CHAPTER 30: Inductance, Electromagnetic Oscillations, and AC Circuits

Responses to Questions

10.

11.

(a) For the maximum value of the mutual inductance, place the coils close together, face to face, on
the same axis.

(b) For the least possible mutual inductance, place the coils with their faces perpendicular to each
other.

The magnetic field near the end of the first solenoid is less than it is in the center. Therefore the flux
through the second coil would be less than that given by the formula, and the mutual inductance
would be lower.

Yes. If two coils have mutual inductance, then they each have the capacity for self-inductance. Any
coil that experiences a changing current will have a self-inductance.

The energy density is greater near the center of a solenoid, where the magnetic field is greater.

To create the greatest self-inductance, bend the wire into as many loops as possible. To create the
least self-inductance, leave the wire as a straight piece of wire.

(a) No. The time needed for the LR circuit to reach a given fraction of its maximum possible
current depends on the time constant, z = L/R, which is independent of the emf.

(b) Yes. The emf determines the maximum value of the current (/,,.x = Vo/R,) and therefore will
affect the time it takes to reach a particular value of current.

A circuit with a large inductive time constant is resistant to changes in the current. When a switch is
opened, the inductor continues to force the current to flow. A large charge can build up on the
switch, and may be able to ionize a path for itself across a small air gap, creating a spark.

Although the current is zero at the instant the battery is connected, the rate at which the current is
changing is a maximum and therefore the rate of change of flux through the inductor is a maximum.
Since, by Faraday’s law, the induced emf depends on the rate of change of flux and not the flux
itself, the emf in the inductor is a maximum at this instant.

When the capacitor has discharged completely, energy is stored in the magnetic field of the inductor.
The inductor will resist a change in the current, so current will continue to flow and will charge the
capacitor again, with the opposite polarity.

Yes. The instantaneous voltages across the different elements in the circuit will be different, but the
current through each element in the series circuit is the same.

The energy comes from the generator. (A generator is a device that converts mechanical energy to
electrical energy, so ultimately, the energy came from some mechanical source, such as falling
water.) Some of the energy is dissipated in the resistor and some is stored in the fields of the
capacitor and the inductor. An increase in R results in an increase in energy dissipated by the circuit.
L, C, R, and the frequency determine the current flow in the circuit, which determines the power
supplied by generator.
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12.

—
98]

14.

15.

16.

17.

18.

-
<

X; = Xc at the resonant frequency. If the circuit is predominantly inductive, such that X; > X, then
the frequency is greater than the resonant frequency and the voltage leads the current. If the circuit is
predominantly capacitive, such that X-> X}, then the frequency is lower than the resonant frequency
and the current leads the voltage. Values of L and C cannot be meaningfully compared, since they
are in different units. Describing the circuit as “inductive” or “capacitive” relates to the values of X}
and Xc, which are both in ohms and which both depend on frequency.

Yes. When w approaches zero, X; approaches zero, and X becomes infinitely large. This is
consistent with what happens in an ac circuit connected to a dc power supply. For the dc case, o is
zero and X; will be zero because there is no changing current to cause an induced emf. X¢ will be
infinitely large, because steady direct current cannot flow across a capacitor once it is charged.

The impedance in an LRC circuit will be a minimum at resonance, when X; = X¢. At resonance, the
impedance equals the resistance, so the smallest R possible will give the smallest impedance.

Yes. The power output of the generator is P = /V. When either the instantaneous current or the
instantaneous voltage in the circuit is negative, and the other variable is positive, the instantaneous
power output can be negative. At this time either the inductor or the capacitor is discharging power
back to the generator.

Yes, the power factor depends on frequency because X; and X, and therefore the phase angle,
depend on frequency. For example, at resonant frequency, X; = X, the phase angle is 0°, and the
power factor is one. The average power dissipated in an LRC circuit also depends on frequency,
since it depends on the power factor: Pays = Iims Vims COS@. Maximum power is dissipated at the
resonant frequency. The value of the power factor decreases as the frequency gets farther from the
resonant frequency.

(a) The impedance of a pure resistance is unaffected by the frequency of the source emf.

() The impedance of a pure capacitance decreases with increasing frequency.

(¢) The impedance of a pure inductance increases with increasing frequency.

(d) In an LRC circuit near resonance, small changes in the frequency will cause large changes in the
impedance.

(e) For frequencies far above the resonance frequency, the impedance of the LRC circuit is
dominated by the inductive reactance and will increase with increasing frequency. For
frequencies far below the resonance frequency, the impedance of the LRC circuit is dominated
by the capacitive reactance and will decrease with increasing frequency.

In all three cases, the energy dissipated decreases as R approaches zero. Energy oscillates between

being stored in the field of the capacitor and being stored in the field of the inductor.

(a) The energy stored in the fields (and oscillating between them) is a maximum at resonant
frequency and approaches an infinite value as R approaches zero.

(b) When the frequency is near resonance, a large amount of energy is stored in the fields but the
value is less than the maximum value.

(¢) Far from resonance, a much lower amount of energy is stored in the fields.

In an LRC circuit, the current and the voltage in the circuit both oscillate. The energy stored in the
circuit also oscillates and is alternately stored in the magnetic field of the inductor and the electric
field of the capacitor.
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20. Inan LRC circuit, energy oscillates between being stored in the magnetic field of the inductor and
being stored in the electric field of the capacitor. This is analogous to a mass on a spring, with
energy alternating between kinetic energy of the mass and spring potential energy as the spring
compresses and extends. The energy stored in the magnetic field is analogous to the kinetic energy
of the moving mass, and L corresponds to the mass, m, on the spring. The energy stored in the
electric field of the capacitor is analogous to the spring potential energy, and C corresponds to the
reciprocal of the spring constant, 1/k.

Solutions to Problems

(a) The mutual inductance is found in Example 30-1.

_ 2
_uUNN,4  1850(47x107 Tem/A)(225)(115)7(0.0200m) oot

M 3.10x10°H
/ 2.44m

(b) The emf induced in the second coil can be found from Eq. 30-3b.
Al (-12.0A)

dl
&=-M—t=-M—L=(-3.10x10"H)
dt At 0.0980 ms

3.9V

2. If we assume the outer solenoid is carrying current /,, then the magnetic field inside the outer

solenoid is B = g, 1,. The flux in each turn of the inner solenoid is ®,, = Bzr; = ynl zr;. The
mutual inductance is given by Eq. 30-1.

_NO, n by 1z - M H 1
I I

M

1 1

3. We find the mutual inductance of the inner loop. If we assume the outer solenoid is carrying current
. . o N, .
I,, then the magnetic field inside the outer solenoid is B = 711,. The magnetic flux through each

loop of the small coil is the magnetic field times the area perpendicular to the field. The mutual
inductance is given by Eq. 30-1.

NI
N,u,—— 4,sin@
NI N, ® 2H
D, =BAzsin¢9=,u0fAzsin0 ; M = 21 21 z] =

U,N N, A, sinf

1 1

4. We find the mutual inductance of the system using Eq. 30-1, with the flux equal to the integral of the
magnetic field of the wire (Eq. 28-1) over the area of the loop.

M:&:l b Holy wdr =2 1 f—z
I, 1,°% 2zr 2z \ L

1

5. Find the induced emf from Eq. 30-5.

dl Al (10.0A-25.0A)
=-L—=-L—=-(0.28H =12V
dt At ( ) 0.365
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6.

10.

11.

Use the relationship for the inductance of a solenoid, as given in Example 30-3.

2
P N B (0.13H)(0.300m) <[00 tums
0 #A A\ (47 x107 Tom/A) 7(0.021m)

Because the current in increasing, the emf is negative. We find the self-inductance from Eq. 30-5.
dl Al At 0.0120

=L =L o L=-8""=_(-250V) > ~[0.566 H

dt At Al [0.0250 A - (—0.0280 A)]

(a) The number of turns can be found from the inductance of a solenoid, which is derived in
Example 30-3.

N4 (47107 Tem/A)(2800)" 7(0.0125m)’

L =0.02229H ~|0.022H
L (0.217m)
(b) Apply the same equation again, solving for the number of turns.
N4 Le 0.02229H)(0.217
L=5"%  N- = ( : )(0.217m) _ ~[81turns
¢ #A | (1200)(47 x107 Tem/A) 7 (0.0125m)
We draw the coil as two elements in series, and pure resistance and R I
a pure inductance. There is a voltage drop due to the resistance of T
the coil, given by Ohm’s law, and an induced emf due to the «—
inductance of the coil, given by Eq. 30-5. Since the current is Lincreasing et
increasing, the inductance will create a potential difference to a

oppose the increasing current, and so there is a drop in the potential
due to the inductance. The potential difference across the coil is the sum of the two potential drops.

v, =IR +L§ =(3.00A)(3.25Q)+(0.44H)(3.60A/s) =[11.3V
t

We use the result for inductance per unit length from Example 30-5.

9
,Zl(ssxlo "H/m) *72”(55X10 H/m)

2o B2 <555 10°H/m > r>re = (0.0030m)e """ ) Z 0.00228m
L 2z
7 >20.0023m

The self-inductance of an air-filled solenoid was determined in Example 30-3. We solve this
equation for the length of the tube, using the diameter of the wire as the length per turn.

