kV. Finally, at individual homes or businesses, the power is stepped down again to 120, 240, or 480 V. Each step-up and step-
down transformation is done with a transformer designed based on Faradays law of induction. We've come a long way since
Queen Elizabeth asked Faraday what possible use could be made of electricity.

Check Your Understanding

7. What is an electric motor?
a. Anelectric motor transforms electrical energy into mechanical energy.
b. An electric motor transforms mechanical energy into electrical energy.
c. An electric motor transforms chemical energy into mechanical energy.
d. Anelectric motor transforms mechanical energy into chemical energy.

8. What happens to the torque provided by an electric motor if you double the number of coils in the motor?
a. The torque would be doubled.
b. The torque would be halved.
c. The torque would be quadrupled.
d. The torque would be tripled.

9. What s a step-up transformer?
a. A step-up transformer decreases the current to transmit power over short distance with minimum loss.
b. A step-up transformer increases the current to transmit power over short distance with minimum loss.
c. A step-up transformer increases voltage to transmit power over long distance with minimum loss.
d. Astep-up transformer decreases voltage to transmit power over short distance with minimum loss.

10. What should be the ratio of the number of output coils to the number of input coil in a step-up transformer to increase the
voltage fivefold?
a. Theratiois five times.
b. The ratio is 10 times.
c. Theratiois 15 times.
d. The ratio is 20 times.

20.3 Electromagnetic Induction

Section Learning Objectives

By the end of this section, you will be able to do the following:
e Explain how a changing magnetic field produces a current in a wire

e Calculate induced electromotive force and current

Section Key Terms

emf induction magnetic flux

Changing Magnetic Fields

In the preceding section, we learned that a current creates a magnetic field. If nature is symmetrical, then perhaps a magnetic
field can create a current. In 1831, some 12 years after the discovery that an electric current generates a magnetic field, English
scientist Michael Faraday (1791-1862) and American scientist Joseph Henry (1797-1878) independently demonstrated that
magnetic fields can produce currents. The basic process of generating currents with magnetic fields is called induction; this
process is also called magnetic induction to distinguish it from charging by induction, which uses the electrostatic Coulomb
force.

When Faraday discovered what is now called Faraday’s law of induction, Queen Victoria asked him what possible use was
electricity. “Madam,” he replied, “What good is a baby?” Today, currents induced by magnetic fields are essential to our
technological society. The electric generator—found in everything from automobiles to bicycles to nuclear power plants—uses
magnetism to generate electric current. Other devices that use magnetism to induce currents include pickup coils in electric
guitars, transformers of every size, certain microphones, airport security gates, and damping mechanisms on sensitive
chemical balances.



One experiment Faraday did to demonstrate magnetic induction was to move a bar magnet through a wire coil and measure the
resulting electric current through the wire. A schematic of this experiment is shown in Figure 20.33. He found that current is
induced only when the magnet moves with respect to the coil. When the magnet is motionless with respect to the coil, no
current is induced in the coil, as in Figure 20.33. In addition, moving the magnet in the opposite direction (compare Figure
20.33 with Figure 20.33) or reversing the poles of the magnet (compare Figure 20.33 with Figure 20.33) results in a current in the

opposite direction.

Figure 20.33 Movement of a magnet relative to a coil produces electric currents as shown. The same currents are produced if the coil is
moved relative to the magnet. The greater the speed, the greater the magnitude of the current, and the current is zero when there is no
motion. The current produced by moving the magnet upward is in the opposite direction as the current produced by moving the magnet

downward.

Virtual Physics

Faraday’s Law
Click to view content (http://www.openstax.org/l/faradays-law)
Try this simulation to see how moving a magnet creates a current in a circuit. A light bulb lights up to show when current is

flowing, and a voltmeter shows the voltage drop across the light bulb. Try moving the magnet through a four-turn coil and
through a two-turn coil. For the same magnet speed, which coil produces a higher voltage?

