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Replacing Power Supply Output Capacitors Requires Equivalent Impedances
by Gregory Mirsky, Continental Automotive Systems, Deer Park, Ill.

Very often designers have to replace a power supply’s output filter capacitors with equivalent counterparts due
to the obsolescence of the original parts or because the manufacturer has gone out of business. To maintain
power supply performance, the replacement capacitors should provide the same voltage ripple across the load
as the original parts did.

Since the voltage ripple across a capacitor is a function of the capacitor's impedance, we have to create two
equivalent series schematics of the original capacitors and replacement capacitors and equate their impedances.
To find the equivalent impedance of a number of parallel-connected capacitors of different chemistries, we have
to find the resulting impedance of parallel-connected capacitors. In this article, we will solve this problem in
symbolic form, enabling us to plug-in parametric values when necessary. After deriving the necessary formulas,
we will demonstrate their use with a numerical example.

In this discussion, equivalency means that the total impedance of the replacement capacitors is equal to or less
than the total impedance of the original capacitors. Capacitor manufacturers seldom provide the equivalent
series inductance (ESL) value. More often the capacitor's resonant diagram is available. However, we can use
this diagram as the source for the inductance calculation.

Accounting for capacitor ESL is essential to capacitor replacement in the power supply output filter. A previous
treatment of this subject (see the reference) described a method of capacitor replacement with equivalent
parts. However, that method was incomplete because it did not consider ESL.

Typically, with the power supply output filter, engineers try to achieve the lowest amount of voltage ripple
across the filter capacitors, or a specified maximum amplitude of ripple to keep costs low. Considering the ESL
of the capacitors being replaced is necessary to maintaining or even reducing the voltage ripple obtained with
the replacement capacitors.

Finding The Impedance Of Parallel-Connected Capacitors

Let’s start with two parallel-connected capacitors, C1 and C2. We'll desighate the associated ESRs of these
capacitors as Rci1 and Rc2 and their reactances as X1 and Xci1 for C1 and X2 and Xc2 for C2.

Let one capacitor have

Zei(iw) = Rey + iw - (Xpq — Xeq)

(1)
Designating X1 = XL1 - Xc1, we obtain
Zey(iw) = Rpqy + iw - X 2
Similarly, the other one is:
Zeo(iw) = Ry +iw - X5 3)

The moduli of these two impedance are
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ch(w) = ,[R§1 +X12
Zeo(w) = ngz + X2

where X1 = we X1 and X2 = we Xo.

The parallel connection of these two impedances gives

 Zo(w) - Zgr(w)
Zror(w) = Zey(w) + Zey (w)

After plugging in equations (4) and (5) we get:

JR;';il + X7 -JRgz + X7

JREZ + X7 + JREl + X7

Ztot(m) =
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(4)

(5)

(6)

(7)

For each capacitor we can express its ESR value as a part of the reactance through the dissipation factor DF,

which is always provided by manufacturer:
Ry = ((DF)y) - Xy Res = ((DF)y) - X,

The DF is tan (8) of these capacitors at the ripple frequency fripple.

Recollect that

where Xc is the reactance of the capacitor.

Thus, equation (7) transforms into
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X1+J1 +((0F),)" - X, -\/1 +((DF),)

Zot(w) =
2 2
X -Jl +((DF),)" + X4 -J1+ ((pF),)
(9)
On the other side, it should be equal to the replacement impedance:
_ 2 2
Z'rep(w) = JRCrepE + Xrepi
(10)
where
2 2 2
RCrepI = ((DF)repI) 'Xrepl
(11)
So equation (10) turns into:
2 2 2 2
Zrep!(w) = Xrepl + ((DF)repl) °Xrep£ - Xrepl 1+ ((DF)repl)
(12)
As Zrepi(w) should be equal to Ztot(w) we can use that to obtain the value for Xrepi.
2 2
5 Xp- J1 + ((DF);)" - X, - JI + ((DF),)
Xrepl : \jl + ((DF)repI) = 5 -
X, - J1 + ((DF)3)" + Xy - J1 + ((DF),)
and
X, - /1 +((DF),)" - X, - [1 +((DF),)
Xre;ol = >
2 2
(Xz- 11+ (0F),)" + X, -Jl +((0F),) )Jl + (OF)rept)
(13)
and
RCrep.! = Xrepl ) (DF)repl (14)

Having obtained these values, we can select a number of replacement capacitors, which when combined, would
provide the same or better voltage ripple.
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In this example, we will have to replace two capacitors (one electrolytic and one film) connected in parallel with
ceramic capacitors. Our application specifies the following characteristics for the two capacitors in parallel:

fripple = 125 kHz
ESR = 0.001 Q

ESL=1x10°H

The first capacitor is an electrolytic with these parameters:

C1 = 1000 pF
L1 = 52 nH
DF; = 0.12

Xpp = 2m- fripp!e' Ly

1

2m - fripple' €y

XCl

X, =X11-Xe1

The second capacitor is a film cap with these parameters:

C2 =2 pF

1

4m2-C; 'ﬁr'zes

L, = =2.585x 10 8H

XLZ =2m- fripp.[e' LZ

1

21 - fripple' CZ

XCZ

X1 = X11-Xc1

DF, = 0.0015 = 1.5 x 103

DFrepI =1.5x 10—3
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Replacement capacitor parameters:

Reactance:

X1-J1+((DF)1)2-Xz‘J1+((DF)2)2
XZ-J1+((DF)2)2+X1-Jl+((DF)1)2)-\,1+((DF),.91,1)

Ignoring the equivalent inductance for now, we obtain:

1
Krepl =
P I 'fdpple 'Crepl

1 -6
Crepl = — =20884=10 “F
P Ix '}(‘repl 'fripple
_ 1 _g
Irepl = n =173=100"H

2 2
4= 'Crepl fres

Rerepl = Xrepl DF)gept = 3-539x 107 "0

It is reasonable to use a few similar capacitors as replacement parts. In this case, we will use multiple V] Hi-Rel
series ceramic capacitors to obtain the capacitance equivalent to a single replacement capacitor.

Crepii = 4.7 pPF

Dissipation factor

DFrepi1 = 0.0103 one capacitor value
Resonant frequency

fres1 = 4 MHz

Single replacement capacitor reactance

1

27« fres1” Crepil

Xrepil =

C
Nc = round( repl ,O) =6
repll

Assuming aging, dc biasing and other factors affecting the capacitance loss, take

Nc = 8
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Therefore, the resulting nominal parameters of the capacitors’ array will be:

Crepl_tot = N¢ - Crepzlz 37.6x10°°F

X
Xrepl_tot = %SM = 1.058 x10730Q

L
Lyepi_tor = %ﬁﬂ = 1.375x10"°H

R
Rrept tot = C;—"":“ — 10.9 x1075Q

This impedance and its components are much less than those of the original ones, which is beneficial.

This method allows for defining parameters of replacement capacitors that provide the same or better voltage
ripple across the load.
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For more information on capacitors, see the How2Power’s Design Guide, locate the Component category and

select “Capacitors”. For more information on power supply filtering, locate the Power Supply Function category
and select “Filters and Snubbers”.
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