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Frequent Design ldeas author
takes home annual award

EDN is pleased to announce that Stephen Woodward’s design entry is the grand-prize winner of EDN’s 2001
Design Ideas competition. Woodward will receive a $1500 check for his July 5 entry, “Quickly discharge power-
supply capacitors,” which we present again below in case you missed it the first time. Woodward is a frequent EDN
contributor and previously won the annual award for his first submission to EDN in 1974.

The Design Ideas section is among the most popular features in EDN, because it embodies the traditional engi-
neering challenge: An individual sees a well-defined and bounded problem; applies a mix of hardware, software, and
algorithms; and produces an innovative solution to that problem. In many cases, the problem is unique or requires
a solution that is complex and costly.

According to Woodward, “There’s nothing quite like the satisfaction that comes from seeing your name in print
attached to something that others find a useful idea. I've done over a hundred of these bite-sized articles, and the
pleasure has never faded. The ideas that form the basis for my Design Ideas come from two basic sources. Some I
develop specifically for publication. Others come from real-life applications. The circuit that won this year is one
of these. The rapid and safe discharge of large power-supply filters is a problem I've been bothered by for years.
The topology in this year’s winning Design Idea is a solution I came up with only after long consideration. It has
served me well in dozens of designs.”

We congratulate Woodward on his achievement.

Edited by Bill Travis

Quickly discharge power-supply capacitors
Stephen Woodward, University of North Carolina, Chapel Hill, NC

PERENNIAL CHALLENGE in power- R, (Figure 1). The trouble with the R, dump, but also constantly when the
Asupply design is the safe and speedy  fix is that power continuously and power supply is on. The resulting ener-

discharge, or “dump,”at turn-off of ~ wastefully “bleeds” through R ,notonly gy hemorrhage is sometimes far from
the large amount of energy stored inthe ~ when it’s desirable during a capacitor negligible.

postrectification filter ca-

pacitors. This energy, CV?/2,
11 h

can usually reac Figure 1

tens of joules. If you

let the capacitors self-dis-

charge, dangerous voltages ONC
can persist on unloaded O NG
electrolytic filter capacitors 120V AC

for hours or even days.

These charged capacitors
can pose a significant hazard +| 4400 pF
to service personnel or even T 200v
to the equipment itself. The

Re

Figure 1 offers an illus-
tration of the problem, tak-
en from the power supply
of a pulse generator. The
CV?/2 energy stored at the
nominal 150V operating
voltage is 150>X 4400 wF/2,
or approximately 50]J. Sup-
pose that you choose the R,
fix for this supply and opt
to achieve 90% discharge
of the 4400-wF capacitor
o within 10 sec after turning

1k
o5W V=150V

standard and obvious solu-
tion to this problem is the

traditional “bleeder” resistor, | A bleeder resistor ensures safety but wastes much power.
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off the supply. You then
have to select R to provide
a constant RC time no
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longer than 10/In(10), or 4.3 sec. R,
therefore, equals 4.3 sec/4400 WF,
or approximately 1 k(). The re-
sulting continuous power dissipated in
R, is 150%/1 k(), or approximately 23W.
This figure represents an undesirable
power-dissipation penalty in a low-duty-
cycle pulse-generator application. This
waste dominates all energy consumption
and heat production in what is otherwise
a low-average-power circuit. This sce-
nario is an unavoidable drawback of
bleeder resistors. Whenever you apply
the 10%-in-10-sec safety criterion, the
downside is the inevitable dissipation of
almost half the CV?/2 energy during each
second the circuit is under power.
Figure 2 shows a much more selective
and thrifty fix for the energy-dump
problem. The otherwise-unused off-
throw contacts of the dpdt on/off power
switch create a filter-capacitor-discharge
path that exists only when you need it:
when the supply is turned off. When the
switch moves to the off position, it es-
tablishes a discharge path through resis-
tors R, and R, and the power trans-
former’s primary winding. The result is
an almost arbitrarily rapid dump of the
stored energy while the circuit suffers ze-

Figure 2
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Otherwise unused switch contacts can dump energy while not wasting power.

ro power-on energy waste. Use the fol-
lowing four criteria to optimally select
R,R,and S

® The peak discharge current, V/(R,
+R,), should not exceed S ’s contact rat-
ing.

