
Chapter 32

Alternating Current Circuits 



Alternating Current Circuits

Electrical appliances in the house use alternating current (AC) circuits. 

If an AC source applies an alternating voltage to a series circuit containing 
resistor, inductor, and capacitor, what are the amplitude and time characteristics 
of the alternating current. 

Other devices will be discussed  

▪ Transformers 

▪ Power transmission 

▪ Electrical filters

Introduction



AC Circuits

An AC circuit consists of a combination of circuit elements and a power source. 

The power source provides an alternating voltage, . 

Notation note: 

▪ Lower case symbols will indicate instantaneous values. 

▪ Capital letters will indicate fixed values.

Δv
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AC Voltage

The output of an AC power source is sinusoidal and varies with time according to 
the following equation: 

▪  

▪  is the instantaneous voltage.

▪  is the maximum output voltage of the source.
▪ Also called the voltage amplitude 

▪  is the angular frequency of the AC voltage. 

Δv = ΔVmax sin ωt
Δv
ΔVmax

ω
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AC Voltage, cont.

The angular frequency is 

 

▪  is the frequency of the source. 

▪  is the period of the source. 

The voltage is positive during one half 
of the cycle and negative during the 
other half.

ω = 2π f =
2π
T

f

T
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allow investigations well beyond the scope of this text, from home electrical sys-
tems up to studies of the power grid of a public utility that is providing energy on 
a large scale to homes and businesses.

   32.1    AC Sources
An AC circuit consists of circuit elements and a power source that provides an alter-
nating voltage Dv. This time-varying voltage from the source is described by

 Dv 5 DVmax sin �t (32.1)

where DVmax is the maximum output voltage of the source, or the voltage ampli-
tude, and � is the angular frequency of the source. There are various possibilities 
for AC sources, including generators as discussed in Section 30.5 and electrical 
oscillators. In a home, each electrical outlet serves as an AC source. Because the 
output voltage of an AC source varies sinusoidally with time, the voltage is positive 
during one half of the cycle and negative during the other half as in Figure 32.1. 
Likewise, the current in any circuit driven by an AC source is an alternating current 
that also varies sinusoidally with time.

From Equation 15.12, the angular frequency of the AC voltage is

 � 5 2�f 5
2�

T
 

where f is the frequency of the source and T is the period. The source determines the 
frequency of the current in any circuit connected to it. Commercial electric-power 
plants in the United States use a frequency of 60.0 Hz, which corresponds to an 
angular frequency of 377 rad/s.

The receptacle into which you plug your receptacle tester in the opening 
storyline is an AC source. Therefore, the lights on the device are actually flashing 
on and off many times per second. The flashing is too fast for you to detect if you 
hold the tester still. But when you rotate it in a circle, the on-and-off flashing of the 
lights on the tester is apparent.

   32.2    Resistors in an AC Circuit
With this introduction to AC sources, let’s apply an AC source to our familiar cir-
cuit elements individually, and then apply it to a combination of all the elements. 
We begin with a resistor.

Consider a simple AC circuit consisting of a resistor and an AC source  
as shown in Figure 32.2. At any instant, the algebraic sum of the voltages around 
a closed loop in a circuit must be zero (Kirchhoff’s loop rule). Therefore, Dv 1 
DvR 5 0. At the instant in the figure, the current is clockwise around the circuit; 
let’s travel around the circuit in the same direction. Using the sign conventions in 
Figure 27.12, we see that the voltage across the resistor is negative. For the current 
to be in a clockwise direction, the left side of the AC source must be momentarily 
positive, so, again from Figure 27.12, the voltage across the AC source is positive. 
Therefore,

 Dv 2 iRR 5 0 (32.2)

If we rearrange Equation 32.2 and substitute DVmax sin �t for Dv, the instantaneous 
current in the resistor is

 iR 5
Dv
R

5
DVmax

R
  sin �t 5 Imax sin �t (32.3)

!v

t

T
!Vmax

Figure 32.1  The voltage sup-
plied by an AC source is sinusoidal 
with a period T.

R

!vR

iR

!v " !Vmax sin vt 

Figure 32.2 A circuit consist-
ing of a resistor of resistance!R 
connected to an AC source, 
designated by the symbol

. At the moment 
depicted in the figure, the current 
is to the right in the resistor.
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AC Voltage, final

The current in any circuit driven by an AC source is an alternating current that 
varies sinusoidally with time. 

Commercial electric power plants in the US use a frequency of . 

▪ This corresponds with an angular frequency of .

60 Hz
377 rad/s
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Resistors in an AC Circuit

Consider a circuit consisting of an AC 
source and a resistor. 

The AC source is symbolized by 

 

 is the instantaneous voltage 
across the resistor.

ΔvR = ΔVmax sin ωt
ΔvR
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allow investigations well beyond the scope of this text, from home electrical sys-
tems up to studies of the power grid of a public utility that is providing energy on 
a large scale to homes and businesses.

   32.1    AC Sources
An AC circuit consists of circuit elements and a power source that provides an alter-
nating voltage Dv. This time-varying voltage from the source is described by

 Dv 5 DVmax sin �t (32.1)

where DVmax is the maximum output voltage of the source, or the voltage ampli-
tude, and � is the angular frequency of the source. There are various possibilities 
for AC sources, including generators as discussed in Section 30.5 and electrical 
oscillators. In a home, each electrical outlet serves as an AC source. Because the 
output voltage of an AC source varies sinusoidally with time, the voltage is positive 
during one half of the cycle and negative during the other half as in Figure 32.1. 
Likewise, the current in any circuit driven by an AC source is an alternating current 
that also varies sinusoidally with time.

From Equation 15.12, the angular frequency of the AC voltage is

 � 5 2�f 5
2�

T
 

where f is the frequency of the source and T is the period. The source determines the 
frequency of the current in any circuit connected to it. Commercial electric-power 
plants in the United States use a frequency of 60.0 Hz, which corresponds to an 
angular frequency of 377 rad/s.

The receptacle into which you plug your receptacle tester in the opening 
storyline is an AC source. Therefore, the lights on the device are actually flashing 
on and off many times per second. The flashing is too fast for you to detect if you 
hold the tester still. But when you rotate it in a circle, the on-and-off flashing of the 
lights on the tester is apparent.

   32.2    Resistors in an AC Circuit
With this introduction to AC sources, let’s apply an AC source to our familiar cir-
cuit elements individually, and then apply it to a combination of all the elements. 
We begin with a resistor.

Consider a simple AC circuit consisting of a resistor and an AC source  
as shown in Figure 32.2. At any instant, the algebraic sum of the voltages around 
a closed loop in a circuit must be zero (Kirchhoff’s loop rule). Therefore, Dv 1 
DvR 5 0. At the instant in the figure, the current is clockwise around the circuit; 
let’s travel around the circuit in the same direction. Using the sign conventions in 
Figure 27.12, we see that the voltage across the resistor is negative. For the current 
to be in a clockwise direction, the left side of the AC source must be momentarily 
positive, so, again from Figure 27.12, the voltage across the AC source is positive. 
Therefore,

 Dv 2 iRR 5 0 (32.2)

If we rearrange Equation 32.2 and substitute DVmax sin �t for Dv, the instantaneous 
current in the resistor is

 iR 5
Dv
R

5
DVmax

R
  sin �t 5 Imax sin �t (32.3)

!v

t

T
!Vmax

Figure 32.1  The voltage sup-
plied by an AC source is sinusoidal 
with a period T.

R

!vR

iR

!v " !Vmax sin vt 

Figure 32.2 A circuit consist-
ing of a resistor of resistance!R 
connected to an AC source, 
designated by the symbol

. At the moment 
depicted in the figure, the current 
is to the right in the resistor.
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Resistors in an AC Circuit, cont.

The instantaneous current in the resistor is 

 

The instantaneous voltage across the resistor is also given as 

	

iR =
Δv
R

=
ΔVmax

R
sin ωt = Imax sin ωt

ΔvR = iRR = ImaxR sin ωt
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Resistors in an AC Circuit, final

The graph shows the current through 
and the voltage across the resistor. 
The current and the voltage reach their 
maximum values at the same time. 
The current and the voltage are said to 
be in phase. 

For a sinusoidal applied voltage, the 
current in a resistor is always in phase 
with the voltage across the resistor. 

The direction of the current has no 
effect on the behavior of the resistor. 

Resistors behave essentially the same 
way in both DC and AC circuits.
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where Imax is the maximum current:

 Imax 5
DVmax

R
 (32.4)

Equation 26.7 shows that the instantaneous voltage across the resistor is

 DvR 5 iR R 5 ImaxR sin �t (32.5)

A plot of voltage and current versus time for this circuit is shown in Figure 32.3a. 
At point a, the current has a maximum value in one direction, arbitrarily called the 
positive direction. Between points a and b, the current is decreasing in magnitude 
but is still in the positive direction. At point b, the current is momentarily zero; it 
then begins to increase in the negative direction between points b and c. At point c, 
the current has reached its maximum value in the negative direction.

The current and voltage are in step with each other because they both vary as 
sin �t and reach their maximum values at the same time as shown in Figure 32.3a. 
They are said to be in phase, similar to the way two waves can be in phase as dis-
cussed in our study of wave motion in Chapter 17. For resistors in AC circuits, there 
are no new concepts to learn. Resistors behave essentially the same way in both DC 
and AC circuits. That, however, is not the case for capacitors and inductors, as we 
shall see.

To simplify our analysis of circuits containing two or more elements, we use a 
graphical representation called a phasor diagram. A phasor is a vector whose length 
is proportional to the maximum value of the variable it represents (DVmax for volt-
age and Imax for current in this discussion). The phasor rotates counterclockwise at 
an angular speed equal to the angular frequency associated with the variable. The 
projection of the phasor onto the vertical axis represents the instantaneous value of 
the quantity it represents.

Figure 32.3b shows voltage and current phasors for the circuit of Figure 32.2 
at some instant of time. Notice that Figure 32.3a shows the current and voltage 
at all times along the t axis. Figure 32.3b shows the current and voltage phasors 
at only one time. As time progresses, the phasors rotate counterclockwise. The 
projections of the phasor arrows onto the vertical axis are determined by a 
sine function of the angle of the phasor with respect to the horizontal axis. For 
example, the projection of the current phasor in Figure 32.3b is i R 5 Imax sin �t. 
Notice that this expression is the same as Equation 32.3. Therefore, the projec-
tion of a current phasor represents a current that varies sinusoidally in time. We 
can do the same with time-varying voltages. The advantage of this approach is 

  Maximum current  
in a resistor

  Voltage across a resistor

PITFALL PREVENTION 32.1
Time-Varying Values We continue 
to use lowercase symbols Dv and 
i to indicate the instantaneous 
values of time-varying voltages and 
currents. We will add a subscript 
to indicate the appropriate circuit 
element. Capital letters represent 
maximum values of voltage and cur-
rent such as DVmax and Imax. We will 
also use capital letters to represent 
average values of current or voltage.

