Current Electricity

IN-THIS CHAPTER.
Summary: Electric charge flowing through a wire is called current. An elec-
trical circuit is built to control current. In this chapter, you will learn how to
predlict the effects of current flow. Besides discussing circuits in general,
this chapter presents a problem-solving technique: the VJ-R chart, an
incredibly effective way to organize a problem that invoives circuits.

Key !deas

® The physics concepts of conservation of charge and conservation of
energy, as expressed in Kirchhoff's rules, explain the behavior of circuits.

© Current is the flow of charge through the circuit.

© A voltage source, such as batteries, generators, and solar cells, supply
the energy required to create current.

@ Resistance is a restriction to the flow of current,

O Resistance depends on the geometry of the resistor.

© Not all resistors and circuit elements are ohmic.

@ Real batteries are not perfect and have internal resistance.

© The current through series resistors is the same through each, whereas
the voltage across series resistors adds to the total voltage.

© The voltage across parallel resistors is the same across each, whereasg
the current through parallel resistors adds to the total current.

© The brightness of a lightbulb depends on the power dissipated by the
bulb.
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© A capacitor in a circuit blocks current and stores charge.
© Changing the components in a circuit, like opening or closing a switch,
has effects on the circuit that can be predicted.

Relevant Equations

Definition of current: f =é%
Resistance of a wire in terms
of its properties: . ' R = p%
Ohm's law: : 14
. R
Power in a circuit: P = AV
Equivalent parallel resistance: F%,,E Eﬂﬁf Bt ;—2+ é—z
Equivalent series resistance: Ro=3R =R+ R +Rs

Capacitance of a capacitor

based on its properties: C-= xgog
Electric field between the o
plates of a capacitor. E= —
EA
Charge stored on a capacitor: AV = %—
Fnergy stored in a charged
capacitor: Ue =30AV = JCAVY?
l=x1=1+1+1
Equivalent series capacitance: G G GGG
Equivatent parallel capacitance: Co=2GC=C+ G+ (5

Current

The last chapter talked about situations where electric charges don’t move around very
much. Tsolated point charges, for example, just sit there creating an electric field. But what
happens when you get a lor of charges all moving together? That, at its essence, is what
goes on in a circuit.

A circuit is simply any path that will allow charge to flow.

Current: The flow of positive electric charge. In a circuit, the current is the amount of
charge passing a given point per unit time.

A current is defined as the flow of positive charge. We don't think this makes sense,
because electrons—and not protons or positrons—ate what flow in a circuit. But physicists
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have their rationale, and no matter how wacky, we won't argue with it—the AP exam always
uses this definition.

In more mathemarical terms, current is defined as follows:

_AQ
I=3

What this means is that the current, /, equals the amount of charge flowing past a certain
point divided by the time interval during which you're making your measurement. This
definition tells us thar current is measured in coulombs/second. 1 Cfs = 1 ampere, abbre-
viated as 1 A.

Resistance and Ohm’'s Law

You've probably noticed that just about every circuit drawn in your physics book contains
a battery. The reason most circuits concain a battery is because batteries create a potential
difference between one end of the circuit and the other, In other words, if you connect the
terminals of a bactery with a wire, the part of the wire attached to the “+” terminal will
have 2 higher electric potential than the part of the wire arrached to the “—” terminal. And
positive charge flows from high potential to low potential. So, in order to create a current,
you need a battery.

Low Potential High Potential

il
w

In general, the greater the potential difference between the terminals of the battery, the
more current flows.

The amount of current that flows in a circuit is also determined by the resistance of
the circuir.

Resistance: A property of a circuit thar resists the flow of current.

Resistance is measured in ohms, 1 ohm is abbreviared as 1 Q.
If we have some length of wire, then the resistance of that wire can be calculated. Three
physical properties of the wire affect its resistance: :

* The marterial the wire is made out of: the resistivity, p, of a material is an intrinsic prop-
erty of that material. Good conducting marerials, like gold, have low resistivities. !

* The length of the wire, L: the longer the wire, the more resistance it has.

* The cross-sectional area A4 of the wire: the wider the wire, the less resistance it has.

*Resistivity would be given on the AP exam if you need a value. Nothing hete to memorize.
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We put all of these properties together in the equation for resistance of a wire:
L
R=p—
P A

Now, this equation is useful only when you need to calculare the resistance of a wire from
scratch. Usually, on the AP exam or in the laboratory, you will be using resistors that have
a pre-measured resistance.

Resistor: Something you put in 2 circuit to change the circuit’s resistance.

Resistors are typically ceramic, a maerial that doesn’ altow current to flow through it
very casily. Another common type of resistor is the filament in a light bulb. When current
flows into a light bulb, it gets held up in the filament. While it's hanging out in the fila-
ment, it makes the filament extremely hot, and the filamenr gives off light.

To understand resistanice, an analogy is helpful. A circuit is like a network of pipes. The
current is like the water that flows through the pipes, and the battery is like the pump that
keeps the water flowing. If you wanted to impede the flow, you would add some narrow
sections to your nerwork of pipes. These narrow sections are yous sesistors.

“Resistor”

( |

Putnp -

The way that a resistor (or a bunch of resistors) affects the current in a circuit is
described by Ohm's law.

LAV

R

V'is the voltage across the part of the circuit you're looking at, 7 is the current flowing

through that part of the circuit, and Ris the resistance in that part of the circuit. Ohmi’s Jaw

is the most important equation when it comes to circuits, so make sure you know it well.
When current flows through a resistor, electrical energy is being converted into heat

energy. The rate at which this conversion occurs is called the power dissipared by a resistor.

This power can be found with the equation

P=IAV

This equation says that the powes, P, dissipated in part of a circuit equals the current flow-
ing through that part of the circuit multiplied by the voltage across that part of the circuit.

Using Ohms law, it can be casily shown that JAV = ["R =~&Rlz. It's only worth

memorizing the first form of the equation, but any one of these could be useful.
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Ohmic Versus Nonohmic

A circuir component that maintains the same resistance when the voltage across it and
current through it change is said 1o be “chmic.” Ohmic simply means thar the resistance is
constant. The exam writers like to ask questions about this. Look at this table of data show-
ing the voltage and current through two resistors. Are the resistors ohmic?

