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Build This Amazing ESR Meter
A simple project for everybody sshack.

There are only two types of electrolytic capaci tors in your equipment - those llJat
have failed and those that will fail. Only a small percentage ofbad electr oly tics fail as a
short circuit. Rather, most dry alit and gradually become less effective at their filtering,
coupling, or bypassing job.

T
roubleshooting a dried-out elec­
trolytic isn ' t ~thc easiest task ,
even if your workshop is

equ ipped with a capacitance bridge. A
relatively new test msuumcnr. the
equ iva lent senes resistance (ES R)
meter; makes this task simple . AI-,
though ESR meters arc commercially
avai lable. it isn' t hard to build one.
This article takes you through the de­
sign and construc tion of a simple ESR
meter,
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Fig, I. A real-life capacitor call be mod­
eted differenttv l lcf/cllding UpOIl the leve!
of detaitnecessarv.
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What is equivalent series resistance,
and how do ,·ou measure it?

A real capacitor isn ' t the simple per­
feet device that the schematic symbol
might lead one to believe. Tv...'o com­
mon capaci tor models arc shown in
Fig. 1. WcIl he co ncerned only with
the simplified model:

• L represents the inductance of the
lead wire and capacitor construction.

• Rs represents all the loss clements
of the capacitor, including lead wire
loss, capacitor electrode loss and di­
electric loss.

• C is an ideal capaci tor. with no loss
and zero inductance.

As an electrolytic capacitor dries
out, R, increases, while L and C remain
relatively constant. Thus, if we can mea­
sure Rs' we can detect faulty capacitors.
We obviously can't measure Rs with a
standard DC ohmmeter; C blocks DC
current Flow and at most we would
measure the leakage resistance R

L
in

Fi~. l(a).

However, suppose we had an ohm­
meter that worked with AC instead of
DC. W ith such a device, we would then
measure the composite impeda nce Z of

the series combination of the reactance
of Land C and Rs- If we usc a reason­
ably high frequency. typically 100
kll z. the reactance of L and C will be
negligible in compari son with Rs for
reasonable capacitance values. We can
illustrate this with an example.

Consider a I0 ~F nominal aluminum
electrolyt ic capacitor. From measure­
ments. at 100 kHz we know that C =
12A ~ F. Rs == 1.5 ohms. and L = 35 nH
(i ncluding In -inch leads).

Photo A . Finished ESR meter.



Fig. 2. The principle behind the ESR meter.
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Pholo B. J built the ProlotYfK using Mallharroll"style construction.

Continued 0 11 page J3

The 100 kHz sine wave feeds the
voltage di vider R I6 and R I H. The un­
know n cupuci tor is connected across
R l R. a 5. 1 ohm resi stor. Diodes D2
and D3 pro tec t the instrume nt fro m
damage, should the capacitor under
test have some residual charge.

T he max imu m (open c ircuit) volt­
age applied to the capacitor under
test is about 110 milli volts. peak-to­
peak. By intention a lly lim iting the
test voltage to such a low va lue . it is
possible to test a questionable capacitor
in-circuit, even if a diode or transistor
junction shunts it. A silicon PN junction
req uire s ahout ClOO mill ivolts to
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C ircuit descri ptio n

Our ESR rue ter has three mam
c leme nts:

• A 100 kl-lz sine wave source
• An AC vohmetcr Icalibratcd in te rms

of ohms of ES R)
• An LED bar graph di splay

U5 is a C MOS version of the popu­
lar 555 timer chip. It generates a 100
kl-lz. 50% duty cycle square wa ve. The
:-.quare wave is fed through a low pass
filter consi sting o f L l , C9. and C IO.
Ry stripping off the higher harmonics,
the low pass filt er converts the square
wave into a reasonably good sine wave.

121= ~RS2 + (Xl - Xd2 -

~ 1. 52 +(0.022 -0.128 )2 = 1.5030

Xc = 1/(2.FC) = 1/(2. , 100 , la',
12.4 , 10-') = 0.1280

XL= 2n:FL = 2n:FL = 2n: x 100 X 101

X 35 x 10'~) = 0.0220

We now calculate the reactive com­
poncnts of the model at 100 kHz:

The impedance magni tude o f the
capacitor is thus

T hus, at a freq uency suffic iently
high to make Xc small. yel low enough
for X L to also be small. Z is ap prox i­
mately equal to Rs' Fig. 9 shows esti ­
mated IZI over the range 100 Hz to 1--- - - --- - - - - --- - - - - - - - - - - - - - - - ­
100 MHz and ill ustrates that between
10 kl-lz and 5 Ml-lz, the impedance is
dominated by Rs.lhc Equ ivalen t Series
Resistance. (Flg. 9 is only approximate.
a... it assumes that L. C. and Rs remain
constant. In fact. these parameters arc
a ll somewhat frequency dcpendcnt.)