2
N4 Al
L= S =
¢ d
-3 2
142 (1.0H)(081x10m)

0= - 2:46.16mz

pir? (4;; y 10_7T-m/A)7r (0.060m)

The length of the wire is equal to the number of turns (the length of the solenoid divided by the
diameter of the wire) multiplied by the circumference of the turn.

L=Lrp=_3616m (0 12m)=21,490m ~[21km|

d”  081x107m
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The resistance is calculated from the resistivity, area, and length of the wire.

-8
R Pl (1.68x107°Q) m)(21,4290m) ok

A ;z(o.405 x 10*3m)

UN’4  pN* nd’
l 7 4
wire is given by £, = Nzd_, and so since d_, =2.5d_,, , we also know that N, =2.5N,. The fact

. The (constant) length of the

12. The inductance of the solenoid is given by L =

that the wire is tightly wound gives £ = Nd , . Find the ratio of the two inductances.

sol 2 sol 2
Lz 4 £5012 _ £5012 _ fsolz _ fsoll _ Nldwire _ﬁz
Nz

lLlOﬂ'- ]\[22 d2 ‘]\[22 dz 'ezwil'e/ﬂ.2

?_ M ]Vl2 d2 B le d2 - Ei«ire/ﬂ-z f5012 NZdWire

4 B sol 1 e sol 1 f

sol 1 sol 1 sol 1

We use Eq. 30-4 to calculate the self-inductance, where

the flux is the integral of the magnetic field over a cross-
section of the toroid. The magnetic field inside the toroid - dr
was calculated in Example 28-10. s i T
P S5 -
5 tyNI Nh = A
Lzﬁd)B:Ej oV g gy = | o In| 2 -7, .4 A
1 I 27r 27 7 -

14. (a) When connected in series the voltage drops across each inductor will add, while the currents in

each inductor are the same.
dl dl dl dl
%2%4‘%Z—LIE—LZEZ—(LI+L2)Z=—Leq5 —> LquLl'i‘Lz

(b) When connected in parallel the currents in each inductor add to the equivalent current, while the

voltage drop across each inductor is the same as the equivalent voltage drop.
dl dl, dI, € € € 1 1 1
—=—l+—=2 5> —=—+— > |—=—+—
dt dt dt L, L L, L, L L

eq

Therefore, inductors in series and parallel add the same as resistors in series and parallel.

15. The magnetic energy in the field is derived from Eq. 30-7.
Energy stored | B’
H=s————/=-—-"—

Volume u,
Energy = lB—z(Volume) I (0-600T) 7(0.0105m)° (0.380m) = [18.9J
’ H, ? H, ’ (471'><10_7 T-m/A) ' ' -

16. (a) We use Eq. 24-6 to calculate the energy density in an electric field and Eq. 30-7 to calculate the
energy density in the magnetic field.

uy =+&,E* =4(8.85x1077 C*/Nem®)(1.0x10° N/c)2 = |4.4x10™ J/m’
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2 20T)
U, = 5 _ ( ) =1.592x10° J/m’® ~[1.6x10° J/m’

24, 2(4rx107 Tem/A)

(b) Use Eq. 24-6 to calculate the electric field from the energy density for the magnetic field given
in part (a).

2(1.592x10° J/m?
Up =7€0E2 =Up - E= 2uB :\/ ( ) = 60)(108 N/C

& \[(885x107 C*/Nem?)

17. We use Eq. 30-7 to calculate the energy density with the magnetic field calculated in Example 28-12.

) >, (47x107 Tem/A)(23.0A)
u, =2 _L(ﬂofj _ AL _(47x107 Ty )(2 ) ~[1.06x107 1/m’]
8R 8(0.280m)

2R

2 24,

18. We use Eq. 30-7 to calculate the magnetic energy density, with the magnetic field calculated using
Eq. 28-1.

2 2 > (47x107 Tem/A)(15 AY
S A L [CL N ey

2uy 2\ 27R 87 (1.5x 10’3m)2

To calculate the electric energy density with Eq. 24-6, we must first calculate the electric field at the
surface of the wire. The electric field will equal the voltage difference along the wire divided by the
length of the wire. We can calculate the voltage drop using Ohm’s law and the resistance from the
resistivity and diameter of the wire.

gV _IR_Ipt _Ip

¢ 0 Az xr
(15A)(1.68x10™*Qem) 2
7(1.5x10%m)’

2
r

2
u, =g, B’ =1lg, (1—”) = 1(8.85x107"2C*/Nem? )

=15.6x107"J/m’

We use Eq. 30-7 to calculate the energy density in the toroid, with the magnetic field calculated in
Example 28-10. We integrate the energy density over the volume of the toroid to obtain the total
energy stored in the toroid. Since the energy density is a function of radius only, we treat the toroid
as cylindrical shells each with differential volume dV =2zrhdr .

B 1 (,uONIJZ_ U, NI

uB: =

2u, 2u,\ 27r 87z°r’
n uy NI N’I*h N’I’h
Uzjqusz'ﬂo — 2arhdr =t 21 ndr | NTTTh In| 2
i 8w 4z nor 4 7

20. The magnetic field between the cables is given in Example 30-5. Since the magnetic field only
depends on radius, we use Eq. 30-7 for the energy density in the differential volume dV =2zrldr
and integrate over the radius between the two cables.

2 2 2
n 1 1 n 1
U:lJ‘quV: 1 /u0 272'I”dr=’u0 dr: ,Llo ln r2
I i 2u,\ 27r 4z Jnor 4z 7

1
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21.

22.

23.

24.

5|
bt

26.

We create an Amperean loop of radius 7 to calculate the magnetic field within the wire using Eq. 28-
3. Since the resulting magnetic field only depends on radius, we use Eq. 30-7 for the energy density
in the differential volume dV =27zrfdr and integrate from zero to the radius of the wire.

$Bedl =, —)B(Zﬂl’):#o(ﬂﬁezJ(”rz)_)B:%

Ll
0 2u,\ 27 R?

gzljquV

T

2 2 2
1 1

2rrdr =L 4IRr3dr= o
47 R" 70 16

For an LR circuit, we have [ =1__ (l e ) . Solve for ¢.

1
(@ =095 — t=-1 h{l —I—j =—rIn(1-0.95) =

(b)

(©)

I=1,(1-¢") - LSS P SN t:—rln{l—LJ

max max

307

max

1=0.9901

max

4.67

> t:—rln(l—ij =—7In(1-0.990) =

max

697

I
1=0.99901  — t=-1 h{l ——j =—7In(1-0.9990) =

max

We set the current in Eq. 30-11 equal to 0.03/; and solve for the time.

(@)

(b)

(@)

(b)

(b)

1=0.031,=1e"" —>t=-7In(0.03)~

We set [ equal to 75% of the maximum value in Eq. 30-9 and solve for the time constant.

2.56 ms
[=0.751,=1,(1-¢"" ) >7=- r_ | )=1.847msz
The resistance can be calculated from the time constant using Eq. 30-10.

n(0.25)  In(0.25)
=L _30mH e

r  1.847 ms

We use Eq. 30-6 to determine the energy stored in the inductor, with the current given by Eq.
Eq 30-9.

_ 2 LVOZ —t/7\?
U=1L1*= W(l —e''")
Set the energy from part (@) equal to 99.9% of its maximum value and solve for the time.
_ K)z _ V;)2 —t/t 2 _
U=0999_ =25 (1-e") >t=7In(1-+0.999) =

At the moment the switch is closed, no current will flow through the inductor. Therefore, the
resistors R; and R, can be treated as in series.

K
R +R,’

A long time after the switch is closed, there is no voltage drop across the inductor so resistors
R, and R; can be treated as parallel resistors in series with R;.

E=1(R+R) |, =1 L=

1 2
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27.

28.

29.

I,=1,+1,, é=IR +L,R,, LR, =LR,

€— LR LR €R
2°72 :Iz + 2-2 N 12 — 3
R, R R,R,+RR, +RR,
LR €R (R, +R
[ =212= 2 L=1,+1I,= (R, + R,)
R, |RR,+RR,+RR, RR;+RR, +RR,

(¢) Just after the switch is opened the current through the inductor continues with the same
magnitude and direction. With the open switch, no current can flow through the branch with
the switch. Therefore the current through R, must be equal to the current through R;, but in the
opposite direction.

;- €R, ;o —¢R, 1 <[g
> |RR,+RR,+RR,| > |RR +RR,+RR,| '

(d) After a long time, with no voltage source, the energy in the inductor will dissipate and no
current will flow through any of the branches.

I =1, :[3:@

(a) We use Eq. 30-5 to determine the emf in the inductor as a function of time. Since the

exponential term decreases in time, the maximum emf occurs when ¢ = 0.
di d LI,R
b=l = —LE[IOe”R’L] = Toe*”f =V, > .

(b) The current is the same just before and just after the switch moves from A to B. We use Ohm’s
law for a steady state current to determine /I, before the switch is thrown. After the switch is
thrown, the same current flows through the inductor, and therefore that current will flow
through the resistor R’. Using Kirchhoff’s loop rule we calculate the emf in the inductor. This
will be a maximum at # = 0.

R’ 55R

]0 :%, %_IR' :0—) % = Rl%e—ﬂf' - C<_gmax = [EJVB :[ R )(120\/) = 66kv

The steady state current is the voltage divided by the resistance while the time constant is the
inductance divided by the resistance, Eq. 30-10. To cut the time constant in half, we must double
the resistance. If the resistance is doubled, we must double the voltage to keep the steady state
current constant.