Voltage (AV) Resistor #1: Current {mA) Resistor #2: Current (mA)
1 100 50
2 190 100
3 270 150
4 330 200
5 360 250
An easy way to check is to rearrange Ohm’s law 1o solve for resisrance and calculate the
resistance R = éK
i
Resistor #1:
. . AV 1V
First data point: R = T =51a" 10 Q
Second data point: R = Av__2v =10.5 Q. Close . . . le’s check another point.
I 019A
. . AV - 3v .
Third data point: R = 7 "037A" 11.1 2. Stop!

Resistor #1 is nonohmic, because the resistance does not stay constant.

When we repeat the same calculation for Resistor #2, we find that the resistance stays
constant at 20 ). Resistor #2 is ohmic.

(a) Ohmic Matcrial; (b) Nonohmic Matel'ial:
i Diode (Semi i
Copper Wire .y is directly de (Semiconductor Device)
7 , proportional to the bi The gtaph is not
! potential difference. linear; it does not
; have 2 constant slope.
1 ;/
The resistance is «
R=
slepe
AV AV

Another quick way to make this ohmic check is to graph the dara. In a lab, you could
vary the voltage applied to the resistor and measure the current. This would make 4V the
independent variable and 7 the dependent varizble. Rearranging Ohny's law we would get:

= }%(A V'), which means that plotting AV on the x-axis and 7 on the y-axis will result in a

slope of 1/R. The slope will be constant (straight line) if the resistor is ohmic, In the above
graph (a} is an ohmic material and graph (b) is 2 nonohmic material.
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Resistors in Series and in Parallel

In a circuit, resistors can either be arranged either in series with one another or parallet to
one another. Before we take a look at each type of arrangement, though, we need first co
familiarize ourselves with circuit symbols, shown next.

= Bautery

= Resistor

= Capacitor

Eirst, ler’s examine resistors in series. [n this case, all the resistors are connected in a line,
one after the other after the other:

1 k2

AVN—>

100V ——- élkﬂ

1kQ2

To find the equivalent resistance of series resistors, we just add up 2ll the individual
resistors.

Rr:zRi

For the circuit in the above figure, R,, = 3000 (. In other words, using three 1000-£2 resis-
tors in series produces the same total resistance as using one 3000-L} resistor.

Parallel resistors are connected in such a way that you create several paths through
which cutrent can flow. For the resistors to be truly in parallel, the current must split, then
immediately come back together.

The equivalent resistance of parallel resistors is found by this formula:

! 1
R
i R‘.

RP
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For the circuit in the next figure, the equivalent resistance is 333 Q. So hooking up
three 1000-£} resistors in parallel produces the same total resistance as using one 333-§)
resistor. (Note that the equivalent resistance of parallel resistors is Jess than any individual
resistor in the parallel combination.)

\L/ Y

100V —- 1kﬂ§ 1k0 1kﬂ§

ol i
T Y e

A Couple of Important Rules

Rule #1—When two resistors are connected in SERIES, the amount of current thac flows
through one resistor equals the amount of current that flows through the other resistor and
is equal to the total current through both resistors.

Rule #2—When two resistors are connected in PARALLEL, the voltage across one resistor
is the same as the voltage across the other resistor and is equal to the total voltage across
both resistors.

The reason why the carrent is the same for everything connected in a series is because of
conservation of charge. Remember that charge is carried by real things, protons and elec-
trons, and they won't just disappear or be created in a circuit. Since there are no branches
in a series pathway, all the charge thar enters this single pathway must pass through every
component in that pathway,

The reason why voltage is the same for resistors connected in parallel is due to conser-
vation of energy. The voltage {energy per charge) used up in each parallel pathway must be
the same. Think of this analogy: water in a river splits along parallel paths to flow around
2 large island in the middle of the stream. One path may go through rapids with rocks and
drop off a waterfall, while the other path around the istand may be calm and smooth. Even
though the paths are different, the two paths begin and end together at the same height (the
same gravitational potential). The same is true for current flowing through parallel paths in
a circuit. No matrer how different the paths may be, the current must begin and end at the
same electric potential. Thus AV for parallel paths is always the same.

We will discuss conservation of charge and conservation of energy more a bit later in
the section titled Kirchhoff’s rules, For now, ler’s discover a very useful tool VLI-R charts.

The V-I-R Chart

Here it is—the trick that will make solving circuits a breeze. Use this method on your
homework. Use this method on your quizzes and tests. But most of all, use this method on
the AP exam. It works.

The easiest way to understand the V-I-R chart is to see it in action, so we'll go through
a problem rogether, filling in the chart at each step along the way.
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Find the voltage across each resistor in the circuit shown below.

A

— 100

12V

We start by drawing our V-/-R chart, and we fill in the known values. Right now, we
know the resistance of each resistor, and we know the total voltage (ifs written next to the

battery).
Vv II| R
R 50
R, 70}
R 100
Total | 12V

Next, we simplify the circuit. This means that we calculate the equivalent resistance
and redraw the circuit accordingly. We'll first find the equivalent resistance of the parallel

pare of the circuit:

N S
R, 7Q 100

Use your calculator to get RL =0.24 {}.
&g

Taking the reciprocal and rounding ¢o 1 significant figure, we get
R,=4Q
So we can redraw our circuit like this:

50 40

Next, we calculate the equivalent resistance of the entire circuit. Following our rule for

resistors in series, we have
R,=40+50=90Q
We can now fill this value into the V-I-R chart.
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v [7] ®
R 50
R, 70
R, 10 0

Total |12V 24

Notice that we now have two of the three values in the “Total” row. Using Ohm’s law, we
can calculate the third. That’s the beauty of the V-I-R chart: Obnzk law is valid whenever rwe
of the three entries in a row are known.

