
Lab 10. AC Circuits

Goals

• To show that AC voltages cannot generally be added without accounting for their phase
relationships. That is, one must account for how they vary in time with respect to one
another.

• To understand the use of “root mean square” (rms) voltages and currents.
• To learn how to view and interpret AC voltage and current waveforms using a scope display.
• To learn how to measure the phase between sinusoidal voltage waves using a scope display.
• To understand how to use phasor diagrams (analogous to diagrams of vector addition) as a

technique for adding AC voltages or currents with various phases.
• To observe electrical resonance (analogous to mechanical resonance in a vibrating string) in

an RLC circuit.

Introduction

While DC (direct current) circuits employ constant voltages and currents, AC (alternating current)
circuits employ sinusoidally varying voltages and currents. It may seem strange that sinusoidal
quantities should be so common, but rotating devices generate most of the electrical power in the
world. In a natural way, this produces voltages and currents that vary in a sinusoidal fashion.

A complicating factor in AC circuits is that inductors and capacitors introduce phase shifts. That
is, the voltages across some components can peak well before or after the currents flowing through
them. At any one instant in time, the voltage across each component in a series circuit will in-
deed sum to zero—but the voltage peak for each component (proportional to the amplitude) will
be reached at different times. Under these conditions, the sum of the voltage amplitudes in a
circuit containing inductors and capacitors will not in general be zero—in apparent violation of
Kirchhoff’s loop rule. In this experiment you will explore the relationships between voltages and
currents for inductors, capacitors, and resistors. This will include determining their phase relation-
ships and how they depend on frequency. For this study, we consider a simple circuit consisting of
a resistor, a capacitor, and an inductor connected in series with a sinusoidal voltage source.
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A brief review of theory

A diagram of a typical RLC circuit is shown in Figure 10.1. Normally the current (which must be
equal at all points along a series circuit) is used as a reference signal in AC circuits. Although the
current flows back and forth, one direction is designated the positive direction. This defines the
direction of positive voltage differences when Kirchhoff’s loop rule is applied to the circuit. The
positive end of each component in Figure 10.1 is marked.
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Figure 10.1. Diagram of a resistor, inductor, and capacitor connected in series.

Potential differences for RLC circuit

With a DC power supply, the voltages across the inductor VL, the resistor, VR, the capacitor, VC and
the power supply output, VOut , in Figure 10.1 sum to zero. That is,

VL +VR +VC +VOut = 0. (10.1)

When the voltages are changing in time, Equation 10.1 must hold at each instant of time. If the
output of the power supply is sinusoidal, the steady state voltages across each of the components
will also be sinusoidal. However, each voltage in the circuit will have its own phase. That is

VL(0-p) cos(ωt +φL)+VR(0-p) cos(ωt +φR)+VC(0-p) cos(ωt +φC)+VOut(0-p) cos(ωt +φOut) = 0
(10.2)

where the (0-p) subscript in VL(0-p) and the other voltage amplitudes refers to their “zero-to-peak”
values. When multiplied by the proper sine or cosine function, the zero-to-peak amplitude gives
the actual measured potential difference across the component as a function of time. The non-zero
phase angles, denoted by φ in Equation 10.2, complicate the analysis of AC circuits.
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The phase of the potential difference across an ideal capacitor

Capacitors are essentially two conducting sheets or plates separated by some insulating material
that may include air or a vacuum. When a voltage is applied between the two plates of the capacitor,
charge is transferred from one plate to the other. Thus a current flows through the voltage source
and the connecting wires. As the voltage increases and more charge collects on the plates, adding
more charge becomes increasingly more difficult, because like charges repel. Therefore the current
flowing into the capacitor is greatest when the plates begin to charge. The current drops to zero
when the charge build-up reaches a maximum. If a sinusoidally varying voltage source (one that
oscillates positively and negatively in time with the shape of a sine function), is connected across
the capacitor, the voltage across the capacitor “lags” the current by 90° in phase, meaning that the
voltage peak occurs one-fourth of an oscillation period after the current peak. This relationship is
illustrated in Figure 10.2, where the voltage across the resistor (VR) shows the variation of current
during a single cycle. The oscillation period of the signal in Figure 10.2 is 1 s, and the voltage
across the capacitor (VC) peaks 0.25 s (one-fourth of a cycle) after the peak in VR. We say that the
phase of the voltage across an ideal capacitor is shifted 90° (360°/4) with respect to the current.
The sign is chosen so that if I and VR are proportion to cos(ωt), VC is proportional to cos(ωt +φ);
this requires a negative phase. For an ideal capacitor, φ =−90°.
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Figure 10.2. Voltages across an ideal induction, an ideal resistor, and an ideal capacitor in an RLC
circuit. The times as which the three voltages cross zero (during the falling portion of the cycle) are
labeled t(VL = 0−), t(VR = 0−), and t(VC = 0−), respectively. The components in your experiment
are not ideal, so the phases will be different.

