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1 Know and be able to use the equations for
voltage, current, power, and energy in an
inductor; understand how an inductor behaves
in the presence of constant current, and the
requirement that the current be continuous in
an inductor.

2 Know and be able to use the equations for
voltage, current, power, and energy in a
capacitor; understand how a capacitor behaves
in the presence of constant voltage, and the

requirement that the voltage be continuous in a

capacitor.

3 Be able to combine inductors with initial
conditions in series and in parallel to form a
single equivalent inductor with an initial
condition; be able to combine capacitors with
initial conditions in series and in parallel to
form a single equivalent capacitor with an
initial condition.

4 Understand the basic concept of mutual
inductance and be able to write mesh-current
equations for a circuit containing magnetically
coupled coils using the dot convention
correctly.

186

Inductance, Capacitance,
and Mutual Inductance

We begin this chapter by introducing the last two ideal circuit
elements mentioned in Chapter 2, namely, inductors and capaci-

tors. Be assured that the circuit analysis techniques introduced in
Chapters 3 and 4 apply to circuits containing inductors and capac-
itors. Therefore, once you understand the terminal behavior of
these elements in terms of current and voltage, you can use
Kirchhoff’s laws to describe any interconnections with the other
basic elements. Like other components, inductors and capacitors
are easier to describe in terms of circuit variables rather than
electromagnetic field variables. However, before we focus on the
circuit descriptions, a brief review of the field concepts under-
lying these basic elements is in order.

An inductor is an electrical component that opposes any
change in electrical current. It is composed of a coil of wire
wound around a supporting core whose material may be mag-
netic or nonmagnetic. The behavior of inductors is based on phe-
nomena associated with magnetic fields. The source of the
magnetic field is charge in motion, or current. If the current i
varying with time, the magnetic field is varying with time. A time-
varying magnetic field induces a voltage in any conductor linke¢
by the field. The circuit parameter of inductance relates th
induced voltage to the current. We discuss this quantitative rela-
tionship in Section 6.1.

A capacitor is an electrical component that consists of twe
conductors separated by an insulator or dielectric material. The
capacitor is the only device other than a battery that can store
electrical charge. The behavior of capacitors is based on phenom:
ena associated with electric fields. The source of the electric field
is separation of charge, or voltage. If the voltage is varying wit
time, the electric field is varying with time. A time-varying electric:
field produces a displacement current in the space occupied by
the field. The circuit parameter of capacitance relates the di
placement current to the voltage, where the displacement current
is equal to the conduction current at the terminals of the capac
tor. We discuss this quantitative relationship in Section 6.2

InductEV, Inc.
Exhibit 1024
Page 005



Practical Perspective

Froximity Switches

“he electrical devices we use in our daily lives contain many
switches. Most switches are mechanical, such as the one used
' the flashlight introduced in Chapter 2. Mechanical switches

the value of a capacitor, causing a voltage change, which acti-
vates the switch. The design of a capacitive touch-sensitive
switch is the topic of the Practical Perspective example at the

w52 an actuator that is pushed, pulled, slid, or rotated, caus- end of this chapter.
=g two pieces of conducting metal to touch and create a
“hort circuit. Sometimes designers prefer to use switches
without moving parts, to increase the safety, reliability, con-
wenience, or novelty of their products. Such switches are
wzlled proximity switches. Proximity switches can employ a
wzriety of sensor technologies. For example, some elevator
“2ors stay open whenever a light beam is obstructed.

Another sensor technology used in proximity switches
“=tacts people by responding to the disruption they cause in §
==ctric fields. This type of proximity switch is used in some .
=5k lamps that turn on and off when touched and in elevator
“.tions with no moving parts (as shown in the figure). The
“witch is based on a capacitor. As you are about to discover in i
s chapter, a capacitor is a circuit element whose terminal "
“haracteristics are determined by electric fields. When you
“2uch a capacitive proximity switch, you produce a change in

PRV,
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unfolds as we study the relationships between current, voltage, power, and
 several new parameters specific to mutual inductance. We introduce the
relationships here and then describe their utility in a device called a
~ former in Chapters 9 and 10. '

