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O'REILLY

CHAPTER 6

$Capacitance

In this chapter, the electrical property of capacitance and another
electronic circuit component, the capacitor, are introduced. The
physical and electrical properties of capacitors are discussed. Series
and parallel capacitive ac circuits are described and analyzed. The
capacitor and the effects of capacitive action in ac series and parallel

circuits are described.
At the end of this chapter, you should be able to:

1. List the names of common types of capacitors and discuss the charac-
teristics of each.

2. Define capacitance and the capacitive property.
3. Describe two effects of capacitors in ac circuits.

4. Describe the result of using different types of dielectrics, different sizes

of plates, and increasing the distance between the plates of capacitors.

5. Given a schematic diagram of the types shown and typical circuit val-
ues, you should be able to calculate capacitance, capacitive reactance,

current, voltage, and power for each capacitor and for the circuit total.
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INTRODUCTION

In the previous chapter, discussion concerned the action of alternating
current in resistive circuits. As you probably noted, this concept was very
similar to an analysis of direct current in resistive circuits. Resistor series,
parallel, and series-parallel circuits were analyzed. Total and individual
values of current, voltage, resistance, and power were determined for

each of these types of circuits.

In this chapter, capacitive properties and the effects of capacitance in ac
circuits will be described and circuits containing capacitors connected in

series and parallel will be analyzed.

Capacitors, like resistors, do not amplify or increase voltage or current.
However, they perform a unique function by storing an electrical charge.

This has the effect of opposing any changes in voltage.

PROPERTIES OF CAPACITANCE

Definition Of Capacitance

The ability of a nonconductor to store an electrical charge is called capac-
itance. This capability is particularly important for applications that re-

quire short bursts of relatively large amounts of current. For example, a
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flash tube for a camera uses a burst of current to produce light for a frac-
tion of a second. An electronic ignition system in a car has a capacitor in
it to help provide interrupted current conditions that produce the high
voltage for the spark discharge. Spot-welding equipment uses a capacitor
to obtain peak current almost instantaneously. Capacitors are also used in
medical equipment. For example, in a defibrillator used to revive a
patient’s heartbeat, a capacitor is discharged between two paddles that
are applied to the patient’s body. The paddles, thus, deliver a controlled

amount of electrical energy to the patient.

PHYSICAL DESCRIPTION OF A CAPACITOR

Basic Schematic Symbol

Essentially, a capacitor is two conductive metal plates separated by an in-
sulator. Figure 6.1 shows a capacitor’s schematic symbol. The straight
and curved lines represent the two conducting plates of the capacitor.
The space between the two lines is the dielectric of the capacitor. A dielec-

tric is a nonconductor of electric current.

F =)

CAPACITOR

METAL  INSULATOR
PLATES

FIGURE 6.1 A Capacitor’s Schematic Symbol
Types Of Capacitors

Different types of capacitors can be manufactured by using various mate-
rials for the dielectric, such as paper, ceramic (a porcelain or baked-clay

material),Teflon* (an inert, tough insoluble polymer), and air. Several
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types of capacitors are shown in Figure 6.2. More detail on various types

of capacitors is presented later in this chapter.

FIGURE 6.2 Several Types of Capacitors
Charging A Capacitor

How does a capacitor store a charge? In Figure 6.3 two plates of a capaci-
tor are shown in a circuit with a battery. Switch 1 is open. Therefore, the
plates contain equal numbers of neutral atoms, positive ions, and free
electrons that are associated with all conductive materials. This equality
makes the plates electrically neutral. When a battery is connected be-
tween the two plates by closing switch 1, as shown in Figure 6.4, current
flows. (As in all other discussions in this book, current is electron cur-
rent.) Current flows because the positive potential applied to plate A at-
tracts free electrons from the neutral atoms of the plate. This action cre-
ates an excess of positive ions. The free electrons are pulled to the positive
terminal of the battery. They are deposited on the negative terminal by
the chemical action within the battery and repelled by the negative bat-
tery potential and then they collect on plate B of the capacitor. The cre-
ation of positive ions on plate A constitutes a net positive charge on the
plate. The excess electrons on plate B creates a net negative charge on
that plate. The difference between the charges on the two plates is a po-
tential difference which is defined as voltage. If there is no restriction of
current flow in the circuit, the voltage, or potential difference, between
the plates of the capacitor becomes equal to the battery voltage very
quickly.
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FIGURE 6.3 Plates of a Capacitor Normally Are Electrically Neutral
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FIGURE 6.4 Capacitor Connected to a Battery and Charging

In Figure 6.5, the positive potential on plate A is equal to the positive po-
tential on the battery. Therefore, no more electrons are removed from the
positive plate, A. The negative potential on plate B is equal to the negative
potential on the battery. Therefore, the B plate cannot collect any more
electrons. At this point the current in the circuit stops. The charges have
been distributed on the positive and negative plates until the voltage
across the capacitor is equal to the battery voltage, and the capacitor is
fully charged. The amount of time necessary for the capacitor to charge
and the values of voltage across the capacitor after different time periods
are discussed in Lesson 10 of this book and in Lesson 13 of the TI

Learning Center textbook Basic Electricity and DC Circuits.
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FIGURE 6.5 Capacitor Is Fully Charged
Storing A Charge

If the capacitor is disconnected from the battery by opening the switch as
shown in Figure 6.6, the attraction of the charges on the two plates main-
tains the potential difference between the two plates. Also, the dielectric
(insulator) material prevents electrons from moving from plate B to neu-
tralize the positive ions on plate A. Therefore, the charge is stored. By
storing a charge equal to the applied battery voltage, the capacitor op-
poses any change in voltage which normally occurs when the battery is

disconnected from the circuit.

S
Y
+
10V

10V = U
_'l' - ﬂﬂuﬂia

PLATE A

FIGURE 6.6 Charged Capacitor Disconnected from Battery
Discharging A Capacitor

To discharge the capacitor, a wire can be connected between the two
plates, as shown in Figure 6.8. Current flows for a short period of time,
and the excess electrons from plate B flow back to plate A and neutralize

the positive ions on plate A. Both plates return to their original neutral
Tigo Energy, Inc. Exhibit 2007, Page 21 of 91
SMA Solar Technology America, LLC v. Tigo Energy, Inc.
IPR2023-00879



condition, and current flow then stops as shown in Figure 6.9. The dis-

charge time is related to the charge time. This also is discussed in
Chapter 10.

FIGURE 6.8 Capacitor Plates Discharging

r N
54
+ I I | PLATE A
_'l' g PLATE B
. .

FIGURE 6.9 After Discharge Both Plates Are Once Again Electrically
Neutral

-~ )
S1
+l + I PLATE A
10V — 10V
__'|‘ /’ﬁpuﬁn
A
SHORTING WIRE
e w

FIGURE 6.7 A Wire Connected Between the Two Plates
VALUES OF CAPACITORS

The Farad
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The value of capacitance in a circuit is described by the capacitive unit,
the farad, named for Michael Faraday. Faraday, a British physicist who
lived during the 19th century, is credited with developing the method of
measuring capacitance. Faraday stated a capacitor has a value of one
farad of capacitance if one volt of potential difference applied across its
plates moves one coulomb of electrons from one plate to another. This is

illustrated graphically in Figure 6.10, and it is expressed in the equation:

1 FARAD

1 VOLT

FIGURE 6.10 Circuit Factors for Measuring One Farad of Capacitance

c=2 (6-1a)
E
Where

Q = the charge transferred in Coulombs. (One Coulomb =6.25 x1018¢elec-

trons)
C =value of capacitor in farads
E = voltage applied across the capacitor plates in volts

Rearranging terms, this equation may also be written in the form.
Q=CxE (6-1b)

As an example of its application, if you have a capacitor of 20 uF that is
charged to 12 volts with a battery as shown in Figure 6.11, the quantity of
electrons transferred from the positive to the negative plate of the capaci-

tor stated in coulombs of charge is calculated as follows.
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FIGURE 6.11 Charge Transfer in Charging a 20-uF Capacitor to 12 V

Q=CxFE

Q =(20 uF) x (12 V)

Q =(20x10°F)x (12 V)
Q =240x10°C

or
Q = 240uC

Recall that one coulomb of charge is equivalent to the amount of charge
possessed by 6.25 x 10'8electrons. So the result above suggests that the
number of electrons transferred in charging the capacitor is equivalent to

6.25 x 10'8electrons per coulomb times 240 pC.

Number of Electrons = (6.25 x 10*
electrons/coulomb) x (240uC)

Number of Electrons = (6.25 x 10"
electrons/coulomb) x (240 x 107°C)

Number of Electrons = 1,500 x 10"

= 1.5 x 10" electrons

The number of electrons transferred in charging the 20 uF capacitor to 12

V is 1,500 million-million or 1.5 x 101%electrons.