® The pulse-handling capability of R,
and R, should be adequate to handle the
CV?/2 thermal impulse. A 3W rating for
R, and R, is adequate for this 50] exam-
ple.

® The discharge time constant,
(R,+R,)C, should be short enough to

ensure quick disposal of the stored en-
ergy.

® S must have a break-before-make
architecture that ensures breaking both
connections to the ac mains before mak-
ing either discharge connection and vice
versa. Otherwise, a hazardous ground-
fault condition may occur at on/off tran-
sitions.

Is this the best Design Idea in this
issue? Select at www.ednmag.com.

High-side current sensor has period output

Greg Sutterlin, Maxim Integrated Products, Wexford, PA
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ing in many battery-powered prod-

ucts that require accurate monitor-
ing of load current, charger current, or
both. In applications for nonportable de-
signs, high-side-current monitoring
serves as a power-supply watchdog that
can flag a failure in downstream devices.
The monitoring can also eliminate haz-
ardous conditions by preventing power-
supply overloads. Further, high-side-cur-
rent monitoring of motor/servo circuits
can produce useful feedback in control
applications. These applications require
a device that converts high-side current
directly to a digital signal (Figure 1). IC,
is a low-cost, high-side-current-sense
amplifier that converts high-side current

Y OU USE HIGH-SIDE current monitor-

to a proportional, ground-referenced
voltage. Its two internal comparators
(latching and nonlatching) implement a
voltage-to-pulse converter that produces
an output pulse width proportional to
the measured current.

IC,’s Out pin charges C, via R . When
C,’s voltage reaches 0.6V, Comparator,
latches in the high-impedance state. The
time required to charge C, t0 0.6V is pro-
portional to the measured current. Com-
parator,, in conjunction with the Reset
pin, initiates the conversion and removes
the previously existing charge on C,. The
Reset and C, pins, tied together and
connected to a TTL-compatible micro-
controller output, CTRL, control the
conversion process. Normally, CTRL is

www.ednmag.com
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high. The microcontroller starts a con-
version by pulsing CTRL low, discharg-
ing C, and clearing the latch in com-
parator, (C_,, goes low.) The micro-
controller now measures the time from
the CTRL transition to the low-to-high
transition at C ., (Figure 2). The peri-
od begins at the low-to-high transition of
CTRL and ends at the low-to-high tran-
sition of C ;. As a function of the cur-
rent levels of interest, you select R and
C, values to create pulse durations in the

is proportional to the current flowing through

tens of milliseconds. As a result, the Out
settling time of 20 psec and the com-
parator propagation delays of 4 psec
have negligible effects on the measure-
ment accuracy.

To derive an expression for the output
pulse width, start with the relationship
for an RC-charging circuit: V... =
Out(1—e ~TPULSERICY) For the Out-pin
voltage, substitute the expression I
R

VTHRESH/ [
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XA, and solve for I, : 1, =
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Figure 2

These waveforms illustrate the operation of the
circuit in Figure 1.

where I, =measured current in am-
peres, V. .uo = comparator thre§hold.=
0.6V, R =current-sense resistor in

SENSE

ohms, A, =gain of IC,, and Tooise
to charge C, to V..., in seconds.

For example, selecting R =1 MQ,
C,=0.1 uE R, =0.075(), and A =20
produces a T, ., measurement of 0.022
sec in response to a 2A current. Thus, giv-
en a microcontroller timer port, an ex-
ternal interrupt, or simply an available
microcontroller input, IC, and two ex-
ternal passive components implement
high-side-current-to-digital conversion
without the need for a discrete A/D con-
verter.

