to the terminals by individual 
wires. This establishes a 4-wire measurement, 
where the heavy wires carry the current (and 
have voltage drops) and the sense wires carry 
almost no current and therefore voltage errors 
are not caused by voltage drops in the wiring. 
If desired, the sense wire can be carried out 
to the load, but that may introduce noise into 
the sense feedback circuit, so use caution if 
that is done.

7.15.2 13.8 V,  
5 A Linear Power Supply

This power supply was designed by Ben 
Spencer, G4YNM, provides 13.8 V dc at 
5 A, suitable for many low-power transceivers 
and accessories. It features time-dependent 
current limiting and short-circuit protec-
tion, thermal overload protection within the 
safe operating area of the regulator IC, and 
overvoltage protection for the equipment 
it powers. The prototype supply powers a 
25 W transmitter that continually draws 4.5 A.

Construction, testing and calibration are 
straightforward, requiring no special skills or 
equipment. Many of the components can be 
found in junk boxes, or purchased at hamfests 
or from mail-order suppliers.

CIRCUIT DESCRIPTION
Figure 7.57 is the power supply schematic. 

Incoming ac line current is filtered by a chas-
sis-mounted line filter (FL1) and, after pass-
ing through the fuse (F1), is routed S1 to T1.

U1 rectifies, and C1 filters, the ac output 
of T1. U2 is an LM338K voltage regulator. 
This IC features a current-limited continu-
ous output of 5 A, with a guaranteed peak 
output of 7 A. It also has on-chip thermal and 
safe-operating-area protection for itself. U2’s 
output voltage is set by two resistors (R2 and 
R3) and a trimmer potentiometer (R8), which 
allows for adjustment over a small range. U2’s 
input and output are bypassed by C2, C3, 
and C4. D1 and D2 protect U2 against these 
capacitors discharging through it.

Overvoltage protection is provided by an 
SCR, Q1, across the regulator input. Normally, 

Q1 presents an open circuit, but under fault 
conditions, it’s triggered and short-circuits 
the unregulated dc input to ground. This dis-
charges C1 through F2 which is rated at 10 A in 
order for C1 to quickly discharge below 12 V,  
avoiding damage to connected equipment.

U3, an overvoltage-protection IC, continu-
ously monitors the output voltage. When the 
output voltage rises above a predetermined 
level, U3 starts charging C5. If the overvoltage 
duration is sufficiently long, U3 triggers Q1. 
This built-in delay (about 1 ms) allows short 
transient noise spikes on the output voltage to 
be safely ignored while still triggering the 
SCR if a true fault occurs. The monitored 
voltage is set by R5 and R6 and trimmer po-
tentiometer R9, which allows for adjustment 
over a limited range.

D3 protects the supply from reverse- 
polarity discharge from connected equipment. 
The presence of output voltage is indicated 
by an LED, DS1. R7 is a current limiting 
resistor for DS1.

CONSTRUCTION
How you construct your supply depends 

on the size of the components and enclosure 
you use. General physical layout is not impor-
tant, although there are a couple of areas that 
require some attention. In the unit shown in  
Figure 7.58, FL1, the fuse holders, S1, the heat 
sink. DS1 and the binding posts are mounted on 
the front and rear enclosure panels. T1 and the 
PC board are secured to the enclosure’s bottom 
plate. C1’s mounting clamp is attached to the 
rear panel. Bleeder resistor R1 is connected 
directly across C1’s terminals. D3 is soldered 
directly across the output binding posts.

U2, D1, D2 and R3 are all mounted directly 
on the heat sink with the transistor pins and 
solder lugs acting as a terminal strip. It’s im-
portant to keep R3 attached as closely as pos-
sible to U2’s terminals to prevent instability. 
Use a TO-3 mounting kit and heat-conductive 
grease or thermal pad to electrically isolate 
U2 from the heat sink.

Mount U2, C1, and the PC board close to 
each other and keep the wire runs between 
these components as short as possible. 
Excessively long wire runs may lead to un-
predictable behavior.

Cover all ac-input wiring (use insulated 
wire and heat-shrink tubing) to prevent elec-
trical shock and route the ac wiring away 
from the dc wiring. Mount the heat sink on 
the enclosure with fins oriented vertically. 
Louvers or ventilation holes in the cabinet 
will help cool internal components.

TEST AND CALIBRATION
An accurate multimeter covering ranges of 

30 V dc and 10 A dc is required. A variable 
resistive load with a power rating of 100 W is 

OUTPUT WIRING AND  
CROWBAR CIRCUIT

The supply output is connected to the out-
side world by two heavy-duty banana jacks, 
J3 and J4. C2, a 100 µF capacitor, is soldered 
directly across the terminals to prevent low-
frequency oscillation. C6, a 0.1 µF capacitor, 
is included to shunt RF energy to ground. 
Heavy-gauge wire must be used for the con-
nections between the pass transistors and 
J3 and between chassis ground and J4. The 
voltage-sense wire must connect directly to 
J3 and U2’s ground pin must connect directly 
to J4 (see Figure 7.56). This provides the best 
output voltage regulation.

An over-voltage crowbar circuit prevents 
the output voltage from exceeding a preset 
limit. If that limit is exceeded, the output is 
shunted to ground until power is removed. If 
the current-limiting circuitry in the supply is 
working properly, the supply current-limits to 
the preset value. If the current limiting is not 
functioning, the crowbar causes the ac-line 
fuse to blow. Therefore, it’s important to use 
the correct fuse size: 4 to 5 A for a 15 A supply.

The crowbar circuit is a simple design based 
on an SCR’s ability to latch and conduct until 
the voltage source is removed. The SCR (Q4) 
is connected across output terminals J3 and J4. 
(The SCR can also be connected directly across 
the filter capacitor, C1, for additional protec-
tion.) R10 and potentiometer R16 in series with 
the Q4’s gate provide a means of adjusting the 
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also needed; this can he made using a heat-sink-
mounted 2N3055 power transistor and a couple 
of components as shown in the next project. 

First, set R8 (OUTPUT VOLTAGE) fully clock-
wise and R9 (OVERVOLTAGE) fully counter-
clockwise. Insert a fuse in the dc line at F2. 
Connect the ac line, turn on S1 and check 
that DS1 lights. Measure the output voltage: it 
should be about 12 V. Adjust R8 counterclock-
wise until you obtain 14.2 V output; this sets 
the trip voltage. (Note that CCW adjustment 
increases voltage.)