You might also notice that if you were to increase the applied voltage
above 12 V, more electrons (coulombs of charge) would be transferred.
Conversely, if the applied voltage were less than 12 V, fewer electrons

would be transferred. The delta (A) symbol is often used to indicate a
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change in a quantity. For example, a change in voltage could be written as
AE. So if a change in voltage causes a change in the amount of coulombs
of charge transferred, equation 6-1b might be written again to account

for changes in voltage as
AQ = Cx AE (6-1c)

This equation might be interpreted as saying that the amount of change
in coulombs transferred equals the amount of capacitance being charged

times the change in applied voltage.

Notice in Figure 6.11 that when charging a capacitor, current flows and
electron transfer take place. Recall that current may be defined as the
“rate of flow of electrons” and that quantities of electrons may be mea-

sured in terms of coulombs of charge.

A simple way to state this in an equation is

=8 (6-1d)
t

where

I = current (measured in amperes)

Q = quantity of electrons past a point within
a conductor (measured in coulombs)

t = time for a number of electrons to pass a point within a conductor

(measured in seconds)

equation 6-1d reiterates the well known fact that one ampere of current
is equivalent to a charge flow rate of one coulomb per second. Another

way to state this is to rearrange equation 6-1d as

Q=Ixt (6-1e)
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This equation indicates that if a given amount of current flows for a cer-
tain length of time in a conductor, the total number of coulombs of
charge that will have flowed through the conductor is equal to the prod-

uct of the current and time.

For example, if a current of 2A flows through a conductor for 15 seconds,

then 30 coulombs of charge will have passed through the conductor.

Q=Ixt
Q =(2A)x (15sec)
Q=30C

Similarly, if a capacitor is charged with a current that is maintained con-
stant at a given level for a specified amount of time, the capacitor will ac-
cumulate an amount of charge as calculated by this same equation. For

example, if a capacitor is charged for 15 seconds with a constant current

of 2 A, it will accumulate 30 coulombs of charge.

It is easy to see that if the amount of time is changed, the amount of

charge accumulated will also change. Using delta notation
AQ =1x At (6-1f)

Now we get to where all this discussion has been leading. If you take

equation 6-1c for a capacitor

AQ =Cx AE

and equation 6-1f

AQ =1x AL

and substitute I x At for AQ in equation 6-1c you get

I x At =C x AE (6-1g)
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If you rearrange this equation to solve for I in terms of all other values

you get

1=Ccx A (6-1h)
At

This equation has the term,AE/At, which is the change in voltage, AE, in a
given amount of time, At. This is usually referred to as the “rate of change
of voltage” in volts per second. If the voltage across a capacitor of value C
is changed at a rate of so many volts per second, the amount of current

that will flow to charge the capacitor is given by this equation.

As an example, suppose the voltage across a 40-uF capacitor is be changed
at the rate of 50 V/sec, the amount of current that will flow to charge this

capacitor will be 2 mA.

I =(40 uF) x (50 V /sec)
[=(40x107°F) x (50 V [sec)
[=20x107°A

[=2mA

equation 6-1h describes the behavior of a capacitor in a circuit with
changing voltage conditions, and therefore is most useful in analyzing
how a capacitor will respond electrically to varying dc as well as ac volt-
age sources.

Standard Values Of Capacitance

6.25 x 1018electrons is a very large number of electrons; therefore, a one
farad capacitor is very large electrically and physically. Practical units of
capacitance vary from a small capacitor of one picofarad (1 pF =
0.000000000001 farads = 10"*farads) to 1,000 microfarads (1,000 uF =
0.001 farads = 1 x 10"3farads), for a large capacitor. Typical capacitors of

these values are shown in Figure 6.12.
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FIGURE 6.12 Typical Small-Value and Large-Value Capacitors
Abbreviations Of Capacitive Unit

The capacitance value of most capacitors is in either microfarads or pico-
farads. There are many ways that these units can be expressed and ab-
breviated. For example, the value of a 0.001 microfarad capacitor can be

written:

0.001 x 1078F or 1,000 x 10712F

or 1,000 picofarads or 1,000 pF or 1 kpF
or 1,000 micromicrofarads or 1,000 puF
or 1,000 x 107%x 1076F

or 1 nanofarad or 1 x 1079F

All other capacitance values can be expressed and abbreviated in as
many ways. Although the capacitance value of a capacitor is usually
printed on it, it can be in any one of many different abbreviations be-
cause all manufacturers have not established a standard abbreviation
code for capacitance units. This can pose some deciphering problems.
However, as a rule of thumb, remember that practical values of capaci-
tance are fractions of one farad, and they typically range from one pico-

farad to several thousand microfarads.
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Equation For Calculating Capacitive Values Based On Physical
Parameters

Capacitors of different values are manufactured by varying several fac-
tors, such as the area of the plates, the distance between the plates, and
the type of dielectric material used. An equation that relates these factors

is
C - kg(é)ﬁn (6_2)

Where

C = the value of the capacitor in farads
ke= the dielectric constant of the
dielectric material (no units)

A = the area of either plate

(square meters)

d = the distance between the plates
(meters)

o= the permittivity of dry air

(8.85 x 107 1?farads per meter)
Area Of The Plates

If the area of the plates is increased, the capacitor will be able to store
more charge for every volt applied across its plates. Thus, if the dielectric
and the distance between the plates remain constant, capacitance will be

increased if the plate area is increased.
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Distance Between Plates

If the distance between the plates of a capacitor is increased, then the ca-
pacitor stores less charge for every volt applied across its plates.
Therefore, if the dielectric and the plate area remain constant, capaci-
tance will be decreased if the distance between plates is increased.
Dielectric Constant

The dielectric constant of a dielectric material is a ratio of the permittivity
of a dielectric material to the permittivity of a vacuum, or more practi-
cally, dry air. The permittivity of a material is its ability to concentrate the
flux density of an electric field. For example, the dielectric constant of
glass is 8. Therefore, glass has a permittivity of 8 times that of air. The ra-
tio of the permittivity of glass to the permittivity of air is 8:1, the air hav-

ing an assigned constant of 1.

The larger the value of dielectric constant, the greater the concentration
of the electric field between the two charged plates. Therefore, assuming
that the area of the plates and the spacing between plates remain con-
stant, the value of a capacitor will be increased if the dielectric constant is

increased, and it will be decreased if the dielectric constant is decreased.

A table of typical dielectric constants of various materials used in the con-

struction of capacitors is shown in Figure 6.13.

DIELECTRIC DIELECTRIC

MATERIAL CONSTANT -
AlIR 1

CERAMICS 80-1200 VARIES WITH TYPE
GLASS 8

MICA 3-8 VARIES WITH TYPE
TEFLON 21

oIL 2-5 VARIES WITH TYPE
PAPER 2-6 VARIES WITH TYPE

FIGURE 6.13 Dielectric Constant of Various Materials

Voltage Ratings Of Capacitors
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In addition to their capacitance values, all capacitors are also rated as to
the maximum allowable dc voltage that may be applied across the plates
without arc-over and subsequent damage to it and the circuit. This rating
is called the working voltage dc, usually abbreviated WVDC or simply
VDC when printed on a capacitor. For example, if a capacitor is rated at
100 WVDC, no voltage greater than 100 volts dc should be applied across

its plates.

If a capacitor is used in an ac circuit, the peak value of the ac voltage
should be compared to WVDC rating of the capacitor to be sure that the
voltage will not exceed that rating and cause the capacitor to arc between
its plates. In a circuit in which the voltage across the capacitor is 40 volts
peak-to-peak, the peak value of this voltage is 20 volts and therefore, the
WYVDC rating of the capacitor should be a minimum of 20 volts.
Dielectric Strength

The WVDC rating of a capacitor is related to the dielectric strength
(breakdown voltage) of the type of dielectric material used in the
capacitor’s construction. The dielectric strength is different for different
materials. The dielectric strength of a material is typically rated in volts
per mil (V/mil). One mil is 0.001 inch or one thousandth of an inch. The
V/mil rating of a dielectric material indicates how many volts a one-mil
thickness of the material can withstand without breaking down. Figure
6.14 lists some V/mil ratings of several dielectric materials commonly

used in the construction of capacitors.

DIELECTRIC STRENGTH

MATERIAL (VOLTS/MIL)

AlIR 20

CERAMICS 600-1250 VARIES WITH TYPE
PYREX GLASS 330

MICA 600-1500 VARIES WITH TYPE
TEFLON 1528

0OIL 375

PAPER 400-1250 VARIES WITH TYPE

FIGURE 6.14 Dielectric Strength of Various Materials
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It is also important to remember that the working voltage of any capaci-
tor decreases as temperature increases. Therefore, if the circuit in which
a capacitor of a particular WVDC rating is to be used will be subjected to
high temperatures, the capacitor should be chosen so that its working

voltage will exceed expected circuit voltages at those temperatures.

