21.3 Kirchhoff’s Rules

« Analyze a complex circuit using Kirchhoff’s rules, using the conventions for determining the correct signs of various terms.

21.4 DC Voltmeters and Ammeters

« Explain why a voltmeter must be connected in parallel with the circuit.

« Draw a diagram showing an ammeter correctly connected in a circuit.

« Describe how a galvanometer can be used as either a voltmeter or an ammeter.

« Find the resistance that must be placed in series with a galvanometer to allow it to be used as a voltmeter with a given
reading.

« Explain why measuring the voltage or current in a circuit can never be exact.

21.5 Null Measurements

« Explain why a null measurement device is more accurate than a standard voltmeter or ammeter.

. Demonstrate how a Wheatstone bridge can be used to accurately calculate the resistance in a circuit.

21.6 DC Circuits Containing Resistors and Capacitors

- Explain the importance of the time constant, T, and calculate the time constant for a given resistance and capacitance.
« Explain why batteries in a flashlight gradually lose power and the light dims over time.

« Describe what happens to a graph of the voltage across a capacitor over time as it charges.

« Explain how a timing circuit works and list some applications.

« Calculate the necessary speed of a strobe flash needed to “stop” the movement of an object over a particular length.

INTRODUCTION TO CIRCUITS AND DC INSTRUMENTS Electric circuits are commonplace. Some are simple, such as those
in flashlights. Others, such as those used in supercomputers, are extremely complex.

This collection of modules takes the topic of electric circuits a step beyond simple circuits. When the circuit is purely resistive,
everything in this module applies to both DC and AC. Matters become more complex when capacitance is involved. We do
consider what happens when capacitors are connected to DC voltage sources, but the interaction of capacitors and other
nonresistive devices with AC is left for a later chapter. Finally, a number of important DC instruments, such as meters that
measure voltage and current, are covered in this chapter.

21.1 Resistors in Series and Parallel

Most circuits have more than one component, called a resistor that limits the flow of charge in the circuit. A measure of this
limit on charge flow is called resistance. The simplest combinations of resistors are the series and parallel connections
illustrated in Figure 21.2. The total resistance of a combination of resistors depends on both their individual values and how they

are connected.
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(b)
Figure 21.2 (a) A series connection of resistors. (b) A parallel connection of resistors.

Resistors in Series

When are resistors in series? Resistors are in series whenever the flow of charge, called the current, must flow through devices



sequentially. For example, if current flows through a person holding a screwdriver and into the Earth, then R| in Figure 21.2(a)
could be the resistance of the screwdriver’s shaft, R, the resistance of its handle, R3 the person’s body resistance, and R4 the
resistance of her shoes.

Figure 21.3 shows resistors in series connected to a voltage source. It seems reasonable that the total resistance is the sum of the
individual resistances, considering that the current has to pass through each resistor in sequence. (This fact would be an
advantage to a person wishing to avoid an electrical shock, who could reduce the current by wearing high-resistance rubber-
soled shoes. It could be a disadvantage if one of the resistances were a faulty high-resistance cord to an appliance that would
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Figure 21.3 Three resistors connected in series to a battery (left) and the equivalent single or series resistance (right).

To verify that resistances in series do indeed add, let us consider the loss of electrical power, called a voltage drop, in each
resistor in Figure 21.3.

According to Ohm’s law, the voltage drop, V, across a resistor when a current flows through it is calculated using the equation
V = IR, where I equals the current in amps (A) and R is the resistance in ohms (£2). Another way to think of this is that V is the
voltage necessary to make a current / flow through a resistance R.

So the voltage drop across Ry is V| = IRy, thatacross R, is V, = IR,, and that across R3 is V3 = IR3. The sum of these
voltages equals the voltage output of the source; that is,

V=V +V,+Vj. 21.1

This equation is based on the conservation of energy and conservation of charge. Electrical potential energy can be described by
the equation PE = gV, where ¢ is the electric charge and V is the voltage. Thus the energy supplied by the source is ¢V, while
that dissipated by the resistors is

qVi +qV, +qVs. 21.2

Connections: Conservation Laws

The derivations of the expressions for series and parallel resistance are based on the laws of conservation of energy and
conservation of charge, which state that total charge and total energy are constant in any process. These two laws are
directly involved in all electrical phenomena and will be invoked repeatedly to explain both specific effects and the general
behavior of electricity.