While monitoring the output voltage, gradu-
ally adjust R9 clockwise until the voltage sud-
denly falls to zero. This indicates that the SCR 
has triggered and blown F2. Disconnect the 
ac line cord from the wall socket. Don’t make 
any adjustment to R9! Instead, adjust R8 fully 
clockwise.

With the ac line cord removed, check that 
F2 is open. Replace F2 with a new fuse (now 
you know why two of the three fuses are called 
for). Reconnect the ac line cord, and while 
continually monitoring the output voltage, 
gradually adjust R8 until Q1 again triggers at 
14.2 V, blowing F2. If you find the adjustment 

Figure 7.59 — An active resistive load to 
use in testing power supplies up to 10 A 
with adequate heat sinking. Adjustment 
of R2 is sensitive.
M1 — Multimeter or ammeter capable of 

measuring 10 A.
Q1 — 2N3055; mount on heat sink.

Figure 7.58 — Physical layout of the 13.8 V, 5 A power supply. On the rear panel, 
left, are the ac-line filter and F1. The regulator’s heat sink is at the middle of 
the panel and F2 is to the right. At the bottom of the enclosure, in front of T1, 
is the diode bridge rectifier. Because C1 is too tall to mount vertically within 
the Hammond #1426O cabinet, its mounting clamp is secured to the inside rear 
panel. Immediately to the right of C1 is the PC board. On the front panel are the 
on/off switch, LED power-on indicator and output-voltage binding posts. 

of R9 to be too sensitive, use a 500 W po-
tentiometer in its place and reduce the value 
of R5 (if necessary) to provide the required 
adjustment range.

Again disconnect the line cord from the 
wall socket, set R8 fully clockwise, replace 
F2 (there’s the third fuse!) and reset R8 for 
13.8 V. This completes the voltage calibration 
and overvoltage protection tests. The power 
supply is now set to 13.8 V output, with the 
overvoltage protection set for 14.2 V.

Adjust R2 of the variable resistive load in 
Figure 7.59 to maximum resistance (mini-
mum load current) and connect it to the power 
supply output in series with the ammeter. Turn 
on the power supply and gradually adjust R2 
until a current of 5 A flows. Decrease the 
resistance further and check that the current 
limits between 5.5 A and 0.5 A.

Finally, be thoroughly unpleasant and ap-
ply a short circuit via the ammeter. Check that 
the current-limiting feature operates correctly. 
The prototype limited at approximately 3.5 A. 
Disconnect the ac line cord and test equip-
ment, dose up the case and your power supply 
is ready for service.

7.15.3 Adjustable  
Resistive Load

Figure 7.59 shows the schematic of an 
adjustable resistive load that can be used to 
test and adjust power supplies at currents up 
to 10 A if the 2N3055 transistor is mounted 
on an adequate heat sink. R1 and R2 vary the 
base bias to control the collector current of 
Q1. For extended use, be sure to use a large 
heat sink with adequate ventilation. Use heavy 
wire through the current meter to the collector 
and from the emitter of Q1.

7.15.4 Inverting  
DC-DC Converter

It’s often the case that you need +V and –V 
when all you have is +V. For example, you 
need +12 V and –12 V, but all that’s available 
is +12 V. It would be really handy to have 
a “black box” that would give you –V out 
when you put +V in, and work over a range 
of voltages without adjustment. This project 
by Jim Stewart, which originally appeared 
in the January 2013 issue of Nuts and Volts 
Magazine (www.nutsvolts.com), fills that 
need by using a switchmode voltage mirror 
to supply more than 100 mA without a sig-
nificant drop in voltage. 

The following text summarizes how the 
circuit works. A PDF version of the com-
plete article is included with this book’s 
online content. It contains more details 
about the circuit’s design, plus construc-
tion and testing information. More in-
formation and support files are available 
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Figure 7.60 — A voltage mirror dc-dc power converter based on a buck-boost converter. The negative output –V is equal in magni-
tude to the positive input voltage +V at an output current up to approximately 100 mA

C1 — 220 μF, 35 V (Digi-Key part  
#493-1578-ND or equiv).

C2 — 0.1 μF, 50 V, ceramic.
C3 — 1 nF film, 5% (Digi-Key part  

#399-5871-ND or equiv).
C4 — 0.1 μF, 50 V, ceramic.
C5 — 220 μF, 35 V (Digi-Key part #493-

1578-ND or equiv).

D1 — Not required, do not install.
D2 — Schottky, 1 A, 1N5819 or equiv.
L1 — 220 µH (Digi-Key part #811-1316-ND 

or equiv).
Q1, Q2 — 2N7000.
Q3 — ZTX550 PNP.
R1, R3, R4, R8, R9 — 100 kW, 1⁄4 W, 1%.

R2 — 301 kW, 1⁄4 W, 1%.
R5, R6, R11, R12 — 1 kW, 1⁄4 W, 1%.
R7, R10 — 10 kW, 1⁄4 W, 1%.
U1, U2 — CA3140.
Terminal Blocks (optional) — Two-

position, 5 mm spacing (Jameco part 
#2094485 or equiv).

PNP switch is off. When VS is less than VF, 
the oscillator is enabled and the PNP transis-
tor switches on and off. VS is half the input 
voltage VS = VIN/2 as set by the R3-R4 volt-
age divider. 

VF is set by the R1-R2 divider to equal 
VIN/2 when the output voltage VOUT = –VIN. 
D2 is a commutating diode that blocks +V 
from the output while charging the induc-
tor. It then provides a current path for the 
discharging inductor to transfer charge to the 
output capacitor. 

The switching action continues until the 
voltage on the capacitor equals –VIN. At that 
point, the comparator disables the oscilla-
tor and Q3 stays OFF. When voltage across 
the capacitor drops, the comparator enables 
the oscillator and the inductor is pumped up 
again. 

Since there is a single input voltage, each 
op-amp uses a resistor divider to “split the 
rail” to create a signal ground. That allows the 
negative input to sense positive and negative 
voltages with respect to the positive input. 
C2 and C4 bypass the signal grounds to the 
supply voltage ground. 