R'=2R=2(2200 Q)= v, =2V, =2(240 V) =[480 V]

We use Kirchhoff’s loop rule in the steady state (no voltage drop across the inductor) to determine
the current in the circuit just before the battery is removed. This will be the maximum current after
the battery is removed. Again using Kirchhoftf’s loop rule, with the current given by Eq. 30-11, we
calculate the emf as a function of time.

V-IR=0 — I,=~
R

1.22x105s")z

E—IR=0 — €=IRe™"" =V e =(12V)e W _ |17y,

The emf across the inductor is greatest at with a value of [€_, =12V]|.
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u,N°4
;o

(a) Both solenoids have the same area and the same length. Because the wire in solenoid 1 is 1.5
times as thick as the wire in solenoid 2, solenoid 2 will have 1.5 times the number of turns as
solenoid 1.

H NS A

2
L ¢ N, (N L
2= =—22=(—2J =15 =225 - |=>=225
L uN A ; L

30. We use the inductance of a solenoid, as derived in Example 30-3: L =

1 1

(b) To find the ratio of the time constants, both the inductance and resistance ratios need to be
known. Since solenoid 2 has 1.5 times the number of turns as solenoid 1, the length of wire
used to make solenoid 2 is 1.5 times that used to make solenoid 1, or £ =1.50 and the

=1.5d Use this to

wire 2 wire 12

diameter of the wire in solenoid 1 is 1.5 times that in solenoid 2, or d

wire 1 wire 2 *

find their relative resistances, and then the ratio of time constants.

pfwire 1 fWire 1 fwwe 1

2 2
& _ Awire 1 4 (dwire 1/2) dwue 1 _ Bwire 1 dwire 2 _ L (i) _ L EN
Rz pfwirez fwireZ fw1reZ B i d ; 15 15 1-53

wire 2 wire 1
2
Awire 2 7 (dwire 2 /2) dwire 2

—L=—; o LR LR (1 (1.53)=1.5 > [f=1s
R, 1.5 r, LJ/R, L, R \225 T

2 2

(a) The AM station received by the radio is the resonant frequency, given by Eq. 30-14. We divide
the resonant frequencies to create an equation relating the frequencies and capacitances. We
then solve this equation for the new capacitance.

A \/ / 5 550kHz
-G, C( j =(1350 F)[moo Zj 0.16nF
271' LC

() The inductance is obtained from Eq. 30-14.

1 1 1
f_— E—)L: ) = > :62/,IH

dr" f°C 47z2(550><103HZ) (1350><10"2F)

32. (a) To have maximum current and no charge at the initial time, we set £ = 0 in Eqgs. 30-13 and 30-15
to solve for the necessary phase factor ¢.

1, =Iosin¢—>¢=%—>I(z)zlosin(a)t+%j=10 coswt

0(0)=0, cos(%) =0->0=0, cos(a)z + %} =—Q, sin(wr)

Differentiating the charge with respect to time gives the negative of the current. We use this to
write the charge in terms of the known maximum current.
d I 1, .
I= d? —Q,wcos(wt)=1I,cos(wt) — Qy=—" — |0(1)=—"sin(or)
@ @
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(b) As in the figure, attach the inductor to a battery and resistor for an I
: MA—1}
extended period so that a steady state current flows through the R Vo
inductor. Then at time ¢ = 0, flip the switch connecting the - L
inductor in series to the capacitor. Te-s We rTTR

o o=

33. (a) We write the oscillation frequency in terms of the capacitance using Eq. 30-14, with the parallel
plate capacitance given by Eq. 24-2. We then solve the resulting equation for the plate
separation distance.

(1 [ 1
2rf=|—=[———F—>x= 47[2A€ 2L
T =\1c L(&,A/x) of

(b) For small variations we can differentiate x and divide the result by x to determine the fractional
change.

A’ Ag, (2 fdf )L
dx =47 de, (2 fdf )L ; & _4z fo( fzf) _2df |Ax 24
X ArAeg,f°L f X f

(c¢) Inserting the given data, we can calculate the fractional variation on x.

A _2(1H2) 10 ~[0:0002%]

X 1 MHz

34. (a) We calculate the resonant frequency using Eq. 30-14.

1L [1 1 1 (185 ki
I =5a\1e 271'\/(0.175H)(425><10"2 F) ’ :

(b) Asshown in Eq. 30-15, we set the peak current equal to the maximum charge (from Eq. 24-1)
multiplied by the angular frequency.

[=Q,0=CV(2xf)=(425x10" F)(135 V)(27)(18,450 Hz)

=6.653x10" A ~|6.65 mA
(c) Weuse Eq. 30-6 to calculate the maximum energy stored in the inductor.

U=1L1* =1(0.175 H)(6.653x107 A) =[3.87 ]

35. (a) When the energy is equally shared between the capacitor and inductor, the energy stored in the
capacitor will be one half of the initial energy in the capacitor. We use Eq. 24-5 to write the
energy in terms of the charge on the capacitor and solve for the charge when the energy is

equally shared.
o _19 _, 12,
2C 22C 2 7

(b) We insert the charge into Eq. 30-13 and solve for the time.

\/EQO =0 cosat — ¢ =cos™ [QJ d (Zj: L
w

2 2 | 27\a) 7|3
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36. Since the circuit loses 3.5% of its energy per cycle, it is an underdamped oscillation. We use Eq.
24-5 for the energy with the charge as a function of time given by Eq. 30-19. Setting the change in
energy equal to 3.5% and using Eq. 30-18 to determine the period, we solve for the resistance.

0 ' cos® (27) Qjcos’(0)

LI 2 2C 120035 2L _1n(1-0.035) = 0.03563
E 0y cos(0) L
2C
4L(0.03563)°
0.03563:5(2_7)=5 2z S R- ( ) :
Lo ) LyLc-r/ar C[167r2 +(0.03563) }
4(0.065H)(0.03563)’

R:

=1.4457Q ~[1.4Q)

(1:00x10°F)| 167° +(0.03563) |

As in the derivation of 30-16, we set the total energy equal to the sum of the magnetic and electric
energies, with the charge given by Eq. 30-19. We then solve for the time that the energy is 75% of
the initial energy.

QL _O

% 2 Q2 Q2
U=UE+UB=2C 5 2C6L cos (a)'t+¢)+2—° 0

s e 1 sin (a)’t + ¢) = %e_%t

2 2
0752 _ % b, —£ln(0.75) = —£1n(0.75) ~[0.29L
2C 2C R R R

38. Asshown by Eq. 30-18, adding resistance will the oscillation frequency. We use Eq. 30-
14 for the pure LC circuit frequency and Eq. 30-18 for the frequency with added resistance to solve
for the resistance.

, 1 R 1
@'=(1-.0025)0 —> [|—-—5=0.9975— —
LC 4L LC

R= %(1—0.99752)=\/%(1—0997sz)=

1.800x10° F

39. We find the frequency from Eq. 30-23b for the reactance of an inductor.

X 660Q
X, =27nfL — f=—%-= =3283Hz ~|3300Hz
2zL  27(0.0320H)
1
40. The reactance of a capacitor is given by Eq. 30-25b, X = .
2z fC

1 I
27fC 27(60.0Hz)(9.2x10°F)

() X, -— 1 ~[L7x10%0)]

Torfc 27(1.00x10°Hz)(9.2x10°F)

=1290Q

(@) X
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41.

42.

44,

45.

46.

The impedance is X = 27 C . The 16
extreme values are as follows. 12
¥ - 1
™ 27(10Hz)(1.0x10°F)

Reactance (kQ)
[ee]

~

=16,000Q
1 N

X . =
i 2;;(1000 Hz)(l.Ox 10’(‘F) 0 200 400 600 800 1000
=160Q2 Frequency (Hz)

=]

The spreadsheet used for this problem can be found on the Media Manager, with filename
“PSE4 _ISM_CH30.XLS,” on tab “Problem 30.41.”

We find the reactance from Eq. 30-23b, and the current from Ohm’s law.
X, =27 fL=27(33.3x10"Hz)(0.0360 H) = 7532Q ~ | 7530Q

vV 250V
V=IX, - I=—= =0.03319A ~|3.3x10°A

X, 7532Q

L

(a) At @ =0, the impedance of the capacitor is infinite. Therefore the parallel combination of the

resistor R and capacitor C behaves as the resistor only, and so is R. Thus the impedance of the
entire circuit is equal to the resistance of the two series resistors.

Z=
(b) At o=,, the impedance of the capacitor is zero. Therefore the parallel combination of the

resistor R and capacitor C is equal to zero. Thus the impedance of the entire circuit is equal to
the resistance of the series resistor only.

z=[R]

We use Eq. 30-22a to solve for the impedance.

4 110V
Vs = Lopg@L — L=~ = =[94mH
ms = fms @27 (3.1A)27(60Hz)

Irms 2

(a) We find the reactance from Eq. 30-25b.
1 1

27fC 27(660Hz)(8.6x10°F)
(b) We find the peak value of the current from Ohm’s law.