PITFALL PREVENTION 32.2
A Phasor Is Like a Graph An alter-
nating voltage can be presented 
in different representations. One 
graphical representation is shown 
in Figure 32.1 in which the voltage 
is drawn in rectangular coordi-
nates, with voltage on the vertical 
axis and time on the horizontal 
axis. Figure 32.3b shows another 
graphical representation. The 
phase space in which the phasor 
is drawn is similar to polar coordi-
nate graph paper. The radial coor-
dinate represents the amplitude 
of the voltage. The angular coor-
dinate is the phase angle. The ver-
tical-axis coordinate of the tip of 
the phasor represents the instan-
taneous value of the voltage. The 
horizontal coordinate represents 
nothing at all. As shown in Fig-
ure!32.3b, alternating currents can 
also be represented by phasors.
  To help with this discussion of 
phasors, review Section 15.4, where 
we represented the simple har-
monic motion of a real object by the 
projection of an imaginary object’s 
uniform circular motion onto a 
coordinate axis. A phasor is a direct 
analog to this representation.

The current and the voltage are in phase:
they simultaneously reach their 
maximum values, their minimum values, 
and their zero values.

The current and the voltage 
phasors are in the same 
direction because the current is 
in phase with the voltage.

iR

!vR

Imax

Imax

!Vmax

t

a

b

c

T
vt

!Vmax

iR , !vRiR , !vR

a b

iR

!vR

Figure 32.3 (a) Plots of the instan-
taneous current iR and instanta-
neous voltage DvR across a resistor 
as functions of time. At time t!5!T, 
one cycle of the time-varying 
voltage and current has been com-
pleted. (b) Phasor diagram for the 
resistive circuit showing that the 
current is in phase with the voltage.
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Phasor Diagram

To simplify the analysis of AC circuits, a 
graphical constructor called a phasor 
diagram can be used. 

A phasor is a vector whose length is 
proportional to the maximum value of 
the variable it represents. 

The vector rotates counterclockwise at 
an angular speed equal to the angular 
frequency associated with the variable. 

The projection of the phasor onto the 
vertical axis represents the 
instantaneous value of the quantity it 
represents.
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where Imax is the maximum current:

 Imax 5
DVmax

R
 (32.4)

Equation 26.7 shows that the instantaneous voltage across the resistor is

 DvR 5 iR R 5 ImaxR sin �t (32.5)

A plot of voltage and current versus time for this circuit is shown in Figure 32.3a. 
At point a, the current has a maximum value in one direction, arbitrarily called the 
positive direction. Between points a and b, the current is decreasing in magnitude 
but is still in the positive direction. At point b, the current is momentarily zero; it 
then begins to increase in the negative direction between points b and c. At point c, 
the current has reached its maximum value in the negative direction.

The current and voltage are in step with each other because they both vary as 
sin �t and reach their maximum values at the same time as shown in Figure 32.3a. 
They are said to be in phase, similar to the way two waves can be in phase as dis-
cussed in our study of wave motion in Chapter 17. For resistors in AC circuits, there 
are no new concepts to learn. Resistors behave essentially the same way in both DC 
and AC circuits. That, however, is not the case for capacitors and inductors, as we 
shall see.

To simplify our analysis of circuits containing two or more elements, we use a 
graphical representation called a phasor diagram. A phasor is a vector whose length 
is proportional to the maximum value of the variable it represents (DVmax for volt-
age and Imax for current in this discussion). The phasor rotates counterclockwise at 
an angular speed equal to the angular frequency associated with the variable. The 
projection of the phasor onto the vertical axis represents the instantaneous value of 
the quantity it represents.

Figure 32.3b shows voltage and current phasors for the circuit of Figure 32.2 
at some instant of time. Notice that Figure 32.3a shows the current and voltage 
at all times along the t axis. Figure 32.3b shows the current and voltage phasors 
at only one time. As time progresses, the phasors rotate counterclockwise. The 
projections of the phasor arrows onto the vertical axis are determined by a 
sine function of the angle of the phasor with respect to the horizontal axis. For 
example, the projection of the current phasor in Figure 32.3b is i R 5 Imax sin �t. 
Notice that this expression is the same as Equation 32.3. Therefore, the projec-
tion of a current phasor represents a current that varies sinusoidally in time. We 
can do the same with time-varying voltages. The advantage of this approach is 
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rent such as DVmax and Imax. We will 
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dinate represents the amplitude 
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the phasor represents the instan-
taneous value of the voltage. The 
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nothing at all. As shown in Fig-
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also be represented by phasors.
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we represented the simple har-
monic motion of a real object by the 
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A Phasor is Like a Graph

An alternating voltage can be presented in different representations. 

One graphical representation is using rectangular coordinates.  

▪ The voltage is on the vertical axis.  

▪ Time is on the horizontal axis. 

The phase space in which the phasor is drawn is similar to polar coordinate graph 
paper. 

▪ The radial coordinate represents the amplitude of the voltage. 

▪ The angular coordinate is the phase angle. 

▪ The vertical axis coordinate of the tip of the phasor represents the 
instantaneous value of the voltage. 

▪ The horizontal coordinate does not represent anything. 

Alternating currents can also be represented by phasors.
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rms Current and Voltage

The average current in one cycle is zero. 

Resistors experience a temperature increase which 
depends on the magnitude of the current, but not the 
direction of the current. 

The power is related to the square of the current. 

The rms current is the average of importance in an AC 
circuit. 

▪ rms stands for root mean square 
 

 

Alternating voltages can also be discussed in terms of 
rms values. 

 

Irms =
Imax

2
= 0.707Imax

ΔVrms =
ΔVmax

2
= 0.707ΔVmax
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that the phase relationships among currents and voltages can be represented as 
vector additions of phasors using the vector addition techniques discussed in 
Chapter 3.

In the case of the single-loop resistive circuit of Figure 32.2, the current and 
voltage phasors are in the same direction in Figure 32.3b because iR and DvR are in 
phase. The current and voltage in circuits containing capacitors and inductors have 
different phase relationships.

Q UICK QUIZ 32.1  Consider the voltage phasor in Figure 32.4, shown at three 
instants of time. (i) Choose the part of the figure, (a), (b), or (c), that represents 
the instant of time at which the instantaneous value of the voltage has the larg-
est magnitude. (ii) Choose the part of the figure that represents the instant of 
time at which the instantaneous value of the voltage has the smallest magnitude.

For the simple resistive circuit in Figure 32.2, notice that the average value of 
the current over one cycle is zero. That is, the current is maintained in the pos-
itive direction for the same amount of time and at the same magnitude as it is 
maintained in the negative direction. The direction of the current, however, has no 
effect on the behavior of the resistor. We can understand this concept by realizing 
that collisions between electrons and the fixed atoms of the resistor result in an 
increase in the resistor’s temperature at all times; it doesn’t matter which way the 
electrons are going.

We can make this discussion quantitative by recalling from Equation 26.22 that 
the rate at which energy is delivered to a resistor is the power P 5 i 2R, where i is 
the instantaneous current in the resistor. Because this rate is proportional to the 
square of the current, it makes no difference whether the current is direct or alter-
nating, that is, whether the sign associated with the current is positive or negative. 
The temperature increase produced by an alternating current having a maximum 
value Imax, however, is not the same as that produced by a direct current equal to 
Imax because the alternating current has this maximum value for only an instant 
during each cycle (Fig. 32.5a). What is of importance in an AC circuit is an average 
value of  current, referred to as the rms current. As we learned in Section 20.1, the 
notation rms stands for root-mean-square, which in this case means the square root 
of the mean (average) value of the square of the current: I rms 5 Ïsi 2davg. Because i2 
varies as sin2!�t and because the average value of i 2 is 1

2I 2
max (see Fig. 32.5b), the 

rms current is

 I rms 5
Imax

Ï2
5 0.707Imax (32.6)rms current 

a

b

c

Figure 32.4  (Quick Quiz 32.1) 
A voltage phasor is shown at three 
instants of time, (a), (b), and (c).

a

b

The gray shaded regions under the curve and above the 
red dashed line have the same area as the gray shaded 
regions above the curve and below the red dashed line.

Imax

i 
2

t

t

i

I 2
max

1
2 I 2

max

0

0

(i2)avg !Figure 32.5  (a) Graph of the 
current in a resistor as a function 
of time. (b) Graph of the current 
squared in a resistor as a function 
of time, showing that the red 
dashed line is the average of  
I 2

max sin
2 �t. In general, the aver-

age value of sin2 �t or cos2 �t over 
one cycle is 12.
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Power

The rate at which electrical energy is delivered to a resistor in the circuit is given 
by 

▪  
▪  is the instantaneous current. 
▪ The heating effect produced by an AC current with a maximum value of  is not 

the same as that of a DC current of the same value. 
▪ The maximum current occurs for a small amount of time. 

▪ The average power delivered to a resistor that carries an alternating current 
is  
 

p = i2R
i

Imax

Pavg = I2
rmsR
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Notes About rms Values

rms values are used when discussing alternating currents and voltages because 

▪ AC ammeters and voltmeters are designed to read rms values. 

▪ Many of the equations that will be used have the same form as their DC 
counterparts.
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The voltage output of an AC source is given by the expression , where  is in volts. Find 
the rms current in the circuit when this source is connected to a  resistor.

Δv = 200 sin ωt Δv
47.0 − Ω

Example 32.01: What Is the rms Current?


Irms =
Imax

2
=

ΔVmax

2R

Irms = 200 V

2(47.0Ω)
= 3.01 A
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(a) What is the resistance of a lightbulb that uses an average power of  when connected to a  
power source having a maximum voltage of ? (b) What If? What is the resistance of a  lightbulb?

75.0 W 60.0 − Hz
170 V 100 − W

Problem 32.01:

The rms voltage is





(a)  
 
 
(b) 

ΔVrms =
170 V

2
= 120 V

P = (ΔVrms)2

R
→ R =

(120 V)2

75.0 W
= 193Ω

R = (120 V)2

100 W = 144Ω
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The figure shows three lightbulbs connected to a  AC (rms) household supply voltage. Bulbs 1 and 2 have a power 
rating of  , and bulb 3 has a  rating. Find (a) the rms current in each bulb and (b) the resistance of each bulb. (c) 
What is the total resistance of the combination of the three lightbulbs?

120 − V
150 W 100 − W

Problem 32.04:

All lamps are connected in parallel with the voltage source, so  for each lamp. Also, the current is 
 and the resistance is . 

(a) For the  bulbs,   


For the  bulb,   


(b) The resistance in bulbs 1 and 2 is





and the resistance in bulb 3 is





(c) The bulbs are in parallel, so


ΔVrms = 120 V
Irms = Pavg /ΔVrms R = ΔVrms /Irms

150 − W Irms =
150 W
120 V

= 1.25 A

100 − W Irms =
100 W
120 V

= 0.833 A

R1 = R2 =
120 V
1.25 A

= 96.0Ω

R3 =
120 V

0.833 A
= 144Ω

1
Req

=
1
R1

+
1
R2

+
1
R3

=
1

96.0Ω
+

1
96.0Ω

+
1

144Ω
Req = 36.0Ω
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3. In Sections 32.5 and 32.7, we investigated the series RLC 
circuit. Figure TP32.3a shows a parallel RLC circuit. Dis-
cuss in your group how this circuit would be different from 
the series circuit. As with any parallel circuit, the instanta-
neous voltages (and rms voltages) across each of the three 
circuit elements are the same. Furthermore, each voltage is 
in phase with the current in the resistor. The currents in C 

and L lead or lag the current in the resistor as shown in the 
current phasor diagram, Figure TP32.3b. Work with your 
group to perform the following for this circuit: (a) Show 
that the rms current delivered by the source is

Irms 5 DVrms3 1
R 

2 1 1�C 2
1

�L2
241y2

(b) Show that the phase angle � between DVrms and Irms is 
given by

tan � 5 R 1�C 2
1

�L2
(c) Show that the current delivered by the source reaches 
a minimum when the circuit is driven at its resonance fre-
quency. (d) Find an expression for the impedance of the 
parallel RLC circuit.