GRASP CHECK
With the north pole to the left and moving the magnet from right to left, a positive voltage is produced as the magnet
enters the coil. What sign voltage will be produced if the experiment is repeated with the south pole to the left?
a. The sign of voltage will change because the direction of current flow will change by moving south pole of the magnet
to the left.
b. The sign of voltage will remain same because the direction of current flow will not change by moving south pole of
the magnet to the left.
c. The sign of voltage will change because the magnitude of current flow will change by moving south pole of the
magnet to the left.
d. The sign of voltage will remain same because the magnitude of current flow will not change by moving south pole of
the magnet to the left.

Induced Electromotive Force

If a current is induced in the coil, Faraday reasoned that there must be what he called an electromotive force pushing the
charges through the coil. This interpretation turned out to be incorrect; instead, the external source doing the work of moving
the magnet adds energy to the charges in the coil. The energy added per unit charge has units of volts, so the electromotive force
is actually a potential. Unfortunately, the name electromotive force stuck and with it the potential for confusing it with a real
force. For this reason, we avoid the term electromotive force and just use the abbreviation emf, which has the mathematical
symbol €. The emf may be defined as the rate at which energy is drawn from a source per unit current flowing through a circuit.
Thus, emf is the energy per unit charge added by a source, which contrasts with voltage, which is the energy per unit charge


http://www.openstax.org/l/faradays-law

released as the charges flow through a circuit.

To understand why an emfis generated in a coil due to a moving magnet, consider Figure 20.34, which shows a bar magnet
moving downward with respect to a wire loop. Initially, seven magnetic field lines are going through the loop (see left-hand
image). Because the magnet is moving away from the coil, only five magnetic field lines are going through the loop after a short
time Af (see right-hand image). Thus, when a change occurs in the number of magnetic field lines going through the area
defined by the wire loop, an emf'is induced in the wire loop. Experiments such as this show that the induced emf'is proportional
to the rate of change of the magnetic field. Mathematically, we express this as

AB 20.24
£ x —, .
At L

where AB is the change in the magnitude in the magnetic field during time A7 and A is the area of the loop.

Figure 20.34 The bar magnet moves downward with respect to the wire loop, so that the number of magnetic field lines going through the

loop decreases with time. This causes an emf to be induced in the loop, creating an electric current.

Note that magnetic field lines that lie in the plane of the wire loop do not actually pass through the loop, as shown by the left-
most loop in Figure 20.35. In this figure, the arrow coming out of the loop is a vector whose magnitude is the area of the loop
and whose direction is perpendicular to the plane of the loop. In Figure 20.35, as the loop is rotated from 8 = 90° to 8 = 0°,
the contribution of the magnetic field lines to the emf increases. Thus, what is important in generating an emf in the wire loop is
the component of the magnetic field that is perpendicular to the plane of the loop, which is B cos 6.

This is analogous to a sail in the wind. Think of the conducting loop as the sail and the magnetic field as the wind. To maximize
the force of the wind on the sail, the sail is oriented so that its surface vector points in the same direction as the winds, as in the
right-most loop in Figure 20.35. When the sail is aligned so that its surface vector is perpendicular to the wind, as in the left-
most loop in Figure 20.35, then the wind exerts no force on the sail.

Thus, taking into account the angle of the magnetic field with respect to the area, the proportionality E o« AB/At becomes

ABcos@
At

F 20.25

Figure 20.35 The magnetic field lies in the plane of the left-most loop, so it cannot generate an emf in this case. When the loop is rotated so
that the angle of the magnetic field with the vector perpendicular to the area of the loop increases to 90° (see right-most loop), the
magnetic field contributes maximally to the emf in the loop. The dots show where the magnetic field lines intersect the plane defined by the

loop.



Another way to reduce the number of magnetic field lines that go through the conducting loop in Figure 20.35 is not to move the
magnet but to make the loop smaller. Experiments show that changing the area of a conducting loop in a stable magnetic field
induces an emfin the loop. Thus, the emf produced in a conducting loop is proportional to the rate of change of the product of
the perpendicular magnetic field and the loop area

A[(BcosO)A]
Eox ————
At

where B cos 6 is the perpendicular magnetic field and A is the area of the loop. The product BA cos 6 is very important. It is
proportional to the number of magnetic field lines that pass perpendicularly through a surface of area A. Going back to our sail

20.26

analogy, it would be proportional to the force of the wind on the sail. It is called the magnetic flux and is represented by @ .