TYPES OF CAPACITORS

As stated previously, the dielectric material used in the construction of a
capacitor primarily determines the type of capacitor. Some of the com-

mon types are ceramic, paper, air, and electrolytic capacitors.
Ceramic Disc Capacitors

Ceramic disc capacitors usually consist of two conductive discs on each
side of a piece of ceramic insulator, one lead attached to each plate, and
coated with some type of inert, waterproof coating, often made of some
type of ceramic composition. Ceramic capacitors typically are manufac-
tured in values from 1 picofarad up to thousands of microfarads and dc
working volts from 10 volts up to 5,000 volts. Several ceramic disc capaci-

tors are shown in Figure 6.2.
Paper Capacitors

A paper capacitor typically consists of a sheet of paper insulator (dielec-
tric) sandwiched between two sheets of foil, rolled in cylindrical form as
shown in Figure 6.15. Paper capacitors are typically manufactured in ca-

pacitive values from about 1,000 picofarads to one microfarad.

PLATES
FOIL

LEAD
\ 4 AXIAL LEADS
>~ PLATES

: 7

LEAD

DIELECTRIC
DIELECTRIC

FIGURE 6.15 Typical Paper Capacitor
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Paper, mylar, and other tubular film-type capacitors typically have a
band at one end of the capacitor as shown in Figure 6.16. The band iden-
tifies the outside foil of the capacitor. The lead closest to the band should
be connected to the ground or lowest potential point in the circuit. This
provides rf shielding in high frequency circuits. It also provides a safety
factor for the technician if the insulating material would happen to wear

away and expose the capacitor’s outside plate.

/|

J
DOUTER

FOIL
CONNECTION

FIGURE 6.16 Capacitor with Outer Foil Connection Indicated with Band
Electrolytic Capacitors

A typical electrolytic capacitor consists of an outer aluminum shell and
an inner aluminum electrode. As shown in Figure 6.17, the electrode is
wrapped in gauze permeated with a solution of phosphate, borax, or car-
bonate. This solution is called the electrolyte. When a dc voltage is placed
across the plates of the capacitor, an oxide coating forms between the
electrode and the electrolyte. A capacitor is then formed with the oxide as
the dielectric, the inner electrode as the positive plate (anode), and the
outer shell and electrolyte as the negative plate (cathode).Several capaci-
tors of different values can be formed within one outer shell by using sev-
eral electrodes and applying different potentials to the electrodes. Figure
6.18 shows two views of a typical multisection electrolytic capacitor. The
side view shows a typical way the capacitance and WVDC ratings of each
section of the capacitor are marked on its side. Note that a small geomet-
ric symbol is marked beside each of the section ratings. These symbols
are used to identify each of the capacitor’s sections. The bottom view

shows several lugs extending outward from the bottom of the capacitor.
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Each of the inner lugs is connected to an inner (usually positive) electrode

of each individual capacitor section.

-~ HEGATIVE LEAD

OXIDE-COATED
ALUMINUM FOIL
{POS. ELECTRODE)

ALUMINUM
FOIL —
CONTACT TO
ELECTRODE .
(NEG. ELECTRODE) ™ SATURATED WITH ELECTROLYTE

{ACTUAL NEGATIVE ELECTRODE)

FIGURE 6.17 Construction of an Electrolytic Capacitor

FIGURE 6.18 A Multisection Electrolytic Capacitor

Note that the small geometric symbol marked beside each of these lugs
match the symbols marked on the side. Therefore, the capacitance value
and WVDC rating of each section (lug) can be determined easily. Note also
that there are several lugs around the outer edge of the capacitor. These
lugs are part of the outer shell of the capacitor that is usually the negative
(ground) side of the capacitor, common to each section. These lugs are
used to mount the capacitor and provide a common negative connection

in the circuit.

Some electrolytic capacitors use special metals called tantalum or niobium
as the anode and are called tantalum or niobium capacitors. These capaci-
tors have a larger capacitance in a much smaller size than other types of

standard electrolytics. Because of their small physical size, they are ideal
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for use in miniaturized electronic circuits where space considerations are

important.

Since an electrolytic capacitor utilizes a chemical process for its capacitive
ability, it has a designated shelf life. That is, an electrolytic capacitor can
be stored only for a specified length of time without use before it changes
value.The schematic symbol for an electrolytic capacitor has the added
notation of the plus and minus signs. Electrolytic capacitors must be used
in circuits with the end marked positive always at a more positive poten-
tial than its negative end. Thus, they are normally used only where dc or
pulsating dc voltages are present. Special types of non-polarized elec-
trolytic capacitors are available for use in ac circuits. Specified symbols

for electrolytic capacitors are shown in Figure 6.19.

~
7T

(NON-POLARIZED)

FIGURE 6.19 Electrolytic Capacitor Symbols

Electrolytic capacitors are available from about one microfarad to several
thousand microfarads, with working voltage ranging from several volts to
several hundred volts. The applied voltage to an electrolytic capacitor
should be approximately equal to the voltage rating of the electrolytic.
This will help insure that the proper value of capacitance will be present
in the circuit.

Air Capacitors

With air capacitors, capacitance is varied by meshing and unmeshing the

capacitor plate, with the air between the plates serving as the dielectric.
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As shown in Figure 6.20, air capacitors are commonly used as a variable

tuning capacitor in receiver circuits.

A~

VARIABLE

b

FIGURE 6.20 Variable Tuning Air Capacitor and Its Schematic Symbol

The variable capacitor is designated schematically by adding an arrow to
the standard schematic symbol also shown in Figure 6.20. Air capacitors
are available usually in variable values from a few picofarads to several
hundred picofarads.

Leakage Current

A theoretical capacitor will hold a charge indefinitely. Practically, how-
ever, if a capacitor is charged and set down for a time, it actually loses a
small amount of its charge. This is because all insulators are conductors
to some degree. The dielectric, even though a poor conductor, allows
some electrons to “leak” back across to the other plate. This small elec-
tron flow discharge is what is called leakage current. Leakage current is
greatest in electrolytic capacitors due to their method of construction and
impurities in the foil and electrolyte. A table showing leakage current for
common types of capacitors for typical ranges of values and WVDC rat-

ings is shown in Figure 6.21.

Tigo Energy, Inc. Exhibit 2007, Page 36 of 91
SMA Solar Technology America, LLC v. Tigo Energy, Inc.
IPR2023-00879



Range of Range of R; = Insulation Resistance
Capacitor Range of wvDe Temperatura I, = Leakage Current
Type Capacitance (in volts) (*C) (ot 25°C) Commants

Ceramic 1pF — 25 pF 20 — 200 -5 +125 R, = 100 GIL/uF Small size
Low cost

Paper 0.001 = 2 uF 50 — 2000 =55 +105 R, = 3 = 20 GIU/uF Low cost

Electrolytic 0.5 = 1,000,000 uF 2.5 - T00 =80 +125 I, = 0.1 phA or more Yery small size
Very low cost

Mylar 0.001 - 20 uF 50 — 1000 -55 +150 Ry = 50 GiLwF Small slze
Relatively
high cost

Alr 10 = 400 pF 200/0.01 in - - Yariable

air gap

Mics 1pF = 1 pF 50 = 100,000 =55 +150 Ry = 10 = 100 G(WuF Cap. change
with age
wvary amall

Oil Fllled 0,001 = 15 pF 100 - 12,500 —55 +85 R, = 2 = 100 GV/uF Low cost

FIGURE 6.21 Typical Capacitor Parameters

COMPARISON OF RESISTANCE AND CAPACITANCE

A comparison of resistive and capacitive properties should help you un-
derstand better the effects of capacitors in circuits. A resistor limits, and
therefore, controls the flow of current in a circuit. A capacitor stores a

charge and as a result, opposes a change in voltage in the circuit.
Resistors In DC And AC Circuits

Recall previously that in dc and ac circuits, as shown in Figure 6.22, a re-
sistor places a fixed amount of resistance in the circuit. Governed by

Ohm’s law the resistance value determines the amount of current flow. A
capacitor, however, stores a charge and as a result, it opposes any change

in voltage across it in a circuit.

DC CIRCUIT AC CIRCUIT
EJ_ RE RI
T 1 1 1

FIGURE 6.22 Resistors in DC and AC Circuits

Capacitors In DC Circuits
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In dc circuits, when a dc voltage is first applied to a capacitor with no
charge, it initially acts almost as a short circuit by allowing a maximum
value of current to flow, as shown in Figure 6.23a. As the capacitor
charges, the voltage across the capacitor increases in a polarity which op-
poses the battery or voltage source and the amount of current flowing de-
creases. Once the capacitor is fully charged, current no longer flows in
the circuit, and the capacitor then acts as an open circuit, as shown in
Figure 6.23b. The time required for a capacitor to become fully charged
is determined by the RC time constant of the circuit which will be dis-

cussed in more detail in Chapter 10.

