Electronics and Instrumentation
ENGR-4300 Spring 2004 Section

Experiment 5
Introduction to AC Steady State

Purpose: This experiment addresses combinations of resistors, capacitors and inductors driven by
sinusoidal voltage sources. In addition to the usual simulation and hardware activities, we will also use the
phasor concept to analyze these circuits.

Equipment Required:

e HP 34401A Digital Multimeter

e HP 33120A 15 MHz Function / Arbitrary Waveform Generator
e HP 54603B Oscilloscope

e Protoboard

e Resistors, Capacitors, Inductors

e Agilent Intuilink and PSpice

Background

Circuits, like most engineering systems, can be divided up into basic building blocks, each with its own
function. If we assume that the function of such a building block is to change a voltage in some way (i.e.
filter it, amplify it, etc.), then we label the input voltage as V;, and the output voltage as V. Since itis
easiest to reference the phase of the input to zero, we can write a sinusoidal input voltage as

Vin =V, cos(mt)
and the output voltage as
Vou = V1 cos(ot + ¢,)
where o = 2xf.

When working exclusively with AC steady state conditions, it is generally easier to analyze circuits using

what is called phasor notation. Euler's identity tells us that exponentials with imaginary arguments can be
related to sines and cosines by

@9 = cos(wt + ¢) + jsin(ot + )
which permits us to write the output voltage, for example, in the equivalent form
Vou = Re{Vy € "¥} = Re{Vay €}

where Vg, = V1€* is a complex number and is called the phasor form of V. Much of the time we find it
convenient to consider the real and imaginary parts of this complex representation separately

Vout = Vre + jVim
where
VRe = V1COS((|)) and V|m = V]_ Sln((l))

Thus, we will also be keeping track of the real and imaginary parts of voltages and currents. When we run
PSpice simulations, we will be able to add voltage markers that will do this for us. One can access these
markers by starting at the PSpice menu, then going to the Markers menu and, finally, the Advanced menu.
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If we apply the phasor form to the equations that characterize voltage and current for capacitors and
inductors, we obtain the following

V. = Re{V, &'} = L dl /dt = L (d/dt) Re{l, &'} = joL Re{l, & } = joL I
or more simply,
V|_ = J(DL ||_

and, following the same kind of analysis,
Ic = joC V¢

Thus, instead of a differential equation, we obtain the same kind of algebraic relationship we had for
resistors, Ohms Law, except that the impedances (a generalization of resistance) of inductors and
capacitors are given by

Z = JQ)L and Zc= 1/(JQ)C)

For resistors, Zg = R, while in general Z=R + jX.

Part A RC and RL Circuits

We will return now to the RC circuit we considered back in Experiment 3.
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Before simulating this circuit, we will first do the complex algebra to determine the capacitor voltage. You
will notice that once again we have a voltage divider circuit, except that one of the impedances is

imaginary and one is real. For an operating frequency @ = 27zf | the impedance of the capacitor C1 is

equalto Z, = , while the impedance of the resistor R1is Z, = R1. Applying the usual

1
joC1
voltage divider relation for this series combination of two impedances gives us

Z., %a)Cl

V, = V, =
° Loyt 2y A }/ijl‘}' R1 A

Note that the relationship between the input voltage V4 and the output voltage Vg is complex.

It is useful to be able to set up these expressions and then simplify them for very low and very high
frequencies. We will be able to use the resulting expressions to see if our PSpice plots make any sense.
We will first look at very low frequencies. We cannot set frequency equal to zero, since parts of our
formula will blow up. Rather, we will assume that the frequency is very small, but not zero. Then the
capacitive impedance Zc; will be very much larger than the resistive impedance Zg; and we can neglect the

K. A. Connor 2 Revised: 1/24/2004
Rensselaer Polytechnic Institute Troy, New York, USA



Electronics and Instrumentation
ENGR-4300 Spring 2004 Section

N

latter term. We have then, at low frequencies, that V., = Vi ¥ ==V, =V, =V, or, more simply,

C1

N

V
that VLUI = 1. Note that the input and output voltages are essentially identical. At high frequencies, the

in
capacitive impedance will be the small term, so we can neglect it in the denominator. We cannot neglect it
in the numerator, since it is the only term there. Thus, at high frequencies,

1
V=V » ijlClVA = ja)RlClvi” or that \;”t = JoRICL' This ratio clearly goes to zero as

in
the frequency goes to infinity. It is also negative imaginary and, thus, has a phase of —90°.

Aside: While it may seem that terms like low and high, when applied to something like frequency, are
fuzzy, ill-defined terms, that is definitely not the case. Here, we mean something quite specific by the
expression low frequency. A frequency is only low when the capacitive impedance is so much larger than
the resistive impedance that we can neglect the resistive term. We usually need to define the required
accuracy to make a statement like this. For example, we can say that a frequency is low as long as the
approximate relationship we found between the input and output voltages is within 5% of the full
expression. Most of the parts we use in circuits are no more accurate than this, so there is no particular
need to do our calculations with better accuracy. In other applications we might need better accuracy.