Then we need to put on our thinking caps. We know that all the current thar flows
through our circuit will also flow through R,. (You may want to take a look back at the
original drawing of our circuit to make sure you understand why this is so.} Therefore, the
I value in the “R,” row will be the same as the 7in the “Total” row. We now have two of
the three values in the “R,” row, so we can solve for the third using Ohm’s law.

|4 I R
R 165V |13A50
R 7Q
R, 100
Total | 12V |1.3A | 90

Finally, we know that the voltage across &, equals the voltage across R;, because these
resistors are connected in paralel. The total voltage across the circuir is 12 V, and the volt-
age across Ry is 6.5 V. So the voltage that occurs beeween R, and the end of the circuit is

1IZV-65V =55V

Therefore, the voltage across Ry, which is the same as the voltage across &, is 5.5 V.
We can fill this value into our table. Finally, we can use Ohm’s law to calculate 7 for both

R, and R;. The finished V-I-R chart looks like this:

v I 7[R
R |65V[13A |50
R, |55V |08A|7Q
R, |55V ]06A |10
Towl | 12V [13A | 90

To answer the original question, which asked for the voltage across each resistor, we just
read the values straight from the chart,

Now, you might be saying to yourself, “This secems like an awful lot of work to solve a
relatively simple problem.” You're right—it is.

However, there are several advantages to the V-/-R chart. The major advantage is thar,
by using it, you force yourself to approach every circuit problem exactly the same way.

So when you're under pressure—as you will be duting the AP exam—youll have a
tried-and-true method 1 turn to.
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Also, if there are a whole bunch of resistors, you'll find that the V-/-R chart is a great
way to organize all your calculations. That way, if you want to check your work, i'll be
very easy to do.

Tips for Solving Circuit Problems Using the V-I-R Chart

» First, enter all the given information into your chart. If resistors haven't already been
given names (like “R;”), you should name them for easy reference.

e Next simplify the circuit to calculate R,, if possible.

+ Once you have two values in a row, you can calculate the third using Ohm’s law. You
CANNOT use Obms law unless you have two of the three values in a row.

« Remember that if two resistors are in series, the current through one of them equals
the current through the other. And if two resistors are in parallel, the voltage across one
equals the voltage across the other.

Kirchhoff's Rules

KirchhofF’s rules are expressions of conservation of charge and conservation of energy. They
are useful in any circuit bu especially in complicated circuits such as circuits with multiple
resistors and batteries. Kirchhoft’s rules say:

1. Positive (+) curtents entering a junction plus the negative {—) currents leaving a junc-
tion equal 0 (X, = 0). Or, at any junction the current entering must equal the
current leaving.

2. The sum of the voltages around a closed loop is zero (ZAV,,,, = 0).

The first law is called the “junction rule,” and the second is called the “loop rule.” To
illustrate the junction rule, we'll revisit the circuit from our first problem.

—

According to the junction rule, whatever current enters junction A must also leave
junction A. So ler’s say that 1.25 A enters junction 4, and then thar current gets split
berween the two branches. If we measured the current in the top branch and the current in
the botrom branch, we would find that the total current equals 1.25 A. And, in fact, when
the two branches came back together at junction B, we would find thac exactly 1.25 A was
flowing out through junction B and through the rest of the circuit.

KirchofF’s junction rule says that charge is conserved: you don't lose any current when
the wire bends or branches. This seems remarkably obvious, but it’s also remarkably essen-
tial to solving circuit problems.
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Kirchoft’s loop rule is a bit less self-evident, but it's quite useful in sorting our difficult
circuits,

As an example, I'll show you how to use Kirchoff’s loop rule to find the current through

all the resistors in the circuit below.

400 {2

LA 30002

200 £}

100 (1

W

We will follow the steps for using Kirchoff’s loop rule:

* Arbitrarily choose a direction of current. Draw arrows on your circuit to indicate this
direction.

* Follow the loop in the direction you chose. When you cross a resistor, the voltage is — IR,
where R is the resistance, and / is the current flowing through the resistor. This is just an
application of Ohm’s law. (If you have to follow a loop against the current, though, the
voltage across a resistor is written +7R.)

* When you cross a battery, if you rrace from the — to the + add the voleage of the battery,
subtract the battery’s voltage if you trace from + to —.

* Set the sum of your voltages equal to 0. Solve. If the current you calculace is negative,
then the direction you chose was wrong—the current actually flows in the direction
OPPOSIte to your arrows.

In the case of the following figure, we'll siart by collapsing the two parallel resistors into
a single equivalent resistor of 170 ). You don’t save to do this, but it makes the mathemat-
ics much simpler.

Next, we'll choose a direction of current flow. But which way? In this particular case,
you can probably guess that the 9 V battery will dominate the 1.5 V bartery, and thus the
current will be clockwise. But even if you aren't sure, just choose a direction and stick with
it—if you get a negative current, you chose the wrong direction.

Here is the circuit redrawn with the parallel resistors collapsed and the assumed direc-
tion of current shown. Because there’s now only one path for current to flow through, we
have labeled that current 7,
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170 12

200 £)
100 0}

AN\~

Now let’s trace the circuit, starting at the top left corner and working clockwise:

The 170-0 resistor contributes a term of —(170 £1) 1.
The 1.5-V battery contributes the term of —1.5 vols.
The 100-) resistor contributes a term of —(100 {}) L
The 200-0} resistor contributes a term of —(200 2} 1.
The 9-V battery contributes the term of +9 volts.

f

L - - L -

Combine all the individual terms, and set the result equal to zero. The unirs of each
term are volts, but uniss are left off below for algebraic clarity:

0 = (—170) + (—1.5) + (— 100} + (—200) + (+9)

By solving for Z, the current in the circuit is found o be 0.016 A; that is, 16 milliamps, a
typical laboratory current.

The problem is not yet completely solved, though—16 milliamps go chrough the
100-0¥ and 200-Q tesistors, but what about the 300-£ and 400-{} resistors? We can find
thar the voltage across the 170-0) equivalent resistance is (0.016 A}(170 0y =27V
Because the voltage across parallel resistors is the same for each, the current through each
is just 2.7 V divided by the resistance of the actual resistor: 2.7 V/300 {} = 9 mA, and
2.7 V/400 Q) = 7 mA. Problem solved!

Oh, and you might notice that the  mA and 7 mA through each of the parallel
branches adds to the total of 16 mA—as requited by Kirchoff’s junction rule.

Since the AP exam has a lot of problems without numbers, let’s look at Kirchhoff’s rules
symbolically. Look at the circuit in the next diagram. The battery has a voltage of & the
resistors R, Ry, R;, and Ry are all the same size; and the cusrents are marked as /1, 5, and 5.
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Let’s apply the junction rule to junction A:
z-{fwemnn.& z.{}—lz—f‘g =0 or [1 =[2 +IS

Thar makes sense. The current into the junction equals the current exiting the junction. We
get the same equation for juncrion B.