6.1 The Inductor

Inductance is the circuit parameter used to describe an inductor. Inductance
is symbolized by the letter L, is measured in henrys (H), and is represented
graphically as a coiled wire—a reminder that inductance is a consequence

of a conductor linking a magnetic field. Figure 6.1(a) shows an inductor.
Assigning the reference direction of the current in the direction of the volt-

&
i

"% age drop across the terminals of the inductor, as shown in Fig. 6.1(b), yields
g The inductor v — i equation P> Q) L:i?’i (6.3) ;
T where v is measured in volts, L in henrys, i in amperes, and ¢ in seconds
g e Equation 6.1 reflects the passive sign convention shown in Fig. 6.1(b):that !
(a) is, the current reference is in the direction of the voltage drop across the
L inductor. If the current reference is in the direction of the voltage ris&
:__nrm__: Eq. 6.1 is written with a minus sign.
_’.’, ] Note f'rom Eq. 6.1 that the voltage across the terminals of an inductof
] i is proportional to the time rate of change of the current in the inducto®
i (b) We can make two important observations here. First, if the current isco®
; ; stant, the voltage across the ideal ind i inducter
i Figure 6.1 A (a) The graphic symbol for an inductor iR inductor is zero. Thus the
i g {) e graphic 2y behaves as a short circuit in the presence of a constant, or de,

with an inductance of L henrys. (b) Assigning reference
voltage and current to the inductor, following the pas-

sive sign convention.

Second, current cannot change instantaneously in an inductor; that is
current cannot change by a finite amount in zero time. Equation 0.1 ©

us that this change would require an infinite voltage, and infinite volt L
are not possible. For example, when someone opens the switch 0t &

PR T B S T
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independent current source in the ciréuif
wn in Fig. 6.2 generates Zero current for t < 0
Mapmse 10te>'A, for t > 0.

=0 <0
,- 100 mH

Figure 6.2 A The circuit for Example 6.1.

=t 0tei AN )

a) Sketch the current waveform.
b) At what instant of time is the current maximum?

¢) Express the voltage across the terminals of the
100 mH inductor as a function of time.

d) Sketch the voltage waveform.

¢) Are the voltage and the current at a maximum at
the same time?

f) At what instant of time does the voltage change
polarity?

g) Is there ever an instantaneous change in voltage
across the inductor? If so, at what time?

Solution

) Figure 6.3 shows the current waveform.
Odijdr = 10(=51¢=5 + ¢75) = 10e'5’(1 '
~5t)A/s; di/dt = 0 when t = 5. (See Fig: 6.3.)

By

- d) Figure 6. 4 shows the voltage w
) No; the voltage is proportional to di/dt, not.

f) At0.2 s, which corresponds to the moment when
di/dt is passing through zero anc anging sign.

g) Yes, at t = 0. Note that the voltagc can change
instantaneously across the terminals of an
inductor. LA

t(s)
Figure 6.3 A The current waveform for Example 6.1.
v (V)
1.0
]
- t(s)
0 I OMG
Figure 6.4 A The voltage waveform for Example 6.1,
InductEV, Inc.
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L g e
e L/ dr— /vdfr.
A e i({o)._‘ i

where i(t) is the current corresponding to ¢, and i(ty) is the value of the
inductor current when we initiate the integration, namely, ,. In many
practical applications, ¢, is zero and Eq. 6.5 becomes

i =1 /0 vdr + i(0). (58]

Equations 6.1 and 6.5 both give the relationship between the voltage
and current at the terminals o

f an inductor. Equation 6.1 expresses the
voltage as a function of current, whereas Eq. 6.5 expresses thexcl:)urrent asd
function of voltage. In both equations the reference direction for the cur-
rent is in the direction of the voltage drop across the terminals. Note that

. 0T 4, iU is a positive quantity. If the initidl
eurrent is in the opposite direction it ; el linne
illustrates the application of Eq. 6.5‘.’lt 8 B8NS auantity. Examnind
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inductor current as a function Of"tim'e; 5
ch the current as a function of time. 8