C1 and C5 are low-ESR (equivalent se-
ries resistance — see the Electrical Fun-
damentals chapter) aluminum electrolytic 
capacitors. Tantalum capacitors might be a 
bit better, but are more expensive. ESR de-
termines how much power the capacitor can 
safely dissipate. PDISS = I2

RC × ESR, where 
IRC is the ac ripple current in the capacitor. The 

capacitors chosen are rated for a maximum 
ripple current of 840 mA. 

D1 and D2 are Schottky diodes that can 
go from conducting to non-conducting very 
quickly, allowing a high switching frequency. 
They also have a low voltage drop when con-
ducting to reduce power loss. D1 limits the 
output voltage in case the feedback fails. 

Q3 is a ZTX550 PNP transistor, chosen 
because its specifications suit this applica-
tion well:

• Maximum power dissipation, PMAX = 1 
W @ 25 °C

• Maximum continuous collector current, 
IC = 1 A

• Maximum collector-base voltage, VCBO 
= 60 V

• Maximum saturation voltage, VCE =  
0.25 V @ IC = 150 mA

• Transition frequency, fT = 150 MHz 
minimum

• Package: E-Line (slightly smaller than 
TO-92)

For this design, the chosen values are L 
= 220 mH, f = 45 kHz, and RLOAD = 100 W. 
Verifying that f × L is less than RLOAD / 8, 
f × L = (45 × 103) × (220 × 10-6) = 9,900 × 
10-3 = 9.9 W and RLOAD / 8 = 100/8 = 12.5 W 
which is less than RLOAD / 8 = 12.5. Higher 
values of RLOAD (lower output current) also 
satisfy the equation. Increasing the value of 
L or f will require that the circuit be tested to 
verify that it works.

 from    www.nutsvolts.com/magazine/article/
build_an_inverting_dc_dc_converter.

CIRCUIT DESIGN
The circuit in Figure 7.60 is a buck-boost 

dc-dc converter as described earlier in this 
chapter. This particular design has five im-
portant parameters:

• Input voltage: VIN
• Output voltage: VOUT
• Load resistance: RLOAD
• Oscillation frequency: f
• Inductance value: L
The parameters are related to each other 

by f × L < (VIN / VOUT)2 × (RLOAD / 8). 
For VIN = VOUT, the equation simplifies to 
f × L < (RLOAD / 8). (See the complete article 
included with this book’s online content for 
the derivation of these equations.)

Figure 7.60 shows the schematic of the 
circuit. A square wave oscillator (U2) drives 
a MOSFET (Q2) that, in turn, drives a PNP 
switching transistor (Q3). The oscillator is 
enabled/disabled by the output of the com-
parator (U1) with inputs that are a set point 
voltage (VS on the comparator’s + input) and 
a feedback voltage (VF at the comparator’s 
– input). (Comparators are described in the 
Analog Fundamentals chapter.) The fre-
quency of the oscillator is f = 1 / 2.2 (R7 × C3).

When the output voltage, VOUT, is the cor-
rect value, VS exceeds VF by a few µV and 
the oscillator is disabled by Q1 so that the 
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7.15.5 High-Voltage  
Power Supply

The online content includes “A Deluxe  
High Voltage Supply” by Jim Garland, W8ZR, 
which is discussed here, and “A Small, 
Lightweight High-Voltage Switch-Mode 
Power Supply” by Ralph Crumrine, NØKC.

This two-level, high-voltage power supply 
was designed and built by Dana G. Reed, 
W1LC. It was designed primarily for use with 
an RF power amplifier. The supply is rated at 
a continuous output current of 1.5 A, and will 
easily handle intermittent peak currents of 2 
A. The 12 V control circuitry and the low-tap 
setting of the plate transformer secondary 
make it straightforward to adapt the design 
to homemade tube amplifiers.

The step-start circuit is straightforward and 
ensures that the rectifier diodes are current-
limited when the power supply is first turned 
on. A 6 kV meter is used to monitor high-
voltage output.

Figure 7.61 is a schematic diagram of the 
bi-level supply. An ideal power supply for a 
high-power linear amplifier should operate 

from a 240 V circuit, for best line regula-
tion. A special, hydraulic/magnetic circuit 
breaker also serves as a disconnect for the 
plate transformer primary. Don’t substitute 
a standard circuit breaker, switch or fuses 
for this breaker; fuses won’t operate quickly 
enough to protect the amplifier or power sup-
ply in case of an operating abnormality. The 
100 kW, 3 W bleeder resistors are of stable 
metal-oxide film design. These resistors are 
wired across each of the 14 capacitors to 
equalize voltage drops in the series-connected 
bank. This choice of bleeder resistor value 
provides a lighter load (less than 25 W total 
under high-tap output) and benefits mainly 
the capacitor-bank filter by yielding much 
less heat as a result. A reasonable, but longer 
bleed-down time to fully discharge the capaci-
tors results — about nine minutes after power 
is removed. A small fan is included to remove 
any excess heat from the power supply cabinet 
during operation.

POWER SUPPLY CONSTRUCTION
The power supply can be built in a 231⁄2 × 

103⁄4 × 16-inch cabinet. The plate transformer 
is quite heavy, so use 1⁄8-inch aluminum for 
the cabinet bottom and reinforce it with alu-
minum angle for extra strength and stability. 
The capacitor bank will be sized for the spe-
cific capacitors used. This project employed 
3⁄8-inch thick polycarbonate for reasonable 
mechanical stability and excellent high-volt-
age isolation. The full-wave bridge consists 
of four commercial diode block assemblies.

POWER SUPPLY OPERATION
When the front-panel breaker is turned on, 

a single 50 W, 100 W power resistor lim-
its primary inrush current to a conservative 
value as the capacitor bank charges. After 
approximately two seconds, step-start relay 
K1 actuates, shorting the 50 W resistor and 
allowing full line voltage to be applied to the 
plate transformer. No-load output voltages 
under low- and high-tap settings as configured  
and shown in Figure 7.61 are 3050 V and  
5400 V, respectively. Full-load levels are 
somewhat lower, approximately 2800 V 
and 4900 V. If a tap-select switch is used as 

Figure 7.61 — Schematic diagram of the 3050 V/5400 V high-voltage power supply.
C1-C14 — 800 µF, 450 V electrolytic.
C15, C16 — 4700 µF, 50 V electrolytic.
C17 — 1000 µF, 50 V electrolytic.
CB1 — 20 A hydraulic/magnetic circuit 

breaker (TE Connectivity/Potter & 
Brumfield W68-X2Q12-20 or equiv). 40 A 
version required for commercial appli-
cations/ service (TE Connectivity/Potter 
& Brumfield W92-X112-40).