Now let’s work with the harder loop rule. We have several loops to choose from, but I've
already marked loop #1 on the lefi and loop #2 that goes around the outside. Remember
the procedures we have already learned!

Loop #1: 2AV,,, = & - LR, - LR, — [,R; = 0 (Be careful of your subscripts!)

If we rewrite the equation, we can see that the voltage supplied by the battery is completely
consumed by the three resistors: € = IR, + LR, + LR;. This is exactly what conservation

of energy says we should get. The voltage supplied to the ioop is consumed by the compo-
nents in the loop.

We can also make our math teacher proud and factor out I: £ = L|R, + L{(R, + R).

That tells us that the resistors R, + R; add in sexies, but you already saw that didnt you?
. Nowakealookat:

Loop #2: 2AV,,, = €~ [|R, - LR, = 0
Solving for &: | o |
£=15LR + LR,
Compare our twe equations:
e= LR + LR, + R)and &€= IR, + LR,
They both equal &, which means we can set them equal to each other:
LR, + LR, + R} = LR, + LR
Simplifying by canceling out the 7, R, term, we get:
L{R, + Ry) = LR,

Remember that AV = JR. This equation tells us that the voltage drop across R, and R,
rust equal the voltage drop across &,. But we already knew thar because two resistors R,

and R; are in parallel with Ry. That is the parallel rule! -

Practice

Now for a good AP exam question:
Using this information and the previous figure:

(A} Rank the currents 1), [, and 75 from greatest to least.
(B) Rank the voltage drops across the resistors By, Ry, R;, and Ry from greatest to least.

(A} Think abour it. /| has to be the greatest. 1), and [ split off from /,. There is more resist-
ance in the £, path, so it must be the least. . .

Answr:r: }1 > 13 = Iz

(B) Remember thar all the resistors are the same size. Since AV = JR, the vol tage drop will
depend on the currents. More current = larger AV,

Answer: AIle > &VR‘{ > &VR:’, = AVR3
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Get comfortable using Kirchhoff’s rules because it is common for the AP exam to ask
vyou 1o write them and use them to justify a statement abour the circuit.

Circuits from an Experimental Point of View

When a real circuit is set up in the laboratory, it usually consists of more than just resis-
tors—lightbulbs and motors are common devices to hook to a battery, for example. For
the purposes of computation, though, we can consider pretty much any electronic device
to act like a resistor,

But what if your purpose is noz computation? Often on the AP exam, as in the labo-
ratory, you are asked about observational and measurable effects. A common question
involves the brightness of lightbulbs and the measurement (not just compuration) of cur-
rent and voltage.

Brightness of a Bulb

The brightness of 2 bulb depends solely on the power dissipated by the bulb. (Remember,
power is given by any of the equations /2R, JAV, or (AVY/K). You can remember that from
your own experience—when you go to the store to buy a lightbulb, you don ask for a
“400-ohm” bulb, but for a “100-wart” bulb. And a 100-watt bulb is brighter than a 25-wart
bulb. But be careful—a bulb’s power can change depending on the current and voltage it’s
hooked up to. Consider this problem.

A light bulb is rated at 100 W in the United States, where the standard wall outlet
voltage is 120 V. If this bulb were plugged in in Europe, where the standard wall
outlet voltage is 240 V, which of the following would be true?

(A) The bulb would be one-quarter as bright.
(B} The bulb would be one-half as bright.
(C) The bulb’s brightness would be the same.
(D) The bulb would be twice as brighc.

(E} The bulb would be four times as bright.

Your first instinct might be to say that because brightness depends on power, the bulb is
exactly as bright. But that’s not right! The power of a bulb can change.

The resistance of a lightbulb is a property of the bulb itself, and so will not change no
matter what the bulb is hooked up 0.

Since the resistance of the bulb stays the same while the voltage changes, by V*/R, the
power goes up, and the bulb will be brighter. How much brighter? Since the voltage in
Europe is doubled, and because voltage is squared in the equation, the power is multiplied

by 4—choice E.

Ammeters and Voltmeters

Ammeters measure current, and voltmeters measure voltage. This is pretty obvious, because
current is measured in amps, voltage in volts. It is #or necessarily obvious, though, how to
connect these meters into a circuit.

Remind yourself of the properties of series and parallel resistors—voleage is the same for
any resistors in parallel with each other. So if you're going to measure the voltage across a
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resistor, you must put the voluneter in panllel with the resistor. In the next figure, the meter
labeled ¥, measures the voltage across the 100-§} resistor, while the meter Iabeled V; meas-
ures the potential difference between points 4 and B (which is also the voltage across R).

&
B

20002

Current is the same for any resistors in series with one another. So, if you're going to
measure the current through a resistor, the ammeter must be in series with thar resistor, In
the following figure, ammeter A, measures the current through resistor &,, while ammeter
A, measures the current through resistor R,.

As an exercise, ask yourself, is there a way to figure our the current in the other three
resistors based only on the readings in these cwo ammeters? Answer is in the footnote.?

Real Batteries and Internal Resistance

Battery

The batteries you use in your calculator or in the lab are not perfect. They have some inter-
nal resistance. This means that the voltage posted on the battery, the emf “g,” is not what
actually comes out of the battery, because some of the voltage is lost before it ever gets out!

*The current theongh R, musc be the same as through R, because both resistors casry whatever cusreot came directly
from the battery. The cutrent through B; and & can be determined from Kiechoff’s juncrion rule: subtract the current in
R, from the current in &, and that's what's left over for the right-hand branch of rhe ciscuit,
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The real voltage supplied by the battery is called the terminal voltage, AV,,,;,.. Using the
ideas we learned from Kirchhoff’s rules, we can see that:

AT/;MJ}:{;J =g~ Ir

where & is the emf or internal voltage of the battery, / is the current through the battery,
and 7 is the internal resistance of the battery. Notice that more current through the battery
means less terminal voltage supplied by the bartery to the external circuit.

Here is a handy lab that you should know—how to find the internal resistance of a
battery. Hook a batery up to a resistor. Using an ammeter and voltmeter, measure the cur-
rent through the battery and the terminal voltage of the battery. Repeat for several different
resistors to produce multiple data points, Plot AV, as a function of current / and you
get a graph that looks like the diagram below.