,)'me voltage as a function of time is shown in
Fig. 6.6.
b)'{heamntinthe inductoris 0 at# = 0.Therefore,
 the current for > 01s
‘ .
e / 207¢ %%d7 + 0 i)
0.1 /o ,
2
_e 107 t
= 107 Ll 4
200 =0 DA 1
| 1 1 .
=21 - 10te* — ™) A, >0 0 0.1 02 03 ©
¢) Figure 6.7 shows the current as a function of time. Figure 6.7 A The current waveform for Example 6.2.
- Note in Example 6.2 that i approaches a constant value of 2A ast
licreases. We say more about this result after discussing the energy stored
fan inductor.
"ver and Energy in the Inductor
IP’POWCI and energy relationships for an inductor can be derived
i W from the current and voltage relationships. If the current refer-
“Bin the direction of the voltage drop across the terminals of the
I, the power is
e (6.7)
InductEV, Inc.
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Energy in an inductor

Iswdy

rms of the voifage:

SR (0 .t “
p= q)[-i[ovdf + t(‘o)J-

Equation 6.8 is useful in expressing the energy stored in the inductor, x
Power is the time rate of expending energy, so

=i (6.10)

Multiplying both sides of Eq. 6.10 by a differential time gives the differen-
tial relationship

dw = Lidi. (6.11)

Both sides of Eq. 6.11 are integrated with the understanding that the ref-
erence for zero energy corresponds to zero current in the inductor. Thus

w i
/ dx=L/ydy,
0 0

w = EL: ; (6.12)

A§ beforc'e, we use different symbols of integration to avoid confusion
with the limits placed on the integrals. [n Eq.6.12, the energy is in joules

inductance is in henrys, and current is i ; .
2 ) in
cation of Eqs. 6.7 and 6.12, we retu gmperesTo Mustrate! the 2pg

Tt I to Examples 6.1 and 6.2 by means of

InductEV, Inc.
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B

the maximui energy stored in the

praluate

02 S
] pdi and / pdt, :
0 0.2

and comment on their significance.

f) Repeat (a)~(c) for Example 6.2.
In Example 6.2, why is there a sustained current
in the inductor as the voltage approaches zero?

Solution

a) The plots of £, v, p,and w follow directly from the
expressions for i and v obtained in Example 6.1
and are shown in Fig. 6.8. In particular, p = Vi,
and w = (3)Li

b) Anincreasing energy curve indicates that energy
is being stored. Thus energy is being stored in the
time interval 0 to 0.2 s. Note that this corre-
sponds to the interval when p > 0.

¢) A decreasing energy curve indicates that energy
i}ibeing extracted. Thus energy is being extracted
inthe time interval 0.2 s to 00. Note that this cor-
responds to the interval when p < 0.

4) From Eq.6.12 we see that energy is ata maximum
when current is at a maximum; glancing at the
graphs confirms this. From Example 6.1, maximum
current = 736 A. Therefore, Wyax = 27-07 mJ-

the integrals Cilleatien

0l o

| | | | t(s)

i
p (mW)
200

| ] I 1 t(s)

©w
(=]
I

| | |
TLT 02 404 T106: 108010 £

Figure 6.8 A The variables ¢, v, p, and w versus ¢ for
Example 6.1.
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6.4 Mutual Inductance

The magnetic field we considered in our study of inductors in Section 6.1
Vs restricted to a single circuit. We said that inductance is the parameter
that refates a voltage to a time-varying current in the same circuit; thus,
ductance is more precisely referred to as self-inductance.
We now consider the situation in which two circuits are linked by a
Magnetic field. In this case, the voltage induced in the second circuit can
telated to the time-varying current in the first circuit by a parameter
%12 mutual inductance. The circuit shown in Fig. 6.19 represegts two
mﬂgneticany coupled coils. The self-inductances of the two coils are
¢dL; and L,, and the mutual inductance is labeled M. Tl'le double-
mea ed,am’w adjacent to M indicates the pair of coils'wit'h this value of
- Ualinductance, This notation is needed particularly in circuits contain-
8 More thap one pair of magnetically coupled coils. ; 3
¢ €asiest way to analyze circuits containing mutual inductance is to
Mesh currents, The problem is to write the circuit equations that describe
for euit in terms of the coil currents. First, choose the reference direction
Ten coil current, Figure 6.20 shows arbitrari}y sele_cted referenccle cur-
ity | CHOOsing the reference directions for iy and iy, sum the vo t‘?lglfs
by v01€ach closed path. Because of the mutual inductance M, there V&;l ne
lages across each coil, namely, a self-induced voltage and a mutually

: M- :
Vg Ly L, R,

Figure 6.19 A Two magnetically coupled coils.