These energies must be equal, because there is no other source and no other destination for energy in the circuit. Thus,

qV = qV; + qV, + qV;. The charge g cancels, yielding V = V| + V, + V3, as stated. (Note that the same amount of
charge passes through the battery and each resistor in a given amount of time, since there is no capacitance to store charge,
there is no place for charge to leak, and charge is conserved.)

Now substituting the values for the individual voltages gives

V=IR +IR, +IR; =I(R; + R, + R3). 21.3

Note that for the equivalent single series resistance Ry, we have

V = IR,. 21.4

This implies that the total or equivalent series resistance R of three resistorsis Ry = Ry + Ry + R3.



This logic is valid in general for any number of resistors in series; thus, the total resistance R of a series connection is

Ri=Ri +Ry +R; + ..., 21.5

as proposed. Since all of the current must pass through each resistor, it experiences the resistance of each, and resistances in
series simply add up.

@ EXAMPLE 21.1

Calculating Resistance, Current, Voltage Drop, and Power Dissipation: Analysis of a Series
Circuit

Suppose the voltage output of the battery in Figure 21.3 is 12.0 V, and the resistances are Ry = 1.00 Q, Ry = 6.00 Q, and
R3 = 13.0 Q. (a) What is the total resistance? (b) Find the current. (c) Calculate the voltage drop in each resistor, and show
these add to equal the voltage output of the source. (d) Calculate the power dissipated by each resistor. (e) Find the power output
of the source, and show that it equals the total power dissipated by the resistors.

Strategy and Solution for (a)

The total resistance is simply the sum of the individual resistances, as given by this equation:

Ri = Ri+R,+R3
= 1.00Q+6.00 Q2+ 13.0Q 21.6
= 20.0 Q.

Strategy and Solution for (b)

The current is found using Ohm's law, V' = IR. Entering the value of the applied voltage and the total resistance yields the
current for the circuit:

I—K— 120V
TR, 200Q

=0.600 A. 21.7

Strategy and Solution for (c)

The voltage—or IR drop—in a resistor is given by Ohm'’s law. Entering the current and the value of the first resistance yields

Vi =1R; =(0.600 A)(1.0 )= 0.600 V. 21.8
Similarly,
V, = IR, =(0.600 A)(6.0 Q)= 3.60 V 21.9
and
V3 = IRz =(0.600 A)(13.0 Q)= 7.80 V. E

Discussion for (c)
The three IR drops add to 12.0 V, as predicted:
Vi+V, 4+ V3 =0.600+3.60+7.80) V=12.0V. 21.11

Strategy and Solution for (d)

The easiest way to calculate power in watts (W) dissipated by a resistor in a DC circuit is to use Joule’s law, P = IV, where P is
electric power. In this case, each resistor has the same full current flowing through it. By substituting Ohnvs law V = IR into
Joule’s law, we get the power dissipated by the first resistor as

P; = I’R; =(0.600 A)*(1.00 Q)= 0.360 W. 2112

Similarly,

P, = I’R, =(0.600 A)*(6.00 Q)=2.16 W 2113

and



P5 = I’R; =(0.600 A)*(13.0 Q)= 4.68 W. 21.14

Discussion for (d)

Power can also be calculated using either P = [Vor P = VTE , where V is the voltage drop across the resistor (not the full

voltage of the source). The same values will be obtained.

Strategy and Solution for (e)

The easiest way to calculate power output of the source is to use P = IV, where V is the source voltage. This gives

P =(0.600 A)(12.0 V)=7.20 W. 21.15

Discussion for (e)

Note, coincidentally, that the total power dissipated by the resistors is also 7.20 W, the same as the power put out by the source.

That s,

Py + Py +P3; =(0360+2.164+4.68) W =720 W. 21.16

Power is energy per unit time (watts), and so conservation of energy requires the power output of the source to be equal to the
total power dissipated by the resistors.

Major Features of Resistors in Series

1. Series resistancesadd: R, = R; + Ry + Rz + ...
2. The same current flows through each resistor in series.
3. Individual resistors in series do not get the total source voltage, but divide it.

Resistors in Parallel

Figure 21.4 shows resistors in parallel, wired to a voltage source. Resistors are in parallel when each resistor is connected
directly to the voltage source by connecting wires having negligible resistance. Each resistor thus has the full voltage of the

source applied to it.