Our "AC ohmmeter" can be as
simple as F ig. 3. If the ESR dominates
the impedance of the capacitor unde r
lest. a hit of simple algebra shows that
the voltage V 2 is proportional to the
ESR:

ESR = (V,R,R,lN,R, - V,(R, + R,)
Vh~la<,terCani accepted on line. Free shipping in continental US on all orders over S100.

Fortunately, we won't have to use this
equation: ramer. we will simply calibrate
the voltmcter scale in terms of ESR. TI1C

scale won't he linear, of course.

When in Seatt le visit us at:
Radio De pot. Suite 176. 5963 Corson Ave.. So. Seattle. \VA 98108

Phone (106) 763-2936 Fax (206) 763--t1 72
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Fig. 3. Schematic diagram of the ESR meter.
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Fig. 4. 100% PC board layout - top copper (top \'i('K.'J.
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roll off frequencies below 100 kHz.
The emirter resistors (R8 and RIO) are
intentionally not bypassed (0 increase
stability.

The ampli fier output feeds Q3. an
emitter follower. D1 is forward-biased
by the DC across R1 2. so DI , R 13. and
C8 act as a peak detector. The voltage
at Test Point 1 ranges from 3.9 volts
(short circuit across the input) to 5.5 volts

Build This Amazing
ESR MeIer
continued f rom page 11

cause significant current n ow, so it
looks like an open circuit to the test
voltage.

QI and Q2 arc a simple RC-coupled
amplifie r. The coupling capacitors
(C7, C4, and C5) have been chosen to
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Fig. 5. / 00% PC board Jayoul - bottom copper (top ~·iew).
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Photo C. The proto type display Wilt IS built 011 standard
perfboard.

Photo D. The finished design. with a commercially made double ­

sided PC hoard.

voltage settings. R24 and R25 arc ad­
justcd to tum o n the 20th LED when a
resistor correspo nd ing to full scale ( 10
o hms or 50 ohms) is connected across
the test terminals. R20 also functions
as an LED di splay c urre nt control and
is set for approximate ly 12.5 rnA.

Po wer for the circuit is regu lated by
V6. a low-power 9 volt integrated
regulator. DC input power sho uld be in
the runge 12-1 4 vo lts. o r up to 18 volts
if V6 is eq uipped with a slip-o ver
hcatsmk. I' ve powe red the LEOs from
the +9 vo lt reg ulated hu s. If power
consumption or regulator po wer dissi­
pation is a concern. the LED drive c ur­
re nt can he provided from a separate
source o f 4 volts or more .

I' ve used 5% carbon f ilm resistors
throug hout the design because the ulti ­
mate d isplay only sho ws 20 resistance
steps and usi ng the more e xpensive 1%
metal film compone nts isn't j us tified . I
built two unit" and fo und the stated
values were satisfac tory. It 's possible.
however, that an accumu lation of re­
sistor to lerances might requ ire chang­
ing R 15 o r R22 slight ly in order to
calibrate the di splay.

I built a pro totype using Manhattan­
style construction. popularized by Wes
Hay....'ard W7Z0L A n e xcellent de­
scription of the nuts and bolts o f Man­
hattan-style co nstruction can he found
at K7QO's Web page [h ttp://w ww.qsl.
nellk7qoIJ. The di splay section used

Construction
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The LM391 4s contain a vo lta ge re f­
erence and internal vo ltage di vider.
R I4, R15 , ami Rl7 adj ust the vo ltage
applied to the low end of the vo ltage
di vider chain. R17 is used to adjust the
bar display "zero" setting. correspo nd­
ing to the voltage output when the test
terminals are short-circuited. R14 also
functions as an LED display current
con tro l and is set for approximate ly
12.5 rnA.

RlO, R22, and e ither R24 a nd R25
perform the same function for the high
end o r the vo ltage di vider chain . A
switch permits selecting between two

~
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Fig. 6. 100% PC board layout - pa rts placement (top j1iew).
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(50 o hm resistor across the input) . Thi s
vol tage is applied to the signal input o f
the di splay section .

U I thro ugh V4 form a moving do t
LED bar graph to display the DC output
vo ltage from DI. The circuit is taken di­
rec tly from National Semiconductor's
data sheets for the LM 391 4 linear bar
d river. By cascad ing two L\139 14s
(V I and V3). the voltmeter range is
spread o ver 20 LED segments . U2 and
U4 are LED bar graph displays. I used
red d isplays becau se they are brighter
for a given current consumption than
other colors .
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conventional perfboard. Manhattan­
style construction goes rapidly, and I
built the prototype in a couple of hours.
So, don' t feel that a printed circuit board
IS necessary.

I also laid out a double-sided printed
ci rcu it board and had it fabricated by
a prototype board house. I used this
professional board fo r the completed
unit.