% 22,000V
I =20, =2 =222 L 1A at 660 Hz
X, 28040

=2804Q ~|28000

C

(a) Since the resistor and capacitor are in parallel, they will have the same voltage drop across
them. We use Ohm’s law to determine the current through the resistor and Eq. 30-25 to
determine the current across the capacitor. The total current is the sum of the currents across
each element.
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Vv Vv
]R:E ,IC:X—C:V(Zﬂ'fC)
I. V(27 fC) ~ R(27fC) ~ (490 Q)27 (60 Hz)(0.35><10‘6 F)
Iy+lc V(2xfC)+V/R  R(2xfC)+1 (490 Q)27(60 Hz)(0.35%10 F)+1
=0.0607 ~
(b) We repeat part (a) with a frequency of 60,000 Hz.
I (490 ©)27(60,000 Hz)(0.35x10 F)

= ~0.9847 ~
Iy+1c (490 Q)27(60,000 Hz)(0.35x107 F)+1 )

47. The power is only dissipated in the resistor, so we use the power dissipation equation obtained in
section 25-7.

P, =1I2R=1(1.80A)"(1350Q)=2187 W ~

1
2

48. The impedance of the circuit is given by Eq. 30-28a without a capacitive reactance. The reactance of
the inductor is given by Eq. 30-23b.

(@) Z=\R*+X} =\|R*+47°f°L* = \/(10.0 x10'Q)" +4x° (55.0Hz)’ (0.0260H)’
-
(b) Z=AR+X? =R +4x*f*I* = \/(10.0 x10'Q)" +47° (5.5x10°Hz) (0.0260H)’

~[134x10'0)]

The impedance of the circuit is given by Eq. 30-28a without an inductive reactance. The reactance
of the capacitor is given by Eq. 30-25b.

1 2 1
(@) Z=+\R +X; :\/R2+—: (75Q) + =397Q
‘ 4z 47 (60Hz)’

e (6.8x10°F)’

~|400Q((2 sig. fig.)

/ 1
(b) Z = R2+XZ“:\/R2+?:\/(7SQ)2+4”2( =|75Q

1
ar’ f*C 60000Hz)’ (6.8 x10°F)’

50. We find the impedance from Eq. 30-27.

e . 12OV AE500

I 70x10°A

51. The impedance is given by Eq. 30-28a with no capacitive reactance.

Z=\R*+ X! =\/R +(2z /L)’
Z,=2Z, — \/R2+47r2f2L2=2\/R2+47r2(60Hz)2L2 -

R +47° 'L =4 R +47° (60Hz)' I |= 4R’ +167° (60Hz) L —
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2 2 2 52 2 2
f:\/3R +167 5620Hz) L :\/ B 4 (s0mz) = 3(2500Q) . 4(60H)
4r7°L 47°L 477 (0.42H)

:1645sz@

52. (a) The rms current is the rmv voltage divided by the impedance. The impedance is given by Eq.
30-28a with no inductive reactance,

2 2 2 1
Z=\R+X .= |[R+———.
(27 fC)
Vrms I/rms

]:: = =

ms Z s 1 5 1
\/R +———  [(3800Q2) + . . —
Ar’f°L 47 (60.0Hz)' (0.80x10°F)

120V
= =2379x10°A ~|24x107A

120V

50430
(b) The phase angle is given by Eq. 30-29a with no inductive reactance.
1 ~ 1
X L oxfc ., 27(60.0Hz)(0.80x10°F)
= tan”' € —tan'—=2L= —tan™! :
’ R R 38000 [a1°]

The current is leading the source voltage.
(c) The power dissipated is givenby P=1" R = (0.02379A)2 (6.0 X 103Q) =|22W

rms

(d) The rms voltage reading is the rms current times the resistance or reactance of the element.
Voo =1, R=(2379x107A)(3800Q) =90.4V ~ 90 V| (2 sig. fig.)

ms

Vo7 x = tm (2.379x107A)

& T 20 22(60.0H2)(0.80x10°F)

Note that, because the maximum voltages occur at different times, the two readings do not add
to the applied voltage of 120 V.

=78.88V |79V

53. We use the rms voltage across the resistor to determine the rms current through the circuit. Then,
using the rms current and the rms voltage across the capacitor in Eq. 30-25 we determine the

frequency.
v,
Irms = L VC ms Irms
R ’ 2r fC
14 30V
y—" s (3:0V) =[240 Hz

278CV ¢ ims B 27CRV ¢ s ) 27[(1.0>< 107 c)(750 Q)(2.7V)

Since the voltages in the resistor and capacitor are not in phase, the rms voltage across the power
source will not be the sum of their rms voltages.
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54. The total impedance is given by Eq. 30-28a.

Z=\/R2+(XL—XC)2 =\/R2+(27rﬂ—

272'ij

1
27(1.00x10*Hz)(6.25x10°F)

= (8.70 x 1039)2 + {2;:(1.00 x 10“Hz)(3.20x IO’ZH) -

=8716.5Q ~|8.72kQ
The phase angle is given by Eq. 30-29a.

1
2r fL -
R 27 fC
R

¢ = tan

1
2;;(1.00>< 104Hz)(6.25 x 10‘9F)

27(1.00x10'Hz)(3.20x 10 H) -

-1

= tan

g 3098

8.70x10°Q

The voltage is lagging the current, or the current is leading the voltage.
The rms current is given by Eq. 30-27.

v 725V
[ =—"=—"—_=[832x10"A

Z 8716.5Q

R

(a) The rms current is the rms voltage divided by the impedance. The impedance is given by Eq.
30-28a with no capacitive reactance.

Z=\R+X; =R +(27/L)" .

V V 120V

rms __ rms

Z Riarsir (9650) +47° (60.0Hz) (0.225H)

120V
= =|0.124 A
56870
(b) The phase angle is given by Eq. 30-29a with no capacitive reactance.

4= tan” Xy _ 27 /L _ ! 27r(6O.O;{625)é0.225H) _

ms

The current is lagging the source voltage.
(c) The power dissipated is givenby P=1"R = (0.124 A)2 (965 Q) =(14.8W

rms

(d) The rms voltage reading is the rms current times the resistance or reactance of the element.
Voo =1.R=(0.124A)(965Q)=119.7V ~|120V

rms
R

Vo.=1.X =1 2rfL=(0.124A)27(60.0Hz)(0.25H)=|10.5V

rms
L

Note that, because the maximum voltages occur at different times, the two readings do not add
to the applied voltage of 120 V.
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56. (a) The current is found from the voltage and impedance. The impedance is given by Eq. 30-28a.

Zz\/R2+(XL—XC)2 =\/R2+(27rfL—

27rij

2
1
= [(2.0Q)" +| 27 (60Hz)(0.035H) - =88.85Q
(200) { 7 (60Hz)( ) 2ﬂ(60Hz)(26x10‘6F)]
V 45V
I =—"= =0.5065A ~|0.51A
"™ Z  88.85Q -
(b) Use Eq. 30-29a to find the phase angle.
1
2r fL -
¢= tan ! u = tan"' #
R
1
27(60Hz)(0.035H) -
27(60Hz)(26x10°F) _88.830
=t -1 =t *"—:-_880
o 200 o 2.0Q -

(c) The power dissipated is givenby P=1’ R = (0.5065 A)2 (2.0 Q) =10.51W

57. For the current and voltage to be in phase, the reactances of the capacitor and inductor must be equal.
Setting the two reactances equal enables us to solve for the capacitance.

1 1 1
X, =2nfL=X,=———>C= =
! 27 fC 47°f*L 47> (360Hz) (0.025H)

=|7.8 uF

58. The light bulb acts like a resistor in series with the inductor. Using the desired rms voltage across
the resistor and the power dissipated by the light bulb we calculate the rms current in the circuit and
the resistance. Then using this current and the rms voltage of the circuit we calculate the impedance
of the circuit (Eq. 30-27) and the required inductance (Eq. 30-28b).

4
PPV _oesa gt 12OV
120V I 0.625A

rms

1 =192Q

rms =
14

R,rms

Z:%:JRH@ML)Z

rms

2 2
N
T

o\l 60 Hz) |\ 0.625 A

59. We multiply the instantaneous current by the instantaneous voltage to calculate the instantaneous
power. Then using the trigonometric identity for the summation of sine arguments (inside back cover
of text) we can simplify the result. We integrate the power over a full period and divide the result by
the period to calculate the average power.

P=1V =(I,sinwt)V,sin(wt +¢) =1V, sin ot (sin t cos ¢+ sin gcos wr )

=1V, (sin2 @t cos ¢ + Sin @t cos wt sin ¢)
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2z
D _ 1 r _ (4] Y .2 . .
P_?.[o PdT_gJ.o [OVO(sm a)tcos¢+sma)tcosa)tsm¢)dt

2z 2z
@ ) (0] . "0
ey ING cos¢.|.0 sin” ot dt+—2ﬂ ING s1n¢.|.0 sinwt cos wt dt
- ioso J2 | L psing| Lo |- [
=5l ) COS AR ) sin a)sm ol @ | =] 1V, cos

60. Given the resistance, inductance, capacitance, and frequency, we calculate the impedance of the
circuit using Eq. 30-28b.
X, =27 fL=27(660 Hz)(0.025 H)=103.67 Q

1 I
¢ 27fC 27(660 Hz)(2.0x107 F)

=120.57 Q

Z= R +(x, - X, )" = (150 Q)" +(103.67 Q~120.57 Q)" =150.95 Q

(a) From the impedance and the peak voltage we calculate the peak current, using Eq. 30-27.