® = BAcosd 20.27

The unit of magnetic flux is the weber (Wb), which is magnetic field per unit area, or T/m?>. The weber is also a volt second (Vs).

The induced emfis in fact proportional to the rate of change of the magnetic flux through a conducting loop.
AD

£ X — 20.28
At

Finally, for a coil made from Nloops, the emfis Ntimes stronger than for a single loop. Thus, the emfinduced by a changing

magnetic field in a coil of Nloops is

80CNABCOSQA
At

The last question to answer before we can change the proportionality into an equation is “In what direction does the current
flow?” The Russian scientist Heinrich Lenz (1804-1865) explained that the current flows in the direction that creates a magnetic
field that tries to keep the flux constant in the loop. For example, consider again Figure 20.34. The motion of the bar magnet
causes the number of upward-pointing magnetic field lines that go through the loop to decrease. Therefore, an emf is generated
in the loop that drives a current in the direction that creates more upward-pointing magnetic field lines. By using the right-
hand rule, we see that this current must flow in the direction shown in the figure. To express the fact that the induced emf acts
to counter the change in the magnetic flux through a wire loop, a minus sign is introduced into the proportionality
& o« AD/At., which gives Faraday’s law of induction.
Y AD D

£=- A7 20.29
Lenz’s law is very important. To better understand it, consider Figure 20.36, which shows a magnet moving with respect to a
wire coil and the direction of the resulting current in the coil. In the top row, the north pole of the magnet approaches the coil,

=
so the magnetic field lines from the magnet point toward the coil. Thus, the magnetic field B g = Bmag (X) pointing to the
right increases in the coil. According to Lenz’s law, the emf produced in the coil will drive a current in the direction that creates a

_) AN - . . . . . . . . . . .
magnetic field B coii = Beoil (—X) inside the coil pointing to the left. This will counter the increase in magnetic flux pointing to

—
the right. To see which way the current must flow, point your right thumb in the desired direction of the magnetic field B i,
and the current will flow in the direction indicated by curling your right fingers. This is shown by the image of the right hand in
the top row of Figure 20.36. Thus, the current must flow in the direction shown in Figure 4(a).

-
In Figure 4(b), the direction in which the magnet moves is reversed. In the coil, the right-pointing magnetic field B mag due to
the moving magnet decreases. Lenz’s law says that, to counter this decrease, the emfwill drive a current that creates an

_)
additional right-pointing magnetic field B ;) in the coil. Again, point your right thumb in the desired direction of the
magnetic field, and the current will flow in the direction indicate by curling your right fingers (Figure 4(b)).

Finally, in Figure 4(c), the magnet is reversed so that the south pole is nearest the coil. Now the magnetic field E)mag points
toward the magnet instead of toward the coil. As the magnet approaches the coil, it causes the left-pointing magnetic field in the
coil to increase. Lenz’s law tells us that the emfinduced in the coil will drive a current in the direction that creates a magnetic
field pointing to the right. This will counter the increasing magnetic flux pointing to the left due to the magnet. Using the right-
hand rule again, as indicated in the figure, shows that the current must flow in the direction shown in Figure 4(c).



Figure 20.36 Lenz’s law tells us that the magnetically induced emf will drive a current that resists the change in the magnetic flux through a
circuit. This is shown in panels (a)-(c) for various magnet orientations and velocities. The right hands at right show how to apply the right-

hand rule to find in which direction the induced current flows around the coil.

Virtual Physics

Faraday’s Electromagnetic Lab

Click to view content (http://www.openstax.org/l/Faraday-EM-lab)

This simulation proposes several activities. For now, click on the tab Pickup Coil, which presents a bar magnet that you can
move through a coil. As you do so, you can see the electrons move in the coil and a light bulb will light up or a voltmeter will
indicate the voltage across a resistor. Note that the voltmeter allows you to see the sign of the voltage as you move the
magnet about. You can also leave the bar magnet at rest and move the coil, although it is more difficult to observe the
results.