!
1

Slope = —

Terminal Voltage (V)

o=

fn;x Current (A)

o

Notice how the graph is linear. When we match up the terminal voltage equations with
the equation of a line, we see that the slope equals the negative of the internal resistance 7,
the j-intercept equals the emf £ of the battery, and the x-intercept will be the maximum
current that the battery can output.

7 \= +
&V]"émmm‘ = +

Hint: This is one of those labs you might need 1o know about for the AP exam.

Changes in a Circuit—Switches

A common question on the AP exam is: How does closing a switch affect a circuit? This is
an easy question when you know what to do.

« When thete is an open switch, the part of the circuit that the switch is in is dead. Pretend
that line and anything in series with this line does not exist. Redraw the circuit you have
so that you don’t get confused.

Let's take a look at a circuit we used eatlier, this time with a switch and let all the resis-
tors be the same: B, = B, = £, = Ry = R.
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Open Switch
R, A -
MA—
I
R, ?
g e i § R,
R,
I‘] Y
B

" The circuit has an open switch, Therefore, /; = 0 and resistor R; receives no current. It
~ isas if it isn't even there. So, what does that tell us about the circuit? With the swirch open
all we have is a simple series circuit with three resistors where [, = I

- AV _ € £
R R+R2+R “3R

ol

Now close the switch. What happens to J; and /;? With the switch closed, we now have
a combination circuit with Ry in paraliel with R, and R;. Remember thar when resistors are
added in parallel, the tortal resistance of the circuit is lowered. The resistance of the parallel
set between points A and B is:

Thus,

The rotal resistance of the circuit is:

‘Rm.*zf: Ri + "Z—E =*§'R ”%E =2E
3 3 3 3
To find the total cumrent (f;: =~
. AV g 3¢
Immf_fl‘m—s—R—S—R
3e
So the current £, has gone up from +o EV A 0%

What about 7,2 Well, the current /; will split between [, and 7, with 1, only getting
one-third of the current because it has twice the rcsistance in its pathway. One-third of

is I, = =, which is less than the original current of = before the switch was closed.

3e
SR SR 3R
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If the resistors in this circuit are lightbulbs, this is what happens when the switch is
closed:

« Bulb 1 gets brighter.
* Bulbs 2 and 3 get dimmer.
 Bulb 4, which was originally off, comes on and will be brighter than bulbs 2 and 3 but

dimmer than bulb 1.

Bottom line: When a switch is open, neglect that portion of the circuit and analyze the
circuit as if it isn't even there.

Capacitors

Capacitors were introduced in Chapter 11. Let’s now look ar them in more detail. Capacitors
are really very simple devices. They have two metal plates, separated from each other by
air or a material called a dielectric. A charge builds on the plates, one side positive and the
other side negative, and energy is stored in the electric field between the plates. Capacitance
is a way to describe how much charge a capacitor can hold for each volt of potential differ-
ence you hook it up to. The equation 1o find the capacitance of a capacitor is:

C= mﬂf
where:
* Cis the capacitance in farads.
¢ K is the dielectric constant of the material between the plates. It has no units.
* &is the vacuum permittivity, the constant we have talked about already.
* A s the area of just one of the plates.

* 4 is the distance between the plates.

Diagram of a Capacitor

— Area (A)

l—d—

For any capacitor there is a direct relationship between the voltage across the plates and
the charged stored on the plates:

AV=

O
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where:

* AVis the potential difference across the plates.

* Qs the charge that is stored on one plate. Be careful, if one plate has positive 2 C of
charge on it and the other plate has -2 C of charge on ir, the total charge is not 4 C or
zero; itis 2 C, o

* (s the capacitance of the capacitor in farads.

Example

A capacitor is made of two plates 10 cm by 10 cm separated by 0.1 mm with a 100-V
battery across it and a switch. The switch is closed and the capacitor is allowed to charge.

Find the charge stored across the capacitor.

Find the energy stored in the capacitor.

Find the electric field strength berween the plates,

The switch is now opened and the distance between the plates is increased to 0.2 mm.
What happens to:

L

(a) the capacitance

(b) the voltage across the plates

(c) the charge on the plates

(d) the energy stored in the capacitor

{e) the electric field strength between the plates

Answers

Pazt 1: First thing we need to do is find the area of the plates. Remember, everything must
be in meters, s0 0.1 m X 0.1 m = 0.01 m*

Now let’s find the capacitance. Since again we must be in meters, distance berween the
plates is 1 X 10-* m, Air is between the plates, so x = 1:

C= :ceoﬁi
0.01 m?
= ) —e
C = ({885 X 1072 CYNem) 1o

C=38.85X10"F

To find the charge is now a snap!

Av=2
V=2

Q= CAV=(8.85 X 10" F}(100 V) = 8.85 X 108 C

Part 2: To find the energy stored, we could use cither of these equations from the equation
sheet. Both will give the same answer: '

U, =1QAV=1CIAVY

U. =%(8.85 X 108 C){100 V) =%(8.85 X 10 E)(100 V) = 443 X 10°]
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Part 3: To find electric field strength:

_Q _ 8.85 X 10 C 1o
E= ™ B85 % 10 C/NaD 001 m) 1t

Now if we had been paying attention, we could have found electric field using %L/!
That would have been a lot easier . . . we should pay better atrention. 4

Part 4: Double the distance between the plates and what happens to everything else? This
is a classic AP exam question. The first thing to do is decide whar is changing and what is
staying the same.

Changing: The distance 4 is doubled. New distance = 24.
Staying the sames Area of plates A and the charge on the plates Q because the switch was

opened and it has nowhete to go. The charge is stuck on the plates. (Note that if the bar-
tery has stayed connected to the capacitor, the voltage would stay the same and the charge

could change.)

(2) OK, now we have a place to start! Look ar the capacitance equation:
Co ke, A
2 02

When we double the distance, everything else stays the same, so capacirance is cut in

half.

(b) Next look ar the voltage equation for a capacitor:

AV-2

7
With the capacitance cut in half, the potential difference doubles.
() We have already decided that the charge stays the same.

(d) Energy stored on the capacitor? Take your pick of equations:

20, = 1A =3 (%){2& V)

Both equations tell us that the stored energy will double.

{e) OK, this time we are paying attention! Let’s use the easy equation:

g 2AV
24r
Hey! The electric field stays the same.
This is another one of chose skills that the AP exam prizes—semi-gqualitative reasoning.

