Chapter 10

Impedance

Puzzle #10: What is “impedance” and how is it different
from “resistance”?

10.1 Introduction

Now that we can describe AC voltage and current, let’s see what happens
when we apply AC voltage to things.

We find that, as expected, the greater the amplitude of the applied voltage,
the greater the current that flows. Of course, we knew that from before. It
was expressed in the equation V' = I R.

However, it turns out that for some objects the current amplitude depends
on the frequency of the applied voltage, not just the amplitude of the applied
voltage. In general, we can categorize objects into three types: resistors,
capacitors and inductors. Each type has a different dependency on frequency.

In a nutshell, the current through a resistor is independent of the frequency
(i.e., it is the same regardless of the frequency) whereas the current through
capacitors and inductors is not.

The dependence is explored in this chapter.
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10.2 Resistors

Suppose you apply an AC voltage (via a signal generator) to a circuit that
only contains a light bulb. The current in the light bulb oscillates in the
same fashion as the voltage across the light bulb. If the frequency is not
large (say, less than 10 Hz or so), the oscillation in current would result in
the light blinking on and off. For the frequencies we’ll be dealing with (60 Hz
or more), you wouldn’t notice the blinking and the light bulb would appear
to give off a steady light.

Now let’s suppose we add a resistor in series with the light bulb. What would
happen to the light bulb?

It turns out that the light bulb gets dimmer. This is also what we’d expect
based on our model of electric charge developed so far. After all, the resis-
tor has some resistance and, as such, increases the resistance of the circuit.
Consequently, the current through the circuit decreases.

Another way of looking at it is in terms of energy. Not all of the energy (per
charge) is lost by the light bulb. Some energy per charge is lost in the resistor
(i.e., there is a voltage drop across it) and so the light bulb must dissipate
less energy (per charge).

DOES IT MATTER WHAT FREQUENCY THE AC VOLTAGE HAS?
No.

The voltage drop across the resistor is always [ R, where R is the resistance
of the resistor. The resistance of the resistor does not depend upon the
frequency.

ISN’T THE ENERGY GREATER AT HIGHER FREQUENCY?

No. All we are doing is changing the frequency. We are keeping the amplitude
of the applied voltage the same. Via the relationship for power (equation 9.4),
the power provided to the circuit depends only on the voltage and the current.
In this case, the amplitudes of the voltage and current are not changed and
so the power dissipated by the circuit remains the same.*

1One possible source of confusion is the fact that the energy of a photon (quantum of
light) depends upon its frequency. That is not what is going on here. We are purposely
keeping the applied voltage the same.
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Check Point 10.1: A resistor has a resistance of 100 Q0 when an AC voltage
Of Vinax = 10.0 V and f = 100 Hz is applied.

(a) What would the resistance of the resistor be when f = 1000 Hz?

(b) What would the resistance of the resistor be when f = 0 Hz? At this
frequency, the voltage doesn’t change — it is DC.

(¢) What would the resistance of the resistor be when f = oo Hz? At this
frequency, the frequency is infinitely high.

10.3 Impedance vs. Resistance

As mentioned in the previous section, the resistance of a resistor is the same,
regardless of the frequency of the applied voltage. In fact, a resistor behaves
the same when AC voltage is applied as when DC voltage is applied.

This is not true for all circuit elements, however. Capacitors and inductors
are elements that have a resistance that depends on the frequency of the
signal.

Before going on, however, we need to introduce a new term to describe the
resistance of a resistor. The general term we use is impedance.

WHY USE IMPEDANCE INSTEAD OF RESISTANCE?

Since the term “resistance” is used with resistors, it is assumed to remain
the same regardless of the frequency. Consequently, we cannot use the term
“resistance” when talking about capacitors and inductors — it just doesn’t
make sense to say that the resistance changes.

Impedance, like resistance, is measured in Ohms and represents how much
the element impedes the flow of current.

DOES A RESISTOR HAVE IMPEDANCE?

For a resistor, resistance and impedance are the same thing. So, we could
say a 100-() resistor has an impedance of 100 €2 or we could say it has a
resistance of 100 €2. Both would be correct.

Check Point 10.2: A resistor has an impedance of 100 Q2 when an AC voltage
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Figure 10.1: A schematic of an AC voltage source connected to a capacitor

of Vinax = 10.0 V and f = 100 Hz is applied.

(a) What would the impedance of the resistor be when f = 1000 Hz?

(b) What would the impedance of the resistor be when f = 0 Hz? At this
frequency, the voltage doesn’t change — it is DC.

(¢) What would the impedance of the resistor be when f = oo Hz? At this
frequency, the frequency is infinitely high.

10.4 Capacitors

WHAT DOES A CAPACITOR LOOK LIKE?

A capacitor is usually shaped like a small plate or small cylinder. In the
latter case, it can look much like a resistor except without the color codes?.

In a schematic of a circuit, we use two parallel lines (see figure 10.1). This
symbol is similar to the one used for a battery but in a battery the two lines
are unequal in size. With a capacitor, the two lines are the same length.

WHAT HAPPENS WHEN YOU USE A CAPACITOR IN A CIRCUIT?