D1-D4 — String of 1000 PIV, 6 A diodes 
(6A10 or equiv).

D5 — 1000 PIV, 3 A, 1N5408 or equiv.
D6, D7 — 200 PIV, 3 A, 1N5402 or equiv.
F1, F2 — 0.5 A, 250 V (Littelfuse 313 

Series, 3AG glass body or equiv).
K1 — DPDT power relay, 24 V dc coil; both 

poles of 240 V ac/25 A contacts in paral-
lel (TE Connectivity/Potter & Brumfield 
PRD-11DYO-24 or equiv).

M1 — High-voltage meter, 6 kV dc full 
scale. (Important: Use a 1 mA or smaller 
meter movement to minimize parallel-
resistive loading at R14. Also, select 
series meter-resistor and adjustment-
potentiometer values to calibrate your 
specific meter. Values shown are for a  
1 mA meter movement.)

MOT1 — Cooling fan, 119 mm, 120 V 
ac, 30 – 60 CFM, (EBM Pabst 4800Z or 
equiv).

R1-R14 — Bleeder resistor, 100 kW, 3 W, 
metal oxide film.

R15 — 50 W, 100 W.
R16 — 3.9 kW, 25 W.
R17 — 30 W, 25 W.
R18 — 20 W, 50 W.
S1 — Ceramic rotary, 2 position tap-

select switch (optional). Voltage rating 

between tap positions should be at 
least 2.5 kV. Mount switch on insulated 
or ungrounded material such as a metal 
plate on standoff insulators, or an insu-
lating plate, and use only a nonconduc-
tive or otherwise electrically-isolated 
shaft through the front panel for safety.

T1 — High-voltage plate transformer, 
220/240 V primary, 2000/3500 V, 1.5 A 
CCS JK secondary, Hypersil C-core 
(Hammond Engineering, www.hammfg.
com). Primary 220 V tap fed with nomi-
nal 240 V ac line voltage to obtain mod-
est increase in specified secondary 
voltage levels.

T2 — 120 V primary, 18 V CT, 2 A second-
ary (Mouser 41FJ020).

Z1-Z2 — 130 V MOV.
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Figure 7.62 — Passive circuits for reverse-polarity protection. Series diode (A). Full-wave 
rectifier (B). PMOS MOSFET with integral body diode shown as separate component (C). 
Shunt diode (D). Schottky barrier diodes may be used in all circuits as a substitute for 
silicon junction rectifiers. See text for circuit comparison. Relay-based circuits can be 
based on normally-closed contacts (E) or normally-open contacts (F) as compared in 
the text. It is recommended that for use in amateur stations that a 0.001-0.01 uF capaci-
tor be added across each diode at a power input. This will eliminate harmonics or mixing 
products being generated by any RF current on the power connection leads.
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heat sinking. (The shunt diode circuit in 
Figure 7.66D does not dissipate power.) 
Figure 7.62E-F shows two methods of using 
an electromechanical relay that avoid the for-
ward voltage drop of diode-based protection 
circuits. Which circuit you choose depends 
on the type of equipment and constraints on 
power dissipation and voltage drop.

PASSIVE CIRCUITS
Blocking diode (Figure 7.62A) — A series 

diode is very simple and inexpensive. Its PIV 
rating should be at least twice the expected 
applied voltage — 50 V PIV is a good mini-
mum value for automotive and 12 V dc use. 
Its maximum average forward current rating 
should be several times the expected maxi-
mum steady-state current draw. 

Remember that a silicon junction diode’s 
forward voltage drop, Vf, is at least 0.6 V 
and can approach 1.0 V at high forward cur-
rent. This can result in significant power dis-
sipation (P = Vf × If) and cause the diode’s 
maximum rated junction temperature to be 
exceeded unless some means of cooling the 
diode is provided. See the article “Diode 
Voltage Drops Raise Battery Power Drain” 
in the online information for more details.

The forward voltage drop of the diode will 
also reduce the voltage available to the equip-
ment being powered. This will raise the mini-
mum allowable power supply voltage for the 
equipment to operate properly. For example, 
if a piece of equipment is rated to operate 
properly at or above 11 V, a series diode with Vf 
= 0.6 V raises the minimum allowable power 
supply voltage to 11 + 0.6 = 11.6 V. This may 
be significant in battery-powered installations.

The Schottky barrier diode shown as an al-
ternate may be a better choice due to its forward 
voltage drop being lower by several tenths of 
a volt, reducing power dissipation. A Schottky 
diode may be used in place of any of the diodes 
in Figure 7.62. Be sure the reverse current 
leakage of the Schottky diode is acceptable.

Full-wave bridge rectifier (Figure 7.62B) 
— The full-wave circuit has the advantage 
of always supplying voltage with the proper 
polarity to the equipment being powered. 
Full-wave rectifiers are also available as inte-
grated packages, making them easy to install. 
Remember that the forward voltage drop and 
power dissipation of this circuit will be twice 
that of the single series diode because two di-
odes are always in series with supply current.

PMOS P-channel MOSFET (Figure 7.62C) 
— This circuit uses a P-channel enhancement-
mode (PMOS) MOSFET that conducts current 
with the gate connected as shown. PMOS de-
vices have low on-resistance (Rds(on)) and high 
maximum current ratings. Devices with on-
resistance of 0.050 W and lower are commonly 
available. For more information about using 
PMOS and NMOS devices for polarity protec-
tion see Maxim Electronics Application Note 

described in the schematic parts list, it should 
only be switched when the supply is off.

7.15.6 Reverse-Polarity 
Protection Circuits

The following material was collected from 
various public-domain sources by Terry 
Fletcher, WAØITP(www.wa0itp.com/revpro.
html) and published in the QRP Quarterly, 
Spring 2012 issue. (www.qrparci.org)

DC power is the standard for most ama-
teur radios and accessories, usually a nominal 
12 V (10.5 to 13.8 V). There are many dif-
ferent types of connectors used for dc power 
— from screw terminals to custom-molded 
multi-pin designs. This makes it easy to ac-
cidentally apply power with reversed polarity 
and damage equipment. Even a few millisec-
onds of reversed power can be sufficient to 

destroy a semiconductor or burn out a narrow 
PCB trace. This can be a particular problem 
when using 9 V batteries as it is easy to re-
verse the snap-on connector when changing 
or installing a battery.