The phase of the potential difference across an ideal inductor

An inductor is usually takes the form of a coil of wire with many loops. When a time-varying elec-
trical current passes through the loops, the resulting time-varying magnetic field induces a voltage
in the coil. According to Lenz’s law (and energy conservation) this induced voltage opposes the
source voltage, making the current small. When sinusoidally driven, the voltage across and ideal
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inductor peaks one-fourth of an oscillation period before the current peaks. That is, the voltage
“leads” the current by 90° in an ideal inductor. We say that the voltage experiences a +90° phase
shift relative to the current in an ideal inductor. This relationship is illustrated in Figure 10.2,
where the voltage across the inductor, VL, peaks 0.25 s (one-fourth of a cycle) before the peak in
VR. Again, the sign is chosen so that if I and VR are proportion to cos(ωt), VL is proportional to
cos(ωt +φ), where φ =+90°.

In practice, it is difficult to determine the position of the peak in a sinusoidal signal precisely,
because voltage changes slowly near the peak. Measuring the time at which the voltage crosses
zero, where the voltage changes rapidly, gives more precise results. Because the voltage crosses
zero twice per cycle, it is important to be consistent about which zero crossing is used. The arrows
in Figure 10.2 show the zero crossings for VL, VR, and VC where the voltage is falling, that is, where
the voltage crosses zero from above.

To derive an equation for the phase angle φ for a given voltage signal, one observed that 360° of
phase corresponds to one oscillation period T ,

φ =
[t(VR = 0−)− t(V = 0−)]×360°

T
(10.3)

The order of terms in Equation 10.3 is chosen so that a voltage signal that lags VR has a negative
phase, as required by the sine and cosine functions.

Using phasors to represent AC voltages

The AC voltages across an AC power supply, an inductor, a capacitor, and a resistor, all connected
in series, can be added much like vectors. The length of each vector, or phasor, represents the
measured voltage amplitude of the corresponding circuit element. Similarly, the angle between the
resistor phasor (which points in the same direction as the current phasor) and each of the other pha-
sors equals the phase difference between the current and the AC voltage across the corresponding
circuit element. These relationships are illustrated in Figure 10.3. To represent the time-varying
voltages in an AC circuit, all four phasors are rotated at angular velocity of ωt. The measured
voltage across each circuit element at time t is equal to the horizontal component of that element’s
phasor at that time.

Phasors are used to represent the various time-varying voltages in more complex AC circuits. They
are also used to represent the addition of other quantities that vary sinusoidally in time. For in-
stance, the electric fields in monochromatic electromagnetic waves (laser beams) vary sinusoidally
in time. Phasors are often used to account for phase differences in single-slit diffraction.

Expressing AC voltages in terms of their root-mean-square (rms) values

AC voltages are often expressed in terms of their root mean square (abbreviated rms) values. In
DC circuits the product of the current and voltage gives the power. It is convenient to use a similar
formula for the average power dissipated in AC circuits when the current and voltage are in phase.
However, the product of the raw voltage and current amplitudes (the zero-to-peak voltages and
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Figure 10.3. Phasor diagram of the voltages across an inductor, a resistor, a capacitor, and the
output in a series RLC circuit. The current phasor is not shown, but is proportional to the resistor’s
phasor. The dotted phasors show that the sum of all four voltage phasors is zero, as required by
Kirchhoff’s loop rule. The phases ΦL, ΦC, and Φεo are measured with respect to the phase of the
voltage across the resistor (or equivalently, the phase of the current signal). The measured voltage
across each component is equal to the projection of its phasor onto the x−axis. As a function of
time, each vector rotates about the origin with angular velocity ωt.

zero-to-peak currents), is twice the actual average power. To correct for this, we use rms voltages
and currents. The rms voltage is the zero-to-peak voltage divided by

√
2 , and the rms current is the

zero-to-peak current divided by
√

2 . When these are multiplied, the factor of 2 in the denominator
yields the correct average power. (This procedure yields the average power only when the voltage
and current have the same phase.) Most AC voltmeters and ammeters display rms volts and rms
amps, respectively. The voltage at a wall plug in the United States is 120 V rms. The corresponding
zero-to-peak voltage is about 170 V.