4. ACTIVITY  As a group, consider and discuss the circuit 
shown in Figure 32.6, with an inductor and an AC source. 
The inductor has an inductance of 3.50 mH. Suppose 
that the AC source does not provide a sinusoidal voltage, 
although the voltage is still periodic. The result of the AC 
source is that the current in the circuit can be expressed 
during the first second after the AC source is turned on as 

i(t) 5 5(6.00 3 1023)t 0 , t , 0.600 s
9.00 3 1023 2 (9.00 3 1023)t 0.600 s , t , 1.00 s

where the current i is in amperes and the time t is in sec-
onds. This pattern in the current repeats for every subse-
quent second of time.

(a) Draw a graph of the current in the circuit as a func-
tion of time. (b) Draw a graph of the voltage across the 
inductor as a function of time.
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Problems
See the Preface for an explanation of the icons used in this problems set. 
For additional assessment items for this section, go to 

SECTION 32.2 Resistors in an AC Circuit

1. (a) What is the resistance of a lightbulb that uses an average 
power of 75.0 W when connected to a 60.0-Hz power source 
having a maximum voltage of 170 V? (b) What If? What is 
the resistance of a 100-W lightbulb?

2. A certain lightbulb is rated at 60.0 W when operating at an 
rms voltage of 120 V. (a) What is the peak voltage applied 
across the bulb? (b) What is 
the resistance of the bulb? 
(c) Does a 100-W bulb have 
greater or less resistance 
than a 60.0-W bulb? Explain.

3. The current in the circuit 
shown in Figure P32.3 equals 
60.0% of the peak current 
at t 5 7.00 ms. What is the 
lowest source frequency that 
gives this current?

4. Figure P32.4 shows three lightbulbs connected to a 120-V 
AC (rms) household supply voltage. Bulbs 1 and 2 have a 

power rating of 150 W, and bulb 3 has a 100-W rating. Find 
(a) the rms current in each bulb and (b) the resistance of 
each bulb. (c) What is the total resistance of the combina-
tion of the three lightbulbs?

5. In the AC circuit shown in Figure P32.3, R 5 70.0!V and the 
output voltage of the AC source is DVmax sin �t. (a)!If DVR!5 
0.250 DVmax for the first time at t 5 0.010 0! s, what is the 
angular frequency of the source? (b) What is the next value 
of t for which DVR 5 0.250 DVmax?

SECTION 32.3 Inductors in an AC Circuit

6. In a purely inductive AC circuit as shown in Figure P32.6, 
DVmax 5 100 V. (a)! The maximum current is 7.50 A at 
50.0!Hz. Calculate the inductance L. (b)!What If? At what 
angular frequency � is the maximum current 2.50 A?

T

R
Vmax sin vt!

Figure P32.3  
Problems 3 and 5.

120 V 1 2 3

Figure P32.4

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Inductors in an AC Circuit

Kirchhoff’s loop rule can be applied and 
gives: 

 Or 

 

Δv + ΔvL = 0,

Δv − L
diL
dt

= 0

Δv = L
diL
dt

= ΔVmax sin ωt

Section  32.3
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This equation states that an alternating current whose maximum value is 2.00 A  
delivers to a resistor the same power as a direct current that has a value of  
(0.707)(2.00 A) 5 1.41 A. The average power delivered to a resistor that carries an 
alternating current is

 Pavg 5 I  2rmsR (32.7)

Alternating voltage is also best discussed in terms of rms voltage, and the rela-
tionship is identical to that for current:

 DVrms 5
DVmax

Ï2
5 0.707 DVmax (32.8)

When we speak of measuring a 120-V alternating voltage from an electrical outlet 
in the home, we are referring to an rms voltage of 120 V. A calculation using Equa-
tion 32.8 shows that such an alternating voltage has a maximum value of about 
170 V. One reason rms values are often used when discussing alternating currents 
and voltages is that AC ammeters and voltmeters are designed to read rms values. 
Furthermore, with rms values, many of the equations we use have the same form as 
their direct-current counterparts.

  Average power delivered  
to a resistor

  rms voltage

 Example 32.1    What Is the rms Current?

The voltage output of an AC source is given by the expression Dv 5 200 sin �t, where Dv is in volts. Find the rms current in 
the circuit when this source is connected to a 47.0-V resistor.

S O L U T I O N

Conceptualize Figure 32.2 shows the physical situation for this problem.

Categorize We evaluate the current with an equation developed in this section, so we categorize this example as a substitu-
tion problem.

Combine Equations 32.4 and 32.6 to find the  I rms 5
I max

Ï2
5

DVmax

Ï2R
 

rms current:

Comparing the expression for voltage output with  I rms 5
200 V

Ï2 s47.0 Vd
5  3.01 A 

the general form Dv 5 DVmax sin �t shows that  
DVmax 5 200!V. Substitute numerical values:

   32.3    Inductors in an AC Circuit
Now let’s move on to another circuit element to which we will apply an alternating 
voltage. Consider an AC circuit consisting only of an inductor connected to the 
terminals of an AC source as shown in Figure 32.6. Because DvL 5 2L(diL/dt) is the 
self-induced instantaneous voltage across the inductor (see Eq. 31.1), Kirchhoff’s 
loop rule applied to this circuit gives Dv 1 DvL 5 0, or

 Dv 2 L 
diL

dt
5 0 

Substituting DVmax sin �t for Dv and rearranging gives

 Dv 5 L 
diL

dt
5 DVmax sin �t (32.9)

L

!vL

!v " !Vmax sin vt 

iL

Figure 32.6 A circuit consisting 
of an inductor of inductance L 
connected to an AC source.
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Current in an Inductor

The equation obtained from Kirchhoff's loop rule can be solved for the current 

 

;    

This shows that the instantaneous current  in the inductor and the instantaneous 
voltage  across the inductor are out of phase by .

iL =
ΔVmax

L ∫ sin ωtdt = −
ΔVmax

ωL
cos ωt

iL =
ΔVmax

ωL
sin (ωt −

π
2 ) Imax =

ΔVmax

ωL

iL
ΔvL (π /2) rad = 90∘
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Phase Relationship of Inductors in an AC Circuit

The current is a maximum when the 
voltage across the inductor is zero. 

▪ The current is momentarily not 
changing 

For a sinusoidal applied voltage, the 
current in an inductor always lags 
behind the voltage across the inductor 
by .90∘ (π /2)

Section  32.3
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Solving this equation for diL gives

diL 5
DVmax

L
  sin �t dt

Integrating this expression1 gives the instantaneous current iL in the inductor as a 
function of time:

 iL 5
DVmax

L
 # sin �t dt 5 2 

DVmax

�L
  cos �t (32.10)

Using the trigonometric identity cos �t 5 2sin(�t 2 �/2), we can express Equation 
32.10 as

 iL 5
DVmax

�L
  sin S�t 2

�

2D (32.11)

Comparing this result with Equation 32.9 shows that the instantaneous current iL 
in the inductor and the instantaneous voltage DvL across the inductor are out of 
phase by �/2 rad 5 908.

A plot of voltage and current versus time is shown in Figure 32.7a. When the voltage 
DvL across the inductor is a maximum (point a in Fig. 32.7a), the current in the induc-
tor has a value of zero (point d ), but is changing at its highest rate. When the voltage 
is zero (point b ), the current has its maximum value (point e). Notice that the voltage 
reaches its maximum value one-quarter of a period before the current reaches its max-
imum value. Therefore, for a sinusoidal applied voltage, the current in an inductor 
always lags behind the voltage across the inductor by 908 (one-quarter cycle in time).

As with the relationship between current and voltage for a resistor, we can rep-
resent this relationship for an inductor with a phasor diagram as in Figure 32.7b. 
The phasors are at 908 to each other, representing the 908 phase difference between 
current and voltage. (See Eqs. 32.9 and 32.11.)

Equation 32.10 shows that the current in an inductive circuit reaches its maxi-
mum value when cos �t 5 61:

 Imax 5
DVmax

�L
 (32.12)

Notice that this expression is similar in form to the relationship between current, 
voltage, and resistance in a DC circuit, I 5 DV/R (Eq. 26.7). Because Imax has units 
of amperes and DVmax has units of volts, �L must have units of ohms. Therefore, �L 

Current in an inductor 
in an AC circuit

Maximum current in 
an inductor

1 We neglect the constant of integration here because it depends on the initial conditions, which are not important 
for this situation.

The current lags the voltage by 
one-fourth of a cycle.

The current and voltage phasors 
are at 90! to each other.

Imax

t

a

c

d b

e

Tf

"Vmax

"vL, iL

vt

"vL

iL iL

"vL "Vmax

Imax

a b

"vL, iL

Figure 32.7 (a) Plots of the 
instantaneous current iL and 
instantaneous voltage DvL across 
an inductor as functions of time. 
(b) Phasor diagram for the induc-
tive circuit.
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Phasor Diagram for an Inductor

The phasors are at  with respect to 
each other. 
This represents the phase difference 
between the current and voltage. 
Specifically, the current lags behind the 
voltage by .

90∘

90∘
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Solving this equation for diL gives

diL 5
DVmax

L
  sin �t dt

Integrating this expression1 gives the instantaneous current iL in the inductor as a 
function of time:

 iL 5
DVmax

L
 # sin �t dt 5 2 

DVmax

�L
  cos �t (32.10)

Using the trigonometric identity cos �t 5 2sin(�t 2 �/2), we can express Equation 
32.10 as

 iL 5
DVmax

�L
  sin S�t 2

�

2D (32.11)

Comparing this result with Equation 32.9 shows that the instantaneous current iL 
in the inductor and the instantaneous voltage DvL across the inductor are out of 
phase by �/2 rad 5 908.

A plot of voltage and current versus time is shown in Figure 32.7a. When the voltage 
DvL across the inductor is a maximum (point a in Fig. 32.7a), the current in the induc-
tor has a value of zero (point d ), but is changing at its highest rate. When the voltage 
is zero (point b ), the current has its maximum value (point e). Notice that the voltage 
reaches its maximum value one-quarter of a period before the current reaches its max-
imum value. Therefore, for a sinusoidal applied voltage, the current in an inductor 
always lags behind the voltage across the inductor by 908 (one-quarter cycle in time).

As with the relationship between current and voltage for a resistor, we can rep-
resent this relationship for an inductor with a phasor diagram as in Figure 32.7b. 
The phasors are at 908 to each other, representing the 908 phase difference between 
current and voltage. (See Eqs. 32.9 and 32.11.)

Equation 32.10 shows that the current in an inductive circuit reaches its maxi-
mum value when cos �t 5 61:

 Imax 5
DVmax

�L
 (32.12)

Notice that this expression is similar in form to the relationship between current, 
voltage, and resistance in a DC circuit, I 5 DV/R (Eq. 26.7). Because Imax has units 
of amperes and DVmax has units of volts, �L must have units of ohms. Therefore, �L 

Current in an inductor 
in an AC circuit

Maximum current in 
an inductor

1 We neglect the constant of integration here because it depends on the initial conditions, which are not important 
for this situation.

The current lags the voltage by 
one-fourth of a cycle.

The current and voltage phasors 
are at 90! to each other.