Make sure you understand how we worked part 4 of the problem, because it will be a skill
that you will use a lot on the exam.
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Parallel and Series Capacitors

Lucky for you, you already have a background in paraliel and series, which will make your
life much easier. Some hints to make solving problems easier:

1. Always draw a circuit diagram and label all the components clearly.

2. Make a chart to keep all your information clear and organized.

3. Keep in mind what is the same in the circuit—I can’t stress enough the importance of
this. I'll explain more as we go through each type of circuit.

Parallel Capacitors
Here is an example of a parallel capaciror circuit.

I
|
|
1
|

I

|
200V
Remember that some things are the same as resistor circuits and some are different. For

a parallel circuit:

* Electric potential difference is the same across each branch of a parallel circuir. This is
the same for both capacitor circuits and resistor circuits:

Vi=Vi=1=V;

¢ The total charge stored across the circuit equals the sam of the charges across each
branch of the circuit. '

Y=2Q=Q+Q+Q
* The total or equivalent capacitance of a parallel capacitor circuit equals the sum of the

capacitance of each branch of the circuit. This is very different from a paralle! resistance
circuit, in which you add up reciprocals to find the total resistance:

Cp:ZC}“CL'*‘Cz"**Ca

Example

Three capacitors, 3 pE 6 pE and 9 uE are connected in parallel to a 300-V battery. What
is the stored charge in the circuit and across each capacitor?

The first thing you want to do is create a C-AV-Q chart. Give each capacitor a name
like G, G, G; and so on. Give the total or equivalent values a 7 name as shown.

C AV Q
1 3x 10¢F
2 6 X 10°F
3 9 % 10°F
T 300V
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Always ask yourself, “What is the same?” In the case of a parallel circuit, you know there
are 300 volts across each leg of the circuit, so fill that inco our charr,

C AY Q
i 3 x10*¢F 300 V
2 6x10¢F 300V
3 9%x 10°F 300V
T 300 V

There are a couple of ways you can solve this from this point. Lets find the total capaci-
tanice of the circuit:

CP=Z)C}=C1+C2+C},
Cr=3X10F+6X10°F + 9 X 10°F =18 X 10°F

Remember to fill that into your chart under the total capacitance. Now you can find
the charge across each capacitor and the total charge using Q@ = CAV.

C AV Q
1 3 X 10°F 300V 9 x 10 C
2 6 xX10°F 300V 1.8 x 104 C
3 9 x 10°F 300V 2.7 x 104 C
T 18 X 10°F 3060V 54 x 1071 C

Notice that we could have simply added up the charges across €, G, and C; o find the
total charge.

Series Capacitors

Just like in the parallel circuit, some things are the same as resistor circuits and some are
different. For a series circuit:

» Electric potential difference adds up in a series circuir. This is the same for both capaciror
circuits and resistor circuits:

Vi= V=T + Vit Vs
* The charge in each series capacitorfis the same:
G=Q=Q=Q
» The total or equivalent capacitance of a seties capacitor circuit equals the sum of the

reciprocal of each capacitor inthe circuit. This is very different from a series resistance
circuit, in which you simply add the resistors to find the votal resistance:

Example

Three capacitors-—6 pF, 10 pF, and 15 pF-—are connected in series to a 300-V barrery.
What is the stored charge in the circuit and the electric potential across each capaciror?
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Ler’s make the chart C-AV-Q.

c AV Q
1 6 X 10¢F
2 10 X 105F
3 15 x 10°F
T 300V

Always ask yourself, “What is the same?” In the case of a series circuit, the charge is
constant. In this problem the change is unknown, so the only thing we have enough infor-
mation to determine is the total capacitance:
i

= — +
1

1

[ P

G

| —

1
C

1, e 1
6X 10°F 10X 10¢F 15X 10°F

=

td

[

Be careful about your math at this point! Take each reciprocal separately, add chem up, and

don't forget to take a reciprocal art the end! You are trying to find Cs, not &=

' E’L —1.67 X 10%+ 1.0 X 10° + 6.67 X 10° = 3.34 X 10°
Co=3.0 X 104F
C AV Q
] 6 x 10 F
2 10 X 105 F
3 15 X 10°¢F
T 30 x 105 F 300 V

Now you can use Q = CAV to solve for the total charge, 3.0 X 10°F X 300 V =
9.0 X 10 C. Remember that charge is the same throughout a series circuit, se you can fill
in the entire charge column.

C AV Q
1 6 X 109F 9.0 % 104 C
2 10 x 105 F 9.0 x 107 C
3 15 X 10¢F 9.0 x 104 C
T 3.0 X 10°F 300V 1 90x10%C

Now use AV = % to find the electric potential across €, C,, and C,. You know that

in a series circuit, the potentials add up o the total, so it is easy to check your answers.
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C AV Q
1 6 X 10¢F 150V 9.0 x 104 C
2 10 x 10°F 0V 9.0 x 10 C
3 15 X 10¢F 60V 9.0 x 104 C
T 3.0 % 10*F 300V 9.0 X 107 C

Combination Paraliel Series Circuits

What if the capacitors are in both parallel and series? Don't fret just find the equivalent
capacitance using the rules you have already learned.

6 uF 3pF
P

200V

What is the equivalent capacitance of this combination? First, we can see that the top two
capacitors ate in series. Their equivalent resistance is 2 pE This 2-uF capacitor is in parallel
with the 4-uF capacitor for a grand total of 6 pF. Easy peasy lemon squeezy.

The AP exam probably won't ask you anything more complicated than that. Bur what

the exam will ask you is how capacitors affect a circuit with resistors in it. So let’s move on
to thar.

RC Circuits

Sometimes you will be asked to solve a problem with both resistors and capacitors in the
circuits. These are called RC circuits. You will only be asked about RC circuits in two dif-
ferent states:

1. When you first connect a capaciror 1o a circuit, no charge has built up across the plares,
so the capacitor freely allows charge to flow. Treat the capaciror like wire with no electri-
cal potential across ic.