R,
»M-x
Vg /11\‘ Ly L, ”'D Ry

Figure 6.20 A Coil currents #; and i, used to describe

the circuit shown in Fig. 6.19.
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Figure 6.21 A The circuit of Fig. 6.20 with dots added
to the coils indicating the polarity of the mutually 3
induced voltages.

Dot convention for mutually coupled coils >

Dot convention for mutually coupled coils
(alternate) »

1

[y
ot =
{ e
[

" details of mutually coupled windings is very ¢

nt producing the voltage. But the po
pends on the way the coils are wound i -
f the M on of coil currents. In general, showing the
relation to the reference direction umbersore. Instead, We'keep

track of the polarities by 2 method known 5 the dot conv'ention, in whicha |
dot is placed on one terminal of each winding, ;rs shogvn 11{11;'18-116-21.'1.11&5 :

. 3o formation and allow us to draw the coils schematically
o et d a core structure.

rather than showing how they wrap aroun

The rule for using the dot convention to determine the polarity of

mutually induced voltage can

be summarized as follows:

When the reference direction for a current enters the d.ot.ted termi- | 8
nal of a coil, the reference polarity of the voltage that it inducesin
the other coil is positive at its dotted terminal.

Or, stated alternatively,

When the reference direction for a current leaves the dotted termi-
nal of a coil, the reference polarity of the voltage that it induces in
the other coil is negative at its dotted terminal.

For the most part, dot markings will be provided for you in the circuit
diagrams in this text. The important skill is to be able to write the appro-
priate circuit equations given your understanding of mutual inductance
and the dot convention. Figuring out where to place the polarity dots if
they are not given may be possible by examining the physical configura-
tion of an actual circuit or by testing it in the laboratory. We will discuss
these procedures after we discuss the use of dot markings.

In Fig. 6.21, the dot convention rule indicates that the reference polar-
ity for the voltage induced in coil 1 by the current i, is negative at the dot-
ted terminal of coil 1. This voltage (Mdi,/dt) is a voltage rise with respect
to ;. The vol'tag‘e induced in coil 2 by the current i; is Mdi,/dt, and its ref-
erence polarity is positive at the dotted terminal of coil 2. This voltage is2
yoltage rise in the direction of i,. Figure 6.22 shows the self- and mutually
induced voltages across coils 1 and 2 along with their polarity marks.

Figure 6.22 A The self- and mu i
t ;
across the coils shown in Fig, 6.2!;?uy St i

InductEV, Inc.
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to two methods of determining dot markings. The first
ve know the physical arrangement of the two coils and the
-h winding in a magnetically coupled circuit. The ‘fOHowwfihg six
piied'hefe to Fig. 6.23, determine a set of dot markings:

rarily select one terminal—say, the D terminal—of one ilnd

m’a current into the dotted terminal and label it i, » Pl

fc the right-hand .rul'el to determine the direction of the magnetic 7 3 -(siépz) A A
 fieldestablished by ip inside the coupled coils and label this field ¢p. R 7 ity
N 77, dotted

) Arbitrarily pick one terminal of the second coil—say, terminal A—and /) >
assign a current into this terminal, showing the current as i. 3 "D terminal
: : : ey B (SteP (Step 1)
) Use the right-hand rule to determine the direction of the flux estab-
lished by i» inside the coupled coils and label this flux ¢a.
) Compare the directions of the two fluxes ¢p and ¢ . If the fluxes have
the same reference direction, place a dot on the terminal of the second
wil where the test current (i) enters. (In Fig. 6.23, the fluxes ¢p and
#, have the same reference direction, and therefore a dot goes on ter-
minal A.) If the fluxes have different reference directions, place a dot
on the terminal of the second coil where the test current leaves.

Figure 6.23 A A set of coils showing a method for
determining a set of dot markings.