Imax

t

a

c

d b

e

Tf

"Vmax

"vL, iL

vt

"vL

iL iL

"vL "Vmax

Imax

a b

"vL, iL

Figure 32.7 (a) Plots of the 
instantaneous current iL and 
instantaneous voltage DvL across 
an inductor as functions of time. 
(b) Phasor diagram for the induc-
tive circuit.
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Inductive Reactance

The factor  has the same units as resistance and is related to current and 
voltage in the same way as resistance. 

Because  depends on the frequency, it reacts differently, in terms of offering 
resistance to current, for different frequencies. 

The factor is the inductive reactance and is given by: 

▪

ωL

ωL

XL = ωL
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Inductive Reactance, cont.

Current can be expressed in terms of the inductive reactance: 
 

 

As the frequency increases, the inductive reactance increases 

▪ This is consistent with Faraday’s Law: 
▪ The larger the rate of change of the current in the inductor, the larger the back emf, 

giving an increase in the reactance and a decrease in the current.

Imax =
ΔVmax

XL
 or Irms =

ΔVrms

XL
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Voltage Across the Inductor

The instantaneous voltage across the inductor is 

ΔvL = − L
diL
dt

= − ΔVmax sin ωt = − ImaxXL sin ωt

Section  32.3



In a purely inductive AC circuit, . (a) The maximum current is  at  . Calculate 
the inductance . (b) What If? At what angular frequency  is the maximum current ?

ΔVmax = 100 V 7.50 A 50.0 Hz
L ω 2.50 A

Problem 32.06:

(a) 





(b) From , we see that is current inversely proportional to angular frequency:


XL = ωL =
ΔVmax

Imax

L =
ΔVmax

ωImax
=

100 V
2π(50.0 Hz)(7.50 A)

= 0.0424H

Imax =
ΔVmax

XL
=

ΔVmax

ωL

Imax

I′￼max
=

ω′￼
ω

ω′￼= ω
Imax

I′￼max
= [2π(50.0 Hz)]

7.50 A
2.50 A

= 942rad /s
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An AC source has an output rms voltage of  at a frequency of  . If the source is connected across a  
inductor, what are (a) the inductive reactance of the circuit, (b) the rms current in the circuit, and (c) the maximum current in the 
circuit?

78.0 V 80.0 Hz 25.0-mH

Problem 32.09:

(a) 


(b) 


(c) 

XL = 2π f L = 2π(80.0 Hz)(25.0 × 10−3H) = 12.6Ω

Irms =
ΔVL,rms

XL
= 78.0 V

XL
= 6.21 A

Imax = 2Irms = 2(6.21 A) = 8.78 A
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Capacitors in an AC Circuit

The circuit contains a capacitor and an 
AC source. 
Kirchhoff’s loop rule gives: 

     and so 

     

▪  is the instantaneous voltage 
across the capacitor.

Δv + ΔvC = 0

Δv −
q
C

= 0

ΔvC

Section  32.4
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   32.4    Capacitors in an AC Circuit
Figure 32.9 shows an AC circuit consisting of a capacitor connected across the 
terminals of an AC source. Kirchhoff’s loop rule applied to this circuit gives  
Dv 1 DvC 5 0, or

 Dv 2
q
C

5 0 (32.16)

where q is the charge on the capacitor and the negative sign is due to the fact that 
the sign of the potential difference across the capacitor is opposite that of the 
source, as we discussed with regard to Figure 27.15. Substituting DVmax sin �t for Dv 
and rearranging gives

 q 5 C DVmax sin �t (32.17)

where q is the instantaneous charge on the capacitor. Differentiating Equation 
32.17 with respect to time gives the instantaneous current in the circuit:

 iC 5
dq
dt

5 �C DVmax cos �t (32.18)

Using the trigonometric identity cos �t 5 sin (�t 1 �/2), we can express Equation 
32.18 in the alternative form

 iC 5 �C DVmax sin S�t 1
�

2D (32.19)

Comparing this expression with Dv 5 DVmax sin �t shows that the current is �/2 
rad!5 908 out of phase with the voltage across the capacitor. A plot of current and 
voltage versus time for the capacitor appears in Figure 32.10.

Consider a point such as a in Figure 32.10a where the voltage across the capaci-
tor is a maximum. That occurs when the capacitor reaches its maximum charge. At 
this instant, the current is zero (point d). At points such as e, the current has a max-
imum magnitude, which occurs at those instants when the charge on the capacitor 
reaches zero and the capacitor begins to recharge with the opposite polarity. When 
the charge is zero, the voltage across the capacitor is zero (point b).

As with inductors, we can represent the current and voltage for a capacitor on a 
phasor diagram. The phasor diagram in Figure 32.10b shows that for a sinusoidally 
applied voltage, the current always leads the voltage across a capacitor by!908.

Equation 32.18 shows that the current in the circuit reaches its maximum value 
when cos �t 5 61:

 Imax 5 �C DVmax 5
DVmax

s1y�Cd
 (32.20)

Current in a capacitor 
in an AC circuit

C

!vC

!v " !Vmax sin vt 

iC

Figure 32.9 A circuit consisting 
of a capacitor of capacitance C 
connected to an AC source.

a b

Imax
Imax

a

d b

c

e

t
T

!Vmax

!vC , iC !vC , iC

iC

!vC
!Vmax

iC

!vC

The current and voltage phasors 
are at 90" to each other.

The current leads the voltage 
by one-fourth of a cycle.

vt

Figure 32.10 (a) Plots of the 
instantaneous current iC and 
instantaneous voltage DvC across  
a capacitor as functions of time.  
(b) Phasor diagram for the capac-
itive circuit.
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Capacitors in an AC Circuit, cont.

The charge is  

The instantaneous current is given by 

 

Or  

The current is  out of phase with the voltage

q = CΔVmax sin ωt

iC =
dq
dt

= ωCΔVmax cos ωt

iC = ωCΔVmax sin (ωt +
π
2 )

π /2 rad = 90∘
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More About Capacitors in an AC Circuit

The current reaches its maximum value 
one quarter of a cycle sooner than the 
voltage reaches its maximum value. 

The current leads the voltage by .90∘

Section  32.4
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   32.4    Capacitors in an AC Circuit
Figure 32.9 shows an AC circuit consisting of a capacitor connected across the 
terminals of an AC source. Kirchhoff’s loop rule applied to this circuit gives  
Dv 1 DvC 5 0, or

 Dv 2
q
C

5 0 (32.16)

where q is the charge on the capacitor and the negative sign is due to the fact that 
the sign of the potential difference across the capacitor is opposite that of the 
source, as we discussed with regard to Figure 27.15. Substituting DVmax sin �t for Dv 
and rearranging gives

 q 5 C DVmax sin �t (32.17)

where q is the instantaneous charge on the capacitor. Differentiating Equation 
32.17 with respect to time gives the instantaneous current in the circuit:

 iC 5
dq
dt

5 �C DVmax cos �t (32.18)

Using the trigonometric identity cos �t 5 sin (�t 1 �/2), we can express Equation 
32.18 in the alternative form

 iC 5 �C DVmax sin S�t 1
�

2D (32.19)

Comparing this expression with Dv 5 DVmax sin �t shows that the current is �/2 
rad!5 908 out of phase with the voltage across the capacitor. A plot of current and 
voltage versus time for the capacitor appears in Figure 32.10.

Consider a point such as a in Figure 32.10a where the voltage across the capaci-
tor is a maximum. That occurs when the capacitor reaches its maximum charge. At 
this instant, the current is zero (point d). At points such as e, the current has a max-
imum magnitude, which occurs at those instants when the charge on the capacitor 
reaches zero and the capacitor begins to recharge with the opposite polarity. When 
the charge is zero, the voltage across the capacitor is zero (point b).

As with inductors, we can represent the current and voltage for a capacitor on a 
phasor diagram. The phasor diagram in Figure 32.10b shows that for a sinusoidally 
applied voltage, the current always leads the voltage across a capacitor by!908.

Equation 32.18 shows that the current in the circuit reaches its maximum value 
when cos �t 5 61:

 Imax 5 �C DVmax 5
DVmax

s1y�Cd
 (32.20)

Current in a capacitor 
in an AC circuit

C

!vC

!v " !Vmax sin vt 

iC

Figure 32.9 A circuit consisting 
of a capacitor of capacitance C 
connected to an AC source.
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Figure 32.10 (a) Plots of the 
instantaneous current iC and 
instantaneous voltage DvC across  
a capacitor as functions of time.  
(b) Phasor diagram for the capac-
itive circuit.
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Phasor Diagram for Capacitor

The phasor diagram shows that for a 
sinusoidally applied voltage, the current 
always leads the voltage across a 
capacitor by .90∘
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   32.4    Capacitors in an AC Circuit
Figure 32.9 shows an AC circuit consisting of a capacitor connected across the 
terminals of an AC source. Kirchhoff’s loop rule applied to this circuit gives  
Dv 1 DvC 5 0, or

 Dv 2
q
C

5 0 (32.16)

where q is the charge on the capacitor and the negative sign is due to the fact that 
the sign of the potential difference across the capacitor is opposite that of the 
source, as we discussed with regard to Figure 27.15. Substituting DVmax sin �t for Dv 
and rearranging gives

 q 5 C DVmax sin �t (32.17)

where q is the instantaneous charge on the capacitor. Differentiating Equation 
32.17 with respect to time gives the instantaneous current in the circuit:

 iC 5
dq
dt

5 �C DVmax cos �t (32.18)

Using the trigonometric identity cos �t 5 sin (�t 1 �/2), we can express Equation 
32.18 in the alternative form

 iC 5 �C DVmax sin S�t 1
�

2D (32.19)

Comparing this expression with Dv 5 DVmax sin �t shows that the current is �/2 
rad!5 908 out of phase with the voltage across the capacitor. A plot of current and 
voltage versus time for the capacitor appears in Figure 32.10.

Consider a point such as a in Figure 32.10a where the voltage across the capaci-
tor is a maximum. That occurs when the capacitor reaches its maximum charge. At 
this instant, the current is zero (point d). At points such as e, the current has a max-
imum magnitude, which occurs at those instants when the charge on the capacitor 
reaches zero and the capacitor begins to recharge with the opposite polarity. When 
the charge is zero, the voltage across the capacitor is zero (point b).

As with inductors, we can represent the current and voltage for a capacitor on a 
phasor diagram. The phasor diagram in Figure 32.10b shows that for a sinusoidally 
applied voltage, the current always leads the voltage across a capacitor by!908.

Equation 32.18 shows that the current in the circuit reaches its maximum value 
when cos �t 5 61:

 Imax 5 �C DVmax 5
DVmax

s1y�Cd
 (32.20)

Current in a capacitor 
in an AC circuit
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!v " !Vmax sin vt 
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Figure 32.9 A circuit consisting 
of a capacitor of capacitance C 
connected to an AC source.
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Figure 32.10 (a) Plots of the 
instantaneous current iC and 
instantaneous voltage DvC across  
a capacitor as functions of time.  
(b) Phasor diagram for the capac-
itive circuit.
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Capacitive Reactance

The maximum current in the circuit occurs at  which gives 

 

The impeding effect of a capacitor on the current in an AC circuit is called the 
capacitive reactance and is given by 

 which gives 

cos ωt = 1

Imax = ωCΔVmax =
ΔVmax

(1/ωC)

XC ≡
1

ωC
Imax =

ΔVmax

XC
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Voltage Across a Capacitor

The instantaneous voltage across the capacitor can be written as 

As the frequency of the voltage source increases, the capacitive reactance 
decreases and the maximum current increases. 