V. 340V
[ =—0=—""""" -2250 A~[2.3 Al
" 7 15095Q

(b) We calculate the phase angle of the current from the source voltage using Eq. 30-29a.
X, -X 103.67 Q—120.57 Q
-1 L C -1
—&—*=tan =|-6.4°]
150 O
(¢) We multiply the peak current times the resistance to obtain the peak voltage across the resistor.

The voltage across the resistor is in phase with the current, so the phase angle is the same as in
part (b).

Vor =1,R=(2.252 A)(150 Q) =340 V| ; |#=—6.4°

(d) We multiply the peak current times the inductive reactance to calculate the peak voltage across
the inductor. The voltage in the inductor is 90° ahead of the current. Subtracting the phase
difference between the current and source from the 90° between the current and inductor peak
voltage gives the phase angle between the source voltage and the inductive peak voltage.

Vo, =1,X, =(2.252 A)(103.67 ) =[230 V]
¢, =90.0°—$=90.0°—(-6.4)° =

(e) We multiply the peak current times the capacitive reactance to calculate the peak voltage across
the capacitor. Subtracting the phase difference between the current and source from the -90°
between the current and capacitor peak voltage gives the phase angle between the source
voltage and the capacitor peak voltage.

Voo =1, Xc =(2.252 A)(120.57 Q)=

e =-90.0°— = -90.0° — (~6.4°) =

Using Eq. 30-23b we calculate the impedance of the inductor. Then we set the phase shift in Eq. 30-
29a equal to 25° and solve for the resistance. We calculate the output voltage by multiplying the
current through the circuit, from Eq. 30-27, by the inductive reactance (Eq. 30-23b).

X, =27 fL=27(175Hz)(0.055 H) =60.48 Q

X X 60.48 Q
tang="—~L = R="L = =129.7Q ~[130 Q|
¢ R tang tan 25°

@ =tan

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

286



Chapter 30 Inductance, Electromagnetic Oscillations, and AC Circuits

Vo Ve IR R _ 129.70Q _[31]

iz z J(129.70Q)" +(60.48Q)’ )

YR
Vo Vo

62. The resonant frequency is found from Eq. 30-32. The resistance does not influence the resonant
frequency.

-t —J 1 0]

22N LC 274 (26.0x10°H)(3800x 10 °F)

63. We calculate the resonant frequency using Eq. 30-32 with the inductance and capacitance given in
the example. We use Eq. 30-30 to calculate the power dissipation, with the impedance equal to the

resistance.
1 =[265 Hz|

1
f — =
" 2mLC 2z [(0.0300 H)(12.010° F)

_ 2 90.0V)’
P=1_V. cosg= Vi V.. RY_ Vi _( ) _ 324W
R R R 25.00

64. (a) We find the capacitance from the resonant frequency, Eq. 30-32.

e !

27N LC 4L 4x* (4.15%107H)(33.0x10°He )
(b) Atresonance the impedance is the resistance, so the current is given by Ohm’s law.
v 136 V

I, == = [35.8mA
R 38000

65. (a) The peak voltage across the capacitor is the peak current multiplied by the capacitive reactance.
We calculate the current in the circuit by dividing the source voltage by the impedance, where
at resonance the impedance is equal to the resistance.

L VW 1 [V,
27f,C R 2z(RC) f, |27z°
(b) We set the amplification equal to 125 and solve for the resistance.

B= T, 1 R 1 1 )=

270 22fRC T 22/,AC 27(5000Hz)(125)(2.0x10°F

Voo =Xcly =

66. (a) We calculate the resonance frequency from the inductance and capacitance using Eq.30-32.

1 1
f = = =21460 Hz ~
" 2mIIC g f(0.05s H)(1L0x107 F)

(b) We use the result of Problem 65 to calculate the voltage across the capacitor.

Vs 1 20V :

V = e
©22(RC) fy 27(35 Q)(1.0x10 F)(21460 Hz)

(c) We divide the voltage across the capacitor by the voltage source.
Voo _420V _ 210
Vo 20V
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(a)

68.

69.

(b)

(©)

(a)

(b)

(©)

We write the average power using Eq. 30-30, with the current in terms of the impedance (Eq.
30-27) and the power factor in terms of the resistance and impedance (Eq. 30-29b). Finally we
write the impedance using Eq. 30-28b.
2 2
Pl Ymcosp=tmsy K _VmR_ WX
z "z 2 R+ (eL-oC) |

The power dissipation will be a maximum when the inductive reactance is equal to the
capacitive reactance, which is the resonant frequency.

1
/= 27[\/R

We set the power dissipation equal to 2 of the maximum power dissipation and solve for the
angular frequencies.

p-lp, - VoR 21[%21%

2 2| R +(oL-Yoc) | 228

_ *RC+yR’C* +4LC

- 0=w’LC+RCw-1 —> w=
2LC

We require the angular frequencies to be positive and for a sharp peak, R*C* < 4LC . The
angular width will then be the difference between the two positive frequencies.

2VLC £RC 1 R 1 R 1 R R
= = + - Aw= - =

2LC JIC 2L JIC 2L) |L

j—)(a)L—l/a)C)ziR

+_
NLC 2L

We write the charge on the capacitor using Eq. 24-1, where the voltage drop across the
capacitor is the inductive capacitance multiplied by the circuit current (Eq. 30-25a) and the
circuit current is found using the source voltage and circuit impedance (Eqs. 30-27 and 30-28b).

_ v, _ v,
C()C\/R2+(GJL—1/(()C)2 \/szer(a)zL—l/C)z

Ve
Oy =CVey=Cly X = C(gonc

We set the derivative of the charge with respect to the frequency equal to zero to calculate the
frequency at which the charge is a maximum.

o, d v, B4 (20'R* +40°L ~40'L/ C) )

do do \/w'2R2 (oL —I/C)2 . [a)’sz +(0”L —1/c)2f

. 1 R’
-0 =\
LC 2L
The amplitude in a forced damped harmonic oscillation is given by Eq. 14-23. This is

equivalent to the LRC circuit with Fy &V, k<> 1/C, m<> L, and b <> R.

Since the circuit is in resonance, we use Eq. 30-32 for the resonant frequency to determine the
necessary inductance. We set this inductance equal to the solenoid inductance calculated in
Example 30-3, with the area equal to the area of a circle of radius 7, the number of turns equal to the
length of the wire divided by the circumference of a turn, and the length of the solenoid equal to the
diameter of the wire multiplied by the number of turns. We solve the resulting equation for the
number of turns.
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f 2
ﬂo( wire 7[]/‘2
1 ,uON A 2rr
Jo=—F— — L=
22JLC a7 f2c o Nd

_)

22, 7(180x10°Hz) (220x107F)(47 x107 Tem/A)(12.0m)’

re. — =1371
d 1.1x107m

70. The power on each side of the transformer must be equal. We replace the currents in the power
equation with the number of turns in the two coils using Eq. 29-6. Then we solve for the turn ratio.

2 2
VA N
p:]zz :pzlzz _>_P=1_s I
z, I, N,
45><10 Q
_)_ p
\j f C80Q -

71. (a) We calculate the inductance from the resonance frequency.
1

Jo= 27 LC
1 1
_ _ =0.03982H ~[0.040H
AL fC 42 (17 103Hz)2 (22x107F)

(b) We set the initial energy in the electric field, using Eq. 24-5, equal to the maximum energy in
the magnetic field, Eq. 30-6, and solve for the maximum current.

oz \/(2.2><109F)(120V)2

(0.03984H)

(¢) The maximum energy in the inductor is equal to the initial energy in the capacitor.
Up ax =3CV5 =4(22x107F)(120V)” =[16 ]

L,max

N =

tevy =1L, — 1

max max =
L

72. We use Eq. 30-6 to calculate the initial energy stored in the inductor.

Uy =L LIZ =1(0.0600H)(0.0500A)’ =

We set the energy in the inductor equal to five times the initial energy and solve for the current. We
set the current equal to the initial current plus the rate of increase multiplied by time and solve for the
time.

2(5.0x7.50x107J
U=1LI? - I= /2—U= ( ):111.8mA
L 0.0600H

-1, 111.8mA—-50.0mA
I=I,+pt —» t=—10= =[0.79s
o+ P B 78.0mA/s 0795

When the currents have acquired their steady-state Ry =10kQ
values, the capacitor will be fully charged, and so no
current will flow through the capacitor. At this time,
the voltage drop across the inductor will be zero, as the
current flowing through the inductor is constant. 13I 2R, =40kQ
Therefore, the current through R, is zero, and the ! ’
resistors R, and R; can be treated as in series.
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.V, 12V L
h=h=R g, _S.OkQ_ =l

74. (a) The self inductance is written in terms of the magnetic flux in the toroid using Eq. 30-4. We set
the flux equal to the magnetic field of a toroid, from Example 28-10. The field is dependent
upon the radius of the solenoid, but if the diameter of the solenoid loops is small compared with
the radius of the solenoid, it can be treated as approximately constant.

_N®,  N(7d*/4)(uN1j27m) [ uN?d?

1 1 &7,

This is consistent with the inductance of a solenoid for which the length is £ =27r,.

() We calculate the value of the inductance from the given data, with 7, equal to half of the
diameter.

LN’ _ (477107 TwA)(550)'(0.020 m)
81, 8(0.33 m)

=58 uH

75. Weuse Eq. 30-4 to calculate the self inductance between the two wires. We calculate the flux by
integrating the magnetic field from the two wires, using Eq. 28-1, over the region between the two
wires. Dividing the inductance by the length of the wire gives the inductance per unit length.

