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2.0 Capacitors

Capacitors show up in many circuit applications including filtering, bypassing,
decoupling, and energy storage. There are several different types of capacitors that you
have already encountered in your coursework including ceramic, electrolytic, tantalum
and polyester as shown in Figure 2.1. Each has arange of available capacitance,
tolerance, alowable frequencies, ripple current capability, voltage polarity, and voltage
rating. To focus our inquiry, we will concentrate on electrol ytic capacitors as they offer
both large capacitance values and high ripple current capability, characteristics that we
need in a buck chopper.
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Figure 2.1: Capacitor Types: (a) Ceramic; (b) Electrolytic; (c) Tantalum; (d) Polyester

An electrolytic capacitor consists of awound capacitor el ement, impregnated with liquid
electrolyte (typically boric acid), connected to terminals and sealed in a can (see Figure
2.1b). The capacitor element has an etched anode foil (positive plate) coated with
aluminum oxide (which acts as the dielectric), paper separators saturated with electrolyte
(serving as the negative plate), and a cathode foil (allowing us to connect to the negative
termina).

A “real” capacitor is modeled by the equivalent circuit shown in Figure 2.2a. Here R,
and L represent wire connection resistance and inductance (typically on the order of
mQ and nH ), R, accountsfor [eakage currents through the insulator (dielectric), and

C isthe capacitance. Employing frequency-domain circuit reduction techniques and
assuming »°R?,C? >>1 (valid down to around 1Hz), we can simplify the circuit to the

one pictured in Figure 2.2b. The quantity R, istermed the Equivalent Series Resistance

(ESR) anditequas R, =R, +

Clearly it is frequency dependent and
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manufacturers will typically list the ESR value at some convenient frequency like 120Hz
(astandard full-wave rectifier frequency). The ESR accounts for power loss and thus heat
dissipation in the capacitor. The real power lossis calculated by

Peap = 1¢.meRr (21)

Thus a capacitor will have alimit to how much RMS current (and thus ripple current) that
it can accommodate. The model shown in Figure 2.2b aso conveys another interesting
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fact: at high enough frequencies, the capacitor will actually start looking like an inductor!
The impedance looking into the capacitor model is given by

Zew =Ry +] (a)L&l —%j 2.2)

RLeak
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Figure 2.2: Equivalent Circuit Representations of an Electrolytic Capacitor

The frequency at which the capacitor transitions from looking capacitive to inductiveis
called the self resonant frequency and it is found as

D¢ res = L (23)
== JL,C

If we plot the impedance magnitude versus frequency for a 100uF capacitor with typical
parasitic values R, = 20mQ and L =10nH , we get the result illustrated in Figure 2.3.

The self-resonant frequency occurs at about 159kHz, implying that above that the device
no longer operates like a capacitor. This fact also has interesting ramifications in terms of

noise. It is common to add small capacitorsin parallel with the main buck capacitor to
intentionally improve the very-high frequency performance of the circuit.
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Figure 2.3: Impedance Magnitude versus Frequency for a Real Capacitor

designated by tand (you can see both in data sheets). For frequencies far bel ow the self-

material property of theinsulator. Thisratio is aso referred to as the loss tangent and
resonant frequency where the capacitive reactance dominates, we have

The dissipation factor (DF) is often used to indicate the quality of a capacitor: it isthe
ratio of the capacitor’ s resistance to the reactance and it is principally a function of the

(24)

oR,C

DF =tané

[
=%

Thusto estimate the ESR, we rearrange and solve

(25)

And so ESR variesinversely with both C and the frequency.

Series will have ranges of capacitor values, rated voltages, and will normally be targeted

for certain applications (you can investigate these in any vendor catalog). Let’s consider
sometypical datafrom a Digikey catalog for a set of FC-series Panasonic radial-leaded

electrolytic capacitors sold by manufacturers, typically listed in terms of a Series. The
aluminum electrolytic capacitors.

the self-resonant frequency). As one will find, there are numerous types of aluminum

Thusto get alow-ESR value, one needs to either operate at high frequencies (but not
beyond the self-resonant frequency) or have alarge capacitance (which will tend to lower
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Table 2.1 conveys severa interesting trends. First, increasing the capacitor voltage rating
(and the physical size of the device) will increase the ripple current capability. Second,
for agiven voltage rating, increasing the capacitance does not proportionately increase
the ripple current capability. For instance at 100V, five 100uF capacitors will provide

3300mA of ripple current capacity while asingle 470uF capacity provides only 1920mA

(not 4.7 times as much). Let’s consider this comparison further, the ESR for the single