Is this the best Design Idea in this
issue? Select at www.ednmag.com.
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Absolute-value comparator touts accuracy, size

Teno Cipri, Engineering Expressions Consulting, Sunnyvale, CA

two comparators and a single

op amp to determine
whether a voltage is inside or outside a
boundary region. Figure 1 shows a typi-
cal implementation. IC, is an inverting op
amp with a gain of —1.V and =V,
create the window limits. When V be-
comes more positive than V., the out-
put of IC,, goes low. When V, becomes
more negative than —V__, the output of
IC,, goeslow. If V  islower thanV, . and
greater than —V ., both outputs of IC,
remain high. The LM319 and AD548
come in 14- and eight-pin DIPs, respec-

A TYPICAL WINDOW COMPARATOR USE€S ‘
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This traditional window-comparator circuit suffers from limited input range.
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tively. The LM319 accommodates sepa- |

rate input and output power sup-
plies. The input supply can be
+15V referenced to analog ground, and
the output can use a logic supply refer-
enced to logic ground. The circuit’s input
limit is 2.5V because of the maximum
differential-input limit of the LM319. If
you think the input will exceed a +5V
differential voltage between V.. and V
or —V,..and V , then you must incor-
porate a clamping network with many
additional discrete components. The cir-
cuit in Figure 2 overcomes

Figure 2
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An absolute-value comparator circuit offers a wide input range and improved dc performance.

these limitations. Lok symmetrical for positive and neg-
To increase the maximum S— =3 ative voltages. The following
differential-input voltage, you expressions define V,: V, =
can use an LM311, but it is [V |[=—V,—(=2V,) for posi-
available only in eight-pin tive inputs, and V,=—V  for
packages, so the circuit would negative inputs.
require three eight-pin pack- - o i, St Siaie it The dual comparators of Fig-
ages. To reduce the chip count, ure 1 can have slightly different
the circuit in Figure 2 uses an thresholds. You can select the
absolute-value amplifier driv- dual op amps in Figure 2 for in-
ing a single LM311 compara- put offsets below 1 mV; doing so
tor, IC,. Although at first glance allows the circuit in Figure 2 to
the circuit in Figure 1 may look Tﬁr_-m offer improved dc performance.
. . . T Tatw I.ﬂ-\l' . .
simpler than the one in Figure el _ e g | mwut |  Another advantage of the circuit
2, you can save pc-board area : n--ll Fy in Figure 2 is the fact that you
and improve performance by l:::Ilr-:Jl-:m t:.:ll:— '-“:l: ii-u - : Er,_l-ll._ || need change only R, to set the
using a dual amplifier in a sin- - gain of the circuit. Most com-
gle eight-pin DIP and an I'R“Jﬂﬂl""! 2 ok |.‘I.F‘jﬂ HHE Fllhl parators have offset voltages of

LM311, also in an
eight-pin DIP. In Fig-
ure 2, when the absolute value

of V  exceeds V., the output of com-
parator IC, goes low. When V  is posi-
tive, IC,, inverts the signal, and the volt-
age at R, is equal to —V, . The current
flowing through R, is —2 times that flow-
ing through R , and the output of IC ; is
equal to V, .. When V is negative, D,
blocks the output of IC,,, which is

Figure 3

VRer O

Channel A is the rectified (absolute-value) output of

C, Channel B is the output of the comparator.
clamped to the forward voltage of D . Be-
cause the inverting input of IC , and IC
are both at virtual ground, no current
flows through R, and R.. With IC,, ef-
fectively out of the circuit, IC ;s gain is
—1, and the output voltage is positive.
The inverting-input voltage of IC, is al-
ways at a positive value. This circuit is

R1

Vino—4

" ICig
LM1458

2.5V O

You can modify the circuit in Figure 2 to work with a single supply.

126 epN | MARCH 7, 2002

several millivolts, so scaling up
the input voltage improves accu-
racy by increasing the signal/off-
set ratio. The circuit in Figure 1 would
require the addition of another op amp
to achieve this goal. The simulation in
Figure 3 shows the circuit response.
Channel A is the output of IC, .. Chan-
nel B is the output of the comparator
with V. setat 1V. Marker 1 corresponds
to the 1V threshold, and Marker 2 cor-
responds to logic low at the output of the
comparator. The circuit in Figure 4 is an-
other variation of the circuit that uses a
single 5V supply. It works for input sig-
nals of 0 to 5V and V. of 2.5 and 5V.
The 0 and 5V inputs result in the maxi-
mum value of 5V at the output of IC .
With V, at 2.5V, the output of IC, ; as-
sumes the minimum value of 2.5V.