The following collection of circuits il-
lustrates ways to protect equipment from re-
verse-polarity dc power. The suitability of the 
circuits depends on the equipment and power 
source. All dc power sources, particularly bat-
teries, should be fused or current-limited to 
mitigate fire hazards and other damage from 
overheating wires and other conductors.

Figure 7.62A-D shows several passive 
circuits that dissipate some power due to the 
series forward voltage drop of the diodes. At 
currents above 1 A, the power dissipated can 
easily exceed 1 W and the maximum junction 
temperature of the diode can be exceeded 
without some sort of thermal protection or 
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Figure 7.64 — The charging circuit shown mounted directly on a 9 Ah SLA battery. Note 
the USB charging module mounted next to J1 at the left-hand side of the board.

636, “Reverse-Current Circuitry Protection” 
(www.maximintegrated.com/en/design/
technical-documents/app-notes/6/636.
html). N-channel devices may also be used in 
the current return or ground lead, but opening 
the return connection can create other prob-
lems inside the equipment and with other de-
vices on the same power circuits.

Shunt diode with fuse (Figure 7.62D) — 
These configurations use a single diode that 
acts to blow a fuse (either a fusible-link or 
positive temperature coefficient PTC reset-
table device) if reverse polarity voltage is ap-
plied. The advantage of this circuit is that no 
power is dissipated by the diode during normal 
operation. The diode must be sufficiently rated 
to handle the high surge current from shorting 
the power source and have current ratings sig-
nificantly higher than the fuse current rating.

If the diode fails shorted or in a low- 
resistance state, it will continue to blow the 
fuse until replaced. If the diode fails open or 
high-resistance, it will no longer protect the 
circuit. If shunt diode protection is used and 
the fuse opens, check the diode to be sure it 
has not failed as well.

RELAY-BASED CIRCUITS
Relay-based circuits have the advantage of 

little to no voltage drop, even at high currents 
as long as the contact ratings are sufficient. 
The circuits are more complex than the diode-
based circuits in the preceding section but 
can generally handle more current and are 
not damaged by reverse polarity voltages. 
The circuits reset themselves automatically.

Relay with normally-closed contacts 
(Figure 7.62E) — There is no current drain 
through the relay coil until reverse-polarity is 
applied. However, there will be a few millisec-
onds during which reverse polarity volt-age 
is applied if no power switch (S1) is used or 
the power switch is closed. This is generally 
enough time for damage to occur so this cir-
cuit is only recommended if a power switch 
is used to turn the equipment ON and OFF.

Relay with normally-open contacts 
(Figure 7.62F) — The relay contacts close 
and supply power to the equipment only 
when applied voltage has the proper polar-
ity. The relay coil draws current continuously 
during normal operation. This may be unac-
ceptable for low-power and battery-powered 
equipment.

ACTIVE CIRCUIT
The circuit in Figure 7.63 uses a pair of 

P-channel MOSFETs to turn power on and 
off, while blocking reverse current flow. The 
circuit can be controlled manually or with 
a control circuit, such as a microprocessor. 
Using low ON-resistance MOSFETs avoids 
the voltage drop of a series diode. The cir-
cuit is part of the QSX transceiver designed 
by Hans Summers, GØUPL, of QRP Labs 
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Figure 7.63 — Active switching circuit. See text for details.

(qrp-labs.com) and is presented here with 
his permission.

Two P-channel MOSFETs in series provide 
the reverse-polarity protection. Note the ori-
entation of drain and source and body diodes 
in Q1 and Q2 are reversed. If only Q2 is pres-
ent, its body diode would allow reverse cur-
rent to flow. Q1’s body diode blocks reverse 
current. Both Q1 and Q2 must be on to allow 
forward current to flow. (If reverse polarity 
protection is not needed, Q1 and R3 can be 
removed.) To turn on a P-channel MOSFET, 
Vgs, the gate voltage must be negative with 
respect to the source by at several volts, typi-
cally 3V.

When external positive dc power is applied, 
the body diode of Q1 applies voltage to R3. 
This pulls the gates of both Q1 and Q2 to the 
external power voltage and turns the channels 
of both Q1 and Q2 off. The body diode of Q2 
is reverse biased and non-conducting.

When S1 is closed, both gates are pulled to 
ground or common, switching on both transis-
tors and allowing current to flow through the 
switch. If S1 is a toggle switch, both R5 and 

Q3 are not needed. When S1 is re-opened, the 
gates of Q1 and Q2 are pulled up again and 
the switch turns off.

If S1 is a momentary switch such as a push-
button, R4 can supply a signal to a control 
circuit indicating S1 is closed. The control 
circuit can then generate the Power Hold On 
signal to Q3 (typically +3V or more). This 
turns Q3 on, pulling the gates of Q1 and Q2 
to ground and holding the switch on. When S1 
is closed again, the control circuit can remove 
the Power Hold On signal, allowing the switch 
to turn off as soon as S1 is opened.

7.15.7 Simple Sealed  
Lead-Acid Battery Float  
Charger and Switch

This charger was designed by John Boal, 
K9JEB, to keep a sealed lead-acid (SLA) bat-
tery charged from an external power source 
such as a vehicle, solar panel, or ac power 
supply. The battery will remain connected 
to the load if external power is removed or 
the power source voltage drops to below the 



Power Sources   7.57

BT1 — SLA battery: 7-12 Ah (not supplied 
with parts kit)

C1, C2, C3 — 0.1 µF, 50 V ceramic
D1 — 1N4738A, 8.2 V Zener diode
D2 — LED, green
D3 — 10A10 10A Schottky diode 

(optional, install in series with J1)
F1 — 15A automotive blade fuse, stan-

dard
J1, J2, J3, J4, J5, J7 — Anderson Power-

pole connector pair, including housing 
and contact

J6 — 0.1-inch DIP header, 2×2 (optional)
M1 — DVM module
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Figure 7.65 — Schematic of the battery charger circuit. Resistors are 1⁄8 W, 5% toler-
ance. Equivalent parts may be substituted. A complete kit of parts with PC board as 
well as separate PC boards are available from the author at his website, k9jeb.com. 
Enclosure design is the responsibility of the builder.