470uF capacitor is approximately _oor . The ESR for each of the five capacitorsin

ox470uF
parale is _ 007 (whichis about 5 times bigger). Since these capacitors arein
@ x100uF
paralel, the equivaent resistance is 1/5 the size, so thereislittle net differencein ESR

between the two options. How about the self-resonant frequency? Let’s assume that each
part has an equivalent seriesinductance of 20nH. Thusthe 470uF capacitor will have a

self-resonant frequency of 52kHz. By being in parallel, the effective capacitance of the
=4nH and

five 100uF capacitorsis 500uF while the effective inductanceis 20nH

therefore the self-resonant frequency becomes 113kHz. Thus, paralleling capacitorsis an
effective way of increasing both ripple capability and the self-resonant frequency. Thisis
illustrated in Figure 2.4.
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Figure 2.4: lllustration of How Paralleling Capacitors Decreases the Equivalent Series Inductance

What about the effect of the ESR on the output ripple of the buck chopper? With the
majority of the inductor ripple current going down through the capacitor and thus through
the ESR, we get an additional output voltage ripple component of
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Al
AVout,pp,&sr =Al L Ras = l—L I L,ave,max Rsr = Rﬂrl L,ave, max (26)

L,ave.max

If we substitute our expression for the equivalent series resistance (2.5), this component
of ripple becomes

AVout,pp,asr = E rl L,ave,max (27)

If we compare this with equation (1.27) which gives us the peak-to-peak ripple due to the
filtering influence of the capacitance, expressed here as

Al ),
L ,ave, max
AV _ Al L IL,ave,max _ rl4
e 8f,C g, %t . wC

2r

XTI X e max (2.8)

We notice that since 7 /4= 0.785 ismuch larger that the dissipation factor for most
electrolytic capacitors (DF < 0.2), the output ripple is dominated by the capacitor value
selection. Also, since the capacitor current and voltage are 90° out of phase, you cannot
simply add the effects of (2.7) and (2.8) but must combine them via

AVout,pp = \/(Avout,pp,w )2 + (Avout,pp,c )2 (29)

Table 1. Datafor FC-Series Radial Aluminum Electrolytic Capacitors

Rated Voltage 16V 35V 63V 100V
DF 0.16 0.12 0.08 0.07
Ripple Current 290mA 555mA 535mA 671mA
100uF
Ripple Current 555mA 755mA 1050mA 1170mA
220uF
Ripple Current 730mA 1220mA 1765mA 1920mA
470uF
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Thus for the buck chopper circuit, the output voltage ripple is dominated by the choice of
capacitance and not the capacitor ESR.

Onelast final point before we leave capacitors and dig into inductors, capacitors are sold
in various package types. Thisisimportant because you both want to minimize
inductance and be able to connect the modules into the rest of your circuit. Some
commonly available packages are shown in Figure 2.5.

Snap-in Screw-Terminal  Radial-Lead Radial-Lead Axial-Lead

| |

Figure 2.5: Package Options for Electrolytic Capacitors

Example 2.1: Consider design Example 1.5 where we wanted a buck chopper to step
24V down to 12V with a maximum output power of 100W, a switching frequency of
40kHz, P,, =10W and AV, <120mV . We identified that Al, =1.67A and

crit Cpp —
C,, =61uF . Consider that we have the following 35V Series FC electrolytic capacitors
to choose from and further, assume that the equivalent series inductance of each is 20nH.

Determine the best solution for the converter.

Capacitance Ripple Current

12uF 120mA
22uF 175mA
39uF 235mA
68uF 290mA
100uF 555mA

First, let’s start with the required ripple current. If we go back to (1.36), we evaluate

| AL _LOTA 4 agon

c,rms \/E \/E
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Also, since we are switching at 40kHz, we desire f.,  =—'== 1
®2r 2z L,C

less than this. OK, since we know that we need at |east 61uF, we can consider the

minimum number of each value of capacitance, determine the resonant frequency, and

the total ripple current capability

to be much

Table 2: Computation for Example 2.1

C # CTot I—eﬁL,tot fC,res | C,rms
Value

12uF 5 | 5x12uF=60uF | 20nH/5=4nH | 325kHz | 5x 120mA = 600mA

22uF 3 | 3x22uF =66uUF | 20nH/3=6.7nH | 240kHz | 3 x 175mA =525mA

39uF 2 2X 39uF=78uF | 20nH/2=10nH | 180kHz | 2 x 235mA = 470mA

68uF 1 | 1x68uF=68uF | 20nH/1=20nH | 136kHz | 1x 290mA =290mA

100uF | 1 1 x 100uF = 20nH/1=20nH | 113kHz | 1 x 555mA =555mA
100uF

What we notice from Table 2 is (1) rows 3 and 4 must be excluded since they do not have
an adequate total ripple current (the values are < 482mA) and (2) the resonant frequency
is highest for the parallel combination of the smallest capacitors, though the remaining
three options all have resonant frequencies comfortably above 40kHz. Y our decision at
this point might be guided by space and/or cost: can you afford to place five 12uF
capacitors on your pc-board or would you prefer fewer?

Now that we understand that the capacitor selection is NOT simply choosing avaue of C
(that it involves consideration of both the ripple current capability and the resultant
resonant frequency), we must soldier on to investigate the selection/design of areal
inductor!




