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Capacitors in Real-World Applications

The capacitor is one of the primary building blocks of electronic
circuits. The basic structure consists of a dielectric material sand-
wiched between two electrodes or plates.

The impedance of an ideal capacitor is given as Z = Xc = '/2=fC
and, if graphed, would result in a straight line that gets ever closer
to zero as frequency (f) increases. However, no circuit component is
ideal, i.e., purely resistive or purely reactive. All circuit components
exhibit a combination of complex impedance elements: Inductors
show unwanted capacitance and hysteresis effects. Resistors display
unwanted inductance characteristics. Capacitors have unwanted
inductance, resistance, and dielectric absorption. Different materi-
als and manufacturing techniques produce varying amounts of
these unwanted parasitics that affect a component’s performance.
All components, even those constructed of the finest materials and
procedures, exhibit some of these artifacts and therefore should be
modeled as complex impedances. (See Figures 1A & 1B.)

In addition to capacitance (C), two other parameters, dissipation
factor (DF) and equivalent series resistance (ESR) are generally mea-
sured to reflect the presence of parasitics. Thus a much more realis-
tic representation of a capacitor is shown in Figures 2A & 2B.

This paper will define several capacitor-based parasitics and
explore their relationships and effects upon a capacitor’s perfor-
mance. Dielectric absorption will not be discussed in any depth
here: those wanting technical details should refer to Richard
Marsh’s previous groundbreaking work. (See the bibliography.)
Briefly, dielectric absorption has been revealed as a major source of
distortion in audio circuits. Film dielectric type capacitors, particu-
larly polystyrene, have very low dielectric absorption and for this
reason are preferred in audio circuits.
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Basic Considerations: DF, Q, and ESR

Dissipation Factor (DF), Quality Factor (QQ), and Equivalent Series
Resistance (ESR) are important parameters of high performance
capacitars. Their role in low-impedance or high-current circuits
such as power supplies, high-current amplifiers, and filters, is espe-
cially significant.

DF, Q, and ESR all represent heat-producing losses within the
capacitor. Minimizing these losses, thus reducing heat, promotes
greater stability, lower distortion, and lower mean-time-before-fail-
ure (MTBF).

Dissipation Factor (DF)

DF and “loss tangent” are largely equivalent terms describing capac-
itor dielectric losses. DF refers specifically to losses encountered at
low frequencies, typically 120 Hz to 1 KHz. At high frequencies,
capacitor dielectric losses are described in terms of loss tangent (tan
). The higher the loss tangent, the greater the capacitor's equiva-
lent series resistance (ESR) to signal power. In addition, the poorer
its Quality Factor (low Q), the greater its loss (heating) and the
worse its noise characteristics.

When a capacitor is used as a series element in a signal path, its
forward transfer coefficient is measured as a function of the dielec-
tric phase angle, 8. This angle is the difference in phase between
the applied sinusoidal voltage and its current component. In an
ideal capacitor, 0 equals 909, In low-loss capacitors, it is very close
to 90 ©, (See Figure 3)

For small and moderate capacitor values, losses within the capaci-
tor occur primarily in the dielectric, the medium for the energy
transfer and storage. The dielectric loss angle, &, is the difference
between 0 and 90 © and is generally noted as tan 8. The name “loss
tangent” simply indicates that tan & goes to zero as the losses go to
zero. Note that the dielectric’s DF is also the tangent of the dielec-
tric loss angle. These terms are used interchangeably in the litera-
ture,
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Figures 1A% B: A capacitor (C) with parasitic ele-
ments & equivalent electrical circuit. A true value
excludes the effects of the parasitics. In the real
world, true values are of academic interest only. The
effective value includes the influences of the compo-
nenl’s parasincs.
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Figure ZA: A film capacitor model showing
Dielectric Absomtion (Ry, + Cg,). The total instan-
taneous charge on a capacitor may be expressed as
Q =V C(T) + Q, (vTn, where C is the measured
capacitance, V the applied electrode potential, (5
the absorbed charge not directly contributing to
clectrode potential, T the temperature, and t the
timmaz,

o

Figure 2B: In this model, Rp = B jheylatign and
Rya + Cya are shown lumped together. The mathe-
matical expression is: £ =

Rp 4+j oL- w?Rp? C + w?Rp2LCE

1+w?RpiCt
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Quality Factor (Q)

Quality Factor (QQ) is the ratio of the energy stored to that dissipated
per cycle. For a reactive component, this is defined:
Q =Xc/Rggr = tan®

In one aspect, Q is a figure of merit in that it defines a circuit com-
ponent’s ability to store energy compared to the energy it wastes.
The rate of heat conversion is generally in proportion to the power
and frequency of the applied energy. Energy entering the dielectric,
however, is attenuated at a rate proportional to the frequency of the
Figure 3: This shows capacitive vector represented in electric field and the loss tangent of the material. Thus, if a (;L'IFJEICi‘
the impeedance plane. n an ideal capacitor, 0 =90%and.— gor stores 1000 joules of energy and dissipates only 2 joules in the

process, it has a Q of 500. The energy stored in a capacitor (joules,
watt-sec) = /2 C(V').

Equivalent Series Resistance (ESR)

Equivalent series resistance (ESR) is responsible for the energy dissi-
pated as heat and is directly proportional to the DF. A capacitor
-\ should be depicted as an ESR in series with an ideal capacitance

Fgt (C). ESR is determined by:
e ESR = (Xc/Q = Xc (tan &), with Q = 1/DF.

p — From this, we can see that “lossy” capacitors and those that present

Py large amounts of Xc will be highly resistive to the signal power.
Ry

LOG ESR
n

LoGe Circuit designs employing low Q capacitors usually produce large

quantities of unwanted heat because tan & and DF (or 1/Q) typically

increase in a non-linear fashion with rising frequency and tempera-

ture. With some capacitors, this effect is enhanced by the naturally

Figure 4: As capacitance increases, different factors — OCCUrTING decreased capacitance at high frequencies. ngh currents

o LA Bl also produce increase heat, which in turn again increases the ESR
and DF.