It's always a good idea to build and
debug a project in stages. The ESR
meter has three logical stages that you
can build and check sequentially:

The 9-mlt regulator circuitry, the
555 timer and low pass fi lter (includ­
ing R16 and Ri B). The output of U6
should be between 8,55 and 9.45 vol ts.
At U5 pin 3, you should see a 100 kHz
square wave, with a peak-to-peak volt­
age of about 8 volts. The precise fre­
quency isn't critica l, but it should be
within 15% of 100 kHz. At the output of
the low pass filter (junction of LI and
RI 6), you should sec a clean 100 kHz
sine wave with a peak-to-peak ampli­
tude of approxi mately 10 volts. At the
test lead connections (across RI 8),
you should see a 100 kHz sine wave
with a peak-to-peak amplitude of about
110 millivolts.

The amplifier and peak detector (QJ,
Q2 and Q3 and D1). The fo llowing
measu re ments are all peak-to-peak
and assume the 100 kHz signal levels
in the previous stage are correct . At
the base of Q I, you should measure
about 105 millivolts : at QI's collec­
tor, 390 millivolts. At Q2 's collector
and at Q3's emitter, 3.8 volts . All
should be clean 100 kHz sine wave
signals. Check the DC voltage at the
junction of 0 I, R 13, and C6, With the
input terminals open-circuited. you
should measure about 5.5 volts. With
the input terminals short-c ircuited, this



Photu E. Drilling the from panel. Photo f : The completedfront panel and applique.

Mechanical

Calibration

Photo G. Rack view of the front panel showing the mounting
spacers installed.
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tic.) I attached the plast ic lens to the
aluminum panel with a couple drops of
super glue. Although a milling ma­
chine makes these tasks easy, you can
accomplish the same with an electric
drill and file.

I also made four custom-length
spacers from 3/8-inch~diameter alumi­
num round stock and attached these to
the front panel with countersunk 4-40
x 3/8-inch Phillips nat head screws .
For my board, choice of Ie sockets,
and LED displays, the spacers were
0.680 of an inch long. I drilled and
tapped the spacers for 4-40 threads.
The aluminum cover plate is only
0.038 of an inch thick, so part of the
tapered screw head appears on the in­
side of the fron t panel. Hence, you
should countersink the spacer as well
- otherwise the spacer will not be
tight against the panel.

It's important that the heads of the
screws be Ilush with the front panel if
you intend to use a panel applique. It
will be impossible to retighten the
screws without destroying the applique
once it is in place, so I used Loctite
thread locker to prevent loosening.

I laid out the front panel appl ique us­
ing Visio Technical for Windows. but
any drawing program would work.
When you lay out the applique, place
the calibration numbers to coincide
with the spacing you recorded during
calibration. I then printed the applique
on an inkjet printer, and laminated it
with a thin , flexible, se lf-adhesive
transparent plastic sheet. After cutting

I milled a slot 2
inches long and 3/8
of an inch wide for
the LED display. I
also milled a 2-1/2
inch x 3/4 inch
piece of 1/8-inch­
thick red Lucitc
plastic to fit !lush
into the slot. (The
Lucile lens re­
sembles a mesa
when done; a 2" x
3/8" rectangular
sec tion sticks up
0.040" from the
body of the plas-

To calibrate the display, first verify the
zero adjustment and that R24 and R25
have heen accurately set as described
earlier. With the range switch in low po­
sition, connect a 1 ohm resistor across
the input terminals and note which LED
is illuminated. Repeat with 2.7 and 5.1
ohm resistors. Switch to the high range
and repeat with 1. 2.7, 5, 10. and 20 ohm
resistors. The spacing will not be linear.
You should usc short leads when con­
necting the calibration resistors.

I designed the printed ci rcu it board
layout to fit a Radi o Shack 270- 1806
plastic box, 6"x4"x2" . This box. is a
tight fit and req uires the zero pot to be
squeezed between the board and the
front panel , but it permi ts a compact
package.

voltage shou ld drop to 3.7 volts. These
values are nOI overly critical, but you
should see a good 1.75 to 2 volts swing
between open-ci rcuited and short­
ci rcuited input condi tio ns.

LED display. With the input termi­
nals shou-circuired, you should be
able to adjust the "zero adjustme nt"
pot, R 17. so that the first LED segment
is illuminated. Temporarily co nnec t a
10 ohm resistor across the input term i­
nals. With the range switch, SW2, in
low position, you shou ld be able to ad­
just R24 so that the last LED is illumi­
nated. Remove the 10 ohm resistor,
connec t a 51 ohm resistor across the
input termi nals , and place the range
switch to the high position. You should
be able to adjust R25 so that the last
LED is illuminated. You may see a Slight
degree of interaction between the zero
adjustment pot and R24 or R25.
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Fig. 7. ESR vs. capacitance &: voltage: Nippon Chemi.Con SME
miniature aluminum electrolytic copocuors. standard construction:

Fig. 8. ESR vr. capacitance &: voltage: Nippon Chemi-Con KMY
miniature electrolytic capacitors. 10K' ESR construction.

out the LED window, I then attached
the applique to the aluminum front
panel with 3M artist's spray adhesive.