Q1 — 2N3906 transistor
Q2 — RF540N MOSFET
Q3 — IRF40B207 MOSFET
R1 — 1 kΩ trimpot
R2 — 1 kΩ resistor
R3, R4 — 10 kΩ resistor
R6 — 100 kΩ resistor
S1 — Sub-micro toggle switch, On-Off-On 

(center off)
S2 — Mini toggle switch, On-On
U1, U2, U3 — USB charging module
Wire ties for securing the Powerpole 

connectors
PC board (available from K9JEB at  

k9jeb.com)

battery voltage. The circuit float-charges the 
battery from the external power source and 
includes an overvoltage detection circuit to 
prevent overcharging the battery. 

The circuit has a low-profile (1⁄2-inch 
height) battery-top size that matches 7 to 
12 Ah SLA form factor batteries with F1 or 
F2 connectors. The assembled unit is shown 
mounted on such a battery in Figure 7.64. 
The schematic and parts list for the circuit 
are provided by Figure 7.65. The circuit is 
intended for use with batteries from 1 to 35 
Ah. Wet-cell lead-acid batteries may be used 
if the cells are kept topped off with electrolyte. 
Do not use this charger with lithium, nickel, 
or other battery chemistries.

POWER CONTROL
The input power source and the battery 

share the output load. The input source 
recharges the battery directly, as well. If the 
input source is disconnected, the battery takes 
over supplying the load. Low-power input 
sources can be used to charge the battery as 
long as their terminal voltage remains higher 
than the battery voltage.

D3 is an optional diode to prevent power 
from back-feeding current into the power 
source when the source voltage is lower than 
the battery voltage. D3 should be installed 
if the external power voltage can fall below 
the battery voltage, such as for automotive or  
solar power applications. 

Q3 acts as the master battery ON/OFF 
switch. It is an ultra-low Rds-ON 40B207 
MOSFET rated to carry dozens of amps con-
tinuously. It is connected as a low-side switch 
from the battery negative terminal to the cir-
cuit common and input negative or return 
terminal (ground).

Q1, a PNP transistor, is biased on by R4 
and R6. It supplies enough current through 
R3 and D2 to raise the gate voltage of Q3 so 
that it is fully on. This lowers the resistance 
between the drain and source of Q3 to about 
4 mΩ. R2 limits the total current through Q1 
to about 13 mA. D2 is the Battery ON indicator.

Q3 dissipates heat while conducting 
according to P = Ids

2Rds. The design of the 
PC board includes bare heat-sinking traces 
on top and bottom of the board, as well as 
the FET mounting screw and nut. Installed 
directly on the board, Q3 can dissipate up to  
2 W without damaging the device: if P = 2 W and  
R = 4 mΩ, then IdsMAX = 22 A. The 15 A bat-
tery fuse in the parts list should open at about 
18 A continuous or 20 A surge. Even a 20 A 
fuse can probably be used safely if required.

S2 is a Battery OFF switch that physically 
disconnects the battery’s negative terminal. 
Since S2 carries the full battery current, be 
sure it is rated adequately for your battery and 
peak load current. (An alternative is to use a 
switch to ground the gate of Q3, turning it off 
along with D2. The battery remains connected 
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to Q3 in this case.) The specified mini-toggle 
switch is rated at 5 A which is adequate for 
most 7 to 9 Ah battery applications. To carry 
higher currents, replace S2 with a heavier 
switch. If the Battery OFF function is not 
required, S2 can be replaced with a heavy 
jumper. 

POWER DISTRIBUTION
Anderson Powerpole connectors are used 

for both input and output power. Up to six 
output power connections are available. Any 
of the connectors can be used as the input 
power source connection. All of the power 
connectors are connected in parallel on a 
large-trace bus on the bottom of the board 
which should carry 25 to30 A safely. If higher 
currents are required, #14 AWG wire can  
be soldered to the traces which are kept  
bare for this purpose. Power output cables 
may be hard-wired to the traces if required. 
It is recommended that the pairs of connec-
tors be secured with wire-ties as shown in 
Figure 7.64.

While the circuit board and transistor can 
handle a higher load, the battery’s terminals 
and internal plate construction should limit 
input or output current to 15 to 20 A maximum 
continuous load. Even loads of 25 A or more 
are okay for a few seconds but should not be 
continuous. Radios in the 100 W class can be 
used at full power on SSB or CW. Digital 
modes should be used at reduced power to 
prevent battery or circuit overload. (S2 will 
have to be replaced by a heavier switch, how-
ever. Battery voltage below 12 V may cause 
erratic or improper operation of transceivers 
designed for 13.8 V supply voltages.)

CHARGING CIRCUIT
The chemistry of the SLA battery allows 

it to be kept charged at a constant voltage 
between 13 and 13.8 V, with 13.8 V being the 
optimum voltage. The circuit keeps the bat-
tery connected to the input power source 
through Q3, so it can be kept fully charged. 
For a 7 to 12 Ah SLA battery discharged to 
about 11 V, inrush current to the battery 
through Q3 is about 4 A, decreasing to just a 
few mA within a few seconds as the battery 
voltage comes up to the input voltage. The 
battery is then float-charged by the external 
source. (A trickle-charger supplies a small 
amount of current to the battery at all times.)

OVER-VOLTAGE CUTOFF CIRCUIT
The battery is disconnected by turning off 

Q3 if the input charging voltage is too high, 
which can damage the battery by overcharg-
ing it. Voltages above 13.8 V are common in 
automotive electrical systems and solar pan-
els. Zener diode D1 drops the input voltage 
across trimpot R1 to Vin – 8.2 V. As input 
voltage rises, the voltage on the wiper of R1 

eventually turns on Q2, shorting the gate of 
Q3 to ground and turning it OFF. This also 
turns off the Battery ON indicator, D2.

The user should set the desired threshold 
voltage for the overvoltage protection circuit 
at about 13.7 or 13.8 V. Set the threshold by 
applying 13.8 V dc to the input, adjusting R1 
until D2 goes out, then reverse the adjustment 
until D2 just turns back on. At this setting, 
the circuit will allow 13.8 V to charge the 
battery but disconnect the battery at any 
higher voltage. If the input voltage drops 
below 13.8 V, the battery will be reconnected 
and D2 will turn on again.

USB CHARGING MODULES
Up to three +5 V, 2.5 A USB charger mod-

ules can be added in three places on the board, 
each replacing an Anderson Powerpole con-
nector pair. One can be seen at the left-hand 
side of the PC board in Figure 7.64. These 
modules are widely available as commodity-
type parts from a variety of sources.