2. After a long time, steady state will be achieved. The capacitor has built up its maximum
charge, and no more current will flow onto the device. The capacitor is “full.” In steady
state, the potential difference across the capacitor plates equals the voltage of whatever
devices are connected in paraflel with it. In steady state, treat the capaciror as an open
switch. Every circuit component connected in a series to a capacitor in steady stare will
receive no current.
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Example 1

\ Switch Open

!
|
12V

In the circuit in the diagram above, the capacitor is initially uncharged and the switch is
opened.

1. Find the currents in the circuit when the switch is first closed.
2. Find the currents in the circuit and the charge on the capacitor after a long time.

Wire
S R =100

R =150
A

Switch Closed
! |

12V

at the time = 0

When the switch is first closed, the uncharged capacitor acts like a wire. It is like the
capacitor isn't there, and there is just a parallel circuit as pictured in the diagram above. We
can fill in the shaded part of our V-/-R chart just like we did earlier in the chapter.

AV I R
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Open Switch
- R =100

-~ -

R =150
A

Switch Closed
l t
|
12V
at the time = oo

When the switch has been closed for a long time {time approaches infinity), the capaci-
tor becomes charged and it no longer allows current to flow. It becomes like an open switch
as seen in the diagram above. This means the 10-} resistor will no longer carry any cur-
rent and the potential difference across it must be zero. It’s as if the top part of the circuit
has been disconnected from the circuit by a switch! Filling in the shaded area of our V-I-R

chart we get:
AV { R

R, 1082

R, 15 £} (This
resistor does
nothing in
the circuit!)

Total 12V

Since the 15-0 resistor has no current passing through it, the effective circuit is simply
a 10-§} resistor in series with the battery. Therefore, the total resistance of the circuic is just
10 ).

What is the voltage across the capacitor? It is connected in parallel to &, and the battery.
So, 12 volts. The charge on the capacitor would be:

-Q
AV o
__Q
12V= o F

Q = 0.00288 C



Current Electricity ¢ 167

Example 2

9!

{A)yrvwv—-i R =100
R =150

A,
.—JMS R =20

e=12V

In the circuit in the diagram above, we have moved the initially uncharged capacitor to the
top in parallel with the resistor &, and added another resistor R;, and ammeters A4;, 4,, and
Aj; 1o measure the currents.

Here is a great AP exam question: Rank the currents /,, 7, and 3
(A) immediately after the switch is closed
(B} after the switch has been closed a long time

Acts Like Wire

- ~

-'R.‘,_=100,

S

e=12V
at time = 0

(A} When the switch is first closed, the uncharged capacitor acts like a wire, and we get the
circuit pictured in the diagram above. Notice that the capacitor is acting like a short-
circuit wire with no resisrance at all. This means all current from the battery will bypass
resistors R) and R.. [; and £, will read zero.

A.nswcr: 13 = ]1 = !2
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Acts Like Open Switch

4 Y
[~

i

\ f

R,=100
R=150

A

£=12V

ar ¢ »oo

1

(B) After time goes by and the capacitor is full of charge, it acts like an open switch. The
circuit is a simple combination circuit. Using what we have learned with Kirchhoff’s
rules, we can find the answer.

Answer: [, > [, > [

Note that the capacirtor is in parallel with R, and R,. To find the charge stored on the
capacitor, we will need to find the potential difference across & and R,.

» Practice Problems

Multiple Choice 2. A 1.0-F capacitor is connected to a 12-V power
supply until it is fully charged. The capacitor is
then disconnected from the power supply, and
/\N\/ used to power a toy car. The average drag force on
this car is 2 N. About how far will the car go?

awws (A) 36 m
gV —— 120 0 § é 150 2 B 72 m

(C) 144 m
(D)24 m

10 1}

1. 100-£}, 120-8), and 150-£) resistors are connected
o a 9-V battery in the circuit shown above.
Which of the three resistors dissipates the most
power?

(A) the 100-£} resistor
(B) the 120-£2 resistor
(C) the 150-02 resistor
(D) both the 120- £} and 150-£}
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3. The circuit shown in the figure has two resistors,
an uncharged capacitor, a battery, an ammeter,
and a swirch initially in the open position. After
the switch is closed, what will happen to the cur-
rent measured in the ammeter 42

{A) It will increase to a constant value.
(B) It will remain constant.
(C) It will decrease to a constant value.
(D) It will decrease to zero.

Questions 4 and 5 refer to the following marerial.

A student is investigating what effect wire diameter
D has on a simple circuit. The student has five wires
of various diameters made of the same material and
length. She connects each wire to a power supply and
measures the current [ passing through the wire with
an ammeter. The data from the investigation is given
in the chart. e '

Output voltage of the power supply: 1.5V
Length of wites: 1.0 m

Data table:
Diameter of Wire |  Current Through
Trial {(mm) Wire (mA)

I 0.50 1.0
2 1.0 4.0
3 1.5 9.0
4 2.0 16
5

3.0 36
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4, What can be concluded from this data?

(A) T D?
(B) T D

()T Ds
(D) There does not seem to be a relarionship

between the diameter of the wire and the cur-
rent.

» Using the information already gathered, whar

additional steps would need to be raken to extend
this investigation to see if chere is a relationship
between wire diameter and the resistance of the
wire?

{A) Determine what material the wires are made
of and look up the resistivity of the wire.

(B) Multiply the current through the wire by the
voltage of the power supply.

(C) Divide the current through the wire by the
voltage of the power supply.

(D) Divide the voltage of the power supply by the
current through the wire,

B

. Identical lightbulbs are connected to barreries

in different arrangements as shown in the figure
above. Which of the following correctly ranks the
brightness of the bulbs? o

(4) C> B> A
B) C>B=4
Q) C=B>4

”(mB>C>4_ ”'




170 3 STEP 4. Review the Knowledge You Need to Score High

Free Response

7.

P - 300 ()

200 1

40002

500 O

(A) Simplify the above circuit so that it consists of

one equivalent resistor and the bactery.

(B) What is the total current through this circuait?

» Solutions to Practice Problems

(C) Find the voltage across each resistor. Record

your answers in the spaces below.
Voltage across 200-2 resistor:
Voltage across 300-(2 resistor:
Voltage across 400-(1 resistor:

Voltage across 500-C) resistor:

(D) Find the current through each resistor. Record

your answers in the spaces below.
Current through 200-£2 resistor:
Current through 300-(2 resistor:
Current through 400-€2 resistor:
Current through 500-} resistor:

(E) The 500-Q resistor is now removed from the

circuit. State whether the current chrough the
200-C) resistor would increase, decrease, or
remain the same. Justify your answer.