As the frequency approaches zero,  approaches infinity and the current 
approaches zero. 

▪ This would act like a DC voltage and the capacitor would act as an open 
circuit.

ΔvC = ΔVmax sin ωt = ImaxXC sin ωt

XC
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An AC source with an output rms voltage of  at a frequency of  is connected across a  capacitor. Find (a) 
the capacitive reactance, (b) the rms current, and (c) the maximum current in the circuit. (d) Does the capacitor have its 
maximum charge when the current has its maximum value? Explain.

36.0 V 60.0 Hz 12.0-μF

Problem 32.12:

(a) 


(b) 


(c) 


(d) No. Current leads voltage, and thus charge, by  in a capacitor. The current reaches its maximum value one-quarter 
cycle before the voltage reaches its maximum value. From the definition of capacitance, the capacitor reaches its maximum 
charge when the voltage across it is also a maximum. Consequently, the maximum charge and the maximum current do not 
occur at the same time.

XC = 1
2π fC = 1

2π(60.0 Hz)(12.0 × 10−6 F)
= 221Ω

Irms =
ΔVC,rms

XC
= 36.0 V

221Ω = 0.163 A

Imax = 2Irms = 0.230 A

90∘
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What is the maximum current in a  capacitor when it is connected across (a) a North American electrical outlet having 
 and  and (b) a European electrical outlet having  and  ?

2.20-μF
ΔVrms = 120 V f = 60.0 Hz ΔVrms  = 240 V f = 50.0 Hz

Problem 32.13:

The maximum current in the capacitor is given by





(a) For the North American electrical outlet,





(b) For the European electrical outlet,


Imax = 2Irms =
2 (ΔVrms)

XC
= 2 (ΔVrms) 2π fC

Imax = 2(120 V)2π(60.0/s)(2.20 × 10−6C/V) = 141 mA

Imax = 2(240 V)2π(50.0/s)(2.20 × 10−6 F) = 235 mA
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The RLC Series Circuit

The resistor, inductor, and capacitor 
can be combined in a circuit. 

The current and the voltage in the 
circuit vary sinusoidally with time.

Section  32.5
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32.3 c o n t i n u e d

W H A T  I F ? What if the frequency is doubled? What happens to the rms current in the circuit?

Answer If the frequency increases, the capacitive reactance decreases, which is just the opposite from the case of an induc-
tor. The decrease in capacitive reactance results in an increase in the current.

Let’s calculate the new capacitive reactance and the new rms current:

X C 5
1

�C
5

1
2�s120 Hzds8.00 3 1026 Fd

5 166 V

I rms 5
150 V
166 V

5 0.904 A

   32.5    The RLC Series Circuit
In the previous sections, we considered individual circuit elements connected to 
an AC source. Figure 32.13 shows a circuit that contains a combination of all three 
of our circuit elements: a resistor, an inductor, and a capacitor connected in series. 
We studied this circuit in Section 31.6, where we charged the capacitor and then 
closed a switch to connect the other two circuit elements. That led to oscillations 
of the circuit that were damped due to the resistance. We compared the circuit 
to a mechanical oscillator (Figure 15.1), where we pull a block outward, stretch-
ing a spring, and let it go, watching the damped oscillations due to friction. In 
Section!15.7, we applied a sinusoidal driving force to a mechanical oscillator. Let us 
look at the electrical analog to this situation here, where we connect an alternating-
voltage source across the series connection of circuit elements. If the applied 
voltage varies sinusoidally with time, the instantaneous applied voltage is

Dv 5 DVmax sin �t

The current in the circuit is given by

i 5 Imax sin s�t 2 �d

where � is some phase angle between the current and the applied voltage. Based 
on our discussions of phase in Sections 32.3 and 32.4, we expect that the current 
will generally not be in phase with the voltage in an RLC circuit. 

Because the circuit elements in Figure 32.13 are in series, the current every-
where in the circuit must be the same at any instant. That is, the current at all 
points in a series AC circuit has the same amplitude and phase. Based on the 
preceding sections, we know that the voltage across each element has a differ-
ent amplitude and phase. In particular, the voltage across the resistor is in phase 
with the current, the voltage across the inductor leads the current by 908, and the 
voltage across the capacitor lags behind the current by 908. Using these phase 
relationships, we can express the instantaneous voltages across the three circuit 
elements as

 DvR 5 Imax R sin �t 5 DVR sin �t (32.24)

 DvL 5 ImaxXL sin S�t 1
�

2D 5 DVL cos �t (32.25)

 DvC 5 ImaxXC sin S�t 2
�

2D 5 2DVC cos �t (32.26)

The sum of these three voltages must equal the instantaneous voltage Dv from 
the AC source, but it is important to recognize that because the three voltages 

R L C

!vR !vL !vC

Figure 32.13 A series circuit 
consisting of a resistor, an induc-
tor, and a capacitor connected to 
an AC source.
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The RLC Series Circuit, cont.

The instantaneous voltage would be given by . 

The instantaneous current would be given by . 

▪  is the phase angle between the current and the applied voltage. 

Since the elements are in series, the current at all points in the circuit has the 
same amplitude and phase.

Δv = ΔVmax sin ωt
i = Imax sin(ωt − ϕ)

ϕ
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i and v Phase Relationships – Graphical View

The instantaneous voltage across the 
resistor is in phase with the current. 
The instantaneous voltage across the 
inductor leads the current by . 

The instantaneous voltage across the 
capacitor lags the current by .

90∘

90∘
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i and v Phase Relationships – Equations 

The instantaneous voltage across each of the three circuit elements can be 
expressed as 

 

 

ΔvR = ImaxR sin ωt = ΔVR sin ωt

ΔvL = ImaxXL sin (ωt +
π
2 ) = ΔVL cos ωt

ΔvC = ImaxXC sin (ωt −
π
2 ) = − ΔVC cos ωt
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More About Voltage in RLC Circuits

 is the maximum voltage across the resistor and . 

 is the maximum voltage across the inductor and . 

 is the maximum voltage across the  capacitor and . 

The sum of these voltages must equal the voltage from the AC source. 

Because of the different phase relationships with the current, they cannot be 
added directly.

ΔVR ΔVR = ImaxR
ΔVL ΔVL = ImaxXL

ΔVC ΔVC = ImaxXC
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Phasor Diagrams

To account for the different phases of the voltage drops, vector techniques are 
used. 

Remember the phasors are rotating vectors 

The phasors for the individual elements are shown.
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have different phase relationships with the current, they cannot be added 
directly. Figure 32.14 represents the phasors at an instant at which the current 
in all three elements is momentarily zero. The zero current is represented by 
the current phasor along the horizontal axis in each part of the figure. Next the 
voltage phasor is drawn at the appropriate phase angle to the current for each 
element.

Because phasors are rotating vectors, the voltage phasors in Figure 32.14 can 
be combined using vector addition as in Figure 32.15. In Figure 32.15a, the volt-
age phasors in Figure 32.14 are combined on the same coordinate axes. Figure 
32.15b shows the vector addition of the voltage phasors. The voltage phasors DVL 
and DVC are in opposite directions along the same line, so we can construct the 
difference phasor DVL 2 DVC, which is perpendicular to the phasor DVR. This 
diagram shows that the vector sum of the voltage amplitudes DVR, DVL, and DVC  
equals a phasor whose length is the maximum applied voltage DVmax and that 
makes an angle � with the current phasor Imax. From the right triangle in Fig-
ure!32.15b, we see that

DVmax 5 ÏDVR
2  1 sDVL 2 DVC 

d2 5 ÏsImaxRd2 1 sImaxXL 2 ImaxXC 
d2

DVmax 5 Imax ÏR 2 1 sXL 2 XC 
d2

Therefore, we can express the maximum current as

 Imax 5
DVmax

ÏR 2 1 sXL 2 XC 
d2

 (32.27)

Once again, this expression has the same mathematical form as Equation 26.7. 
The denominator of the fraction plays the role of resistance and is called the 
impedance Z of the circuit:

 Z ; ÏR 2 1 sXL 2 XCd2 (32.28)

where impedance also has units of ohms. Therefore, Equation 32.27 can be written 
in the form

 Imax 5
DVmax

Z
 (32.29)

Equation 32.29 is the AC equivalent of Equation 26.7. Note that the impedance 
and therefore the current in an AC circuit depend on the resistance, the induc-
tance, the capacitance, and the frequency (because the reactances are frequency 
dependent).

Capacitor

v

c

!VC

Imax

b

Inductor

v

Imax

!VL

a

Resistor

v

Imax !VR

Figure 32.14  Phase relationships 
between the voltage and  
current phasors for (a) a resistor, 
(b) an inductor, and (c) a capaci-
tor connected in series.

The total voltage !Vmax 
makes an angle f with Imax.

The phasors of Figure 32.14 
are combined on a single set 
of axes.

!VL

!VR
!VC

!VR

!VL " !VC

Imax
Imax

Vmax!

v

f

v

a b

Figure 32.15 (a) The phasors 
in Figure 32.14 for the elements 
in a series RLC circuit are com-
bined on a single diagram. (b) 
The inductance and capacitance 
phasors are added together and 
then added vectorially to the resis-
tance phasor.
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have different phase relationships with the current, they cannot be added 
directly. Figure 32.14 represents the phasors at an instant at which the current 
in all three elements is momentarily zero. The zero current is represented by 
the current phasor along the horizontal axis in each part of the figure. Next the 
voltage phasor is drawn at the appropriate phase angle to the current for each 
element.

Because phasors are rotating vectors, the voltage phasors in Figure 32.14 can 
be combined using vector addition as in Figure 32.15. In Figure 32.15a, the volt-
age phasors in Figure 32.14 are combined on the same coordinate axes. Figure 
32.15b shows the vector addition of the voltage phasors. The voltage phasors DVL 
and DVC are in opposite directions along the same line, so we can construct the 
difference phasor DVL 2 DVC, which is perpendicular to the phasor DVR. This 
diagram shows that the vector sum of the voltage amplitudes DVR, DVL, and DVC  
equals a phasor whose length is the maximum applied voltage DVmax and that 
makes an angle � with the current phasor Imax. From the right triangle in Fig-
ure!32.15b, we see that

DVmax 5 ÏDVR
2  1 sDVL 2 DVC 

d2 5 ÏsImaxRd2 1 sImaxXL 2 ImaxXC 
d2

DVmax 5 Imax ÏR 2 1 sXL 2 XC 
d2

Therefore, we can express the maximum current as

 Imax 5
DVmax

ÏR 2 1 sXL 2 XC 
d2

 (32.27)

Once again, this expression has the same mathematical form as Equation 26.7. 
The denominator of the fraction plays the role of resistance and is called the 
impedance Z of the circuit:

 Z ; ÏR 2 1 sXL 2 XCd2 (32.28)

where impedance also has units of ohms. Therefore, Equation 32.27 can be written 
in the form

 Imax 5
DVmax

Z
 (32.29)

Equation 32.29 is the AC equivalent of Equation 26.7. Note that the impedance 
and therefore the current in an AC circuit depend on the resistance, the induc-
tance, the capacitance, and the frequency (because the reactances are frequency 
dependent).
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Imax
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Inductor
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!VL

a

Resistor

v

Imax !VR

Figure 32.14  Phase relationships 
between the voltage and  
current phasors for (a) a resistor, 
(b) an inductor, and (c) a capaci-
tor connected in series.

The total voltage !Vmax 
makes an angle f with Imax.