The relative polarities of magnetically coupled coils can also be deter-
nined experimentally. This capability is important because in some situa-
fions, determining how the coils are wound on the core is impossible. One
aperimental method is to connect a dc voltage source, a resistor, a switch,
ada de voltmeter to the pair of coils, as shown in Fig. 6.24. The shaded
box covering the coils implies that physical inspection of the coils is not
possible, The resistor R limits the magnitude of the current supplied by the
voltage source. Figure 6.24 A An experimental setup for determining

_ The coil terminal connected to the positive terminal of the dc source  polarity marks.
% the switch and limiting resistor receives a polarity mark, as shown in
: 624 When the switch is closed, the voltmeter deflection is observed. If
1 the}l}omenta\ry deflection is upscale, the coil terminal connected to the
siive terminal of the voltmeter receives the polarity mark. If the deflec-
i i downscale, the coil terminal connected to the negative terminal of
| "“Yoltmeter recejves the polarity mark.
8 I?’“’mple 6.6 shows how to use the dot markings to formula_te a set of
| "lequations in a circuit containing magnetically coupled coils.

P
5510 of Faraday’s law on page 207.
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lg 5 ‘

nd therefore the q:agnetlcallycoup .
the cn'cult reduces to that shown in Fig. 626,
From Fig. 6.26 we see that at ¢ = o0 the three
resistors are in parallel across the 16 A source,

~ The equivalent resistance is 3.75 () anq thus the

~ voltage across the 16 A current source is 60 V. It

 follows that

60 60
11(00) + 60 =4 A,

I - Figure 6.25 A The circuit for Example 6.6. i o -4
i e i _ 60 1
: | zz(oo) o= lA

i

These values agree with the final values predicted '
by the solutions for i; and 7.

Finally we check the solutions by seeing if
they satisfy the differential equations derived in 2
(a). We will leave this final check to the reader :

di d s S i T
4d—:—}-8§(1g\—, ip) + 20(iy — &) + 5(i; — ip) = 0. via Problem 6.37.

. Solution

a) Summing the voltages around the i; mesh yields

The i, mesh equation is —=10 5

dl]_ )
dt : 5Q 200

Note that the voltage across the 4 H coil due to
the current (ig ip), that is, 8d(i, — i,)/dt, is a f 16 A i,/ 2600
voltage drop in the direction of i;. The voltage -'T
induced in the 16 H coil by the current i, that is, .

8diy/dt, is a voltage rise in the direction of i i.

20(i, — 1) + 60i, + 16—(12 S

Figure 6.26 A The circuit of Example 6.6 when ¢ =

InductEV, Inc.
Exhibit 1024
Page 016



%

65 A Closer Look at Mutual Inductance

jnorder to fully explain the circuit parameter mutual inductance, and to
.umine the limitations and assumptions made in the qualitative discussion

‘ ted in Section 6.4, we begin with a more quantitative description of
glfinductance than was previously provided.

LReview of Self-Inductance

Theconcept of inductance can be traced to Michael Faraday, who did pio-
xering work in this area in the early 1800s. Faraday postulated that a
mgnetic field consists of lines of force surrounding the current-carrying
wunductor. Visualize these lines of force as energy-storing elastic bands
tiat close on themselves. As the current increases and decreases, the elas-
ichands (that is, the lines of force) spread and collapse about the conduc-
. The voltage induced in the conductor is proportional to the number of
Ines that collapse into, or cut, the conductor. This image of induced volt-
@isexpressed by what is called Faraday’s law; that is,

dA
e (6.33)
LT

tete Ais referred to as the flux linkage and is measured in weber-turns.
0Wdo we get from Faraday’s law to the definition of inductance pre-

edin Section 6.12 We can begin to draw this connection using Fig. 6.27
Bareference,

Figure 6.27 A Representation of a magnetic field link-

ing an N-turn coil.
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The -t{iagnit'u le of
current by the relationshi

where N is the number of turns on the coil, and 9 is the permeance of the
space occupied by the flux. Permeance is a quantity that des'cnbﬂ the
magnetic properties of this space, and as such, a detailed discussion of per-
meance is outside the scope of this text. Here, we need only observe that,
when the space containing the flux is made up of magnetic materials (such
as iron, nickel, and cobalt), the permeance varies with the flux, giving 2
nonlinear relationship between ¢ and i. But when the space containing the
flux is comprised of nonmagnetic materials, the permeance is constant,
giving a linear relationship between ¢ and i. Note from Eq. 6.35 that the
flux is also proportional to the number of turns on the coil.