CAPACITORS IN
DC CIRCUITS

Initially After Charging

L L
JOI I

10V +0V(short) 10V +10V(open)
I=MAX I=0 AMPS
a b

FIGURE 6.23 Capacitors in DC Circuits
Capacitors In AC Circuits

In ac circuits, the capacitive property of capacitors is observed in two re-
lated ways. First, the voltage across the capacitor lags the current through
the capacitor by 90 degrees, as shown in Figure 6.24. Second, also shown
in Figure 6.24, a capacitor acts as a variable opposition to current flow
that is inversely related to the frequency of the ac source causing the cur-
rent flow. The average opposition of a capacitor to current flow is called

its capacitive reactance.
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CAPACITOR IN AC CIRCUITS

FIGURE 6.24 Capacitor in AC Circuits

PHASE RELATIONSHIPS IN CAPACITIVE CIRCUITS

In every capacitive electrical circuit there are predictable and precise re-
lationships between current, voltage, and capacitance. These relation-
ships can be precisely described in terms of phase relationships. A good
way to begin a discussion and understanding of capacitive circuits is by

analyzing phase relationships in such circuits.
Ecand IcRelationships

As mentioned earlier, an equation that mathematically describes the rela-

tionship between the voltage and current in a capacitive circuit is

1. = cAEc (6-3)
G = L=
At

Where I¢= capacitive current (amperes)
C = capacitance (farads)

A = a change in quantity

Ec = volts across the capacitor

t=time (seconds)
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Since A designates a change in quantity, then the value

AE(
At

is the change in voltage (in volts) across the capacitor divided by the

change in time (in seconds) in which that

change occurred. This

AE¢
At

is called the rate of change of the voltage. Because

AE,
At

is the rate of change (ROC) of voltage, equation 6-3 can be rewritten:

I =Cx[ROC E¢] (69
Rate Of Change Of E¢

Since there are rates of change of voltage in a capacitive ac circuit, it is
important that you know where the maximum and minimum rates of
change occur. Using equation 64, certain characteristics of the current
can be determined. A good example is to examine the rate of change of
voltage at various points in a sine wave. A fixed amount of time, At, will
be moved along a time axis and examined to see how much change in
voltage occurs at various intervals of the sine wave. As shown in Figure
6.25, the maximum change in voltage occurs as the sine wave crosses the
axis at the zero voltage level. Thus, the rate of change of voltage is a maxi-

mum as the sine wave crosses the zero voltage level.
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E ROC=MAX

FIGURE 6.25 Maximum Rate of Change of Voltage

On the other hand, the change in voltage is minimum or zero as the volt-
age peaks. Thus, the rate of change of voltage is zero as the sine wave
peaks as shown in Figure 6.26. This should be obvious because when the

sine wave peaks, the voltage stops increasing and begins decreasing.

r |
E
+— ROC=0
t
ROC=0
. J

FIGURE 6.26 Minimum Rate of Change of Voltage
Ecversus Ic

Remember that the current is equal to the value of the capacitor times the
rate of change of the voltage. When the rate of change of voltage is zero
(Ecis at either peak), the value of the current is zero. When the rate of
change of voltage is a maximum (as E¢ crosses the zero voltage level), the
value of the current is a maximum. The zero and maximum points of I¢
are indicated by the X’s in Figure 6.27. Since the voltage changes sinu-
soidally, the rate of change of voltage changes in a sinusoidal shape and
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therefore, so does the current. Connecting these points with a sinusoidal
waveform, as shown in Figure 6.28, the current waveform can be plotted.
Note in Figure 6.28 that the current leads the voltage by 90 degrees as
was described earlier.

4 N

le=Cx[ROCE]

X
ov t

e S

FIGURE 6.27 Zero and Maximum Points of I¢

FIGURE 6.28 Relationship of I¢to E¢
FREQUENCY RELATED TO CAPACITIVE
IMPEDANCE

In a circuit, a capacitor impedes, opposes, reacts to the flow of a varying
current. The average opposition is called capacitive reactance. The capac-
itive reactance depends on the frequency of the source. The rate-of-
change equation can be used to relate the capacitive opposition to the fre-

quency of the voltage in a capacitive circuit.
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Rate Of Change Versus Frequency

As frequency increases, the rate of change of the voltage is much higher.

For example, as shown in Figure 6.29a, a 10 volt peak-to-peak one kilo-

hertz waveform makes a 10 volt transition in 0.5 (*2) millisecond. But, as

shown in Figure 6.29b, with the same amplitude, and an increase in fre-

quency to 4 kilohertz, the same 10-volt transition is made in one-fourth of

this time, or in 0.125 millisecond. Calculating the rate of change of voltage
in each case, it is found that at 1 kilohertz:

a b

1kHz 4 kHz

FIGURE 6.29 Rate of Change of voltage versus Frequency

Rate of change = AR
At

v
T 0.5ms
20V

ms

and at 4 kilohertz:

Rate of change = %

10V

~ 0.125ms

80V

ms
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The approximate rate of change of the 1-kilohertz waveform is 20 volts
per millisecond. The approximate rate of change of the 4-kilohertz wave-
form is 80 volts per millisecond. Obviously, the rate of change of the
higher frequency voltage is greater. According to equation 6-4, the volt-
age with the higher frequency with its greater rate of change would pro-

duce a higher current when applied to a capacitor.

fTﬁECTIcT
At

According to Ohm’s law, if voltage is constant and current increases then

the opposition to current flow must have decreased.

On the other hand, if source frequency is decreased, the current will also
decrease, which means an increase in opposition must have occurred.

These relationships can be expressed as:

f ‘l’ &j‘: Jf I[; ‘L and XCT

CAPACITIVE REACTANCE

As stated earlier, this changing opposition of a capacitor is called capaci-

tive reactance and is inversely related to the source frequency.
Equation For X¢

Capacitive reactance is measured in ohms of reactance like resistance,
and depends on the frequency of the applied voltage and the value of the

capacitor.

X (@)= 5—— 6-50)
2 nf(Hz)C(F)

where 2n =6.28.
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The symbol for reactance is X. To specify a specific type of reactance, a
subscript is used. In this case, since it’s capacitive reactance, the subscript
C is used. The constant 2z comes from the number of radians in one cycle
of a sinusoidal ac waveform. equation 6-5a is valid only for calculating
the capacitive reactance of a capacitor to sinusoidal alternating current.
Analysis Of An AC Capacitive Circuit

The circuit in Figure 6.30 will be used to determine the capacitive reac-
tance using the capacitive reactance equation. That circuit contains a 10
microfarad capacitor with an applied voltage with a frequency of 4 kilo-

hertz. The capacitive reactance is calculated:

- ~
f=4kHz
E
A
IOFF

\ _J

FIGURE 6.30 Example Circuit to Calculate X¢

X(;= 1
2 nfC
_ 1
"~ 27(4x10° Hz)(10 X 10°° F)
_ 1
T 251.2x10°
Xc=3.980Q

If the applied voltage is 10 volts, as shown in Figure 6.31, the current in
the circuit will be the value of the applied voltage divided by the value of

the capacitive reactance.
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N C
10v (:) 10t

4kHz X¢=3.98Q

\ v

FIGURE 6.31 Example Circuit to Calculate I¢

— EH.C
Xc

_ 10V

"~ 3.98Q

=251 A

Ic

The current in the circuit is 2.51 amperes. Remember, the voltage and
current values are rms values since they have not been otherwise

specified.

A sine wave may be evaluated for its average rate of change of voltage as
shown in Figure 6.32. If the peak value of a sine wave is Epy, then the av-
erage rate of change of the entire sine wave may be determined by evalu-
ating its change in voltage divided by its change in time (%4 the period)
during only the first 90 degrees. In equation 6-5b, the average rate of
change of a sine wave is given as the change in voltage divided by the
change in time. The change in voltage from 0 to 90 degrees is the value of

Epk. The change in time from 0 to 90 degrees is % of the period.
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E
AVERAGE AE _ bk

At TyaT

=t

_ i

[
g, P

FIGURE 6.32 Evaluation of Average Rate of Change of a Sine Wave

ﬂvemgeg = E, (6-5b)
At YT

Since the reciprocal of the frequency is equal to the period, the equation
may be rewritten as
ﬁE Epk (6-5¢)

Average =
e Vex Vf

The right side of equation 6-5¢ may be rearranged to obtain

.f’m:1‘:;1,{._-;1::E =4 XX Ey (6-5d)

At
As shown in the beginning of Chapter 2, the average value of a sinusoidal
voltage or current during its first half or quarter cycle may be written as

0.637 of its peak value.

2
Average Current =0.637 x I, =—x 1, (6-5e)
L
Recall that equation 6-3 describes the behavior of a capacitor.
Ak (6-3)

l{'_ =C X
At
equation 6-3 could also be written in terms of average current and aver-

age rate of change of voltage as

Tigo Energy, Inc. Exhibit 2007, Page 47 of 91
SMA Solar Technology America, LLC v. Tigo Energy, Inc.
IPR2023-00879


https://learning.oreilly.com/library/view/basic-ac-circuits/9780750671736/xhtml/B9780750671736500031.htm#chapter2

Average I =Cx Average% (6-51)

t

Substituting the average current (equation 6-5e) and average rate of

change of voltage (equation 6-5d) expressions into equation 6-5f yields

Exlpk=(::~:4}cf><Epk (6-5g)
n

Rearranging equation 6-5g to solve for Ipkresults in

I¢=Cx4xfxEﬂxg (6-5h)
Li=2XmXIXCXE,

Capacitive reactance is the opposition by a capacitor to the flow of alter-

nating current. Stated in Ohm’s Law format

X, = lli_a (6-5i)
L.