Equipment set up

The Pasco Scientific RLC Circuit (Model CI-6512) is already configured with a series combination
of resistor, inductor, and capacitor. Choose the 10 Ω resistor, the 8.2 mH inductor, and the 100 µF
capacitor. They are already connected in series. (You can see the connections on the bottom of
the circuit board.) The analog inputs of the interface unit (Channels A, B and C) can be employed
to measure the voltage difference across each of the three components using the three patch cords
supplied with the circuit board.

Since switching the red and black leads across a component reverses the sign of the detected
voltage difference, it is important to connect the red and black ends of each patch cord to the
three components in a consistent fashion. This requires that you define one current direction to
be positive, and use this direction to identify the positive end of each component. The positive
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end of each component is labeled (+) in Figure 1 for the choice of positive direction shown in the
figure. Attach the red lead of the patch cord for the resistor, for instance, to the positive end of
the resistor, and the black lead to the negative end of the resistor. Attach the patch cords used to
measure the voltage differences across the inductor and the capacitor in the same fashion, being
careful of sign.

To take the data, you will need to tell Capstone that you want to connect voltage sensors to Chan-
nels A, B, and C, and that you wish to use the output from the interface unit as the voltage source
for the circuit. The output jacks are to the right of Channel D. You will need to add a “scope”
display so all of this can be viewed. Then you can add the voltages for Channels A, B, and C, and
VOut to the vertical axis using the “Select Measurement” button. The “Add Similar Measurement”
function is useful. You want to show all four signals on the same display. Your TA can be helpful
here.

To collect data, use the “Fast Monitor Mode”. If a waveform appears choppy, like a series of
connected straight lines, you probably need to increase the data sampling rate. For best results,
the sampling rate should be about 50 times the frequency of the wave that you want to observe.
Adjusting the time per division on the horizontal scale of the scope display will automatically
change the sampling rate and may solve this problem. Otherwise, you can manually change the
sampling rate on the Control Palette along the bottom of Capstone’s Display Area.

Phase and voltage measurements

Set the sinusoidal output voltage amplitude to 4.0 V at a frequency of 10 Hz. Now individually
measure the zero-to-peak voltages across the resistor, inductor, and capacitor and the zero-to- peak
output voltage. A table is a good way to record all this information. Convert all the peak voltages
and currents to rms values. Record the zero-crossing times for all four voltages and and the current,
and compute their phases with respect to the phase of the voltage across the resistor.

Repeat the voltage and phase measurements for each component at 100 Hz and 1000 Hz.

Adding AC voltages

From Figure 10.1, we expect that the sum of the voltage drops across the three components
VL +VR +VC and the output voltage Vout put equals zero at each instant of time. In the absence
of time variation, the voltages would add like DC voltages. In terms of rms voltages, we would
expect

VLrms +VRrms +VCrms +VOutrms = 0 (10.4)

However, each voltage in the circuit varies in time with its own phase. Expressing Equation 10.2
in terms of rms voltages yields

VLrms cos(ωt+φL)+VRrms cos(ωt+φR)+VCrms cos(ωt+φC)+VOutrms cos(ωt+φOut) = 0 (10.5)
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To verify that the voltages do add this way, it is sufficient to show that the equation holds at two
times. Two times are needed to resolve the ambiguity associated with the phases of the voltage
signals in Figure 10.2. At most times, it is not enough to know the voltage reading alone. One
must also know whether the voltage is rising or falling.) The times ωt = 0 and ωt = −90° make
for simple expressions. Then

VLrms cos(φL)+VRrms cos(φR)+VCrms cos(φC)+VOutrms cos(φOut) = 0
VLrms sin(φL)+VRrms sin(φR)+VCrms sin(φC)+VOutrms sin(φOut) = 0

(10.6)

Ideal components constitute an important special case. For ideal components, φL = +90° and
φC =−90°. By convention, φR = 0°. For ideal components, these relations reduce to

√
(VCrms−VLrms)2 +V 2

Rrms =VOutrms (10.7)

At each frequency check to see whether the voltages across the resistor, inductor, and capacitor
obey Equations 10.1, 10.6 and 10.7. Tabulate all these results clearly. Is ignoring the phase a good
idea?