1. (A)

On one hand, you could use a V-/-R chare
to calculate the voltage or current 2fr;)r each
resistor, then use P = IV, 'R, o¢ % to find

power, On the other hand, there’s a quick way
to reason through this one. Voltage changes
across the 100-{1 resistor, then again across
the parallel combination. Because the 100-(2
resistor has a bigger resistance than the parallel
combination, the voltage across it is larger as
well. Now consider each resistor individually,

By power = %E, the 100-{) resistor has both

the biggest voltage and the smallest resistance,
giving it the most power,

The energy stored by a capacitor is %C(& VY.
By powering a car, this electrical energy is
converted into mechanical work, equal to tje
force times the displacement. Solve for dis-
placement, you get 36 m.

3, (C) When the switch is initially closed, the

uncharged capacitor acts as a “wire” or
“losed switch” with no resistance. Thus
the initial circuit “looks” like a parallel cir-
cuit. As the capacitor charges, the current

through the bottom resistor in series with
the capacitor drops to zero, as the capaci-
tor acts as a “broken wire” or “open switch”
with infinite resistance. Thus, after a long
time the circuit becomes a series circuit with
current passing only through a single top
resistor. As the circuit transitions from this
“parallel to series,” the equivalent resistance
of the circuir increases. This produces a cur-
rent through the ammeter that drops from
its maximum starting value to a steady-state
lower value.

4,(A) As the diameter increases, the current also

increases, indicating a direct relationship
of some kind. Comparing trials 1 and 2,
the diameter doubles and the current quad-
ruples. This suggests a quadratic relation-
ship. To confirm this, compare trials 1 and
3—the diameter is tripled and the cutrent
increases by a factor of 9.

5. (D) To investigate the relationship of diamerer and

resistance, the resistance of the wire needs to
be calculated. We already know che output
voltage of the power supply and the currenc



6. (B)

7. (A)

- (B)

through the wire. We just need to calculate
the resistance for each entry in the table:
Using Kirchhoff’s loop rule, we can see that
the batteries in arrangement € add up to
double the voltage. Connecring batieries as
in arrangement B does not add any exira
voltage to the bulb, and it will not be any
brighter than arrangement 4.

Combine each of the sets of parallel resistors
first, You get 120 { for the first ser, 222 Q for
the second set, as shown in the diagram below.
These two equivalent resistances add as series
resistors to get a total resistance of 342 ().

120 £}

26 mA

M—

o

Now that we've found the total resistance
and we were given the total voltage, just use
QOhm’s law to find the rotal current to be
0.026 A {also known as 26 mA).

(C) and (D) should be solved together using a

V-I-R chart. Start by going back one step
to when we began to simplify the circuit:
9-V batery, a 120-1 combination, and

» Rapid Review
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© a 222-(}) combination, shown above. The

(E)

26-mA current flows through each of these
... 50 use V' = IR to get the voltage of each:
3.1 Vand 5.8V, respectively.

Now go back to the original circuit, We
know that voltage is the same across parallel
resistors. So both the 200- and 300-Q resis-
tors have a 3.1-V voliage across them. Use
Ohm's law to find that 16 mA goes through
the 200-Q2 resistor, and 10 mA through the
300 Q. Similarly, both the 400-Q and 500-Q
resistors must have 5.8 V across them. We get
15 mA and 12 mA, respectively.

- Checking these answers for reasonabil-
ity: the rotal voltage adds to 8.9 V, or close

cenough to 9.0 V with rounding. The current

through each set of parallel resistors adds 1o
just about 26 mA, as we expecr.

Starr by looking at the circuit as a whole,
When we remove the S00-0) resistor, we
actually #ncrease the overall resistance of
the circuit because we have made it more

- difficult for current to flow by removing 2
~ parallel path. The total voltage of the circuit

is provided by the battery, which provides
9.0 V no matter what it’s hooked up to. So

by Ohm's law, if total voltage stays the same

~ while total resistance increases, total current

must decrease from 26 mA.

Okay, now look at the first set of parallel
resistors. Their equivalent resistance doesnt
change, yet the total current running through
them decreases, as discussed above. Therefore,
the voltage across each resistor decreases, and
the current through each decreases as well.

¢ Current is the flow of positive charge. It is measured in amperes.

* Resistance is a property that impedes the flow of charge. Resistance in a circuit comes
from the internal resistance of the wires and from special elements inserted into circuits

known as “resistors.”

* Resistance is related to current and voltage by Ohm's law: AV = IR,

¢ Resistors that have a constant resistance no matter what the current through them or
voltage across them are said to be ohmic. If the resistance changes, then these resistors

are nonchmic,




172 : STEP 4. Review the Knowledge You Need to Score High

» When resistors are connected in series, rhe toral resistance equals the sum of the indi-
vidual resiseances. And the current through one resistor equals the current through any
other resistor in series with it.

s ‘When resistors are connected in parallel, the inverse of the total resistance equals the sum
of the inverses of the individual resistances. The voltage across one resistor equals the
voltage across any other resistor connected parallel to i.

» The V-/-R chart is a convenient way to organize any circuit problem.

s Kirchoff’s junction rule says that any current coming into a junction will leave the junc-
tion. This is a statement of conservation of charge. Kirchoff’s loop rule says that the
sum of the voltages across a closed loop equals zero. This rule is helpful especially when
solving problems with circnits that contain more than one batery.

e Ammeters measure current, and are connected in seties; voltmeters measure voltage, and
are connected in parallel.

* Real barteries have internal resistance that cuts the amount of voltage the battery supplies
to the circuit.

* Bulbs are brighter when they are operating at a higher power.

p:fM:fle@Rﬂz

s When a switch is open, the part of the circuit that is in series with the switch does not
receive any current and is “dead.”

* When capacitors are connected in series, the inverse of the total capacitance equals the
sum of the inverses of the individual capacitances. When they are connected in parallel,
the total capacitance just equals the sum of the individual capacitances.

* A capacitor’s purpose in a circuit is to store charge and energy. After it bas been con-
necred to a circuit for a long time, the capacitor becomes fully charged and prevents the
flow of current.

* An uncharged capacitor behaves like a wire in a circuic, but once it is charged, it behaves
like an open switch.