The values of capacitive voltage and current may be specified in peak
terms so that

X[-:&

I

Substituting the expression for Ik from equation 6-5h into equation 6-

5i produces the following result.

" = EPL
¢ 2xnxfx CxE,

When Epiis factored out, the familiar result is equation 6-5.

- (6-5)
C U 2xmxfxC
Analysis Of An AC Capacitive Circuit With An Increased

Source Frequency
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If the current in the previous example is 2.51 amperes, what is going to
happen to the current if the frequency of the source voltage is increased?
Figure 6.33 shows the same circuit used in the previous example with
one difference — the frequency has been increased from 4 kilohertz to 10
kilohertz. Capacitive reactance of the circuit is calculated as in the previ-
ous example.

4 ™\
b C
10V £ 10.F
10kHz
\ )

FIGURE 6.33 Example Circuit to Calculate X¢

X = —0 (6-6)
2 nfC
1
~ 6.28(10 x 10° Hz)(10 X 10°° F)
1
 6.28x10°"
~1.59Q

The current in the circuit, repeated in Figure 6.34, is calculated by divid-

ing the applied voltage by the capacitive reactance of the circuit:
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r N
10V (:) 10f
10kHz X¢-1.590

\ _J

FIGURE 6.34 Example Circuit to Calculate I¢

Obviously, this current is greater than the current in the same circuit

when the applied frequency was lower.

Figure 6.35 summarizes the relationships between capacitive reactance,
X¢, circuit current, I¢, and frequency, f, of the source voltage for the two
example circuits just discussed. From this summary, it is apparent that as
frequency of source voltage increases, capacitive reactance decreases and

current increases.

~ ™
Ea = 10V
f = 4kHz f = 10kHz
Xe 3.980 1,590
I 2.51A §.28A
\ _J

FIGURE 6.35 Xcversus Icat Two Different Frequencies of Source Voltage
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The Capacitor As A Variable Resistance

A capacitor can be thought of as a variable resistor whose value is con-
trolled by the applied frequency. As frequency increases, its opposition to
current or its capacitive reactance decreases, as shown in Figure 6.36.

Figure 6.37 shows the same concept graphically.

Rm

C
o_l(_‘

: F1Xe]

FIGURE 6.36 A Capacitor as a Variable Resistor

é 3

Xc¢

f

= 1
X 7 HIC

FIGURE 6.37 Capacitive Reactance versus Frequency

CAPACITIVE REACTANCE INSERIES AND
PARALLEL

As observed in the preceding section, capacitors in ac circuits present op-
position to current flow based on the capacitive reactance equation,
equation 6-5a. As mentioned, it is similar to the resistance of a resistor.

The Xcdesignation differentiates it from a resistor R. In a purely capaci-
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tive circuit where no resistance is present, totals of capacitive reactance
can be calculated the same way that totals of resistance are calculated in

purely resistive circuits.
Capacitive Reactance In Series

When capacitors are connected in series, the total reactance of the capaci-
tors (Xc) is simply a sum of the capacitive reactance of the capacitors
present. This procedure is identical to the way total resistance (Ry) is de-
termined in a series resistive circuit. equation 6-6 is used to calculate to-

tal capacitive reactance (Xc¢y) in series:
Xer=Xa + Xep + Xeg - -+ Xy (6-6)

Figure 6.38 is a circuit containing four capacitors in series with the ca-
pacitive reactance shown for each. Using equation 6-6, the total capaci-
tive reactance for the circuit can be calculated:

Xe1  Xg2
1k{l 2.5kf})

(—IF:L
Xea X
4|Cﬂ @1 E.EEH

Bﬂkﬂ

FIGURE 6.38 Example Circuit for Calculating Xcrin Series

Xer = X + Xz + Xes + Xy
Xer = 1kQ + 25kQ + 4kQ + 3.3kQ
Xer = 10.8kQ

Capacitive Reactance In Parallel

When capacitors are connected in parallel, the total reactance of the ca-
pacitors, Xer, is found in the same manner that total resistance, Ry, is de-
termined in a parallel resistive circuit. These two equations are used to

calculate total capacitive reactance, Xcr, in parallel:
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For two capacitors in parallel —

_ Xea X Xep (6-7)

For any number of capacitors in parallel —

]=1+1+1...+1 (6-8)
Xer Xa X Xa Xen

Figure 6.39 is a circuit containing four capacitors in parallel with the ca-
pacitive reactance shown for each. Using equation 6-8, the total capaci-
tive reactance for the circuit can be calculated:

Xc2 Xca
12k} 10k}

T\ TV,
ATAT

Xeq Xea Xer
6kl 18k} 24Tkl

FIGURE 6.39 Example Circuit for Calculating Xc¢rin Parallel

1 1 1 1 1
= + + +
th‘l’ Xtil X(f:{ XIL.‘I- X{f-l
1 1 1 1 1
= + + +
Xer 6kQ 12kQ  18kQ 10kQ
1 3+15+1+18

Xer 18 kQ
1 73
Xer  18kQ
Xer 18Kk
1 7.3
Xcr =247 kQ

In summary, in series circuits with only capacitive reactance, Xct can be
calculated the same as Ry in series. X¢r in circuits with parallel capacitive

reactance can be calculated the same as Ry in parallel.
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CAPACITANCE IN SERIES AND PARALLEL

Thus far, discussion has concerned capacitive reactance connected in se-
ries or in parallel in circuits. What about capacitance? What happens to
total capacitance when several capacitors are combined in series or par-
allel? To best understand this concept, the variables that determine the

value of a capacitor should first be examined.

Equation 6-2 explains the value of a capacitor, and it is repeated here:

C= KF(E] (6-9)
d

Notice that the value of a capacitor is determined by dividing the area of
the plates by the distance between the plates and multiplying by a con-
stant which is characteristic of the insulating materials. In this case the
constant Kg is formed by multiplying the dielectric constant and ¢,, the

permittivity of air. It is a simplified equation 6-2 which was
A
C=Kg [FJE" 6-2)

equation 6-9 indicates that the value of a capacitor increases if the plate
area of the capacitor increases:
A T]

cT= KE(T

It also indicates that the value of a capacitor decreases if the distance sep-

arating the two plates increases.

cl- K.{%]

Capacitance in Series

With equation 6-9 in mind, look at Figure 6.40 in which two capacitors

of equal value are connected in series. Note that the total effective dis-
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tance between the plates connected directly to the battery is doubled.
Since an increase in distance between the plates decreases capacitance, it
can be concluded that the total capacitance of the two equal capacitors
connected in series will be only one-half of the capacitance of one capaci-
tor. This reciprocal relationship between total capacitance and capacitors

in series is described by these two equations.

4 N
(] (2
o] f—if—o
el bl
d d:
GG
d1+d2
5 "

FIGURE 6.40 Capacitances Connected in Series Decrease Total

Capacitance

For two capacitors in series —

C, X G, (6-10)

CT_CI+CE

For any number of capacitors in series —

1 1 1 1 1 (611)

These equations probably look familiar to because they are similar to the

equations for total resistance when resistors are connected in parallel.

Figure 6.41 is a circuit containing four capacitors in series with the ca-

pacitance value for each shown. Using equation 6-11, the total capaci-

tance for the circuit can be calculated:
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FIGURE 6.41 Example Circuit for Calculating Cy

1 1 1 1 1

—_—

C, G G G G

1 1 1 1 1
= b + +

C: 4uF 10uF 5uF  15uF

1 3.75+1.5+3+1

Cy 15 uF
1 995
Cy 15uF
C, 15uF
1 995

Cr =1.62 uF
Capacitance in Parallel

When two equal capacitors are connected in parallel, the plates of the in-

dividual capacitors, in effect, combine to form one capacitor representing

total capacitance. Notice in Figure 6.42 that the effective plate area of the

equivalent capacitor has doubled. Since an increase in plate area in-

creases capacitance, it can be concluded that the total capacitance of the

two capacitors in parallel is equal to the sum of the two capacitors. This

direct relationship between total capacitance and capacitors in parallel is

described by this equation:
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r N
G
G
C
—
. /

FIGURE 6.42 Capacitances Connected in Parallel Increase Total

Capacitance
Gl"=cl+CE+Cg.+..+CN (6_12)

This equation should look familiar to you. It is similar to the equation

used for calculating the total resistance of resistors connected in series.

Figure 6.43 is a circuit containing four capacitors connected in parallel
with the capacitance value for each shown. Using equation 6-12, the total
capacitance for the circuit can be calculated:

C. Cs
S5uF

TVU LN
AT

G o
2uF 6uF 16uF

|
]

FIGURE 6.43 Example Circuit for Calculating Cy

CT=C]+CQ+C3+CL
Cr=2ulF + 3uF + 6ukF + 5uF
Cy=16uF

In summary, the total capacitance of capacitors in series can be described

mathematically with an equation (6-11) similar to that for calculating

the total resistance of resistors connected in parallel. Similarly, total ca-
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pacitance of capacitors connected in parallel can be calculated (equation

6-12) like the total resistance of resistors connected in series.