Modules can be added along any of three 
edges of the board for flexibility in possible 
mounting configurations. All of the module 
+5 V outputs are connected in parallel and to 
J6 for external use if needed. As with all dc-dc 
converters, these modules are switched (at 
about 250 kHz) and may occasionally cause 
RF interference (RFI). If RFI from the USB 
charging modules is objectionable, a linear 
regulator such as the 2 A, +5V L78S05CV 
(with heatsink) can be used as a noise-free  
5 V power supply, but it will generate about 
9 W of heat for every 5 W delivered to the 
load. It also requires filter capacitors of  
0.01 µF and 100 µF.

MISCELLANEOUS
C1, C2, and C3 are 0.1 µF capacitors to 

reduce HF and VHF noise on the dc power 
busses. Different values may be substituted 
if noise at higher or lower frequencies is 
encountered. 

The DVM is a typical miniature 3-digit 
meter/display module available from many 
vendors. S1 switches the DVM to either dis-
play input voltage, turns it off, or to display 
the actual battery voltage. 

J6 is an optional 2×2 pin header that pro-
vides a connection to both input and output 
voltages, +5 V dc from the USB charging 
modules if installed, and common (ground). 
Note that the input source connection to J6 is 
not fused.

7.15.8 Simple Adjustable 
Tracking Power Supply

This project by Bryant Julstrom, KCØZNG, 
was originally published in the Spring 2014 
issue of the QRP ARCI QRP Quarterly. The 
author also published “Another Low Voltage 

Power Supply” beginning on page 9 of the 
January 2019 issue of QRP Quarterly. A PDF 
version of the original article, including all 
figures, is available with this book’s online 
content.

The typical experimenter’s bench power 
supply provides an adjustable positive voltage 
of up to 25 V at up to 1 A of current. This 
suffices for many circuits and projects, but 
others require positive and negative voltages 
of equal magnitude. Op-amp circuits, for 
example, often require ±15 V.

THE CIRCUIT
The circuit is implemented using two 

garden-variety ICs, an LM317 positive 
regulator and an LM337 negative regulator, 
both in TO-220 packages. (Note that the 
orientation of the input-common-output 
connections are different between the two 
regulators!) The input voltages of the circuit 
are limited only by the maximum inputs 
of the two regulators, ±40 V. (An alternate 
implementation based on the LT1033 tracking 
regulator is shown in an article included with 
this book’s online content.) A voltmeter is 
switched between either of the supply’s 
outputs and common.

Input power to the tracking regulator is 
supplied by a power transformer with a center-
tapped secondary. The peak secondary output 
voltage on each side of the center-tap should 
be several volts higher than the maximum 
supply output at full load. See this chapter’s 
section on power supply ripple to determine 
the minimum required filter capacitance.

In the author’s case, the heaviest trans
former available provided only 26 V CT 
(center-tapped) and the input to the regulator 
of ±13 V was too low. One possible solution 
would be to use two identical transformers 
with their primary windings in parallel and 
their secondaries in series with the connection 
between secondaries serving as the center-tap.

Since 24 to 28 V CT is a common secondary 
voltage range, however, the author chose to 
use the available transformer and back-to-
back half-wave voltage doublers, one on 
either side of the secondary winding’s center 
tap, to provide about ±26 V to the tracking 
regulator. This halves the current that can 
be drawn from the transformer, but if the 
transformer secondary is rated at 2 A, the 
resulting maximum output current of 1 A in 
each leg of the supply is sufficient for a wide 
range of projects. 

Figure 7.66 shows the circuit of the track-
ing power supply. The author used 1N5402 
rectifiers in the voltage doublers because  
they were available, but any 100 V diode rated 
at 3 A or more of average forward current will 
work. The two 2.2 µF capacitors should be 
solid tantalum types. 

R4, a front-panel potentiometer, is used 
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Figure 7.66 — Schematic of the adjustable tracking power supply. Regulators are mounted to the enclosure, which serves as a heat 
sink. Resistors are 1⁄4 W film, 5% tolerance unless noted otherwise.

C1-C4 — 1500 μF, 50 V electrolytic
C5, C6 — 10 μF, 50 V electrolytic
C7, C8 — 2.2 μF, 35 V, solid tantalum
D1-D4 — 1N5402 or equivalent
D5, D6 — 1N4002 or equivalent
F1 — 250 V, 1 A ac fuse and fuse holder

M1 — 0-25 V voltmeter or equivalent
R1, R2 — 4.7 kW
R3 — 100 W
R4 — 5 kW, panel-mount potentiometer
R5 — 390 W
R6 — 200 W trimmer potentiometer
S1 — SPST toggle switch

S2 — DPDT miniature toggle switch
T1 — 26 V CT at 2 A secondary or  
  equivalent (see text)
U1 — LM317adjustable positive voltage  
  regulator
U2 — LM337adjustable negative voltage  
  regulator

for voltage adjustment. R6, a 200 W trimmer 
potentiometer, provides for fine tracking 
adjustment. The 390 W resistor (R5) sets the 
regulator’s minimum outputs at about ±3.6 V 
for reasons described below.

CONSTRUCTION
As constructed, the front panel holds 

three binding posts (positive output, negative 
output, and common), two miniature toggle 
switches (on/off and voltmeter switching), 
the voltage-adjustment potentiometer and its 
knob, and a voltmeter. Note that the common 
connection of the power supply is usually 
left floating from the enclosure ground 
which must be connected to the “third-wire” 
ac safety ground. If desired, a binding post 
connected to the enclosure can be added so 
that a jumper can be used to connect the power 
supply common to the ac safety ground.

The voltmeter used by the author is a three-
digit LED unit from Marlin P. Jones (www.
mpja.com; part number 30217 ME with blue 
digits, also available in green and red). The 
meter is powered by the voltage it measures, as 
long as the voltage is at least 3.6 V as determined 
by R5 as explained previously. An analog meter 
or a digital meter with a separate power supply 
would allow lower minimum output voltages. 
One could augment the supply’s measurements 
with current metering or with simultaneous 
measurements of both outputs.

The enclosure holds the power transformer 

and two circuit boards. The two voltage 
doublers occupy one circuit board and the 
tracking regulator the other. The circuit is 
simple enough that perforated board (“Perf-
board”) was used with point-to-point wiring. 