:—:—J‘ﬂ ' 1 /10 hd}"' = #Oh J‘eir l-‘r-—l d}",

ro | 2z 272' {- r) 27 9 | ¥ (f—r’)
LAy -m(e-r)] " =0 ln(e_rJ—ln[ : j — 1o (f ’j
h 2rx r 2 r -7 T r

76. The magnetic energy is the energy density (Eq. 30-7) multiplied by the volume of the spherical shell
enveloping the earth.

2 (o.soxlo"‘T)2

oy B 2
U=u= 24, (47r°) 2(47x107 Tom/A

)[47r(6.38x106m)2 (5.0x103m)} -

77. (a) Forunderdamped oscillation, the charge on the capacitor is given by Eq. 30-19, with ¢ =0.
Differentiating the current with respect to time gives the current in the circuit.

o) = Qoe_%’ cosw't ; I(t)= ci,—Q = —Qoe_%t (%cos @'t + @'sin a)'t)
t

The total energy is the sum of the energies stored in the capacitor (Eq. 24-5) and the energy
stored in the inductor (Eq. 30-6). Since the oscillation is underdamped (@' > R/2L), the
cosine term in the current is much smaller than the sine term and can be ignored. The frequency
of oscillation is approximately equal to the undamped frequency of Eq. 30-14.
X 2 Ce\2
0 LI’ (Qoefﬂt cos a)'z) L(Qoe “’) (@'sin a)'t)2
U=U.+U, ==—+ = +

2C 2 2C 2

Qe
2C

£y

Qze_

(0052 @'t + @ LCsin’ a)'t) ~
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(b) We differentiate the energy with respect to time to show the average power dissipation. We
then set the power loss per cycle equal to the resistance multiplied by the square of the current.
For a lightly damped oscillation, the exponential term does not change much in one cycle, while
the sine squared term averages to %2 .

du_d[Qe’) RO
dz dt 2C 2LC

R _r 1 1 RQze_%t
P=-I’R=-Q%¢ ! (0"’sin* 0't)x-Q% *'| — || = |=|-—2—
Q ( ) 9 LC )\ 2 2LC

The change in power in the circuit is equal to the power dissipated by the resistor.

78. Putting an inductor in series with the device will protect it from sudden surges in current. The
growth of current in an LR circuit is given is Eq. 30-9.

I= %(1—&“) =1, (1-¢"")

The maximum current is 33 mA, and the current is to have a value of 7.5 mA after a time of 75
microseconds. Use this data to solve for the inductance.

=1, (1-¢") > LS P SN
]max
75%x107° 150Q
L=- R =—( - sec)( )=4.4x10*2H
ln(l_fj m[l_?-smj
I 33mA

‘Put an inductor of value 4.4 x10”H in series with the device.

We use Kirchhoff’s loop rule to equate the input voltage to the voltage drops across the inductor and
resistor. We then multiply both sides of the equation by the integrating factor et and integrate the
right-hand side of the equation using a u substitution with u = IRe" and du=dIRe" + [e%dt/ L

dl

V,=L—+IR —
dt

out

ijeli’dt:j[ §+IRJ dt:—jdu—JRﬁeL =V £eL

For L/R<<t, el ~1. Setting the exponential term equalto 1,
unity on both sides of the equation gives the desired results.

[hde=p, & EANANAAS

80. (a) Since the capacitor and resistor are in series, the impedance of the circuit is given by Eq. 30-
28a. Divide the source voltage by the impedance to determine the current in the circuit.
Finally, multiply the current by the resistance to determine the voltage drop across the resistor.

Ve=IR="n R = VR

JR +1/(2zfC)
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_ (130 mV)(550 Q) BV

\/(550 Q) + 1/[27:(60 Hz)(1.2x10°° F)T
(b) Repeat the calculation with a frequency of 6.0 kHz.

- (130 mV)(550 Q) _[3omv]

\/(550 Q) + 1/ [2;:(6000 Hz)(1.2x10°° F)T

Thus the capacitor allows the higher frequency to pass, but attenuates the lower frequency.

81. (@) We integrate the power directly from the current and voltage over one cycle.
2z 2
— 1 ¢T [N . N O [
P_?J‘o ]th_g'[o I, sin(wt )V, sin (ot +90°)dr = . J‘O 1, sin(at )V, cos(wt)dt

2

@ sin (a)t)|‘” INA T 2z .
el ‘0 py sin?| &2 sin” ( ) @
(b) We apply Eq. 30-30, with ¢ =90°.

P=1_V. c0s90°= @

ms’ rms

As expected the average power is the same for both methods of calculation.

82. Since the current lags the voltage one of the circuit elements must be an . Since the angle is
less than 90°, the other element must be a . We use 30-29a to write the resistance in terms of
the impedance. Then using Eq. 30-27 to determine the impedance from the voltage and current and
Eq. 30-28b, we solve for the unknown inductance and resistance.

tan¢=%—>R =27 fLcotg
s R (22 f1) = 2rfLeotg) + (22 1) =27 LT+ oot

rms

L= Vims = 120V =51.5mH ~|52mH

27 f I \Jl+cot ¢ 27(60Hz)(5.6A)N1+cot’ 65°
R=2xf Leotg=27(60Hz)(51.5mH )cot 65° =

83. We use Eq. 30-28b to calculate the impedance at 60 Hz. Then we double that result and solve for the
required frequency.

Zy=\R*+ (27 f,L)’ =\/ 3500Q)° +[ 27 (60Hz)(0.44H)| =3504Q
,/42 ~ R \/4 35040)" - (3500Q)°
27, =+|R*+(2 =[2.2kH
+@rfL) > /= 27z(0 44H)

84. (a) We calculate capacitive reactance using Eq. 30-25b. Then using the resistance and capacitive
reactance we calculate the impedance. Finally, we use Eq. 30-27 to calculate the rms current.

L ! - 14740
27/C 27(60.0Hz)(1.80x10°F)

Z=\R*+ X} _\/57009 +(1474Q)° =5887Q
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I .= Vs _ 120V _ 20.38mA ~|20.4mA
Z 5887Q
(b) We calculate the phase angle using Eq. 30-29a.
-X -1474Q
=tan ' —< =tan™" = --—14.5o
¢ R 57000
(¢) The average power is calculated using Eq. 30-30.
P =1,V cosp=(0.0204A)(120V)cos(-14.5°) =[2.37W
(d) The voltmeter will read the rms voltage across each element. We calculate the rms voltage by
multiplying the rms current through the element by the resistance or capacitive reactance.

Ve =1,R =(20.38mA)(5.70kQ) =116 V

Ve =1..Xc=(2038mA)(1474Q) =

Note that since the voltages are out of phase they do not sum to the applied voltage. However,
since they are 90° out of phase their squares sum to the square of the input voltage.

We find the resistance using Ohm’s law with the dc voltage and current. When then calculate the
impedance from the ac Voltage and current, and using Eq. 30-28b.

V 45V Lzﬂzn,sgg
1 25A I.. 3.8A
J72 _R? 31.58Q) —(18Q)
JR+(ra) »1=Y4 K =‘/( U CL M e
2rf 27[(60HZ)

86. (a) From the text of the problem, the Q factor is the ratio of the voltage across the capacitor or
inductor to the voltage across the resistor, at resonance. The resonant frequency is given by Eq.

30-32.
1 1
27—, |——L
oV LeX, _2n4L_ " axNLC” |1 |L
Ve IR R R R\NC
(b) Find the inductance from the resonant frequency, and the resistance from the Q factor.
1 1
h= e
2z NV LC

1 1 -6 -6
> =2.533x10"H~|2.5x10"H

" ar Cfo Car (10><10‘*F 10><10 Hz)

1 2. 10°H
Q:_\E :_\f s 333x10 °H 1 (070

1.0x10°F

87. We calculate the period of oscillation as 2r divided by the angular frequency. Then set the total
energy of the system at the beginning of each cycle equal to the charge on the capacitor as given by

Eq. 24-5, with the charge given by Eq. 30-19, with cos(a)’t + ¢) = cos[a)’(t + T) + ¢} =1. We take
the difference in energies at the beginning and end of a cycle, divided by the initial energy. For small

damping, the argument of the resulting exponential term is small and we replace it with the first two
terms of the Taylor series expansion.
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o 2rx U - Qge_ft cos’ (a)’t+¢) ~ Qge%t

I'=—»=— max
7 )] 2C 2C
N PR %{”lej 27R
AU Qe * —Qpe @ e oL~ 1_27rR _27rR_2_7z
U Qoze_% oL oL 0

88. We set the power factor equal to the resistance divided by the impedance (Eq. 30-28a) with the
impedance written in terms of the angular frequency (Eq. 30-28b). We rearrange the resulting
equation to form a quadratic equation in terms of the angular frequency. We divide the positive
angular frequencies by 2 to determine the desired frequencies.

COS¢=£: R = - @’LC + oC RZ[ 12 —1}—1:0
Z R +(oL-1eC) AN

" (0.033H)(55x10” F) + (55x10™ 1:)\/(15009)2 (0 11 —1j ~1=0

72

(1.815x10‘9 F-H)a)2 ir(4.782>< 107 Q-F)a)—l =0

o F478225x 10" Q+F +4.85756 10 Q.F
3.63x107°F-H

o 2.65x10°rad/s 2.07x10° rad/s
=—=———"——=|42kHz| and ———=|330H
T >

T

=42.65x10°rad/s, +2.07x10’ rad/s

89. (a) Weset V =V sinwmt and assume the inductive reactance

is greater than the capacitive reactance. The current will
lag the voltage by an angle @¢. The voltage across the
resistor is in phase with the current and the voltage
across the inductor is 90° ahead of the current. The
voltage across the capacitor is smaller than the voltage in
the inductor, and antiparallel to it.