Is this the best Design Idea in this
issue? Select at www.ednmag.com.
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Programmable oscillator uses digital potentiometers

Alan Li, Analog Devices, San Jose, CA

tile devices; you can use them

in many filtering and wave-
form-generation applications. This De-
sign Idea describes an oscillator in which
setting the resistance of two digital po-
tentiometers independently programs
the oscillation amplitude and frequency.
Figure 1 shows a typical diode-stabilized
Wien-bridge oscillator that generates ac-
curate sine waves from 10 to 200 kHz. In
this classic oscillator circuit, the Wien
network comprising R, R’, C, and C,
provides positive feedback,and R, and R,
provide negative feedback. R, is the par-
allel combination of R,, and R, in series
with R, .. To establish sustainable os-
cillation, the phase shift of the loop
should be 0° when the loop gain is unity.
In this circuit, you can determine the
loop gain, A(jw)B(jw) by multiplying the
amplifier gain by the transfer function

D IGITAL POTENTIOMETERS are versa- ‘

Figure 1
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This Wien-bridge oscillator uses digital potentiometers to provide independent settings of ampli-

tude and frequency.

L Trig'd
V,/V,. With R=R"and C=C, the loop Tk [ - ] -
gain is o~
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You force the imaginary term to zero

to set the phase shift to 0°. As a result, the

oscillation frequency becomes

1 1
—orfy=—, 4
RC " 2mRC @

where R is the programmable resistance:

(.00:

_256-D
256

(©)

RAB.

D is the decimal equivalent of the digital
code programmed in the AD5232, and
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These three frequencies reflect three digital-potentiometer settings.

R, is its end-to-end resistance. To sus-
tain oscillation, the bridge must be in bal-
ance. If the positive feedback is too great,
the oscillation amplitude increases until
the amplifier saturates. If the negative
feedback is too great, the oscillation am-
plitude damps out. As Equation 2 shows,
the attenuation of the loop is 3 at reso-
nance. Thus, setting R /R =2 balances
the bridge. In practice, you should set

R /R slightly higher than 2 to ensure that
the oscillation can start. The alternating
turn-on of the diodes makes R /R mo-
mentarily smaller than 2, thereby stabi-
lizing the oscillation. In addition, R, can
independently tune the amplitude, be-
cause 2/3(V )=I R +V .

You can short circuit R, which yields
an oscillation amplitude of approxi-

mately £0.6V. V_, I, and V are inter-

www.ednmag.com
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dependent variables. With proper selec-
tion of R, the circuit can reach equilib-
rium such that V converges. However,
R, should not be large enough to satu-
rate the output. In this circuit, R is a
separate 100-kQ) digital potentiometer.
As the resistance varies from the mini-
mum value to 35 k(), the oscillation am-
plitude varies from *0.6 to =2.3V. Us-
ing 2.2 nF for Cand C’,and a 10-k(2 dual
digital potentiometer with R and R” set
to 8,4, and 0.7 k(), you can tune the os-

cillation frequency to 8.8, 17.6, and 100
kHz, respectively (Figure 2). The fre-
quency error is 3%. Higher frequencies
are achievable with increased error; at
200 kHz, the error becomes *=6%. Two
cautionary notes are in order: In fre-
quency-dependent applications, you
should be aware that the bandwidth of
the digital potentiometer is a function of
the programmed resistance. You must
therefore take care not to violate the
bandwidth limitations. In addition, the

frequency tuning requires that you adjust
R and R’ to the same setting. If you ad-
just the two channels one at a time, an
unacceptable intermediate state may oc-
cur. If this problem is an issue, you can
use separate devices in daisy-chain mode,
enabling you to simultaneously program
the parts to the same setting.

Is this the best Design Idea in this
issue? Select at www.ednmag.com.