Here, we assume that the core material—the space containing the flux—

is nonmagnetic. Then, substituting Egs. 6.34 and 6.35 into Eq. 6.33 yields ‘i
P
o
_dr _d(N¢) a
dt dt o
do % g
d P
= N— = — I 4
=7 N dt(@Nt) :
aAisE gy ;
=N ey
Z@E L i (6.36) *

which shows that self-inductance is i }
proportional to
ber of turns on the coil. We make u : e

r . se of this observation later.
;I_‘he P‘f’la“t)f of the induced voltage in the circuit in Fig. 6.27 reflects the
reaction o th.e fle_ld to t.11§ current creating the field. For example, wheni i
1n<:r§f11§1}:1g, di/dt is ;_)os_mve and v is positive. Thus energy is re,quimd L
:tso?ed]?n 312 Tf{:;in%;l};:ef:‘e:g-'lpel groduct vi gives the rate at which energys ¥
: e fie i/dt i i i
polarity of the induced voltage e poas e egative, and aguiei

collapses about the col, encry 'S In opposition to the change. As the field

S is returned ircui
Keeping in mind this further 10 the circuit.

We now turn back to mutual ind Insight into the concept of self-inductance

uctance,

InductEV, Inc.
Exhibit 1024
Page 018



¢11 = g’111\’ 1i1,

s + e
b1 = PpNiiy,

where P, is the permeance of the space occupied Hy the flux ¢, Py is the
permeance of the space occupied by the flux ¢;;, and %P, is the permeance
ofthe space occupied by the flux ¢,;. Substituting Egs. 6.38, 6.39, and 6.40
into Eq. 6.37 yields the relationship between the permeance of the space

j

occupied by the total flux ¢, and the permeances of the spaces occupled ! : 2 A ‘;H 7%
byits components ¢;; and ¢,y Al T
P =Py + Py ; (6.41)

We use Faraday’s law to derive expressions for vy and v;:

d\;  d(Nyidy) d ;
e T o AT D, 22| 4
e 7 N1 b2)
di di dl1 i i
= Ni(@i + Ba) = NiBi S 64

d)tz d(N2¢21) d s
= zebde o ene TRL _—(g) Nqi
dt dt W e 1

di
= NoN Py a'tl (6.43)
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~ in Fig. 6.28 :

~ Figure 6.29 A The magnetically coupled coils of

~ Fig. 6.28, with coil 2 excited and coil 1 open.

therefore

s used to assign to
For the couﬁléti'édillc{‘“i'h Fig. 6.28, exciting coil 2 from a time-v
current source (i) and leaving coil 1 open produces the circuit arrange.

‘ment shown in Fig. 6.29. Again, the polarity reference assigned to v; is

based on the dot convention. ;
~ The total flux linking coil 2 is

¢ = b + d12- (6.46)

The flux ¢, and its components ¢y, and ¢y, are related to the coil current
i, as follows:

b, = P,Noi, (6.47)
¢ = PnNai, (6.48)
b1z = P1aNois. (6.49)
The voltages v, and v, are
dA S dip di,
Uitk N%@ZE sl (6.50)
_dh _d di
YL Z(N 1912) = N 1N297>12d—t2. (6.51)

The coefficient of mutual inductance that relates the voltage induced

in coil 1 t ime-varyi e Qi :
12 CEC:; 6.5(1):the time-varying current in coil 2 is the coefficient of diy/d!