(b) From the diagram, the current is the projection of the
maximum current onto the y axis, with the current
lagging the voltage by the angle ¢. This is the same
angle obtained in Eq. 30-29a. The magnitude of the maximum current is the voltage divided by
the impedance, Eq. 30-28b.

4
JR +(oL-1/aC)’

I(t) = 1,sin(wt —¢) =

sin(wt—¢)| ; ¢=tan™ a)L—T}/aJC

90. (a) We use Eq. 30-28b to calculate the impedance and Eq. 30-29a to calculate the phase angle.
X, =wL=(754rad/s)(0.0220H) =16.59Q

X =1/C =1/(754rad/s)(0.42x10°F) = 31580

Z=\R+(X,-X.) :\/(23.2x103Q)2+[16.59Q—3158Q]2 =[23.4kQ

4= tan- X ;XC a1 16:59Q 31580

23.2x10°Q
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(b) We use Eq. 30-30 to obtain the average power. We obtain the rms voltage by dividing the
maximum voltage by V2 . The rms current is the rms voltage divided by the impedance.

2 2 2
V (O'%V) )cos(—7.71°)=

_ %
P=1_JV.  cos¢g=-—""cosgp=—"cosp=———+
z 27 2(234x10°Q

ms’ rms

(¢) The rms current is the peak voltage, divided by J2 , and then divided by the impedance.

V,/\2 095V/\2 _
[ =0 = =2.871x107° A ~(29 uA
ms VA 23.4x10°Q 87110

The rms voltage across each element is the rms current times the resistance or reactance of the
element.

Vi =R =(2.871x10°A)(23.2x10°Q) =

Ve = I Xc=(2.871x10°A)(31580Q) =[0.091V

(a) The impedance of the circuit is given by Eq. 30-28b with X, > X and R=0. We divide the

magnitude of the ac voltage by the impedance to get the magnitude of the ac current in the
circuit. Since X, > X, the voltage will lead the current by ¢ =7z/2. No dc current will flow

through the capacitor.

Vy = Lo X, =(2871x10°A)(16.59Q)

V. V.
7 =,|R? IL-1oCY =L -1wC . —-20__ "20
\/ +(oL-l/oC) =ol-lo " Z wL-1loC
I(Z)Z a)Lf—zlo/a)C'Sin(a)t_”/z)

(b) The voltage across the capacitor at any instant is equal to the charge on the capacitor divided by
the capacitance. This voltage is the sum of the ac voltage and dc voltage. There is no dc
voltage drop across the inductor so the dc voltage drop across the capacitor is equal to the input

dc voltage.
0
Vout,ac = Vout - Vl = E - Vl

We treat the emf as a superposition of the ac and dc components. At any instant of time the
sum of the voltage across the inductor and capacitor will equal the input voltage. We use Eq.
30-5 to calculate the voltage drop across the inductor. Subtracting the voltage drop across the
inductor from the input voltage gives the output voltage. Finally, we subtract off the dc voltage
to obtain the ac output voltage.

Vv, o4 Lsin(a)t—ﬂﬂ) =Mcos(a)t—ﬂ/2)
dt  dt| oL-1/eC oL -1/oC
oL -1/oC

V., L
V. =V. =V, =V, +V, sinat —| —22——sin(wt
out in L 1 20 [a)L—l/a)C ( ))

Lo . l/oC .
=V, +V)y, [1 _a)L——l/a)CJsm(a)t) =V, =V, [a)L/——l/a)CJsm(mt)
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92.

93.

1/oC : V. .
V. =V V==V |———_Isin(ot)=|| =—22— |sin(wt—7x
out,ac out 1 ZO[wL_l/wC] ( ) (szc_l) ( )

(c¢) The attenuation of the ac voltage is greatest when the denominator is large.

a)zLC>>1—>a)L>>L—>XL > X,
oC

We divide the output ac voltage by the input ac voltage to obtain the attenuation.

V2

Vz,out _ W’ LC—1 _ 1 ~ 1

Vin V2o o’'LC—-1 |@’LC

(d) The dc output is equal to the dc input, since there is no dc voltage drop across the inductor.
Viow =V

out

Since no dc current flows through the capacitor, there will be no dc current through the resistor.
Therefore the dc voltage passes through the circuit with little attenuation. The ac current in the
circuit is found by dividing the input ac voltage by the impedance (Eq. 30-28b) We obtain the output
ac voltage by multiplying the ac current by the capacitive reactance. Dividing the result by the input
ac voltage gives the attenuation.

IXC — VZ(]XC N VZ,out — 1 ~ 1
JR + X2 Vo  JR@C?+1 |RaC

8

out

(a) Since the three elements are connected in parallel, at any given instant in time they will all three
have the same voltage drop across them. That is the voltages across each element will be in
phase with the source. The current in the resistor is in phase with the voltage source with
magnitude given by Ohm’s law.

v, .
I.(t)= Eosm wt

(b) The current through the inductor will lag behind the voltage by n/2, with magnitude equal to the
voltage source divided by the inductive reactance.

V. T
I,(t)=|—"-sin| ot —=
-l )

L

(¢) The current through the capacitor leads the voltage by n/2, with magnitude equal to the voltage
source divided by the capacitive reactance.

I.(t)= ﬁsin(wwrﬁj y
Xc 2

(d) The total current is the sum of the currents through

each element. We use a phasor diagram to add the ] RO
currents, as was used in Section 30-8 to add the voltages co

with different phases. The net current is found by ot
subtracting the current through the inductor from the Irg- I

current through the capacitor. Then using the Pythagorean
theorem to add the current through the resistor. We use 7
the tangent function to find the phase angle between the Lo
current and voltage source.

2 2 2
v vy ¥, v 1
L=y +(Iog—1,0) = || 22| 4] 22— | =20 14| RwC - ——
0 ‘/RO (Teo=110) (RJ (XC XLJ R\/ [ Ra)Lj
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2
V R
I(t)=|-2,1+| RwC —— | sin(wt+
(=|% J (roc=2 sin(or9)
L
tan ¢ = Xe Xy — ¢=tan" R_R tan™' Ra)C—i
" X X, oL
R
(e) We divide the magnitude of the voltage source by the magnitude of the current to find the
impedance.
Z = 5 = VO = R

2 2
ELO Ra)C—R) 1+ Ra)C—R)
R oL oL

() The power factor is the ratio of the power dissipated in the circuit divided by the product of the
rms voltage and current.

2
: o] R
[R,rmsR _ ]12eR _ R 1

V.l .. Vi, 2 2
"yl e Rec- B 1+ Roc - &
R oL oL

94. We find the equivalent values for each type of element in series. From the equivalent values we
calculate the impedance using Eq. 30-28b.
R =R +R, 1 1,1 Ly=L+L,
eq Cl C2

2 2
2 1 2 1 1
Z= Req+[a)Leq—fJ = \/(R1+R2) +(le+a)L2—E—wC2

1

95. If there is no current in the secondary, there will be no induced emf from the mutual inductance.
Therefore, we set the ratio of the voltage to current equal to the inductive reactance and solve for the

inductance.
Vews _ %, =27 > p=—"tms _ 207 =10.14 H
I 27f 1, 27(60 Hz)(4.3 A)

96. (a) We use Eq. 24-2 to calculate the capacitance, assuming a parallel plate capacitor.
o Ko (5.0)(8.85x107*C*/Nem® ) (1.0x10*m* )

=2213x10"F = |2.2pF

d 2.0x107m
(b) We use Eq. 30-25b to calculate the capacitive reactance.
1 1

X, = = =5.995x10°Q ~ [6.0MQ
¢ 2zfC 27(12000Hz)(2.2x1077F) § 00MO

(c) Assuming that the resistance in the plasma and in the person is negligible compared with the
capacitive reactance, calculate the current by dividing the voltage by the capacitive reactance.

14 2500 V )
[fr—=—" " =417x10*A~[0.42mA
° Xo o 5.995x10°Q

This is not a dangerous current level.
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(d) We replace the frequency with 1.0 MHz and recalculate the current.

I z;_o =27 fCV, =27(1.0x10°Hz)(2.2x10 °F)(2500V) =[35mA|

C
This current level is dangerous.

We calculate the resistance from the power dissipated and the current. Then setting the ratio of the
voltage to current equal to the impedance, we solve for the inductance.