GRASP CHECK

Orient the bar magnet with the north pole facing to the right and place the pickup coil to the right of the bar magnet.
Now move the bar magnet toward the coil and observe in which way the electrons move. This is the same situation as
depicted below. Does the current in the simulation flow in the same direction as shown below? Explain why or why not.



http://www.openstax.org/l/Faraday-EM-lab

a. Yes, the current in the simulation flows as shown because the direction of current is opposite to the direction of
flow of electrons.

b. No, current in the simulation flows in the opposite direction because the direction of current is same to the
direction of flow of electrons.

@ WATCH PHYSICS

Induced Current in a Wire

This video explains how a current can be induced in a straight wire by moving it through a magnetic field. The lecturer uses the
cross product, which a type of vector multiplication. Don't worry if you are not familiar with this, it basically combines the right-
hand rule for determining the force on the charges in the wire with the equation F' = gvB sin 6.

Click to view content (https://www.openstax.org/l/induced-current)

GRASP CHECK
What emf is produced across a straight wire 0.50 m long moving at a velocity of (1.5 m/s) X through a uniform magnetic field
(0.30 T)Z? The wire lies in the y-direction. Also, which end of the wire is at the higher potential—let the lower end of the wire
be at y=o0 and the upper end at y=0.5 m)?

a. 0.15V and the lower end of the wire will be at higher potential

b. 0.15V and the upper end of the wire will be at higher potential

c. 0.075V and the lower end of the wire will be at higher potential

d. 0.075Vand the upper end of the wire will be at higher potential

@ WORKED EXAMPLE

EMF Induced in Conducing Coil by Moving Magnet

Imagine a magnetic field goes through a coil in the direction indicated in Figure 20.37. The coil diameter is 2.0 cm. If the
magnetic field goes from 0.020 to 0.010 T in 34 s, what is the direction and magnitude of the induced current? Assume the coil
has a resistance of 0.1 Q.


https://www.openstax.org/l/induced-current

Figure 20.37 A coil through which passes a magnetic field B.

STRATEGY
Use the equation € = —NA®/Af to find the induced emf in the coil, where At = 34 s . Counting the number of loops in the
solenoid, we find it has 16 loops, so N = 16. Use the equation @ = BA cos 0 to calculate the magnetic flux

d\2
@=BACOS€=BJZ<§> , 20.30

where d is the diameter of the solenoid and we have used cos 0° = 1. Because the area of the solenoid does not vary, the change
in the magnetic of the flux through the solenoid is

d\>
AD = ABn'(E) . 20.31

Once we find the emf, we can use Ohm’s law, € = IR, to find the current.

Finally, Lenz’s law tells us that the current should produce a magnetic field that acts to oppose the decrease in the applied
magnetic field. Thus, the current should produce a magnetic field to the right.

Solution
Combining equations ¢ = —NA®/Afand ® = BA cos 0 gives
AD ABrd®
e=—-N—=-N—. 20.32
At 4 At
Solving Ohn's law for the current and using this result gives
= _ ABrd®
I = % =-N 4RﬂAt
— (=0.010 T)z(0.020 m)>
= —16 40.10 Q)34 5) 2033
= 15pA

Lenz’s law tells us that the current must produce a magnetic field to the right. Thus, we point our right thumb to the right and
curl our right fingers around the solenoid. The current must flow in the direction in which our fingers are pointing, so it enters
at the left end of the solenoid and exits at the right end.

Discussion

Let’s see if the minus sign makes sense in Faraday’s law of induction. Define the direction of the magnetic field to be the positive
direction. This means the change in the magnetic field is negative, as we found above. The minus sign in Faraday’s law of
induction negates the negative change in the magnetic field, leaving us with a positive current. Therefore, the current must flow
in the direction of the magnetic field, which is what we found.

Now try defining the positive direction to be the direction opposite that of the magnetic field, that is positive is to the left in
Figure 20.37. In this case, you will find a negative current. But since the positive direction is to the left, a negative current must
flow to the right, which again agrees with what we found by using Lenz’s law.