To answer this question, let’s revisit our circuit where we applied an AC
voltage (via a signal generator) to a circuit that only contains a light bulb.
As mentioned before, for the frequencies we’ll be dealing with (60 Hz or
more), the light bulb would appear to give off a steady light.

Now let’s suppose we add a capacitor in series with the light bulb. What
would happen to the light bulb?

It turns out that it depends on the frequency of the applied voltage.

How DOES THE IMPEDANCE OF A CAPACITOR VARY WITH FREQUENCY?

2The color codes are colored stripes drawn on the resistor to indicate its resistance.
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Figure 10.2: Two schematics of an AC voltage source connected to an in-
ductor, showing the two types of inductor schematics.

At low frequencies, the impedance is very high. In fact, when the frequency is
zero (i.e., the voltage doesn’t oscillate at all), the capacitor stops the current
entirely (i.e., it has an infinite impedance).

Conversely, at high frequencies, the impedance is very low and it is almost
like the capacitor isn’t there at all.

In other words, at low frequencies the capacitor acts like a strong resistor and
very little current is allowed. Conversely, at high frequencies, the capacitor
has almost no effect and a lot of current can flow.

In an AC circuit, the capacitor acts like a gate that lets high-frequency
current flow but stops low-frequency current.

WHY DOES THE CAPACITOR DO THIS?

The reason behind this effect will be explored in chapter 11.

Check Point 10.3: A capacitor has an impedance of 100 2 when an AC
voltage of Vipax = 10.0 V and f =100 Hz is applied.

(a) What would the impedance of the capacitor be when f =0 Hz?

(b) What would the impedance of the capacitor be when f = oo Hz?

10.5 Inductors

WHAT DOES AN INDUCTOR LOOK LIKE?

An inductor is essentially a loop or winding of wire. On a circuit board, they
may look like little coils of wire. In a schematic of a circuit, we use a series
of curly lines or semi-circles as shown in figure 10.2.

SO DOES THE IMPEDANCE OF AN INDUCTOR VARY WITH FREQUENCY?
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Yes. However, an inductor acts in the opposite way that a capacitor does.
Whereas the impedance of a capacitor is is large at low frequencies and small
at high frequencies, the impedance of an inductor is small at low frequencies
and large at high frequencies.

In an AC circuit, the inductor acts like a gate that lets low-frequency current
flow but stops high-frequency current. This is the opposite of the capacitor.

WHY DOES THE INDUCTOR DO THIS?

The reason behind this effect will be explored in chapter 12.

Check Point 10.4: An inductor has an impedance of 100 Q) when an AC
voltage of Vinax = 10.0 V and f = 100 Hz is applied.

(a) What would the impedance of the inductor be when f =0 Hz?

(b) What would the impedance of the inductor be when f = oo Hz?

10.6 Notation

As mentioned before, although impedance is essentially the same as resistance
and has the same unit as resistance (i.e., ohms), we use the term impedance
because an element’s impedance, unlike resistance, can vary with frequency.

[s IMPEDANCE ALSO REPRESENTED BY AN R IN EQUATIONS?
No. We could, but then we wouldn’t know if it was resistance or impedance.

3 will be represented by the symbol Z.

So, instead, the impedance
Wny 77

I don’t know.

How DO WE DETERMINE THE IMPEDANCE OF AN ELEMENT?

We determine the impedance of an element the same way we determined the
resistance of an element: by measuring the effect the element has on the
circuit.

3The impedance of a capacitor is also sometimes called the capacitive reactance and the
impedance of an inductor is sometimes called the inductive reactance. When refered to in
this manner the symbols X¢ and X, are used (the subscript C' is used for the capacitive
reactance and the subscript L is used of the inductive reactance).



10.6. NOTATION 199

In fact, impedance, like resistance, is defined as the ratio of the voltage across
the element and the current through the element (compare to equation 7.1):

7= (10.1)

Conversely, if you are given the impedance of an element and need to find
the voltage across it (given the current through it) you can use

V=1IZ (10.2)

and if you need to find the current through it (given the voltage across it),
you can use

1=V/Z.

The expressions are the same as what we used for DC circuits except we use
Z instead of R. Using Z reminds us that there may be a dependence on
frequency.

IN THE THREE EXPRESSIONS, DOES IT MATTER IF WE USE THE MAXIMUM
OR RMS VALUES (OF V AND [)?

No, as long as you are consistent. As before, if V' is the voltage maximum
then [ is the current maximum. Similarly, if V' is the RMS voltage then I is
the RMS current.

HOow ABOUT THE EXPRESSION FOR POWER?

The expression will be the same, except that we use Z instead of R (i.e., the
power may depend upon frequency):

[rms‘/rms
Pavg =4 Vitus/Z (10.3)
X Z

rms

Note that, as before, the power is determined using the RMS values.

Check Point 10.5: When a rms voltage of 15 V is applied to a circuit, an
rms current of 3.7 A is produced. What is the impedance of the circuit?
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Review

You should now be able to do the following:

e Utilize the term “impedance” (Z) and determine the AC current through
an element given its impedance and the AC voltage across it, using
V=1Z.

e Describe how the impedance of a resistor is independent of the fre-
quency of the AC voltage across it.

e Describe how the impedance of a capacitor decreases with the frequency
of the AC voltage across it.

e Describe how the impedance of an inductor increases with the frequency
of the AC voltage across it.