The phasors of Figure 32.14 
are combined on a single set 
of axes.
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Figure 32.15 (a) The phasors 
in Figure 32.14 for the elements 
in a series RLC circuit are com-
bined on a single diagram. (b) 
The inductance and capacitance 
phasors are added together and 
then added vectorially to the resis-
tance phasor.
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have different phase relationships with the current, they cannot be added 
directly. Figure 32.14 represents the phasors at an instant at which the current 
in all three elements is momentarily zero. The zero current is represented by 
the current phasor along the horizontal axis in each part of the figure. Next the 
voltage phasor is drawn at the appropriate phase angle to the current for each 
element.

Because phasors are rotating vectors, the voltage phasors in Figure 32.14 can 
be combined using vector addition as in Figure 32.15. In Figure 32.15a, the volt-
age phasors in Figure 32.14 are combined on the same coordinate axes. Figure 
32.15b shows the vector addition of the voltage phasors. The voltage phasors DVL 
and DVC are in opposite directions along the same line, so we can construct the 
difference phasor DVL 2 DVC, which is perpendicular to the phasor DVR. This 
diagram shows that the vector sum of the voltage amplitudes DVR, DVL, and DVC  
equals a phasor whose length is the maximum applied voltage DVmax and that 
makes an angle � with the current phasor Imax. From the right triangle in Fig-
ure!32.15b, we see that

DVmax 5 ÏDVR
2  1 sDVL 2 DVC 

d2 5 ÏsImaxRd2 1 sImaxXL 2 ImaxXC 
d2

DVmax 5 Imax ÏR 2 1 sXL 2 XC 
d2

Therefore, we can express the maximum current as

 Imax 5
DVmax

ÏR 2 1 sXL 2 XC 
d2

 (32.27)

Once again, this expression has the same mathematical form as Equation 26.7. 
The denominator of the fraction plays the role of resistance and is called the 
impedance Z of the circuit:

 Z ; ÏR 2 1 sXL 2 XCd2 (32.28)

where impedance also has units of ohms. Therefore, Equation 32.27 can be written 
in the form

 Imax 5
DVmax

Z
 (32.29)

Equation 32.29 is the AC equivalent of Equation 26.7. Note that the impedance 
and therefore the current in an AC circuit depend on the resistance, the induc-
tance, the capacitance, and the frequency (because the reactances are frequency 
dependent).
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Figure 32.14  Phase relationships 
between the voltage and  
current phasors for (a) a resistor, 
(b) an inductor, and (c) a capaci-
tor connected in series.

The total voltage !Vmax 
makes an angle f with Imax.

The phasors of Figure 32.14 
are combined on a single set 
of axes.

!VL

!VR
!VC

!VR

!VL " !VC

Imax
Imax

Vmax!

v

f

v

a b

Figure 32.15 (a) The phasors 
in Figure 32.14 for the elements 
in a series RLC circuit are com-
bined on a single diagram. (b) 
The inductance and capacitance 
phasors are added together and 
then added vectorially to the resis-
tance phasor.
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Resulting Phasor Diagram

The individual phasor diagrams can be 
combined. 
Here a single phasor  is used to 
represent the current in each element. 

▪ In series, the current is the same in 
each element.

Imax
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have different phase relationships with the current, they cannot be added 
directly. Figure 32.14 represents the phasors at an instant at which the current 
in all three elements is momentarily zero. The zero current is represented by 
the current phasor along the horizontal axis in each part of the figure. Next the 
voltage phasor is drawn at the appropriate phase angle to the current for each 
element.

Because phasors are rotating vectors, the voltage phasors in Figure 32.14 can 
be combined using vector addition as in Figure 32.15. In Figure 32.15a, the volt-
age phasors in Figure 32.14 are combined on the same coordinate axes. Figure 
32.15b shows the vector addition of the voltage phasors. The voltage phasors DVL 
and DVC are in opposite directions along the same line, so we can construct the 
difference phasor DVL 2 DVC, which is perpendicular to the phasor DVR. This 
diagram shows that the vector sum of the voltage amplitudes DVR, DVL, and DVC  
equals a phasor whose length is the maximum applied voltage DVmax and that 
makes an angle � with the current phasor Imax. From the right triangle in Fig-
ure!32.15b, we see that

DVmax 5 ÏDVR
2  1 sDVL 2 DVC 

d2 5 ÏsImaxRd2 1 sImaxXL 2 ImaxXC 
d2

DVmax 5 Imax ÏR 2 1 sXL 2 XC 
d2

Therefore, we can express the maximum current as

 Imax 5
DVmax

ÏR 2 1 sXL 2 XC 
d2

 (32.27)

Once again, this expression has the same mathematical form as Equation 26.7. 
The denominator of the fraction plays the role of resistance and is called the 
impedance Z of the circuit:

 Z ; ÏR 2 1 sXL 2 XCd2 (32.28)

where impedance also has units of ohms. Therefore, Equation 32.27 can be written 
in the form

 Imax 5
DVmax

Z
 (32.29)

Equation 32.29 is the AC equivalent of Equation 26.7. Note that the impedance 
and therefore the current in an AC circuit depend on the resistance, the induc-
tance, the capacitance, and the frequency (because the reactances are frequency 
dependent).
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phasors are added together and 
then added vectorially to the resis-
tance phasor.
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Vector Addition of the Phasor Diagram

Vector addition is used to combine the 
voltage phasors. 

  and   are in opposite 
directions, so they can be combined. 

Their resultant is perpendicular to . 

The resultant of all the individual 
voltages across the individual elements 
is .  

▪ This resultant makes an angle of  
with the current phasor .

ΔVL ΔVC

ΔVR

ΔVmax

ϕ
Imax
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have different phase relationships with the current, they cannot be added 
directly. Figure 32.14 represents the phasors at an instant at which the current 
in all three elements is momentarily zero. The zero current is represented by 
the current phasor along the horizontal axis in each part of the figure. Next the 
voltage phasor is drawn at the appropriate phase angle to the current for each 
element.

Because phasors are rotating vectors, the voltage phasors in Figure 32.14 can 
be combined using vector addition as in Figure 32.15. In Figure 32.15a, the volt-
age phasors in Figure 32.14 are combined on the same coordinate axes. Figure 
32.15b shows the vector addition of the voltage phasors. The voltage phasors DVL 
and DVC are in opposite directions along the same line, so we can construct the 
difference phasor DVL 2 DVC, which is perpendicular to the phasor DVR. This 
diagram shows that the vector sum of the voltage amplitudes DVR, DVL, and DVC  
equals a phasor whose length is the maximum applied voltage DVmax and that 
makes an angle � with the current phasor Imax. From the right triangle in Fig-
ure!32.15b, we see that

DVmax 5 ÏDVR
2  1 sDVL 2 DVC 

d2 5 ÏsImaxRd2 1 sImaxXL 2 ImaxXC 
d2

DVmax 5 Imax ÏR 2 1 sXL 2 XC 
d2

Therefore, we can express the maximum current as

 Imax 5
DVmax

ÏR 2 1 sXL 2 XC 
d2

 (32.27)

Once again, this expression has the same mathematical form as Equation 26.7. 
The denominator of the fraction plays the role of resistance and is called the 
impedance Z of the circuit:

 Z ; ÏR 2 1 sXL 2 XCd2 (32.28)

where impedance also has units of ohms. Therefore, Equation 32.27 can be written 
in the form

 Imax 5
DVmax

Z
 (32.29)

Equation 32.29 is the AC equivalent of Equation 26.7. Note that the impedance 
and therefore the current in an AC circuit depend on the resistance, the induc-
tance, the capacitance, and the frequency (because the reactances are frequency 
dependent).
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Total Voltage in RLC Circuits

From the vector diagram,  can be calculated  

 

ΔVmax

ΔVmax = ΔV2
R + (ΔVL − ΔVC)2 = (ImaxR)2 + (ImaxXL − ImaxXC)2

ΔVmax = Imax R2 + (XL − XC)2
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Impedance

The current in an RLC circuit is 

 

 is called the impedance of the circuit and it plays the role of resistance in the 
circuit, where  

 

▪ Impedance has units of ohms 
Now the current  is 

Imax =
ΔVmax

R2 + (XL − XC)2

Z

Z ≡ R2 + (XL − XC)2

Imax =
ΔVmax

Z
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Phase Angle

The right triangle in the phasor diagram can be used to find the phase angle, .  

    

 

 

The phase angle can be positive or negative and determines the nature of the 
circuit.

ϕ

ϕ = tan−1 ( ΔVL − ΔVC

ΔVR ) = tan−1 ( ImaxXL − ImaxXC

ImaxR )
ϕ = tan−1 ( XL − XC

R )
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Determining the Nature of the Circuit

If  is positive 

▪  (which occurs at high frequencies) 

▪ The current lags the applied voltage. 

▪ The circuit is more inductive than capacitive. 

If  is negative 

▪  (which occurs at low frequencies) 

▪ The current leads the applied voltage. 

▪ The circuit is more capacitive than inductive. 

If  is zero 

▪  

▪ The circuit is purely resistive.

ϕ

XL > XC

ϕ

XL < XC

ϕ

XL = XC
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Figure 33.17 (Quick Quiz 33.7) Match the phasor diagrams to the relationships
between the reactances.

a In each case, an AC voltage (not shown) is applied across the elements.

Circuit Elements Impedance Z Phase Angle !

Impedance Values and Phase Angles for Various Circuit-Element Combinationsa

Table 33.1

R

C

L

CR

R

R CL

L

R 0"

XC # 90"

XL $ 90"

Negative, between # 90" and 0"

Positive, between 0" and 90"

Negative if XC % XL

Positive if XC & XL

√R2 $ (XL # XC)2
 

 

√R2 $ XL 

 

2

√R2 $ XC 

 

2

∆Vmax

Imax

Imax

Imax

(a) (b) (c)

∆Vmax

∆Vmax

Quick Quiz 33.7 Label each part of Figure 33.17 as being XL % XC ,
XL ' XC , or XL & XC .

Example 33.4 Finding L from a Phasor Diagram

In a series RLC circuit, the applied voltage has a maximum
value of 120 V and oscillates at a frequency of 60.0 Hz. The
circuit contains an inductor whose inductance can be
varied, a 200-( resistor, and a 4.00-)F capacitor. What value
of L should an engineer analyzing the circuit choose such
that the voltage across the capacitor lags the applied voltage
by 30.0°?

Solution The phase relationships for the voltages across
the elements are shown in Figure 33.18. From the figure
we see that the phase angle is ! ' # 60.0°. (The phasors
representing Imax and *VR are in the same direction.)
From Equation 33.27, we find that

XL ' XC $ R tan !

Substituting Equations 33.10 and 33.18 (with + ' 2,f ) into
this expression gives

30.0°

φ

∆VL

∆VR

∆Vmax

∆VC

Figure 33.18 (Example 33.4) The phasor diagram for the
given information.
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(b)

∆Vmax

φ

∆VL – ∆VC

∆VR

(a)

ω
∆VRImax

φ

∆VL

∆VC

∆Vmax

Active Figure 33.15 (a) Phasor diagram for the series RLC circuit shown in Figure
33.13a. The phasor !VR is in phase with the current phasor Imax, the phasor !VL leads
Imax by 90°, and the phasor !VC lags Imax by 90°. The total voltage !Vmax makes an
angle " with Imax. (b) Simplified version of the phasor diagram shown in part (a).