Time-delay relay reduces inrush current

P Seshanna, Assumption University, Bangkok, Thailand

line can sometimes cause a circuit

breaker to trip or a fuse to blow. This
phenomenon occurs even if the trans-
former presents no load, such as when
the secondary is open. The problem aris-
es because of the heavy magnetizing in-
rush current in the transformer.
The amplitude of the current de-
pends on the instant on the ac waveform
at which the transformer becomes ener-
gized. The inrush current is at its maxi-
mum value if the transformer becomes
energized when the ac waveform goes
through its zero-crossing point. A simi-
lar situation exists when a capacitor in
a power-factor-improvement bank
switches onto the line. In this case, the in-
rush current is at its maximum when the
ac waveform goes through its peak val-
ue. Normally, a mechanical con-
tactor effects the switching with-
out any control of the instant of
switching. The inrush current dies down
exponentially to the normal operating

ATRANSFORMER SWITCHING onto a

value of the load within a few cycles. If
the breaker trips from the initial inrush
current, you close the breaker to re-en-
ergize the circuit and hope for the best.
You can limit inrush current by inserting
a series resistor, R, during switching and
then shorting this resistor after the tran-
sient period (Figure 1).
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Figure 1
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A time-delay-relay circuit can eliminate annoying circuit-breaker trips and blown fuses.
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Only after 330 msec does the time-delay relay short-circuit the resistor in series with the load.
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Lately, designers have been inserting
negative-temperature-coefficient ther-
mistors in series with some loads, such as
switch-mode power supplies. This device
presents a high resistance at the instant
of switching, thus limiting the inrush
current. After a few cycles, the resistance
of the thermistor drops to a low value, al-
lowing normal operation of the load. In
contrast, the circuit in Figure 1 physical-
ly inserts a resistor in series with the load
to limit the inrush current and then
short-circuits the resistor after a time de-
lay. You can adapt the circuit to any size
load by suitably selecting the series resis-
tor and the relay-contact rating. A draw-
back of negative-temperature-coefficient
thermistors is their limited joule heat-ab-
sorption capacity. The circuit in Figure 1
works directly from the ac line to which
the load drawing inrush current is con-
nected.

The steady-state dc-current require-
ment of the relay coil determines the val-
ues of the other circuit components. You
select capacitor C, such that the average
value of the rectified current, I, is equal
to the current the relay coil requires. The
coil resistance should be smaller than the
capacitive reactance of C, at line fre-
quency. Under these conditions, the av-

erage rectified current is approximately
L, =V(2nfC))/1.11, where V is the rms
value of the line voltage (220V), f is the
line frequency (50 Hz), and C, is the re-
quired capacitor value. Once you know
the relay current, you can select capaci-
tor C, and the bridge diodes. The value
of capacitor C, determines the delay
time.

The voltage across C, rises exponen-
tially with a time constant, =R, C, (Fig-
ure 2). If you know the relay’s pickup
voltage and its coil resistance, R , you can
choose the required value for C,. It is easy
to see that when you close the main
switch, the circuit simultaneously ener-
gizes the load drawing inrush current
and the time-delay relay. A constant av-
erage-current source drives the capaci-
tor/relay combination, and the dc voltage
rises exponentially. When this voltage
reaches the pickup voltage of the relay,
the relay’s normally open contact across
the series resistor closes, thereby short-
circuiting the resistor. When you open
the main switch, the voltage across the re-
lay coil drops, again exponentially. When
this voltage reaches the dropout voltage
of the relay, the contact opens. The resis-
tor is again in series with the load and
ready for the next switching operation.

Optimize linear-sensor resolution

Steve Woodward, University of North Carolina, Chapel Hill, NC

WIDE VARIETY OF SENSORS and
Atransducers of physical phenomena

work via the mechanism of variable
resistance. These devices sense tempera-
ture, light, pressure, humidity, conduc-
tivity, and force, for example. Such sen-
sors measure the physical parameter of
interest by reading out the inherent pa-
rameter-sensitive resistance or conduc-
tance. All resistive sensors share the need
for interface circuitry that provides a suit-
able source of excitation current and ap-
propriate gain and offset of the resulting
parameter-dependent voltage. The cir-
cuit in Figure 1 and the design equations
provide a universal solution for an appli-
cation-specific, optimum-resolution, ra-
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tiometric interface of almost any resistive
sensor. The technique works with any
unipolar ADC with an externally accessi-
ble full-scale reference. When you con-
figure it properly, the interface circuit se-
lectively maps the range of interest of
sensor output resistance (R, to R, )
onto the full-scale span of the ADC. The
circuit thus optimally uses available res-
olution that might otherwise be wasted
on sensor resistances that lie outside the
range of a given application.