I had to do three panels before I got
it close to right , so you can benefit
from my mistakes:

would run the ESR meter from a 12­
volt wall-wart power supply. I changed
my mind and decided to make it bat­
tery-powered. I epoxied two 9-volt
battery ho lders to the plastic case to

provide 18 volts in series connection.
A pair of fresh alkaline batteries wi ll
give about 10--12 hours running time.
Using a 78L09 with 18 volts input and
a current draw of 50 rnA places it at
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Although I origi nally thought I

• It's difficult to get the LED slot ex­
actly right in the aluminum panel, so
cut it a bit oversize and add a thick
black mask to the applique. Cut the
opening of the app lique slot to match
the LED size.

• Usc special inkjct paper and use
the hi gh quality setting on yo ur printer.

• A full-size zero adjustment potenti­
ometer doesn 't clear the PC board by
much and requires bending some com­
ponents out of the way. A mini ature
pot is a good idea.

• Give the Loctite eno ugh time 10
set up before attaching the app lique.
I didn 't, and you can see a blue circle
where one screw leaked onto the
backside of the appliq ue.

• The fro nt panel is only 0.038 of an
inch thick, so it requires attention 10
prevent the countersink from going
right through the panel.

• Precisely aligning the applique takes
a bit of time. Accordingly. use an adhe­
sive that allows sliding the applique over
the panel. Contact cement is not a
good idea!

• In general. remember the old
carpenter's maxim: Measure twice, cut
once.



Photo H. Board mounted to the [rom panel and battery holders. Photo 1. Hack view of PC hoard mounted all the panel.

LED graph display chip can be found
at Natio nal Semicond uctor 's Web site
[htt p: / / ww w. n ati0 na I.c om /d s/L MI
LM39 14.pdtl

3. Many capacito r manufacturers
provide detai led ESR data. See. for ex-
ample, Corne ll Dubilier Electronics
rhttp ://www.comell-dub ilier.coml).
Nippon Chcmi-Con's electrolytic ca-
pacitor cata log is available at [http://
www.c hc m i-co n .co.j p/pdf/cata l0 g/
ALU M INUM/E/a ll/a l- 100 Id-c-a ll-
O10730.pd11. AVX Corporatio n's ESR
data for tantal um capacitors can be
found at rhtrp .z/www.avxcorp.com/
docs/masterpubs/tan tlcad.pdf] . III
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1. Kemet Elcc~

tronics has several
tec hnical notes
available at its
Web site [http: //
www. kcmet.com].
O f particu lar in­
terest arc: What is
a Capacitor? F­
2856E; Tantalum
Leaded Petfor­
mana Characteris­
tics (09/01 edition).

2. A data sheet
for the LM39 14
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In ge nera l, the higher the voltage
rat ing , the lower the ES R for the
sa me capaci tance. The larger the ca­
paci tance va lue , the lo wer the ESR.
Tanta lum capacitors have m uch
lower ESR than an equivalent alumi ­
num e lec trolyt ic. In addition, special
low-ESR capacitors are made for
switching power supplies and can have
an ESR of a few mi lliohms.

I' ve plotted 100 kHz ES R data for
two types of leaded a lumin um elec­
tro ly tic capac itors man ufactu red by
Nippon Chcmi-Con. T hese arc only
guides, however, and the best com­
parison will be a known good capaci­
to r of similar value a nd vo ltage
rating by the same man ufact urer.

A defective electro lytic will d isp lay

an ESR of several
times that o f a
good unit.

'"
" 'I,.,

"

IIlnlral'...~an"", 0110 )'1'/35 vo~ ...."mon""" t l.clrolytic Cal"'cilor
Q.SIOGh b.~ .
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It isn't usually necessary to remove a
capacitor from its circuit before lest­
ing. Just put the test leads across the
capacitor and read the ESR. O f course,
first remove powe r from the equip­
ment and allow time to d ischarge the
capacitors. If you inadvertently attempt
to measure a charged capacitor, diodes
D2 and D3 wi ll limit damage to the
instrume nt.

Remember that long test leads, or
coiled test leads, add indu ctance and
will add some appare nt ESR.

the edge of its d issipatio n specific a­
tions. Hence , I made a heatsink out of
a piece of 3/8-inch-d iameter a luminu m
rod and slipped it over the 78 L09.

How to use the ESR meter

Pig. 9, Illustrative impedance of 10 j.lF/35 v aluminum electrolytic
capacitors, O.5-in. leads.
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