At the Active Figures link at http://www.pse6.com, you can adjust the
resistance, the inductance, and the capacitance of the circuit in Figure 33.13a.
The results can be studied with the graphs in Figure 33.13b and the phasor
diagram in this figure.

in Figure 33.15b, we see that

(33.24)

Therefore, we can express the maximum current as

Once again, this has the same mathematical form as Equation 27.8. The denominator
of the fraction plays the role of resistance and is called the impedance Z of the circuit:

(33.25)

where impedance also has units of ohms. Therefore, we can write Equation 33.24 in
the form

(33.26)

We can regard Equation 33.26 as the AC equivalent of Equation 27.8. Note that the
impedance and therefore the current in an AC circuit depend upon the resistance,
the inductance, the capacitance, and the frequency (because the reactances are
frequency-dependent).

By removing the common factor Imax from each phasor in Figure 33.15a, we can
construct the impedance triangle shown in Figure 33.16. From this phasor diagram we
find that the phase angle " between the current and the voltage is

(33.27)

Also, from Figure 33.16, we see that cos " # R/Z . When XL $ XC (which occurs at high
frequencies), the phase angle is positive, signifying that the current lags behind the
applied voltage, as in Figure 33.15a. We describe this situation by saying that the circuit
is more inductive than capacitive. When XL % XC , the phase angle is negative, signifying
that the current leads the applied voltage, and the circuit is more capacitive than inductive.
When XL # XC , the phase angle is zero and the circuit is purely resistive.

Table 33.1 gives impedance values and phase angles for various series circuits
containing different combinations of elements.

" # tan&1 ! XL & XC

R "

∆V max # I max Z

Z # √R 
2 ' (XL & XC)2

I max #
∆V max

√R 
2 ' (XL & XC)2

∆V max # I max √R2 ' (XL & XC)2

∆V max # √∆V 
2

R ' (∆VL & ∆VC)2 # √(I max R)2 ' (I max XL & I max X C)2

Maximum current in an RLC
circuit

Impedance

Phase angle

Figure 33.16 An impedance
triangle for a series RLC circuit
gives the relationship
Z # √R2 ' (XL & XC)2.

XL – XC

Z

φ

R



A series  circuit has , and . It is connected to an AC source with  and . 

(A) Determine the inductive reactance, the capacitive reactance, and the impedance of the circuit. 

(B) Find the maximum current in the circuit. 

(C) Find the phase angle between the current and voltage. 

(D) Find the maximum voltage across each element. 

(E) What replacement value of  should an engineer analyzing the circuit choose such that the current leads the applied voltage by  rather 
than  ? All other values in the circuit stay the same.

RLC R = 425Ω, L = 1.25H C = 3.50 μF f = 60.0 Hz ΔVmax = 150 V

L 30.0∘

34.0∘

Example 32.04: Analyzing a Series RLC Circuit

(A) 

ω = 2π f = 2π(60.0 Hz) = 377 s−1

XL = ωL = (377 s−1)(1.25H) = 471Ω

XC =
1

ωC
=

1

(377 s−1) (3.50 × 10−6 F)
= 758Ω

Z = R2 + (XL − XC)2

= (425Ω)2 + (471Ω − 758Ω)2 = 513Ω

Section  32.5

(B) Imax =
ΔVmax

Z = 150 V
513Ω = 0.293 A

(C) ϕ = tan−1 ( XL − XC

R ) = tan−1 ( 471Ω − 758Ω
425Ω ) = − 34.0∘

(D) 

ΔVR = ImaxR = (0.293 A)(425Ω) = 124 V
ΔVL = ImaxXL = (0.293 A)(471Ω) = 138 V
ΔVC = ImaxXC = (0.293 A)(758Ω) = 222 V

(E) 

XI. = XC + R tan ϕ

ωL =
1

ωC
+ R tan ϕ

L =
1
ω ( 1

ωC
+ R tan ϕ)

L =
1

(377 s−1) [ 1

(377 s−1) (3.50 × 10−6 F)
+ (425Ω)tan (−30.0∘)]

L = 1.36H



An AC source with  and  is connected between points  and  in the figure. Calculate 
the maximum voltages between (a) points  and , (b) points  and , (c) points  and , and (d) points  and .

ΔVmax = 150 V f = 50.0 Hz a d
a b b c c d b d

Problem 32.16:

We first determine the reactances of the circuit. The 
capacitive reactance is





the inductive reactance is,





and the impedance  of the circuit is





The current in the circuit is then


XC =
1

ωC
=

1
2π(50.0)(65.0 × 10−6 F)

= 49.0Ω

XL = ωL = 2π(50.0)(185 × 10−3H) = 58.1Ω

Z

Z = R2 + (XL − XC)2 = (40.0Ω)2 + (58.1Ω − 49.0Ω)2

= 41.0Ω

Imax =
ΔVmax

Z
=

150 V
41.0Ω

= 3.66 A

Section  32.5

7. For the circuit shown in Figure P32.6, DVmax 5 80.0 V, �!5 
65.0� rad/s, and L 5 70.0 mH. Calculate the current in the 
inductor at t 5 15.5 ms.

8. A 20.0-mH inductor is connected to a North American 
electrical outlet (DVrms 5 120 V, f 5 60.0 Hz). Assuming the 
energy stored in the inductor is zero at t 5 0, determine the 
energy stored at t 5 1

180  s.

9. An AC source has an output rms voltage of 78.0 V at a fre-
quency of 80.0 Hz. If the source is connected across a 25.0-
mH inductor, what are (a) the inductive reactance of the 
circuit, (b) the rms current in the circuit, and (c) the maxi-
mum current in the circuit?

10. Review. Determine the maximum magnetic flux through 
an inductor connected to a North American electrical out-
let (DVrms 5 120 V, f 5 60.0 Hz).

SECTION 32.4 Capacitors in an AC Circuit

11. A 1.00-mF capacitor is connected to a North American 
electrical outlet (DVrms 5 120 V, f 5 60.0 Hz). Assuming the 
energy stored in the capacitor is zero at t 5 0, determine the 
magnitude of the current in the wires at t 5 1

180 s.

12. An AC source with an output rms voltage of 36.0!V at a fre-
quency of 60.0 Hz is connected across a 12.0-�F capacitor. 
Find (a) the capacitive reactance, (b) the rms current, and 
(c) the maximum current in the circuit. (d)!Does the capac-
itor have its maximum charge when the current has its max-
imum value? Explain.

13. What is the maximum current in a 2.20-�F capacitor when 
it is connected across (a) a North American electrical outlet 
having DVrms 5 120 V and f 5 60.0 Hz and (b) a European 
electrical outlet having DVrms 5 240 V and f 5 50.0!Hz?

14. A capacitor C is connected to a power supply that operates 
at a frequency f and produces an rms voltage DV. What is the 
maximum charge that appears on either capacitor plate?

SECTION 32.5 The RLC Series Circuit

15. In addition to phasor diagrams showing voltages such as in 
Figure 32.15, we can draw phasor diagrams with resistance 
and reactances. The resultant of adding the phasors is the 
impedance. Draw to scale a phasor diagram showing Z, XL, 
XC, and � for an AC series circuit for which R 5 300 V, C 5 
11.0 �F, L 5 0.200 H, and f 5 500/� Hz.

16. An AC source with DVmax 5 150 V and f 5 50.0 Hz is con-
nected between points a and d in Figure P32.16. Calculate 

the maximum voltages between (a) points a and b, (b)!points 
b and c, (c) points c and d, and (d) points b and!d.

17. You are working in a factory and have been tasked with 
determining the electrical needs for a new motor that will 
be installed on an assembly line. The motor has been tested 
under load conditions and found to have a resistance of 
35.0!V and an inductive reactance of 50.0 V. We can model 
the motor as a series RL circuit. The motor will have its 
own dedicated circuit with an rms voltage of 480 V. You 
need to determine the peak current drawn by the motor to 
determine the size of the circuit breaker needed to protect 
the circuit.

18. Draw phasors to scale for the following voltages in SI units: 
(a) 25.0 sin �t at �t 5 90.08, (b) 30.0 sin �t at �t 5 60.08, and 
(c) 18.0 sin �t at �t 5 3008.

19. An RLC circuit consists of a 150-V resistor, a 21.0-�F capaci-
tor, and a 460-mH inductor connected in series with a 120-V, 
60.0-Hz power supply. (a) What is the phase angle between 
the current and the applied voltage? (b) Which reaches its 
maximum earlier, the current or the voltage?

20. A 60.0-V resistor is connected in series with a 30.0-�F capac-
itor and a source whose maximum voltage is 120!V, operat-
ing at 60.0 Hz. Find (a) the capacitive reactance of the cir-
cuit, (b) the impedance of the circuit, and (c) the maximum 
current in the circuit. (d) Does the voltage lead or lag the 
current? (e) How will adding an inductor in series with the 
existing resistor and capacitor affect the current? Explain.

SECTION 32.6 Power in an AC Circuit

21. A series RLC circuit has a resistance of 45.0 V and an imped-
ance of 75.0 V. What average power is delivered to this cir-
cuit when DVrms 5 210 V?

22. Why is the following situation impossible? A series circuit con-
sists of an ideal AC source (no inductance or capacitance in 
the source itself) with an rms voltage of DV at a frequency 
f and a magnetic buzzer with a resistance R and an induc-
tance L. By carefully adjusting the inductance L of the cir-
cuit, a power factor of exactly 1.00 is attained.

23. A series RLC circuit has a resistance of 22.0 V and an imped-
ance of 80.0 V. If the rms voltage applied to the circuit is 
160 V, what average power is delivered to the circuit?

24. An AC voltage of the form Dv 5 90.0 sin 350t, where Dv is 
in volts and t is in seconds, is applied to a series RLC circuit. 
If R 5 50.0 V, C 5 25.0 �F, and L 5 0.200 H, find (a)!the 
impedance of the circuit, (b) the rms current in the circuit, 
and (c) the average power delivered to the circuit.

SECTION 32.7 Resonance in a Series RLC Circuit

25. The LC circuit of a radar transmitter oscillates at 9.00 GHz. 
(a) What inductance is required for the circuit to resonate 
at this frequency if its capacitance is 2.00 pF? (b) What is the 
inductive reactance of the circuit at this frequency?

26. A series RLC circuit has components with the following val-
ues: L 5 20.0 mH, C 5 100 nF, R 5 20.0 V, and DVmax! 5 
100! V, with Dv 5 DVmax sin �t. Find (a) the resonant fre-
quency of the circuit, (b) the amplitude of the current at 
the resonant frequency, (c) the Q of the circuit, and (d) the 
amplitude of the voltage across the inductor at resonance.

V

V

V

V

CR

V

V

L

Vmax sin t! v

Figure P32.6 Problems 6 and 7.

a dcb

40.0 ! 185 mH 65.0 mF

Figure P32.16 Problems 16 and 51.

 Problems 869

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

(a) The maximum voltage between points  and  is 
the potential drop across the resistor:





(b) The maximum voltage between points  and  is 
the potential drop across the coil:





(c) The maximum voltage between points  and  is 
the potential drop across the capacitor:





(d) The potential drop between points  and  is


a b

ΔVR = ImaxR = (3.66 A)(40.0Ω) = 146 V

b c

ΔVL = ImaxXL = (3.66 A)(58.1Ω) = 212.5 V = 212 V

c d

ΔVC = ImaxXC = (3.66 A)(49.0Ω) = 179.1 V = 179 V

b d

ΔVL − ΔVC = 212.5 V − 179.1 V = 33.4 V



An  circuit consists of a  resistor, a  capacitor, and a  inductor connected in series with a , 
 power supply. (a) What is the phase angle between the current and the applied voltage? (b) Which reaches its 

maximum earlier, the current or the voltage?