The circuit works as follows: R, sources
the sensor excitation/bias current, I . The
op amp boosts and offsets the resulting
sensor voltage, IR, as a function of the
R-R-R; network. When R =R

MIN’

The pickup voltage of the 12V relay in the
test is approximately 6V, and the contact-
closure time is 330 msec, as the dashed
line in Figure 2 shows.

The important design considerations
are as follows:

® The normal operating voltage of the
relay must be less than 10% and must be
lower than the ac-line voltage.

® C, determines the average operating
current through the relay.

® The relay’s contact rating must be
adequate to meet the load-current re-
quirement. The relay in Figure 1 is small
and has 12V-dc coil rating and 220V-ac,
5A contact rating. The measured coil re-
sistance is approximately 160().

The function of the 50() resistor, R,,in
Figure 1 is to limit the switch-on surge
current into the time-delay-relay circuit.
The zener diode, D, limits the voltage
rise across C, to 15V in the event of a re-
lay-coil open circuit. You can use the cir-
cuit in Figure 1 in the laboratory for en-
ergizing a 220V, 1-kVA transformer for
use in experiments.

Is this the best Design Idea in this
issue? Select at www.ednmag.com.

V=0V, and, when R =R
Vig  Thus, RT:(VOUT/VREF)(RMAX_
R, ) TR, Positive feedback via R,
cancels the effect of voltage variation
across R and thus maintains constant-
current excitation of the sensor through-
outthe R, toR range. You select R,
through R, as follows: First, select a val-
ue for I,. Sometimes, sensor limitations
determine an appropriate value for I.
Self-heating errors, for example, may lim-
it the maximum excitation current you
can apply to temperature sensors such as
thermistors and RTDs. But if the given
sensor is indifferent to the magnitude of
I, then you'll obtain optimum tolerance

of op-amp offset and gain errors with

MAX VOUT =

www.ednmag.com
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L=V /R R, ). With ;B knovxfn,
you can compute the required gain:

R,=GR,, where Z=V /1.
For a practical example of how this cir-

G=V, /(R «—R\)- Then, cuit can be handy in a real application,
R =(Z—-R,,)(1+1/G). consider a system in which you use a
R,=Z—-R,. 100Q) platinum RTD to sense tempera-

R,=(G—1)(RR/Z).

VRer
2.5V
Ry Ry
S 2390
R

tures in the range of 25 to 50°C with 0.1°

Figure 1 p2390
v \ VOUT=VREF<M>-
Rmax—Ruin
618k
q Rmin=R1=<Rpax.
A
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Rs VRrer

mA q
2
Ry R2 271k 1g=SENSOR REQUIREMENTS,
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E VRer

(Rmin+Ruax)”

1

1000 PRTD v v
AV=lg(Rua—Rmin); G=—ot; 2=

;7=
NOTES: 1 av 'e
R1=(27RMAX)<1+§>.

Rmin=109.730 (25°C).

Rux=119.40Q (50°C). Ro=Z-R;
R3:(G—1)<RIZR2> .
R4=GR;.

This circuit allows you to optimize resolution for sensors using resistive elements.

resolution. The corresponding resistance
range is 109.73 to 119.4€). The 0.39€)/°
C temperature coefficient would require
at least 12 bits of conversion resolution
without scale expansion. But you can
make an 8-bit ADC suffice using the cir-
cuit in Figure 1 with the values shown.
The calculations are as follows: I,=1 mA
limits self-heating power to an acceptable
120 wW. Assuming V=25V, Z=
2.5V/1 mA=2500Q). G=2.5/9.67/1 mA
=258.5. It therefore follows that
R,=(2500—119.4)(1+1/258.5) =
2390Q).
R,=2500—2390=110€).
R,=(257.5)(2390X110/2500) =
27,1000).
R4:258.5X2390:618,OOOQ.
R, =9.67(V,/V ) +109.73.

ouT

Is this the best Design Idea in this
issue? Select at www.ednmag.com.
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