@ WORKED EXAMPLE

Magnetic Induction due to Changing Circuit Size
The circuit shown in Figure 20.38 consists of a U-shaped wire with a resistor and with the ends connected by a sliding
conducting rod. The magnetic field filling the area enclosed by the circuit is constant at 0.01 T. If the rod is pulled to the right at

speed v = 0.50 m/s, what current is induced in the circuit and in what direction does the current flow?



Figure 20.38  Aslider circuit. The magnetic field is constant and the rod is pulled to the right at speed v. The changing area enclosed by

the circuit induces an emf in the circuit.

STRATEGY
We again use Faraday’s law of induction, E = =N % , although this time the magnetic field is constant and the area enclosed
by the circuit changes. The circuit contains a single loop, so N = 1. The rate of change of the area is % = vZ. Thus the rate of
change of the magnetic flux is
A®  A(BAcosH) AA
= Y B =BV, 20.34
At At At

where we have used the fact that the angle 6 between the area vector and the magnetic field is 0°. Once we know the emf, we can
find the current by using Ohnr's law. To find the direction of the current, we apply Lenz’s law.

Solution
Faraday’s law of induction gives

)
E=-N— =—-BV¢. 20.35

Solving Ohn's law for the current and using the previous result for emf gives

E —-Bv¢ —(0.010 T)(0.50 m/s)(0.10 m)
= — = = = . . 6
1 R R 00 25 pA 20.3

As the rod slides to the right, the magnetic flux passing through the circuit increases. Lenz’s law tells us that the current induced
will create a magnetic field that will counter this increase. Thus, the magnetic field created by the induced current must be into
the page. Curling your right-hand fingers around the loop in the clockwise direction makes your right thumb point into the
page, which is the desired direction of the magnetic field. Thus, the current must flow in the clockwise direction around the
circuit.

Discussion

Is energy conserved in this circuit? An external agent must pull on the rod with sufficient force to just balance the force on a
current-carrying wire in a magnetic field—recall that F' = IZB sin . The rate at which this force does work on the rod should
be balanced by the rate at which the circuit dissipates power. Using F' = 1B sin 6, the force required to pull the wire at a

Foun = 1Bsin6 = I¢B, 20.37

where we used the fact that the angle 0 between the current and the magnetic field is 90°. Inserting our expression above for

Bv¢ B2y¢?
Foon =1B=——(¢B) = — . 20.38
pull R ( ) R

The power contributed by the agent pulling the rod is Flyuy1 v, or

constant speed vis

the current into this equation gives




B2
Pplll] = FpullV = —-——m 20-39

R

The power dissipated by the circuit is

= —. 20.40
R R

2
—Bvt B>V 2
Pdissipated = 12R = < ) =

We thus see that Ppuii + Pissipated = 0, which means that power is conserved in the system consisting of the circuit and the

agent that pulls the rod. Thus, energy is conserved in this system.

Practice Problems

11. The magnetic flux through a single wire loop changes from 3.5 Wb to 1.5 Wb in 2.0 s. What emf is induced in the loop?

a. -2.0V
b. -1.0V
c. +1.0V
d. +2.0V

12. What is the emf for a 10-turn coil through which the flux changes at 10 Wb/s?

a. -100V
b. -10V
c. +10V
d. +100V

Check Your Understanding

13. Given a bar magnet, how can you induce an electric current in a wire loop?
a. Anelectric current is induced if a bar magnet is placed near the wire loop.
b. Anelectric current is induced if wire loop is wound around the bar magnet.
c. Anelectric current is induced if a bar magnet is moved through the wire loop.
d. Anelectric current is induced if a bar magnet is placed in contact with the wire loop.

14. What factors can cause an induced current in a wire loop through which a magnetic field passes?
a. Induced current can be created by changing the size of the wire loop only.
b. Induced current can be created by changing the orientation of the wire loop only.
c. Induced current can be created by changing the strength of the magnetic field only.
d. Induced current can be created by changing the strength of the magnetic field, changing the size of the wire loop, or
changing the orientation of the wire loop.