Simulation — Set up this circuit using PSpice and put a voltage level marker at both points A and B. Do
the same AC sweep as before (see below) and then add markers for the real and imaginary voltage. Print
out your Probe plots for this case.
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For this kind of circuit (RC low-pass filter), corner frequency is defined as o, = 1/(RC) is the corner
frequency for this kind of circuit. Evaluate f. in Hertz and mark it on the plot you obtained. Describe all
that happens at this point. You should also notice that at the corner frequency, the two terms in the
denominator have the same magnitude. Thus, one characteristic you should see, for this case at least, is
that the real and imaginary parts of the output voltage should be equal in magnitude at the corner
frequency. (They may have opposite signs.)

Now we will replace the resistor with an inductor and the capacitor with a resistor to obtain an equivalent
low-pass filter. Vo, will now be Vg..

A L1 B
YY)
0.68H
\28

© =0
1

Run the simulation again. You should find that you obtain an identical set of curves. Can you figure out
what the general expression is for the corner frequency for this circuit?

Background (Continued)

Resonant circuits find wide application in electronics because there are many circumstances in which we
wish to produce or block a single frequency. There are two common types of resonant circuits, parallel and
series combinations of a resistor, an inductor and a capacitor. Figure above shows series RLC circuits with
4 possible input-output choices.

L R C R
A —CRED—AAMY c A 1 MY 4
{2) - c ib) L
B D B D
L C

Each of these circuits has a characteristic function which relates the input to the output. It is called the
transfer function H(jw) and is defined as

Vou = H(jo) Vi,
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Each of the above circuits has a low frequency and a high frequency approximation, found in the same
manner as we have seen for RC and RL circuits. Before considering any of the more complicated algebraic
expressions associated with any passive circuit configuration, it is a good idea to determine these limiting
cases of H(jo) for frequencies near zero and for very large frequencies. For example, note that at both high
and low frequencies, the transfer function for case (d) is equal to one, and thus the input voltage appears
unchanged at the output. Also, since the impedance of a capacitor is negative imaginary and that of an
inductor is positive imaginary, there will be a frequency m, where the net impedance across the output
terminals C and D will be zero. Near this frequency, the output voltage will be zero or at least very small.
These frequencies are rejected by this filter, which is why it has the name band-reject.

This frequency where the inductive and capacitive impedances cancel is called the resonant frequency.
You will recall from Experiment 3, that oscillating systems usually have such a natural resonance. Driving
the cantilever beam at its natural resonant frequency caused it to undergo the largest oscillations. You
should also recall that there was only a very narrow band of frequencies for which the beam would
resonate at all. The measure of width of this band of frequencies is called the Q of the resonator. For a
series RLC circuit, Q = w,L/R. Thus, larger damping (resistance R) tends to lower the Q.

Question: All oscillators can be assigned a Q value. Do you think that the cantilever beam we have used
is high or low Q? How would you go about experimentally determining this? If you have the time, you
can do this experiment.

Part B: Resonant Circuits

We will investigate all four of RLC circuits above. In class, we have found the transfer functions of ideal
series RLC circuits. This will help us interpret our results from PSpice simulations and experiments.
Finally, we will build such a circuit and see if it performs as expected.

When we build a series RLC circuit, we will use a function generator to produce the input voltage, a
resistor, an inductor and a capacitor. However, to either apply the analysis we have just done or to
simulate the operation of a circuit using PSpice, we cannot use just a voltage source and three other
components, since real devices usually cannot be modeled by a single parameter. Let us go through each
of the four parts of this circuit and see what is necessary for realistic analysis or simulation. The circuit we
will use is shown below.

Function Generator — We have already seen several times that the function generator has an
internal resistance of 50 ohms. Thus, in our realistic circuit, we will use an ideal sinusoidal
voltage source V1 and a resistor R3 to represent the function generator.

Resistor — Except at very high frequencies, resistors behave in an essentially ideal manner. Thus
it is almost always sufficient to represent the resistor in our circuit as R1.

Inductor — Since inductors are made with a long piece of wire, they usually have a significant
resistance, in addition to their inductance. Thus, we have included an additional resistor R2 to
model the resistance of a real inductor (L1). Typically, accurate representation of realistic
inductors requires both of these parameters.

Capacitor — A capacitor typically consists of two large metal plates separated by a thin insulator.
If the insulator is very good, almost no current will flow between the plates. Then, like the
resistor, the capacitor will behave in an essentially idea manner and we can represent the capacitor
in our circuit as C1.