- P 350W
P=I} R>R=——=—""—=21838Q~(22Q
I (40AY

Z= I;rms =R +(2z/L) -

rms

YV I =R {[(120V/4.0A) —(21.88Q) _ o]

2r f 272(60Hz)

98. We insert the proposed current into the differential equation and solve for the unknown peak current
and phase.

. d . .
V,sin wt = LE[IO sin (ot — ¢)} + Rl sin(wt —¢)

= Ll cos(wt — ¢)+ Rl sin(wt - ¢)
=Lwl, (cos @t oS ¢ + sin wt sin ¢) +RI, (sin Wt COS ¢ — COS i sin ¢)
=(Lwl, cos¢— R, sing)cos wrt +(Lal, sing+ R, cos¢)sin wr

For the given equation to be a solution for all time, the coefficients of the sine and cosine terms
must independently be equal.
For the coswt term:

0=Lwl,cos¢—RI, sin¢—>tan¢=%—) ¢= tan_l%

For the sin ot term:
Vy =Lwl,sing+ RI, cosp
_ Yo _ Yo Yo
O_L(osin¢+Rcos¢_Lw oL LR R R + 0’12
VR + 0?2 R+ 0?1

99. The peak voltage across either element is the current through the element multiplied by the
reactance. We set the voltage across the inductor equal to six times the voltage across the capacitor
and solve for the frequency in terms of the resonant frequency, Eq. 30-14.

61, 6

1
- > f=—,]—=|\6
2r fC / 2 N LC \/7f0

V, = 1,27 fC =6V, =
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100. We use Kirchhoff’s junction rule to write an equation relating

the currents in each branch, and the loop rule to write two V,J\{,L

equations relating the voltage drops around each loop. We —_—

write the voltage drops across the capacitor and inductor in I IC\L ILl

terms of the charge and derivative of the current. A
Ip=1,+1, @ - C §L
Vosinwt —1, —Q—szO ; Vosina)t—IRR—L%zo V'=Vosin ol

We combine these equations to eliminate the charge in the capacitor and the current in the inductor
to write a single differential equation in terms of the current through the resistor.

di:&sina)t—ﬁ

dr L L

dl, d*Q. d’ . ) . dl’
—t = =——(CV,sinwt—1,RC)=—-CV,»" sinwt — RC—=~
dt  dr? dtZ( 0 #RC) 0 dr’
/g 7, dl . IR . I
d—R:d—L+—C=—&51naJt+ £ —CVocozsma)t—RCdR2

dt dt dt L L dt

We set the current in the resistor, [, =/, sin(@t + ¢) = I, (sin @t cos ¢ + cos wt sin¢) , equal to the

current provided by the voltage source and take the necessary derivatives.
d, . . Vy . . . IR .
1, j(sm @t COS ¢ + cos wt sin ¢) = Tosm wt — (sm @t coS ¢ + cos wt sin ¢)°T ~CV,o" sin ot
t

da’ . .
- RCI, F(sm Wt CoS ¢ + cos wt sm¢)

. . v, . I,R . I,R . .
Iococosa)tcosgé—]Oa)sma)tsm¢:Tosma)t—OTsma)tcos¢+°Tcosa)tsm¢—CVOa)2 sin wt

+ RCI, " sin ot cos ¢ + RCI,* cos ot sin ¢

Setting the coefficients of the time dependent sine and cosine terms separately equal to zero enables
us to solve for the magnitude and phase of the current through the voltage source. We also use Eq.
30-23b and Eq. 30-25b to write the inductance and capacitance in terms of their respective
reactances.

From the cos(wt) term:

I,oR I,Rw X, X X, X
I,wcosp=—"—sing——"—sing > tang=——=L"C _ s g=tan"’ {#}
’ X, X R(X, - X,) R(X, - X,)

From the sin(wt) term:
—l,wsing = Z‘;j) - [OXwLR cos¢ — I;?Z) + R)?Ca) cos¢
_ Vo(Xe—X,)
* XX, sing+R(Xo - X, )cosé
— VO(XC _XL)
X X, XXy +R(Xe - X)) R(Xc-X,)
\/(XCXL Y+ R (X -X,) \/(XCXL Y+ R (X -X,)
_ Vo(Xc—X,)

\/(XCXL )+ R (X.-X,)
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This gives us the current through the power source and resistor. We insert these values back into
the junction and loop equations to determine the current in each element as a function of time. We
calculate the impedance of the circuit by dividing the peak voltage by the peak current through the
voltage source.

2 2 2
XX RI(X,—-X
Z:ﬂ: \/( X)) + R (Xe - X,) : ¢:tan‘1|:—XLXC :‘ ;IR:&sin(a)t+¢)
I, (Xe—X,) R(X,-Xc) Z
I.= df;tc =%(CV0 sinwt — I,RC) = CVOa)cosa)t—RC%
= XLOC{cosa)t—gcos(a)t+¢)}

_ 1. =N N _R
I, =1,-1. Zs1n(a)t+¢) Xc[cosa)t Zcos(a)t+¢)}

= %{sin(a)t+¢)+Xi;cos(a)t+¢)}—%cosa)t

101. (a) The resonant frequency is given by Eq. 30-32. At resonance, the impedance is equal to the
resistance, so the rms voltage of the circuit is equal to the rms voltage across the resistor.

i ! ! =7118szm

RN 27r\/(0.0050H)(0.10>< 10°°F)

(Vi) =

(b) We set the inductance equal to 90% of the initial inductance and use Eq. 30-28b to calculate the
new impedance. Dividing the rms voltage by the impedance gives the rms current. We
multiply the rms current by the resistance to determine the voltage drop across the resistor.

1. 1 = 22360
27fC 27(7118Hz)(0.10x10°°F)

X, =2z fL=2z(7118Hz)(0.90)(0.0050H) = 201.3Q

C

Z=\R +(X, - X} =\(45Q) +(201.30-223.6Q)" =50.24Q

(VR) = (ﬁjl/rms = ﬂ Vrms = 090Vrms
ms Z 50.24Q

102. With the given applied voltage, calculate the rms current through each branch as the rms voltage
divided by the impedance in that branch.
V. V.

rms rms

[Crms: [ers:—

Calculate the potential difference between points a and b in two ways. First pass through the
capacitor and then through R,. Then pass through R, and the inductor.

Vi X Vs
Vo =1cXc—I R, = > C2 - B 22
JRE+ X2 R+ X}
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VrmsRl VrmsX L
- +
JR+x2 R+ x}
Set these voltage differences equal to zero, and rearrange the equations.

VmSXC _ Vrmst :0_)XC\/R22+X1%:R2\/R12+X5
R+ X2 R+ X

L Teds g g R X7 =X, R X

JRE+ X2 R+ X

Vo = IR+ X 1, =

Divide the resulting equations and solve for the product of the resistances. Write the reactances in
terms of the capacitance and inductance to show that the result is frequency independent.

XoJRE+ X2 Ry\RP+ X ol I

= SRR, =X, X.="——|RR, ==
RARI+X? X, (R +X} oC

C
(a) The output voltage is the voltage across the capacitor, which is the current through the circuit
multiplied by the capacitive reactance. We calculate the current by dividing the input voltage
by the impedance. Finally, we divide the output voltage by the input voltage to calculate the

gain.
Vout — IXC — VinXC — Vin — Vin
JR+ X0 (Rix. Y +1 (27 fCRY +1
g Vo 1

Vo |Jaz? f2CPR? +1

(b) As the frequency goes to zero, the gain becomes one. In this instance the capacitor becomes
fully charged, so no current flows across the resistor. Therefore the output voltage is equal to
the input voltage. As the frequency becomes very large, the capacitive reactance becomes very
small, allowing a large current. In this case, most of the voltage drop is across the resistor, and
the gain goes to zero.

(c¢) See the graph of the log of the gain as
a function of the log of the frequency.
Note that for frequencies less than ! i \
about 100 Hz the gain is ~ 1. For

0

higher frequencies the gain drops off -
proportionately to the frequency. The \
spreadsheet used for this problem can 3 N
be found on the Media Manager, with \
filename “PSE4 ISM_ CH30.XLS,”
on tab “Problem 30.103c.”

log 4
NS}

-1 0 1 2 3 4 5 6
logf

104. (a) The output voltage is the voltage across the resistor, which is the current through the circuit
multiplied by the resistance. We calculate the current by dividing the input voltage by the
impedance. Finally, we divide the output voltage by the input voltage to calculate the gain.

°”t JR*+ X2 \/RZJ{ 1 JZ JrfCRY +1

2z fC
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Ve _[_27/CR
Vo |Jar2f2C°R? +1

(b) As the frequency goes to zero, the gain drops to zero. In this instance the capacitor becomes
fully charged, so no current flows across the resistor. Therefore the output voltage drops to
zero. As the frequency becomes very large, the capacitive reactance becomes very small,
allowing a large current. In this case, most of the voltage drop is across the resistor, and the

(c)

gain is equal to unity.

See the graph of the log of the gain as
a function of the log of the frequency.
Note that for frequencies greater than
about 1000 Hz the gain is ~ 1. For
lower frequencies the gain drops off
proportionately to the inverse of the
frequency. The spreadsheet used for
this problem can be found on the
Media Manager, with filename
“PSE4 ISM_CH30.XLS,” on tab
“Problem 30.104c.”

/

log 4
[\S]

S/

/

105. We calculate the resonant frequency using Eq. 30-32.

1 1

RN/ \/(50x10_6H)(50x10_6

F)

=20,000rad/s

Using a spreadsheet, we calculate the impedance as a function of frequency using Eq. 30-28b. We
divide the rms voltage by the impedance to plot the rms current as a function of frequency. The
spreadsheet used for this problem can be found on the Media Manager, with filename

“PSE4 ISM_CH30.XLS,” on tab “Problem 30.105.”

1 l
0.8
/\ R =0.1 ohms
<06 / \ - --- R=10ohm
g
= 0.4 / \
. /_// \
0 ‘ —
0 0.5 1 1.5 2 2.5
/Mo
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