Each resistor draws the same current it would if it alone were connected to the voltage source (provided the voltage source is not
overloaded). For example, an automobile’s headlights, radio, and so on, are wired in parallel, so that they utilize the full voltage
of the source and can operate completely independently. The same is true in your house, or any building. (See Figure 21.4(b).)
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Figure 21.4 (a) Three resistors connected in parallel to a battery and the equivalent single or parallel resistance. (b) Electrical power setup

in a house. (credit: Dmitry G, Wikimedia Commons)

To find an expression for the equivalent parallel resistance R, let us consider the currents that flow and how they are related to
resistance Since each resistor in the circuit has the full voltage, the currents flowing through the individual resistors are

L =% 12 = z-,and 5 = VB . Conservation of charge implies that the total current I produced by the source is the sum of
these currents:

I=0I+5L+1. 21.17
Substituting the expressions for the individual currents gives
Vv Vv Vv 1 1 1
Ri Ry R3 <R1 R, R > .

Note that Ohnr's law for the equivalent single resistance gives

14 1
I=—=v(-). :
RP (RP> o

The terms inside the parentheses in the last two equations must be equal. Generalizing to any number of resistors, the total
resistance R}, of a parallel connection is related to the individual resistances by

LN NS U
Rp = Rl R2 R‘3 21.20

This relationship results in a total resistance Rp that is less than the smallest of the individual resistances. (This is seen in the
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next example.) When resistors are connected in parallel, more current flows from the source than would flow for any of them
individually, and so the total resistance is lower.

@ EXAMPLE 21.2

Calculating Resistance, Current, Power Dissipation, and Power Output: Analysis of a Parallel
Circuit

Let the voltage output of the battery and resistances in the parallel connection in Figure 21.4 be the same as the previously
considered series connection: V = 12.0 V,R; = 1.00 Q, R, = 6.00 Q, and Rz = 13.0 Q. (a) What is the total resistance?
(b) Find the total current. (c) Calculate the currents in each resistor, and show these add to equal the total current output of the

source. (d) Calculate the power dissipated by each resistor. (e) Find the power output of the source, and show that it equals the
total power dissipated by the resistors.

Strategy and Solution for (a)

The total resistance for a parallel combination of resistors is found using the equation below. Entering known values gives

1 1 1 1 1 1 1

=ttt = + + .
R, R R, Ry 100Q 600Q  13.0Q 221

Thus,

1 _ 100 01667 007692 _ 12436
R, Q Q Q  Q

21.22

(Note that in these calculations, each intermediate answer is shown with an extra digit.)

We must invert this to find the total resistance Ry, . This yields

Q =0.8041 Q. 21.23

Ry=——
P~ 12436

The total resistance with the correct number of significant digits is R, = 0.804 Q.
Discussion for (a)

Rp is, as predicted, less than the smallest individual resistance.

Strategy and Solution for (b)

The total current can be found from Ohm's law, substituting R, for the total resistance. This gives

V120V
TR, 0.8041Q

=14.92 A. 21.24

Discussion for (b)

Current [ for each device is much larger than for the same devices connected in series (see the previous example). A circuit with
parallel connections has a smaller total resistance than the resistors connected in series.

Strategy and Solution for (c)

The individual currents are easily calculated from Ohm'’s law, since each resistor gets the full voltage. Thus,

V120V
= — = =12.0 A. .
'T R T To00Q 0 .25
Similarly,
Vo 120V
L= — = =2.00A .
2T R, T 6000 21.26

and



=0.92A. 21.27

Discussion for (c)

The total current is the sum of the individual currents:

L +5L +13 =1492 A. 21.28

This is consistent with conservation of charge.
Strategy and Solution for (d)

The power dissipated by each resistor can be found using any of the equations relating power to current, voltage, and resistance,
2

since all three are known. Let us use P = X- since each resistor gets full voltage. Thus,

7
P1:%2%2144W. @
Similarly,
P, = V_2 = M =240W 21.30
R, 6.00 Q
and
P; :;—j:%:ll.l W. 21.31

Discussion for (d)

The power dissipated by each resistor is considerably higher in parallel than when connected in series to the same voltage
source.

Strategy and Solution for (e)

The total power can also be calculated in several ways. Choosing P = IV, and entering the total current, yields

P=1V=(1492 A)(120V) =179 W. 21.32

Discussion for (e)

Total power dissipated by the resistors is also 179 W:

Pi+P,+P3; =144 W+240W+11.1 W=179 W. 21.33

This is consistent with the law of conservation of energy.
Overall Discussion

Note that both the currents and powers in parallel connections are greater than for the same devices in series.