ANALYSIS OF SERIES AND PARALLEL CAPACITIVE
CIRCUITS

Thus far in this chapter, capacitive circuits have been analyzed that con-
tain only a known voltage source and a single capacitor. In this next dis-
cussion, circuits with a known voltage source and multiple capacitors

connected in series or parallel will be analyzed.
Series Capacitive Circuit Analysis

In the circuit of Figure 6.44 are two capacitors, 4 microfarads and 12 mi-
crofarads, connected in series. Applied voltage is 10 volts, 3 kilohertz.

Capacitive reactance is calculated first using equation 6-5a. The capaci-

tive reactance of C; = 4 microfarads is:

8 N
C; duF
EA F-I
10V aC2
3kHz 12uF
\ v,

FIGURE 6.44 Example Series Capacitive Circuit

1
2 nfC,
=13.2Q

X

As shown, inserting values and calculating, it is found that X¢q = 13.2
ohms. Similar calculations are performed for the 12 microfarad capacitor,
Cao.
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_ 1
2 nfC,
=4.40Q

Cl

And we find that X¢2 = 4.4 ohms. Notice that as capacitance increases, the

capacitive reactance decreases:

1

X = —
““onfCc?T

There is a definite mathematical relationship between increase and de-
crease of the values. In the circuit of Figure 6.44 the capacitance of Cy is

three times the capacitance of Cy:

127F 3
4nF 1

The capacitive reactance of Cy is one-third of the capacitive reactance of
Cq.

440 1
13.2Q 3

Now that the individual reactances in the circuit have been determined,
the reactance ohms are treated as resistive ohms. That is, all series reac-

tances are added.

Xer =Xo + Xeo
=13.2+44
=17.6 Q

The total capacitive reactance is 17.6ohms. This total capacitive reactance
is the total opposition that the circuit presents to current flow at the ap-

plied frequency.

An alternate method of finding this total reactance is to first determine
the total capacitance. The total capacitance is 4 microfarads in series with
12 microfarads. An alternate product-over-sum method is then used to
calculate total capacitance of two capacitors in series.
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G xGy
G+
_@az)
4412
=3j.l,F

Cr

Total capacitance for the circuit is 3 microfarads. Using this, the total ca-
pacitive reactance of the circuit can be calculated using equation 6-5a as

a total capacitive reactance equation.

Substituting circuit values,

1
 6.28(3 kHz)(3 uF)
=17.6Q

X{fl'

Total capacitive reactance is 17.60hms, the same total capacitive reac-

tance calculated earlier by adding individual reactances.

Once the total capacitive reactance has been determined, the total cur-

rent in the circuit can be calculated. The total current is equal to:

Xer
_ 10V

17.6 £
=568 mA

I

The applied voltage divided by the total capacitive reactance equals 0.568
amperes —568 milliamperes. Therefore, as shown in Figure 6.45, most

information about the circuit has been calculated.
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C, 4uF 13.20Q

E, = 124F
10V G440

3kHz | 568mA

FIGURE 6.45 Summation of Calculated Circuit Values

Now the rules of series circuits are applied to find the voltage drops
across Cq and Cy. Since it is a series circuit, the current is the total current
and it is the same throughout the circuit. The voltage drop across C1 is

equal to the value of its capacitive current times its opposition to that

current:

Eci =1ciXq
=1;X¢
=(568 mA)(13.2 Q)
=75V

The voltage drop across Cy is calculated similarly.

Ecs =Ic: X2
=I+X e
=(h68 mA)(4.4 Q)
=25V

In a purely capacitive circuit, the voltage drops add to the total applied

voltage as in a series resistive circuit:

Ej = E¢1 + Ecp
=7.5V + 25V
=10V
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The circuit with these calculated voltages indicated is shown in Figure
6.46.

¢, 7.5V

EA
{3 ¢, 2.5v

FIGURE 6.46 Example Circuit Calculated Voltages

Thus, you can see that knowing just a few factors about a circuit can al-

low you to calculate most all other factors.

Parallel Capacitive Circuit Analysis

Now, a parallel combination of two capacitors, as shown in Figure 6.47,
will be analyzed. The same voltage, frequency and two capacitors used in
the circuit of Figure 6.44 will be used in this analysis. The capacitive re-
actance of the respective capacitors will be the same —13.2o0hms for X¢q
and 4.4ohms for Xco— since the values of the capacitors and the applied
frequency are the same. The branch current for the C; branch may be de-
termined by dividing the voltage across the branch by the opposition in
the branch.
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=2273 A
The total current in the circuit is the sum of the branch currents:

It =1I¢ + I
=0.75TA + 2.273A
=3.03A

This information can then be placed on the circuit as shown in Figure
6.48.
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Ir=3.03A C; 44F
EA [ af—
10V TJ' r.l.‘z 12

L]

3kHz  I¢75TA  Iep=2.273

FIGURE 6.48 Example Parallel Circuit with Calculated Values

Another way to determine the total current is to first find the total capaci-
tive reactance and then divide the applied voltage by the total capacitive
reactance. One way to determine the total capacitive reactance, would be
to use the product-over-sum equation to calculate the reactances of Cq
and C,. However, there’s an easier method. First, the total capacitance is

determined using equation 6-12.

Cr=C + G
=4pkF + 12uF

Next, the total capacitive reactance is calculated using the value of total

capacitance, 16yF.

1
Rer =5 e,
B 1
~ 6.28(3 kHz)(16 uF)
~-330

Last, total current in the circuit can be calculated:

E,

X(ZT
10V
T33Q
=3.03 A

Ior =

The total current calculated is 3.03 amperes, which is the identical an-

swer calculated previously using a different equation. Therefore, per-
Tigo Energy, Inc. Exhibit 2007, Page 64 of 91

SMA Solar Technology America, LLC v. Tigo Energy, Inc.
IPR2023-00879



forming this last calculation proved that the earlier calculation was
correct.
Calculations Of Reactive Power

Power in capacitive circuits can be calculated similar to the way power is

calculated in resistive circuits.

Recall that power in resistive circuits is converted to heat and dissipated.
That is, the electrical energy is converted into heat energy. This is not true
with capacitors. The electrical energy in capacitive circuits is stored tem-
porarily on the plates of the capacitors in what is called an electrostatic

field. The energy is then returned to the circuit.
Recall that the basic power equation is
P=FI (6-13)

This same equation is used to calculate power in capacitive circuits.
However, the power in capacitive circuits is measured in units called
VAR, not watts as in resistive circuit. VAR stands for Volts-Amperes-
Reactive. The power in a capacitive circuit is called reactive power since
the opposition to current in the circuit is totally reactive. Therefore, the
basic equation to calculate power in a capacitive circuit (with appropriate

units) is:

P E X 1 (6-14)
(VAR) (volts) (amperes)

Power In Series Capacitive Circuit

The series capacitive circuit of Figure 6.49 (which is the circuit that was
discussed earlier) will be used for the example of calculating power in
such a circuit. In that circuit, E¢q is 7.5 volts and the current through C1 is
568 milliamperes (0.568 A).
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C 7.5V AuF
E
1oV IiL- C2

@I‘:-—G 2.5v

3kHz lr=.568A 124F

FIGURE 6.49 Example Series Circuit

The power equation can be used to calculate the reactive power of Cy. P¢q

equals E¢q times I¢;.

P, = Ec¢ )l
= (7.5 V)(0.568 A)
=4.26 VAR

As shown this equals 7.5 volts times 0.568 amperes which equals 4.26VAR.

Similarly, the reactive power of Cy can be calculated.

Pcs = Ecalca
=(2.5 V)(0.568 A)
=1.42 VAR

By adding these two values of reactive power the total reactive power of

the circuit obtained:

Pxr=Pg — P
= h.68 VAR

The total reactive power of the circuit could also have been determined

by multiplying the total applied voltage times the total current.
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Pyr = E It
= (10V)(0.568A)
=5.68VAR

10 volts times 0.568 amperes equals 5.68VAR which is the same power cal-
culated previously, and proves that calculation was correct. Thus, using
the basic power equation as the reactive power equation, the individual
and total reactive powers have been calculated.

Power In Parallel Capacitive Circuit

The same type of calculations can be performed to obtain the reactive
power quantities for a parallel capacitive circuit. The parallel capacitive
circuit of Figure 6.47 used earlier will be used again, and is repeated in

Figure 6.50.

r B
G 44F 13.20
i 12uF
10V T T(g 4.40
3kHz
\. J

FIGURE 6.50 Example Parallel Circuit

First the power of capacitor C, is calculated.

Pe) = Ecqlc,
=(10 V)(0.757 A)
=7.57 VAR

Pcq equals 10 volts across Cq times 0.757 amperes I¢q equals 7.57VAR.