For future reference, it is worth comparing the measured phases for VL and VC to their ideal values.
Capacitors are usually pretty close to ideal. This observation can help you on an exam.

RLC circuit at resonance

By trial and error, adjust the frequency of the sine wave output of the interface unit until the
output voltage and current, which drive the circuit, are in phase. Do this carefully. When the
current and voltage are in phase as required, look at the inductor voltage and the capacitor voltage.
What relationship do they now have with respect to one another? Since real inductors have both
resistance and inductance, the phase shift for the real inductor does not equal the +90° phase shift
for an ideal inductor. If the resistor phasor is plotted along the x−axis, you will need to compare
the y−component of the voltage across the inductor with the y−component of the voltage across
the capacitor. This particular state of the system is called “resonance.” What is the overall effect on
the circuit of the inductance and capacitance at resonance? Resonant circuits are useful in filtering
out certain frequencies. Radio tuning dials work on this principle.

Summary

Summarize all of your results clearly and concisely. Especially note any systematic changes in
amplitude and phase with frequency. Refer to appropriate data tables liberally.
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Grading Rubric
No Effort Progressing Expectation Exemplary

AA
Is able to
extract the
information
from
representation
correctly
Labs: 1-12

No visible attempt is
made to extract
information from the
experimental setup.

Information that is
extracted contains errors
such as labeling
quantities incorrectly,
mixing up initial and
final states, choosing a
wrong system, etc.
Physical quantities have
no subscripts (when
those are needed).

Most of the information
is extracted correctly, but
not all of the information.
For example physical
quantities are represented
with numbers and there
are no units. Or
directions are missing.
Subscripts for physical
quantities are either
missing or inconsistent.

All necessary
information has been
extracted correctly, and
written in a
comprehensible way.
Objects, systems,
physical quantities,
initial and final states,
etc. are identified
correctly and units are
correct. Physical
quantities have consistent
and informative
subscripts.

AB
Is able to
construct new
representations
from previous
representations
Labs: 1-12

No attempt is made to
construct a different
representation.

Representations are
attempted, but omits or
uses incorrect
information (i.e. labels,
variables) or the
representation does not
agree with the
information used.

Representations are
constructed with all
given (or understood)
information and contain
no major flaws.

Representations are
constructed with all
given (or understood)
information and offer
deeper insight due to
choices made in how to
represent the
information.

AG
Mathematical
Labs: 3, 4, 6, 8, 10-12

No representation is
constructed.

Mathematical
representation lacks the
algebraic part (the
student plugged the
numbers right away) has
the wrong concepts being
applied, signs are
incorrect, or progression
is unclear.

No error is found in the
reasoning, however they
may not have fully
completed steps to solve
problem or one needs
effort to comprehend the
progression.

Mathematical
representation contains
no errors and it is easy to
see progression of the
first step to the last step
in solving the equation.
The solver evaluated the
mathematical
representation with
comparison to physical
reality.

AJ
Circuit diagram
Labs: 4-6, 10

No representation is
constructed.

Components of the
circuit are missing, or
connected incorrectly.
Components are not
clearly labelled.

Diagram is missing key
features but contains no
errors. It may be difficult
to follow electrical
pathways, but it can be
determined which
components are
connected with sufficient
scrutiny.

Circuit diagram contains
minimal connecting
lines, components are
neatly arranged to ensure
labels are readily
identified to appropriate
components.

CA
Is able to
identify the
hypothesis to be
tested
Labs: 5, 7, 8, 10

No mention is made of a
hypothesis.

An attempt is made to
identify the hypothesis to
be tested but is described
in a confusing manner.

The hypothesis to be
tested is described but
there are minor
omissions or vague
details.

The hypothesis is clearly
stated.
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No Effort Progressing Expectation Exemplary

CC
Is able to make
a reasonable
prediction
based on a
hypothesis
Labs: 5, 7, 8, 10

No prediction is made.
The experiment is not
treated as a testing
experiment.

• A prediction is made
but it is identical to the
hypothesis OR

• Prediction is made
based on a source
unrelated to
hypothesis being
tested OR

• is completely
inconsistent with
hypothesis being
tested OR

• Prediction is unrelated
to the context of the
designed experiment.