Major Features of Resistors in Parallel

1. Parallel resistance is found from RL = RLI + R1—2 + % + ..., and it is smaller than any individual resistance in the
P

combination.

2. Eachresistor in parallel has the same full voltage of the source applied to it. (Power distribution systems most often use
parallel connections to supply the myriad devices served with the same voltage and to allow them to operate
independently.)

3. Parallel resistors do not each get the total current; they divide it.




Combinations of Series and Parallel

More complex connections of resistors are sometimes just combinations of series and parallel. These are commonly
encountered, especially when wire resistance is considered. In that case, wire resistance is in series with other resistances that
are in parallel.

Combinations of series and parallel can be reduced to a single equivalent resistance using the technique illustrated in Figure
21.5. Various parts are identified as either series or parallel, reduced to their equivalents, and further reduced until a single
resistance is left. The process is more time consuming than difficult.

Figure 21.5 This combination of seven resistors has both series and parallel parts. Each is identified and reduced to an equivalent

resistance, and these are further reduced until a single equivalent resistance is reached.

The simplest combination of series and parallel resistance, shown in Figure 21.6, is also the most instructive, since it is found in
many applications. For example, R could be the resistance of wires from a car battery to its electrical devices, which are in
parallel. Ry and R3 could be the starter motor and a passenger compartment light. We have previously assumed that wire
resistance is negligible, but, when it is not, it has important effects, as the next example indicates.

@ EXAMPLE 21.3

Calculating Resistance, /R Drop, Current, and Power Dissipation: Combining Series and
Parallel Circuits

Figure 21.6 shows the resistors from the previous two examples wired in a different way—a combination of series and parallel.
We can consider R; to be the resistance of wires leading to Ry and R3. (2) Find the total resistance. (b) What is the IR drop in
R ? (0) Find the current I; through R5 . (d) What power is dissipated by R, ?
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Figure 21.6 These three resistors are connected to a voltage source so that R, and R3 are in parallel with one another and that

combination is in series with R;.
Strategy and Solution for (a)

To find the total resistance, we note that R, and R3 are in parallel and their combination R}, is in series with Ry . Thus the total
(equivalent) resistance of this combination is

Riot = Ri + R, 21.34
First, we find R, using the equation for resistors in parallel and entering known values:
1 = 1 + 1 = ! + ! = 0'2436. 21.35
R, R R 6.00Q 13.0Q Q
Inverting gives
R, = 0.2436Q=4'119' 21.36
So the total resistance is
Rt =R +R, =1.00Q+4.11 Q =5.11 Q. 21.37

Discussion for (a)

The total resistance of this combination is intermediate between the pure series and pure parallel values (20.0 Q and 0.804 Q,
respectively) found for the same resistors in the two previous examples.

Strategy and Solution for (b)

To find the IR drop in R, we note that the full current  flows through R . Thus its IR drop is

Vi =1IR,. 21.38
We must find I before we can calculate V7 . The total current / is found using Ohm’s law for the circuit. That is,
\% 120V
I = = =2.35A. .
Rot 5110 239
Entering this into the expression above, we get
Vi =1IR; =(2.35 A)(1.00 Q)=2.35 V. 21.40

Discussion for (b)

The voltage applied to R, and Rj is less than the total voltage by an amount V. When wire resistance is large, it can
significantly affect the operation of the devices represented by R, and R3.

Strategy and Solution for (c)

To find the current through R, , we must first find the voltage applied to it. We call this voltage V), because it is applied to a
parallel combination of resistors. The voltage applied to both R, and Rj3 is reduced by the amount V|, and so it is

Vo=V-=V; =120V -235V=965V. 21.41




Now the current I5 through resistance R» is found using Ohnr's law:

Vo _ 965V
R, 6.00Q

L= =1.61 A. 21.42,

Discussion for (c)

The current is less than the 2.00 A that flowed through R, when it was connected in parallel to the battery in the previous
parallel circuit example.

Strategy and Solution for (d)
The power dissipated by R; is given by
P> =(1)*R, =(1.61 A)*(6.00 Q)= 15.5W. 21.43

Discussion for (d)

The power is less than the 24.0 W this resistor dissipated when connected in parallel to the 12.0-V source.