Next the power of capacitor Cy is calculated.
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Peo = Ecolcs
=(10 V)(2.273 A)
=22.73 VAR

Py equals 10 volts across Co times 2.273 amperes, IC2, equals 22.73 VAR.

Last, the total reactive power of the circuit is calculated.

Pyxr =P¢ — P
= 7.57VAR + 22.73VAR
= 30.3VAR

Total reactive power equals 30.3VAR. Also, the total reactive power equals
the total applied voltage times the total current. In this case, that would
be 10 volts times 3.03 amperes which equals 30.3VAR. This is the same an-
swer calculated previously and proves the previous calculations are

correct.

Using the equations discussed you should be able to calculate similar in-

formation about any other series or parallel capacitive circuit.

Summary

chapter has provided an introduction to capacitive circuits. The physical
properties of different types of capacitors and the concept of capacitance
and charge were discussed. How a capacitor functions when it is charged
and discharged relating capacitive properties to a stored charge and an
opposition to voltage changes, was described. The concepts of capacitive

reactance as an opposition to current flow and as a function of frequency

were covered. Current/voltage relationships were explained using the
rate of change equation. Series and parallel capacitive circuits were ana-
lyzed determining reactance voltage drops, currents, and power. All of
these concepts will be used in following chapters to solve more complex

circuits.
1. Describe the characteristics of a ceramic disc capacitor.
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Solution: The ceramic disc capacitor is available in small values of ca-
pacitance from approximately 1 picofarad to 2.5 microfarads. Typical
working voltages are 20 volts up to about 200 volts. It is a good insulator,

and it has a permittivity of almost 1,000 times more than that of dry air.
2. Define capacitance

Solution: Capacitance is the ability of a nonconductor to store a charge.
If a voltage of 50 volts is applied to a capacitor for a period of time, the ca-
pacitor will charge to the 50-volt value and retain that difference in po-

tential for a period of time after that voltage is removed.
3. Describe one effect of the capacitive property in ac circuits.

Solution: In ac circuits, the current through the capacitive branch of the
circuit leads the voltage across the capacitor by 90 degrees. This is ex-

plained by the equation I¢ = C x ROC.

4. A mylar capacitor with a dielectric 2 mils thick has a value of 0.01 mi-
crofarads. What would be the result of increasing the dielectric 2 mils

thickness to 4 mils if all of the other variables remain the same?

Solution: The equation describing the physical parameters of a capaci-

tor is:

A
C=Kg [Ejﬁn

The d variable represents the distance between the plates, and the
equation shows that distance is indirectly related to capacitance. If the
distance between the plates increases as proposed in the problem, capaci-
tance will decrease. Because the distance has doubled, the capacitance
value will be halved, and the value of capacitance will be 0.005

microfarads.
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5. Calculate the area of either plate of a 1 farad paper capacitor with a di-

electric 1 millimeter thick. Assume K, = 4.
A

(: - K-I-'. [—jE"
d

Solving for A:

_Cxd _ 1Fx0.00lm 0.001

= — =- —=28.2x 10° square meters

A

6. Solve for Xcr in this circuit:

4
| ) .
Koy = Xpy =
4kfl  BkQl Wou s
-~ 2-?h = 1 Xer Xer=
Koy = 3.3k0
AY
2

Solution In a series capacitive circuit, total capacitive reactance is calcu-

lated the same as total resistance in series is calculated.

X(;T = X{;| -} X(;z + X['_lj. + X{H = 4]<ﬂ + Skﬂ -+ ?51(51 + S.SR.Q - 17.81(9

7. Solve for Ct in this circuit:

| e
I\
C, = 0.05uF
oiF = = Cr=_
C; = 0.02uF T
41 Bttt |
|

Solution In a series capacitive circuit, total capacitance is calculated
similar to the way total resistance is calculated in a parallel resistive

circuit.
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11 1 1 ] 1

= t—t—= + +
Cr C, Cs Cy 0.05uF 0.I1pF 0.02 uF

= L — + I —+ 1 - =20x10°+10%x10° +50x 10°F

0.05x10™ 0.1x10™ 0.02x10™
=80x10°F
1
Cyr=—F=0.0125
T 80x10° uE

8. Solve for X¢ in this circuit:

Y
7
8

&

2kHz

Solution

1 _ ! _ L _150x10° =1.59 kO
2ufC 628 x2x 107 x0.05x 107"

C=

6.28x 107" Q

9. Solve for Ct in this circuit:
:.;. = un

f= I = ’L S —— [“ —
400Hz CHUD Sk W

gkl T T

Solution: Solve for Xer by circuit simplication.

1L
i\
Xey = 1K1
t= e
400Hz Heza = » T
2Kkl
f= xﬁ:’-’
or Kegr = =g
oo wa

1

=

2 nfC

and
1
Xer = s
2 Gy
Solving for C+
] 1 1

l(-ﬂ'r = : e

2l Xer 6,28 x 400 x 3,000

1
=—F=0.133
7.54 x 10° nE
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1

Xc =
2 nfC
and
1
T 2mtC,
Solving for Cy
: 1 1
(JT = — =
200 Xy 6.28 x 400 x 3,000
]
=———=0.133
7.54 x10° hE

10. What source frequency must be applied to a 0.5 microfarad capacitor

so that the capacitor will have a capacitive reactance of 100 ohms?

C=

i - 0.5uF f
Xe =

10001

Solution

1

Xe =
2 nfC

Solving for f

1 1 1
f = = —= — =3.18kHz
27XcC  628x100x05x10°  314x10°

11. Solve for the circuit values specified for this circuit:

Eusm
10V
@)"%’ Ci= A~ Cy=
0.05uF 0.01uF 0.2uF
f=
200Hz
—
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c. Xc2 =

d. Xcg =

e.Xcer =

f. ECl =

g.Ec2=

h. Ecg =

i. Ic1 =

J.- Icz =

k. Icg =

L. ICT =

m. Pcq =

Nn. Peog =

0. ch =

p. Pc3 =

q. Pcr =
Solution

Cr =C +Cy+Cy=0.05uF + 0.01uF + 0.2uF = 0.26 uF
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1 1 1

] = N = : — T = - —r 215.9 kQ
2ntC, 6.28x200x0.05x107  6.28x10™
C.
. 1 1
co = = = — = 79.6 kQ2
6.28 x 200 % 0.01 x10™ 1258 x10™
d.
1 1
X-r_;:; = 5 = r =3.98 kﬂ
6.28 x 200 x 0.2 x 10 251 x 10
e.
1 1 1 1 1 1 1
= + + = +—= -+
Xer X Xpe X 159k 796k 398k
=629x 107" +126x 107" +251x 107" =327 x 107" = ;‘; =3.06 kQ
327 x 10~

1 1 1
9 Gy 6.28x200x0.26x10°  3.27 x 10~
= 0.306% 10" = 3.06 kQ

or X¢r =

f.,g..h. In parallel Ea, 10VAC, is across all components.

i.
Eo, 10V
Io = = =630 A,
“TXo 159k ua
j.
Eew 10V
I = = = 26‘
T X T96KQ HA
K.
.. 10V
Ies = F:H = = 1 mA
X 3.98 kQ
1.
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I{f'l' = I'l_fl. -+ Il:f + I[_:1 = 630 I'I‘A" + 126 LL""L + 251 ]IL""'!..T"H = 3.2? mA or

) 10V
Ea +——=3.2TmA
Xer 3.06

Igr =

m. Py =Ieq XEcq =630uAx10V=6.3mAVAR
Nn. Pcog =Ico XEc2 :126|JAX10V:1261T1AVAR
0. Pes =Ics XEcs =2.51 mAx10V=25.1mAVAR

P-

PCT = P[‘.E + ch + P(_jg =6.3mVAR +1 26 'UAR + 25‘] mVAR = 32.7 mVAR ar

For = IerEL +(3.27 mA)(10 V) = 32.7mVAR
12. Solve for the circuit values specified for this circuit:

E, = ey = 500
S0V | _

f= aon
4kHz
ML

Al

Mgy = 250

f. ICl =

g Icz =

h. Icg =
Tigo Energy, Inc. Exhibit 2007, Page 75 of 91
SMA Solar Technology America, LLC v. Tigo Energy, Inc.
IPR2023-00879



i. ICT =

j-Ec1 =

k. Ecz =

L. Ecg =

m. Ecr =

n. Pcp =

0. Pco =

p. Pc3 =

q. Per =
Solution

Xer=Xe + Xee + Xeg = 50Q +30Q +25Q=1050

b.
C, = 1 = ] = 0.796F
" T onrX,, 6.928x4kx50 1.956x10°

C.