Mz = NNy, (6.52)

For nonmagnetic materials, the permeances %, and %,, are equal, and

My = My, = M, (653

Hence for li ireui i
e lltI;t‘ft&;rt;lrcults \yt_th Just two magnetically coupled coils, attach
P € coefficient of Mmutual inductance is rfot necessary.
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LiL, =N iN %(9’11, + P (P + Pyy)

T linear system, P, = Py5, 50 Eq. 6.57 bécdnies*=~

i Lni= (N{N>Py5)2 Sl b (222N

LiL, “(‘1 2P) 1+ 7, ¥+:9pn.
P : P : " £ l ke ‘ .v‘.iu".,‘;‘.
P1 DoY) I e (§.58) :

ing the two terms involving permeances by a single constant
apresses Eq. 6.58 in a more meaningful form:

P
_1_= 1+$ 1+%

K2 P P12

: -~ (6.59)

Sibstituting Eq. 6.59 into Eq. 6.58 yields

M2 — kZLlLZ

M = kVL,L,, (6.60) <« Relating self-inductances and mutual
AR SRR e inductance using coupling coefficient

Vere the constant k is called the coefficient of coupling. According to
?659, 1/k? must be greater than 1, which means that k must be less than 1.
the coefficient of coupling must lie between 0 and 1, or

0=tk =1 (6.61)

ﬁagm “oefficient of coupling is 0 when the two coils have no common

fa,gﬁm s when ¢, = &y = 0. This condition implies that %1, = 0, and

%i:mdicates that 1/k? = oo, or k = 0. If there is no flux linkage
the coils, obyiously M is 0. : ‘
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Energy Calculations 5idn s 0 ik

V{’e conclude our first look at mutual inductance_th;l add1§:u5510n ofu}ea
total energy stored in magnetically qoupled coils. In col % 50, We wi|
confirm two observations ‘made earlier: For lmeax(-) rza]%ni 1;: coupling

(1) My, = My = M, and @) M = kVLilz, whereSe=itise nt

M We use the circuit shown in Fig. 6.30 to derive the expression for the -
i total energy stored in the magnetic fields associated wnth. a pair .of linearly _:
v L, L, U3 coupled coils. We begin by assuming that the currents i; and i, arezery
and that this zero-current state corresponds t0 Zero energy stored in the
m zero to some arbitrary value I, and com-

coils. Then we let i; increase fro : e
Figure 6.30 A The circuit used to derive the basic pute the energy stored when i; = I,. Because i = 0, e total power
and the energy stored is

energy relationships. input into the pair of coils is V111,

W; Il
/ dw = L1/ idiy,
0 0

L | W, = ELJ%' (6.62)

it Now we hold i; constant at I; and increase i, from zero to some arbitrary

i value I,. During this time interval, the voltage induced in coil 2 by iy is
zero because I, is constant. The voltage induced in coil 1 by i, is M 1odiy/dt.
Therefore, the power input to the pair of coils is

81 dio
i 1 DES IlMlzz + v,

The total energy stored in the pair of coils when i, = I, is

w I 7
./wl 40 fo LM yydi; + s Liadiy,

or
W =W + LMy, + %Lzl%,

1 1
=t 2 :
2 111 2!121% + 11121\4 12- (6'63)
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i2)

Ty
is
dr.

12 = 0, because /; » are arbitrary values of i
o respectively, we represent the cqll currents by their instantaneous
aluesiy and iz- Thus, at any instant Of time, the total energy stored in the
cupled coilsis - b sk

GEUnR! 1o 1 =)
) = §L1l§ + ELz‘% + Mijis. (6.65)

e g
1y ik

We derived Eq. 6.65 by assuming that both coil currents entered
pohﬁty-markéd terminals. We leave it to you to verify that, if one current
anters a polarity-marked terminal while the other leaves such a terminal,
{he algebraic sign of the term Mi;i, reverses. Thus, in general,

1 1
w(t) = ELli% + 5141'% + Miyi. (6.66)

We use Eq. 6.66 to show that M cannot exceed V L;L,. The magneti-
ally coupled coils are passive elements, so the total energy stored can
| mierbe negative. If w(r) can never be negative, Eq. 6.66 indicates that the
| ity ;

1 5l = o

Ethf i Elqz% — Miyi,

Tistbe greater than or equal to zero when i; and i, are either both posi-
f’"“‘?bOth negative. The limiting value of M corresponds to setting the
Yatty equal to zero:

%Lli% + %in% — Miyi, = 0. (6.67)

i.\}'ﬂnd the limiting value of M we add and subtract the term
:; Ll to the left-hand side of Eq. 6.67. Doing so generates a term that
Square:

( \/%l % \/%J ‘s iliz( T M) =0. (6.68)
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fth1s hapter we intro uced the capacﬂ:lve proximity
s 0 switch. The one used in table lamps

i based on a smgl rode switch. It is left to your investigation in
Problem 6.50. In the example here, We‘consxder the two-electrode swm:h

used in elevator call buttons

EXAMPLE

The elevator call button is a small cup into which the finger is inserted, as
shown in Fig. 6.31. The cup is made of a metal ring electrode and a circular
plate electrode that are insulated from each other. Sometimes two concentric
rings embedded in 1nsulat1ng plastlc are used instead. The electrodes are :
covered with an insulating layer to prevent direct contact with the metal.
The resulting device can be modeled as a capacitor, as shown in Fig. 6.32.

e Nt

G
—

Figure 6.32 A A capacitor model of the two-electrod®

Figure 6.31 4 An elevator call button. (a) Front view. (b) Side view. proximity switch used in i
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in by redrawing the circuit in Fig. 6.34 with the call button replaced
by its capacitive model from Fig. 6.32. The resulting circuit is shown in
' “ﬁg 6.35. Write the current equation at the single node: &

* Rearange this equation to produce a differential equation for the oljtpﬁt g :
- woltage v(1): e o

diivell edyisnl
Lolgemolo s el e
dt C1 ap CZ dt $

 Finally, integrate Eq. 6.71 to find the output voltage: M

c, i ~circuit with no finger present.
s N+ (0). 6.72)
20 S e (o72)

The result in Eq. 6.72 shows that the series capacitor circuit in Fig. 6.35
forms a voltage divider just as the series resistor circuit did in Chapter 3.
In both voltage-divider circuits, the output voltage does not depend on
the component values but only on their ratio. Here, C; = C; = 25 pF,
50 the capacitor ratio is C;/C, = 1. Thus the output voltage is

o(t) = 0.50,(t) + v(0). (6.73)

The constant term in Eq. 6.73 is due to the initial charge on the capacitor.
We can assume that v(0) = 0V, because the circuit that senses the out-
PUt voltage eliminates the effect of the initial capacitor charge. Therefore,
the sensed output voltage is

v(t) = 0.50(1). . ” (6.74)

- capacitor

Figure 6.35 A A model of the elevator call button
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_instantaneous power at the terminals of an inductor

X HZ AR {28

thgglement. 5 | ; S

Y

Anhductor: e

. does not permit an instantaneous change in its termi-.,
nal current

. does permit an instantaneous change in its teminal
voltage »

. behaves as a short circuit in the presence of a constant
terminal current (See pages 188-189.)

+ Acapacitor:
+ does not permit an instantaneous change in its termi-

e nal voltage
+ does permit an instantaneous change in its terminal
current

+ behaves as an open circuit in the presence of a con-
stant terminal voltage (See page 196.)

Equations for voltage, current, power, and energy in
ideal inductors and capacitors are given in Table 6.1.

TR T U )

I“d‘_lCtOrs in series or in parallel can be replaced by an
equivalent inductor. Capacitors in series or in parallel
@n be replaced by an equivalent capacitor. The equa-
tlons are summarized in Table 6.2. See Section 6.3 for a

cssion on how to handle the initial conditions for
*ries and parallel equivalent circuits involving induc-
1915 and capacitors.

%!

s

Bt e

acitor can be positive or negative, depending on ‘.Capaclggrs, 23

ther energy is being delivered to or extracted from

gitpatii

¥

) ey elials. ;Tf'!f’$"_]‘¥§
) = -IC-/ idr + ()
’ [ ; {

LA R g it

Series-Connected

Liy= Lytilo b el

1k o 10 e L Feppr
(B e S ol o

Parallel-Connected

103 SNSRI
o s o o e

Coy=C1tCrt 2 +Cy

. Mutual inductance, M, is the circuit parameter relating
the voltage induced in one circuit to a time-varying cur-
rent in another circuit. Specifically,

ot di,
’U]_—Ll dt +M12dt
di di

Ghsliotm o

InductEV, Inc.
Exhibit 1024
Page 026

S i