Practical Implications

One implication of this last example is that resistance in wires reduces the current and power delivered to a resistor. If wire
resistance is relatively large, as in a worn (or a very long) extension cord, then this loss can be significant. If a large current is
drawn, the IR drop in the wires can also be significant.

For example, when you are rummaging in the refrigerator and the motor comes on, the refrigerator light dims momentarily.
Similarly, you can see the passenger compartment light dim when you start the engine of your car (although this may be due to
resistance inside the battery itself).

What is happening in these high-current situations is illustrated in Figure 21.7. The device represented by R3 has a very low
resistance, and so when it is switched on, a large current flows. This increased current causes a larger IR drop in the wires
represented by Ry, reducing the voltage across the light bulb (which is R;), which then dims noticeably.

/— Refrigerator

Low P,

R,

- AAA

YVVY

Large IR o)
drop in wires Bulb
X dims

R, = wire
resistance Low R,
draws large /,

R,

r Motor

Figure 21.7 Why do lights dim when a large appliance is switched on? The answer is that the large current the appliance motor draws

causes a significant IR drop in the wires and reduces the voltage across the light.

CHECK YOUR UNDERSTANDING

Can any arbitrary combination of resistors be broken down into series and parallel combinations? See if you can draw a circuit
diagram of resistors that cannot be broken down into combinations of series and parallel.

Solution
No, there are many ways to connect resistors that are not combinations of series and parallel, including loops and junctions. In
such cases Kirchhoff’s rules, to be introduced in Kirchhoff’s Rules, will allow you to analyze the circuit.
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1.

Problem-Solving Strategies for Series and Parallel Resistors

Draw a clear circuit diagram, labeling all resistors and voltage sources. This step includes a list of the knowns for the
problem, since they are labeled in your circuit diagram.

Identify exactly what needs to be determined in the problem (identify the unknowns). A written list is useful.
Determine whether resistors are in series, parallel, or a combination of both series and parallel. Examine the circuit
diagram to make this assessment. Resistors are in series if the same current must pass sequentially through them.
Use the appropriate list of major features for series or parallel connections to solve for the unknowns. There is one list
for series and another for parallel. If your problem has a combination of series and parallel, reduce it in steps by
considering individual groups of series or parallel connections, as done in this module and the examples. Special note:
When finding R, the reciprocal must be taken with care.

Check to see whether the answers are reasonable and consistent. Units and numerical results must be reasonable. Total
series resistance should be greater, whereas total parallel resistance should be smaller, for example. Power should be
greater for the same devices in parallel compared with series, and so on.

21.2 Electromotive Force: Terminal Voltage

When you forget to turn off your car lights, they slowly dim as the battery runs down. Why don't they simply blink off when the
battery’s energy is gone? Their gradual dimming implies that battery output voltage decreases as the battery is depleted.

Furthermore, if you connect an excessive number of 12-V lights in parallel to a car battery, they will be dim even when the battery
is fresh and even if the wires to the lights have very low resistance. This implies that the battery’s output voltage is reduced by

the overload.

The reason for the decrease in output voltage for depleted or overloaded batteries is that all voltage sources have two
fundamental parts—a source of electrical energy and an internal resistance. Let us examine both.

Electromotive Force

You can think of many different types of voltage sources. Batteries themselves come in many varieties. There are many types of
mechanical/electrical generators, driven by many different energy sources, ranging from nuclear to wind. Solar cells create
voltages directly from light, while thermoelectric devices create voltage from temperature differences.

A few voltage sources are shown in Figure 21.8. All such devices create a potential difference and can supply current if connected
to a resistance. On the small scale, the potential difference creates an electric field that exerts force on charges, causing current.
We thus use the name electromotive force, abbreviated emf.

Emfis not a force at all; it is a special type of potential difference. To be precise, the electromotive force (emf) is the potential
difference of a source when no current is flowing. Units of emf are volts.

Figure 21.8 A variety of voltage sources (clockwise from top left): the Brazos Wind Farm in Fluvanna, Texas (credit: Leaflet, Wikimedia

Commons); the Krasnoyarsk Dam in Russia (credit: Alex Polezhaev); a solar farm (credit: U.S. Department of Energy); and a group of nickel

metal hydride batteries (credit: Tiaa Monto). The voltage output of each depends on its construction and load, and equals emf only if there
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