Even with substantial changes in current flow, high Q (low DF)
capacitors will not exhibit the value shifts common to equivalent
components exhibiting high DF, ESR, and other parasitics. Low ESR
reduces the unwanted heating effects that degrade capacitors. This
is an important goal in designing these components for high -cur-
rent, high-performance applications, such as power supplies and
high-current filter networks.

As Figure 4 shows, the significance of loss-contributing factors
depends to some degree on the value of the capacitor.
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Physical Considerations

Other factors contribute additional losses: the bulk metal of leads:
methods of lead attachment; capacitor plate material; and general
construction. Particularly with larger capacitance values, these fac-
tors become a significant percentage of the total loss as their contri-
bution to ESR increases.

There are three types of losses in a film capacitor: metal losses (Rg);
leakage or insulation losses at DC or low frequencies (Rjn); and
dielectric losses (Rg,). Leaving out extensive derivation, the follow-
ing formula shows how these three losses are related to a capaci-
tor's ESR:

ESR = Rg + 1/Rjn(2n f C)2 + DF/2n f C

Metal losses include all the losses in the capacitor’s leads, termina-
tion junctions, and capacitor plates. As shown in the equation
above, the insulation resistance (R;,,) leakage losses prevail (second
term), particularly at low frequencies. Then, as frequency increases,
dielectric losses (third term), and then metal losses (first term)
become prominent.

Metalized film capacitors utilizing thin conductors or plates have a
distinct size advantage over other types - they can be very small.
Formed by a vacuum-deposition process that laminates a film sub-
strate with a thin aluminum coating measured in Angstroms, these
capacitors are used where small signal levels (low currents/high
impedances) and small physical size are primary factors. They are
generally inappropriate for large signal AC applications.

The film-and-foil capacitor has much thicker plates (foil) than those
made of metalized film; these plates result in lower losses. The
thicker foil also helps carry away heat build-up; this means longer
life, greater reliability, and minimal effect upon the capacitor's
dielectric or DF. film-and-foil construction capacitors may be used
in both small and large signal applications, but the higher perfor-
mance (and higher price) may be unnecessary in some small-signal
applications.

Plate resistance increases with its length and so does the capacitor's
value. A larger diameter plate can be used to compensate for a
shorter length. This short length/large diameter construction further
reduces ESR because of the reduced plate resistance and enlarged
contact area between the plate and lead and also avoids the induc-
tance increase typically found in long length/small diameter plate
construction.
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Figure 5: Typical capacitor impedance vs frequency.
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Figure 6: Lead length alters a capacitor’s range of
operatiing frequency. Here a 2 il capacitor's self-nes-
onance decreases from 490 kHz to 290 kHz when its
leads are lengthened from 38 inch to 3 inches. In
other words, the capacitor's usable operating range
is reduced by almost half,

Figure 7: A cross sectional drawing showing the coaxi-
al construction of an MIT MultiCa p. For simplicity’s
sake, only tow of the 10 sections ane included.
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The junction between leads and the capacitor’s plate(s) also influ-
ences ESR, usually for the worse. in addition to the size and shape
of the leads (mentioned above), the following considerations are
important: the method of attachment (welding or soldering); the
size and shape of the capacitor; and the size of the sprayed metal
droplet used to short all the plates together. Long-term reliability
and ESR stability also depend on the use of metals that do not form
electrolysis action, such as that resulting from the direct contact of
aluminum and copper.

For low capacitance values, the inherent dissipation factor of the
dielectric material contributes most significantly to ESR. As capaci-
tance value increases, plate resistance, lead resistance, and end-
coating resistance become, in turn, the dominant factors affecting
total ESR. Careful selection and control of these factors results in
uniformly stable and low ESR.

Impedance, Inductance, and Resonant Frequency

An ideal capacitor's reactance decreases as frequency increases, as
shown by the formula: Xc = 1/(2r f C). Of course, impedance (Z)
also varies with frequency, owing to the ESR and inductance (L) of
the capacitor, as shown in Figure 5.

The point of minimum impedance (ESR) marks the frequency at
which L and C form a series-resonant circuit, where the inductive
reactance equals the capacitive reactance. Above this resonant fre-
quency, the capacitor functions as an inductor. For many applica-
tions, the capacitor’s series resonant frequency will be a circuit’s
useful upper frequency limit, especially where the phase angle of
the capacitor is expected to maintain a 90-degree (tan & = 0) or near
90-degree voltage/current relationship. This is a common assump-
tion in filter network design.

The length of the capacitor and its construction determine the
capacitor’s self-inductance and thus its resonant frequency. The
lead length to the capacitor’s external circuit load influences the in-
circuit performance, usually in a quite different manner from that
which was calculated based upon ideal (that is, no inductance)
conditions. Figure 6 shows the effect of lead length increased from
/i" to 3", a typical length when you add the circuitboard trace
length or circuit wiring to the capacitor’s lead length. Note that the
useful upper frequency limit has gone from 490 KHz to about 290
KHz. the reduction is about 33 KHz per inch for this particular
capacitor! for a dielectric loss angle of 10 degrees (tan & = .176) in
the audio pass-band (a common occurrence with larger capacitor
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