RLC 150-Ω 21.0-μF 460-mH 120-V
60.0-Hz

Problem 32.19:

The reactance of the inductor is





The reactance of the capacitor is





(a) 


(b) Since ,  is positive, so voltage leads the current. This means that the power-supply or total voltage goes 
through each maximum, zero-crossing, and minimum earlier in time than the current does.

XL = 2π f L = 2π (60.0 s−1)(0.460H) = 173Ω

XC =
1

ωC
=

1
2π fC

=
1

2π (60.0 s−1) (21.0 × 10−6 F)
= 126Ω

ϕ = tan−1 ( XL − XC

R ) = tan−1 ( 173Ω − 126Ω
150Ω ) = 17.4∘

XL > XC ϕ

Section  32.5



A  resistor is connected in series with a  capacitor and a source whose maximum voltage is 
 , operating at  . Find (a) the capacitive reactance of the circuit, (b) the impedance of the circuit, 

and (c) the maximum current in the circuit. (d) Does the voltage lead or lag the current? (e) How will adding an 
inductor in series with the existing resistor and capacitor affect the current? Explain.

60.0-Ω 30.0-μF
120 V 60.0 Hz

Problem 32.20:

(a) The capacitive reactance of the circuit is





(b) The impedance of the circuit is





(c) 


(d) The phase angle in this  circuit is





Since , the voltage lags behind the current by .


XC =
1

2π fC
=

1
2π (60.0 Hz)(30.0 × 10−6 F)

= 88.4Ω

Z = R2 + (0 − XC)2 = R2 + X2
C = (60.0Ω)2 + (88.4Ω)2

= 107Ω

Imax =
ΔVmax 

Z = 1.20 × 102V
107Ω = 1.12 A

RC

ϕ = tan−1 ( XL − XC

R ) = tan−1 ( 0 − 88.4Ω
60.0Ω ) = − 55.8∘

ϕ < 0 55.8∘

Section  32.5

(e) Adding an inductor will change the impedance, 
and hence the current in the circuit. The current 
could be larger or smaller, depending on the 
inductance added. The largest current would result 
when the inductive reactance equals the capacitive 
reactance, the impedance has its minimum value, 
equal to $60.0 \Omega$, and the current in the 
circuit is


Imax =
ΔVmax

Z
=

ΔVmax

R
=

1.20 × 102 V
60.0Ω

= 2.00 A



Power in an AC Circuit

The average power delivered by the AC source is converted to internal energy in 
the resistor. 

▪

▪  is called the power factor of the circuit 

We can also find the average power in terms of . 

▪  

When the load is purely resistive,  and  

▪

Pavg =
1
2

ImaxΔVmax cos ϕ = IrmsΔVrms cos ϕ

cos ϕ
R

Pavg = I2
rmsR

ϕ = 0 cos ϕ = 1
Pavg = IrmsΔVrms

Section  32.6



Power in an AC Circuit, cont.

The average power delivered by the source is converted to internal energy in the 
resistor. 

No power losses are associated with pure capacitors and pure inductors in an AC 
circuit. 

▪ In a capacitor, during one-half of a cycle, energy is stored and during the 
other half the energy is returned to the circuit and no power losses occur in 
the capacitor. 

▪ In an inductor, the source does work against the back emf of the inductor 
and energy is stored in the inductor, but when the current begins to decrease 
in the circuit, the energy is returned to the circuit. 

The power delivered by an AC circuit depends on the phase. 

Some applications include using capacitors to shift the phase to heavy motors or 
other inductive loads so that excessively high voltages are not needed.

Section  32.6



Calculate the average power delivered to the series  circuit described in Example 32.4.RLC

Example 32.05: Average Power in an RLC Series Circuit







ΔVrms =
ΔVmax

2
=

150 V

2
= 106 V

Irms =
Imax

2
=

0.293 A

2
= 0.207 A

Pavg = IrmsVrms cos ϕ = (0.207 A)(106 V)cos (−34.0∘)
= 18.2 W

Section  32.6



A series  circuit has a resistance of  and an impedance of . What average power is 
delivered to this circuit when ?

RLC 45.0Ω 75.0Ω
ΔVrms = 210 V

Problem 32.21:

1 From the definition of impedance, , we have





Substituting numerical values,





The phase angle of the circuit is then





The rms current in the circuit is





Therefore, the power delivered to the circuit is


Z = R2 + (XL − XC)2

(XL − XC) = Z2 − R2

(XL − XC) = (75.0Ω)2 − (45.0Ω)2 = 60.0Ω

ϕ = tan−1 ( XL − XC

R ) = tan−1 ( 60.0Ω
45.0Ω ) = 53.1∘

Irms =
ΔVrms

Z
=

210 V
75.0Ω

= 2.80 A

P = (ΔVrms) Irms cos ϕ = (210 V)(2.80 A)cos (53.1∘) = 353 W

Section  32.6



A series  circuit has a resistance of  and an impedance of . If the rms voltage applied to 
the circuit is  , what average power is delivered to the circuit?

RLC 22.0Ω 80.0Ω
160 V

Problem 32.23:

The rms current in the circuit is





and the average power delivered to the circuit is


Irms =
ΔVrms

Z
=

160 V
80.0Ω

= 2.00 A

Pavg = I2
rmsR = (2.00 A)2(22.0Ω) = 88.0 W

Section  32.6



An AC voltage of the form , where  is in volts and  is in seconds, is applied to a series  circuit. If 
, and , find (a) the impedance of the circuit, (b) the rms current in the circuit, and (c) the 

average power delivered to the circuit.

Δv = 90.0 sin 350t Δv t RLC
R = 50.0Ω, C = 25.0μ F L = 0.200H

Problem 32.24:

Given , observe that 
and . Also, the net reactance is





(a) To find the impedance, we first compute





so the impedance is





v = ΔVmax sin(ωt) = (90.0 V)sin(350t)
ΔVmax = 90.0 V ω = 350rad /s

XL − XC = 2π f L −
1

2π fC
= ωL −

1
ωC

XL − XC = ωL −
1

ωC

= (350rad /s)(0.200H) −
1

(350rad /s)(25.0 × 10−6 F)
= − 44.3Ω

Z = R2 + (XL − XC)2 = (50.0Ω)2 + (−44.3Ω)2 = 66.8Ω

Section  32.6

(b) The rms current in the circuit is





(c) The phase difference between the applied 
voltage and the current is





so the average power delivered to the circuit is


Irms =
ΔVrms

Z
=

ΔVmax / 2
Z

=
90.0 V

2(66.8Ω)
= 0.953 A

ϕ = tan−1 ( XL − XC

R ) = tan−1 ( −44.3Ω
50.0Ω ) = − 41.5∘

Pavg = IrmsΔVrms cos ϕ = Irms ( ΔVmax

2 ) cos ϕ

= (0.953 A)( 90.0 V

2 ) cos (−41.5∘) = 45.4 W



Resonance in an AC Circuit

Resonance occurs at the frequency  where the current has its maximum value. 

▪ To achieve maximum current, the impedance must have a minimum value. 

▪ This occurs when  

▪ Solving for the frequency in  gives  

 

The resonance frequency also corresponds to the natural frequency of oscillation of 
an LC circuit. 

The rms current has a maximum value when the frequency of the applied voltage 
matches the natural oscillator frequency. 

At the resonance frequency, the current is in phase with the applied voltage.

ω0

XL = XC

ω0L = 1/ω0C

ω0 =
1

LC

Section  32.7



Resonance, cont.

Resonance occurs at the same 
frequency regardless of the value of . 

As  decreases, the curve becomes 
narrower and taller. 

Theoretically, if  the current 
would be infinite at resonance. 

▪ Real circuits always have some 
resistance.

R
R

R = 0

Section  32.7

862 Chapter 32 Alternating-Current Circuits

This frequency matches the natural frequency of oscillation of an LC circuit (see 
Section 31.5). Therefore, as we expect, the rms current in a series RLC circuit has 
its maximum value when the frequency of the applied voltage matches the natural 
oscillator frequency, which depends only on L and C. Furthermore, at the reso-
nance frequency, the current is in phase with the applied voltage.

Q UICK QUIZ 32.7  What is the impedance of a series RLC circuit at resonance?  
(a) larger than R (b) less than R (c) equal to R (d) impossible to determine

A plot of rms current versus angular frequency for a series RLC circuit is shown 
in Figure 32.17a. The data assume a constant DVrms 5 5.0 mV, L 5 5.0 �H, and C!5 
2.0!nF. The three curves correspond to three values of R. In each case, the rms 
current has its maximum value at the resonance frequency �0. Furthermore, the 
curves become narrower and taller as the resistance decreases.

Equation 32.38 shows that when R 5 0, the current becomes infinite at reso-
nance. Real circuits, however, always have some resistance, which limits the value 
of the current to some finite value. The analog in a mechanical oscillating system 
is that the amplitude of the oscillation cannot become infinite, because there is 
always some friction in the system.

We can also calculate the average power as a function of frequency for a series 
RLC circuit. Using Equations 32.36, 32.37, and 32.28 gives

 Pavg 5 I 2
rms R 5

sDVrmsd2

Z 2  R 5
sDVrmsd2R

R 2 1 sXL 2 XC 
d2 (32.40)

Because XL 5 �L, XC 5 1/�C, and �0
2 5 1/LC, the term (XL 2 XC )2 can be expressed as

sXL 2 XCd2 5 S�L 2
1

�CD2

5
L2

�2 s�2 2 �0
2  d2

Using this result in Equation 32.40 gives

 Pavg 5
sDVrmsd2 R�2

R 2 �2 1 L2s�2 2 �0
2  d2 (32.41)

Equation 32.41 shows that at resonance, when � 5 �0, the average power is a max-
imum and has the value (DVrms)

2/R. Figure 32.17b is a plot of average power versus 

Average power as a function 
of frequency in an RLC circuit

Figure 32.17 (a) The rms cur-
rent versus frequency for a series 
RLC circuit for three values of R . 
(b) Average power delivered to 
the circuit versus frequency for 
the series RLC circuit for three 
values of R .
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Consider a series  circuit for which , and . 
Determine the value of the capacitance for which the current is a maximum.

RLC R = 150Ω, L = 20.0mH, ΔVrms = 20.0 V ω = 5000 s−1

Example 32.06: A Resonating Series RLC Circuit


ω0 =
1

LC
→ C =

1
ω2

0 L

C =
1

(5.00 × 103 s−1)2 (20.0 × 10−3H)
= 2.00μ F

Section  32.7



The  circuit of a radar transmitter oscillates at  . (a) What inductance is required for the circuit to resonate 
at this frequency if its capacitance is  ? (b) What is the inductive reactance of the circuit at this frequency?

LC 9.00 GHz
2.00 pF

Problem 32.25:

(a) The resonance frequency of a  circuit is . Thus, the inductance is





(b) At resonance,


RLC f0 = 1/2π LC

L =
1

4π2 f 2
0C

=
1

4π2 (9.00 × 109 Hz)2 (2.00 × 10−12 F)
= 1.56 × 10−10H = 156pH

XL = XC =
1

2π f0C
=

1
2π (9.00 × 109 Hz) (2.00 × 10−12 F)

= 8.84Ω

Section  32.7