1 1 1

_ - = — — =1.33uF
O mf X 6.28x4kx30 75410

d

1 1 L = 1.59uF

T O Xe 698x4kx25 628x10°
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1 1 1
= - = = - - O.S?Q'M.F
Ot Xer 6.28x4kx105 2.64x10°
f.,g.,h. In series, total current flows through all components, See I¢t

Cy

50V
lop =42 =29V 6,476 AGems)
X[T ]ﬂ-’_l Q

j- Ec1 =Ic1 *Xc1-0.476Ax50£2-23.8v

k. Ecz =Ic2 *Xc2-0.476ax30€2-14.3v

1. Ec3 =Ic3 *Xc3-0.476Ax25€2-11.9v

m. Ecp =Ea =Ecq +Ecg +Ecs =23.8V+14.3V+11.9V+=50V

n. Peq = Ieg % Eep = 0.476 Ax 23.8 V = 11.3VAR

0.Pc2=1Ic2 xEc2=0.476 Ax14.3V =6.81VAR

D. Pes = Icz X Ecz = 0.476 A x 11.9 V = 5.66VAR

q. Per = Peq + Peg +Pes = 11.3 + 6.81 + 5.66 = 23.8VAR or
Per = Ier X Ea = 0.476 A x 50V = 23.8VAR

13. Solve for the circuit values specified for this circuit:
C, = “.E{I.F Iu = ﬂﬂ
£ IL
E_l. =

) l ) J_
25V o i
t= 80 I 1.onT
15kHz
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a.Xc1 =

b. Xc4 =

d. C3:

e.Xcer =

f. CT:

g. It =

h. Ic1 =

i. Ec1 =

j-Ec2 =

k. ICZ =

L. Icg =

m. Icg =

n. Ec3 =

0.Ecq =

p. Pc1 =

q. Pcz =

r.Pc3 =

S. Pca =
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t. PT:

Solution
a.
I l L L
X{._] = = - = o =21.Zﬂ
2nfC, 6.28x15kx05x107"
b.
Xeg = L =10.6Q
T 628x15kx1x10°
C.
C, = 11 =— L = 1.33uF
2nfX  6.28x15kx8
d.
1
= — = (.885mF
6.28 x 15k x12
e. Xcr = by simplification
Xey = 21L.20 Xz =120 Xgy = 21,200
I [ /
I\ . \
E, = N
il Gk 25V @ Tita PR
1SI'|:-H:|: T
Moy = 21.21'1‘
el
1 |
e S T B4 v 3 T
f.
Cr 1 1 1 1

O Xy 6.98x15kx27.1 628x16%x10° x27.1  2.55x 10°

= 0.39 uF
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E. 25V

= =0.923 A,
Xer 27.1Q

[']' =

h. Ic1 = IT =0.923A

1. Ec1 = Ieq x Xe1 = 0.923 A x 21.2W = 19.6V

J-

8Q(12Q2+10.6 Q)

Eco = Ecoay =11 X KXoy = IT[ J =0923 AxH0]1 Q=545V

8Q+120Q+10.6Q
k.
" 545V
Iy =22 2220V _ 0 681 A
Xes 8Q
Lm.
e e 545V 5.45 V
les =1y = Fosa _ Foasa 2 =2 =0.241 A

Xews Xew 120Q+106Q 2260
n. Ecz = Ic3 x X3 = 0.24 A x 12Q = 2.88V

0. Eca =Ica * Xca=0.24 A x 10.6W = 2.54V

p.Pc1=Ic1 X Ec1 = 0.923 A x 19.6 V = 18.1VAR

q. Pcg = Icg X Ecz = 0.681 A x 545V = 3.71VAR

Y. Pcs = Icg X Ecz = 1.241 A x 2.88 V = 0.695VAR

S. Pcg = Icq X Ecg = 0.241 A x 2.54 V = 0.612VAR

Tigo Energy, Inc. Exhibit 2007, Page 80 of 91
SMA Solar Technology America, LLC v. Tigo Energy, Inc.
IPR2023-00879



P]' = P{'_} + PGE‘ + Pm + P(:.;_ - 23.1vAR Or
Py =l xE,=0923A x 25V = 23.1 VAR

1. Describe the characteristics of a paper capacitor. Use the tables pro-

vided in the text.

2. Predict what will happen in the circuits below: a. with the switch in po-
sition 1; b. with the switch moved from position 1 to position 2; c. with the

switch moved from position 2 to position 3.

POS 1
8 a"'.\':' b. :'j
=]
i FOS2° opos3
mv:-r e ZWT —_..C
c e 9
(]
W0V — =~

3. In Example 3 of the Worked-Out Examples, one effect of the capacitive

property was discussed. Discuss briefly the other effect.
4. Relate the plate area of a capacitor to capacitors connected in parallel.

5. Solve for Xcr in this circuit:
v

x¢1=l1==-lxﬂiu_ ..
mn’l‘ k0 T Bkl T =

Xer-

\|
71
)
e
4
Il

f= Xem _ | C=
SkHz @) 2.5k} T
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6. Solve for Ct in this circuit:




CT=

7. What value of capacitor will have a resistance of 2.5kW in this circuit:

ﬂ EHJ'II.LF Xes =1 Tkl

J_ lk
f = m xc: = S =
100kHz ot —_ =

j I_ " —
€, = 500pF

Al
/
[x

}\{.'T

8. Solve for X¢r and Cy in this circuit:

C, = 5uF

| £
AN

Ey =
) =

10kHz __-a t-:-_

Fd|
-k
B

Cr

XcT

9. Solve for the circuit values specified in this circuit:

m;"‘-* "f.;ﬂi Y J‘ "‘*"!“
Skiz T T T

b. Xc1 =

c. Xc2 =
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d. Xcg =

e.Xcer =

f. Ic1 =

glep=_

h. Icg =

1. Ec1 =

joEca=__

k. Ecg -

L. ECT =

m. Pcq =

Nn. Peg =

0. Pc3 =

q.-Per=_

10. Solve for the circuit values specified in this circuit:
Xey = 1001

|
AN

Ey =
20V B & Ny =
i= 2uF 2001

20kHz

3\
/

l:_. = -5'|.I.F

d. XCT =
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i Ecs =
Jolea=m
Kleg=__
LIcg=

m. Ier =

n. Pcp =

0. Peg =
p-Pes=_

TI. PCT =

11. Solve for the circuit values specified in this circuit:
Xy = 2000
C, = 5uF
I

psam|
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b. C3:

c. Xc2 =

d. Xc4 =

e.Xcer =

f. CT:

g.Ec1=

h. ECZ =

1. Ecg =

j-Eca=

k. ICl =

L. ICZ =

m. Icg =

n. Icg =

p-Pc1=

q. Pc2 =

I. ch =
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S.Pcg =

t. PT:

1. Using the tables provided in the text, answer the following questions:

Which type of capacitor has:

a. The greatest dielectric strength?

b. The largest dielectric constant?

c. The largest capacitance value?

d. The largest value of working voltage?

a. If a neutrally-charged capacitor is connected to a 50-volt source, what

will happen to the capacitor?

b. If the source is then removed from the capacitor, what happens?

c. If a charged capacitor is shorted with a piece of wire, what occurs in

the resulting circuit?

3. Draw a phasor diagram showing the relationship of IC and EC in an ac

capacitive circuit.

4. Draw a sine wave graph showing the relationship of IC and EC in an ac

capacitive circuit.

5. A capacitor in an ac circuit may be best defined as:
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a. An open circuit

b. A short circuit

c. A fixed resistance

d. A variable resistance

e. A short circuit instantly, an open circuit after the capacitor is charged.

a. What is the source frequency? Note the given values of C; and X¢q

b. XCT -

c.Cr=

Xey =20012
C1 - 5}.&’:

2uF 1501}

ng - BOQ
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7. Solve for the circuit values specified for this circuit:
I£
I\

E, = v = 0L01eF
iav

.
I= T
400Hz

N1
/1
€, = 0.05.F

b. Xc1 =

C. Xcz =

d. Xcg =

€. XCT =

f. Ic1 =

g Icx=

h. Icg =

1. IT:

j-Ec1=

k. ECZ =

L. Ecg =

m. PCl =

Nn. Peg =

0. ch =
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P. Pr=
8. Solve for the circuit values specified for this circuit:

E, =

50V C#U)xt‘ = l xc: = velean xﬂi B

Z

1= 3011 250 7T 500 7]
2kHz

g. Ec2=

h. Ecg =

i-IC1 =

J- Ic2 =

k.Icg =

1. IT:

Dl.PCl =

n. Pcz =
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0. ch =

P- Pr=
9. Solve for the circuit values specifed for this circuit:

C, = 2.04F

E, =

Kep =
25V &1l
100
o I
i=
10kHz C, =

b. C4:

C.Xc1 =

d. Xc3 =

€. Xcer =

f. CT:

g.Ic1=

h. ICZ =

i. Icg =

j- Ica=

k. IT:

L. Ec1 =
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m. Eco =
n. Ec3 =
0.Ecg =
p. Pc1 =
q. Pcz =
r.Pcg =
S.Pcg =

t. Pcs =
10. Are the voltage, current, and power values calculated in Problems 7, 8,

and 9 rms, peak, or peak-to-peak values?

“Trademark of DuPont Company
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