The LM317 and LM337 are mounted at the 
edge of the regulator board and attached to 
the back panel, which serves as a heat sink, 
using mica insulators, nylon bolts, and a thin 
coating of heat sink compound. The rear panel 
also holds a snap-in IEC three-wire ac line 
connector. (Photographs of the finished power 
supply are provided in an article included with 
this book’s online content.)

ADJUSTMENT AND PERFORMANCE
The only internal adjustment in the supply 

is the tracking potentiometer (R6), which must 
be set so that the two voltages track each other 
accurately. This is touchy, but the two voltages 
can be made to match within 0.1 V throughout 
the supply’s range. The completed supply 
provides closely matched positive and negative 
voltages from ±3.6 V to about ±23 V, and a 
maximum current of 1 A in each leg.

The tracking adjustment and the front-
panel voltage adjustment (R4) are delicate. In 
both cases, multi-turn potentiometers would 
be much easier to set. The tracking control 
could also be replaced with a series resistor 
and a smaller-value potentiometer to make 
adjustment less sensitive.

7.15.9 Overvoltage 
Protection for AC Generators

When using portable generators, there is 
always a possibility of damage to expensive 
equipment as a result of generator failure, 
especially from overvoltage. If the genera-
tor supplying power to this equipment puts 
out too much voltage, you run the risk of 
burning up power supplies or other electronic 
components. This project, by Jerry Paquette, 
WB8IOW, addresses the problem of increased 
voltage (not lower voltage) or surges and 
spikes lasting for a few microseconds.

Using a portable generator overvoltage 
protection circuit and ground-fault circuit 
interrupter (GFCI) as shown in Figure 7.67 
is good insurance. This overvoltage protection 
device must be used in conjunction with a 
GFCI at each station! (More information on 
GFCIs may be found in the Safety chapter.)

CIRCUIT DESCRIPTION
Refer to Figure 7.67 for this description. 

R1 places an intentional fault on the load side 
of the GFCI. With the value resistor used, 
the fault is limited to 10 mA. (The normal 
tripping threshold of a GFCI is 5 mA. This 
current forces the GFCI to trip in just a few 
milliseconds. This circuit will not function 
at all without the use of a GFCI. A GFCI 
must be used at each station. If a single GFCI 
were used at the generator, rather than one at 



7.60    Chapter 7

Figure 7.68 — Schematic of the over-
voltage crowbar circuit. Unless otherwise 
specified, resistors are 1⁄4 W, 5% tolerance. 
A PC board is available from FAR Circuits 
(www.farcircuits.net).
SCR — C38M stud-mount (TO-65 package)
U1 — MC3423P or NTE7172 voltage protec-

tion circuit, 8-pin DIP
D1 —Zener diode, 1⁄2 W (see text)
R1 — 5 kW, PC board mount trimmer 

potentiometer

Figure 7.67 — Schematic of the Field Day equipment overvoltage-protection circuit. This circuit must be used in conjunction with a 
ground fault circuit interrupter (GFCI). A separate GFCI must be installed at each station. Unless otherwise specified, resistors are 
1⁄4 W, 5% tolerance. A PC board is available from FAR Circuits (www.farcircuits.net).
D1 — 200 PIV, 1 A diode; 1N4003 or equiv.
DS1, DS2 — Small LEDs

each location, premature tripping could occur. 
Several hundred feet of extension cords could 
have enough leakage to trip the GFCI.

You can see that the GFCI has separate 
lines (inputs) and loads (outputs). GFCI input 
terminals must be connected to the generator 
output. The GFCI ground must be tied to the 
ground of the generator. The load (comput-
ers, radios, etc) will plug into the GFCI or 
are wired to the load side of the GFCI. The 
primary of T1 is wired to the load side of 
the GFCI. The 12 kW/2 W resistor, however, 
must be wired to neutral on the line side of 
the GFCI in order for it to trip when used with 
generators that have windings isolated from 
ground. For safety, construct the entire unit 
in a single enclosure including the GFCI and 
its wiring. The generator connection can be 
made through a wired plug or using a male 
receptacle mounted on the enclosure.

T1 can be any 120 V to 12.6 V transformer 
capable of delivering 100 mA or more. 
Mounting of this transformer varies depend-
ing on the type used. All remaining compo-
nents mount on a circuit board. D1 rectifies 
the ac from T1 and the 100 µF capacitor filters 
the dc. This voltage provides the power to the 
723 voltage regulator.

Two fixed resistors and a potentiometer 
form the voltage-divider network supplying 
voltage to the LM723 input, pin 5. R1, the 
board-mounted potentiometer, has only three 
leads, but there are four pads on the circuit 
board, to accommodate different styles of 
pots. The 2.2 µF capacitor provides a slight 
delay, to prevent false tripping when the cir-
cuit is powered up. The 0.01 µF capacitor from 

R1 — 10 kW board-mounted, multi-turn 
potentiometer

pin 13 of the 723 to the negative supply bus 
should always be used. When the voltage at 
pin 5 goes higher than the reference voltage 
at pins 4 and 6, pin 11 goes low, turning on 

the trip indicator LED DS2 and the optical 
coupler LED. LED current is limited by the l 
kW resistor. The optical coupler turns on the 
TRIAC, which creates a 10 mA fault current 
between the hot wire and ground of the GFCI. 
DS2 will remain lit as an indicator until the 
100 µF capacitor is discharged.

ADJUSTMENT
Adjustment is simple. You’ll need a vari-

able ac transformer (Powerstat or Variac). 
Turn R1 fully clockwise and use the variable 
transformer to adjust input to 130 V ac. Turn 
the pot counterclockwise until the GFCI trips.

7.15.10 Overvoltage  
Crowbar Circuit

The overvoltage “crowbar” circuit in 
Figure 7.68 is intended as a last line of de-
fense against power supply output overvolt-
age failures. When an overvoltage condition 
is detected, the heavy-duty SCR is turned  
ON, presenting a short-circuit across the 
power supply output. The intent is to cause 
protective components in the supply, such as a 
fuse or circuit-breaker, to remove power. This 
protects equipment connected to the supply. A 
complete description of the circuit is provided 
in the online information for this chapter.

Additional Projects  
and Information

Additional power source projects and sup-
porting files are included with this book’s 
online content.
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