Prediction follows from
hypothesis but is flawed
because
• relevant experimental

assumptions are not
considered and/or

• prediction is
incomplete or
somewhat inconsistent
with hypothesis and/or

• prediction is
somewhat inconsistent
with the experiment.

A prediction is made that
• follows from

hypothesis,
• is distinct from the

hypothesis,
• accurately describes

the expected outcome
of the designed
experiment,

• incorporates relevant
assumptions if needed.

CD
Is able to
identify the
assumptions
made in making
the prediction
Labs: 5, 7, 8, 10

No attempt is made to
identify any assumptions.

An attempt is made to
identify assumptions, but
the assumptions are
irrelevant or are confused
with the hypothesis.

Relevant assumptions are
identified but are not
properly evaluated for
significance in making
the prediction.

Sufficient assumptions
are correctly identified,
and are noted to indicate
significance to the
prediction that is made.

CE
Is able to
determine
specifically the
way in which
assumptions
might affect the
prediction
Labs: 5, 7, 8, 10

No attempt is made to
determine the effects of
assumptions.

The effects of
assumptions are
mentioned but are
described vaguely.

The effects of
assumptions are
determined, but no
attempt is made to
validate them.

The effects of the
assumptions are
determined and the
assumptions are
validated.

CF
Is able to decide
whether the
prediction and
the outcome
agree/disagree
Labs: 5, 7, 8, 10

No mention of whether
the prediction and
outcome agree/disagree.

A decision about the
agreement/disagreement
is made but is not
consistent with the
outcome of the
experiment.

A reasonable decision
about the
agreement/disagreement
is made but experimental
uncertainty is not
properly taken into
account.

A reasonable decision
about the
agreement/disagreement
is made and experimental
uncertainty is taken into
account.

CG
Is able to make
a reasonable
judgment about
the hypothesis
Labs: 5, 7, 8, 10

No judgment is made
about the hypothesis.

A judgment is made but
is not consistent with the
outcome of the
experiment.

A judgment is made, is
consistent with the
outcome of the
experiment, but
assumptions are not
taken into account.

A judgment is made,
consistent with the
experimental outcome,
and assumptions are
taken into account.
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No Effort Progressing Expectation Exemplary

GD
Is able to record
and represent
data in a
meaningful way
Labs: 1, 2, 4-12

Data are either absent or
incomprehensible.

Some important data are
absent or
incomprehensible. They
are not organized in
tables or the tables are
not labeled properly.

All important data are
present, but recorded in a
way that requires some
effort to comprehend.
The tables are labeled but
labels are confusing.

All important data are
present, organized, and
recorded clearly. The
tables are labeled and
placed in a logical order.

GE
Is able to
analyze data
appropriately
Labs: 1, 2, 4-12

No attempt is made to
analyze the data.

An attempt is made to
analyze the data, but it is
either seriously flawed or
inappropriate.

The analysis is
appropriate but it
contains minor errors or
omissions.

The analysis is
appropriate, complete,
and correct.

IA
Is able to
conduct a unit
analysis to test
the
self-consistency
of an equation
Labs: 2-9, 10

No meaningful attempt is
made to identify the units
of each quantity in an
equation.

An attempt is made to
identify the units of each
quantity, but the student
does not compare the
units of each term to test
for self-consistency of
the equation.

An attempt is made to
check the units of each
term in the equation, but
the student either
mis-remembered a
quantity’s unit, and/or
made an algebraic error
in the analysis.

The student correctly
conducts a unit analysis
to test the self-
consistency of the
equation.

SA
Is able to
identify an
optimally
relevant
special-case for
analysis
Labs: 2, 3, 9, 10

No attempt is made to
identify a relevant special
case

An attempt is made, but
the identified special case
is either irrelevant or
ill-defined

A relevant special case is
identified, but it is not an
optimal special case (i.e.,
there are other special
cases which give a
stronger, more clear-cut
analysis of the solution)

A optimally relevant
special case is identified
and clearly stated

EXIT TICKET:
� Disconnect the Pasco interface and the RLC Circuit.
� Put all the connecting wires neatly in the tray provided at your lab table.
� Quit Capstone and any other software you have been using.
� Straighten up your lab station.
� Report any problems or suggest improvements to your TA.
� Have TA validate Exit Ticket Complete.