No components we can make are really ideal. Resistors also have inductance and, sometimes, capacitance.
Inductors have capacitance. Capacitors have resistance and inductance. Fortunately, we have figured out
how to make these devices so that they behave in a nearly ideal manner for quite a broad range of
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frequencies. However, when we push the limits of some circuit, we have to remember that it may behave
as if it consists of more components that we can see when we build it. When the RLC circuit is built, we
will only see the three components R1, L1 and C1.

Simulation — Set up the circuit as shown. Assume that the amplitude of V1 is 100mV. Perform an AC
sweep from 10 Hz to 100kHz. Since we have now done several AC sweeps, can you explain why we do
Decade sweeps rather than Linear sweeps?

R3 R1 L1 R2
NNV MWV FYYX M\
50 1k 100mH 90

41

@ = cC1
T 0.068uF
?O

Rather than just plotting the output and input voltages, plot the ratio of Vg to Vi, which is the transfer
function. Then, create a double plot (use the Add Plot Window menu under the Plot menu in Probe). On
the top plot display the trace of the absolute value of the transfer function (you can use abs() for this
purpose) and on the bottom plot display the trace of the phase of the transfer function (use p() for this
purpose). Print out this plot. Label the resonant frequency (you might want to use a cursor for this
before you print out the plot). What is the phase shift between the output and input at low and high
frequencies?

Experiment — Using values as close as you can find for R, L, and C, build and test the circuit. Before you
build it, you should measure the DC resistance of the inductor and the resistor using the multimeter. Also
measure the inductance of the inductor and the capacitance of the capacitor using the impedance bridge on
the center table. Change your PSpice simulation to correspond to the actual parameters of your circuit.
Run the AC sweep again to see what it looks like now. Print out the input and output voltages. Are
there any significant differences between the two simulations?

Then test your circuit at 5 representative frequencies that cover the range of your simulation. Be sure that
one of your frequencies is low, one is high and one is the resonant frequency of the circuit. There is no
magic button for determining either the transfer function or the phase shift between two signals. You will
have to do this by displaying the input and output voltages on the ‘scope and manually determining the
ratio of the amplitudes and the phase shift. Put the values that you measure on the PSpice plot you
made using the actual component values.

Report and Conclusions:
The following should be included in your report. Everything should be labeled and easy to find. Partial
credit will be deducted for poor labeling or unclear presentation.

Part A:
Include following plot:
1. PSpice plot (AC analysis) for the RC circuit. (1pt)

Answer following questions:
1. Write out the complex expression for V. in terms of V;, for the LR circuit we have considered.
Using this expression, determine the phase shift for very low and very high frequencies. (2 pts)
2. What is the expression for the corner frequency of an LR circuit like the one simulated above? (2

pts)
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3. Both of these circuits turn out to give the same low-pass filter response. Why do you suppose it is
that, in practice, we only use the first circuit and not the second? (2 pts)

4. Inexperiment 3, you learned an easy way to determine the behavior of a circuit at low and high
frequencies by replacing capacitors and inductors with open circuits or shorts depending on the
frequency. Redraw the two circuits in this part at low and high frequencies and compare the
results you obtain using this method with your Pspice plots. (2 pts)

Part B:
Include following plots:
1. Pspice plot of the transfer function of the RLC Circuit (magnitude and phase),with the resonance
frequency marked (original component). (2 pt)
2. Pspice plot of the transfer function of the RLC Circuit (magnitude and phase),with the resonance
frequency marked (real component values). Also put the experimental points on this plot. (3 pt)

Answer following questions:

1. Why is it necessary to plot the phase and the magnitude of the transfer function separately, rather
than on the same plot? (2 pts)

2. For the 4 RLC circuits, labeled a, b, c, and indicate what type of filter each circuit is ( highpass,
lowpass, band reject, or band pass filter) and explain why each is the filter it is. (2 pts) PSpice may
help with this question.

3. What is the phase shift between the output and input of the initial Pspice simulation at low and
high frequencies? Does the phase shift change when you adjust the values of the components?
Why or why not? (3 pts)

4. You should have measured a significant resistance for the inductor you used in your hardware
implementation. How could an inductor be made with lower resistance? (2 pts)

Summarize key points (1 pt)

Discuss mistakes and problems (1/2 pts)

List member responsibilities (1/2 pts)

Note 1: The discussion of AC Circuits in the Engineer on a Disk link found in the Helpful Info section of

the course webpage is useful to look over for this experiment:
http://claymore.engineer.gvsu.edu/~jackh/eod/pdf/electric.pdf.

Note 2: There is also a link which you may find useful to help you find phases and limits of transfer
functions at low and high frequencies: http://hibp.ecse.rpi.edu/~connor/education/HW5 Help.doc.
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