Electromagnetic Induction
AP Physics C: Electricity and Magnetism

Magnetic Flux

Magnetic flux measures how much magnetic field passes through a surface.
For a uniform field through a flat loop it is the dot product &5 = B - A = BAcos ¥,
in general it is the surface integral

vy [ B-dd
The area vector is perpendicular to the surface (outward from a closed
one), and the sign of the flux comes from the dot product. Flux changes if B changes,

the area changes, or the loop turns — keep all three routes in mind, because each one
is an exam question.

Electromagnetic Induction

A changing flux induces an emf — Faraday’s law
ddp
£=——.
dt
dB dA
With constant area, ¢ = —A d_tL; with constant field, ¢ = —B d_tL A coil of N
- . dPp

turns multiplies the single-loop emf: |eg| = N |
Lenz’s law is the minus sign: the induced current flows so

that its own magnetic field opposes the change in flux that created it. Push a magnet
toward a loop and the loop pushes back; pull it away and the loop pulls it in. Use the
right-hand rule to turn “oppose the change” into a current direction.

AP Physics C: Electricity and Magnetism o 13 Electromagnetic Induction @



push in coil

 —
: : OO
bar magnet

sensitive galvanometer

Moving a magnet into a coil induces an e.m.f. that drives a current

A rod of length L sliding at speed v across a field is the special case worth memorising
— the motional emf e = BlLw.

Worked example. A 0.20 m rod slides at 3.0 m/s across a 0.50 T field: ¢ = BLv =
0.50(0.20)(3.0) = 0.30 V. Equivalently, if a single loop’s flux drops from 0.020 Wb

012
to 0.008 Wb in 0.030 s, the average emf is € = % =0.40 V.

Faraday’s law is also the third of Maxwell’s equations , in a deeper

form: a changing magnetic flux creates a circulating electric field, § E-dl=-——2_

that field is what pushes the charges around the loop. Together, Maxwell’s equations
predict electromagnetic waves travelling at ¢ = 1/,/2opo (you should know
this connection, but AP will not ask you to derive it).

Coils of wire spinning in a magnetic field: moving them past the field induces a
current, the basis of a generator
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A substation transformer: changing magnetic flux in coils induces the voltages that
power the grid

Induced Currents and Magnetic Forces

Once an induced current flows, the external field exerts forces on it (F = I dl'x B) -
and by Lenz’s law those forces always resist the motion that causes the induction. Only
the segments of the loop actually inside the field feel a force, which can make a loop
accelerate, rotate, or brake. This is the origin of eddy currents braking, and
you can apply Newton’s second law to a moving loop or rod like any other mechanics
problem.
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plate swings to and fro

induced eddy currents oppose the motion = swing is damped

Induced eddy currents oppose motion, quickly damping a metal plate swinging in a
field
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The classic setup is a rod sliding on conducting rails connected by a resistor:

A S
B into page

R G L

motional emf: £=BIv - Fnag =IIB opposes

A rod sliding on rails: the induced current feels a force opposing the motion

Worked example (the full chain). Rails L = 0.20 m apart with resistance R =
0.60 € sit in a 0.50 T field into the page. The rod is pushed at a constant 3.0 m/s.
Then: ¢ = BLv = 030 V; I = ¢/R = 0.50 A; the field pushes back on the rod
with ' = BIL = 0.50(0.50)(0.20) = 0.050 N. The pushing force does work at P =
Fv=0.15W — exactly the P = I?R = 0.15 W dissipated in the resistor. Mechanical
work becomes electrical energy: that is a generator , an2d Snergy is conserved.
B*L

R
Exam skill. FRQs walk this exact chain: flux — emf — current — force — Newton’s
second law. Write each link separately and check the direction with Lenz’s law at the
end.

Released with no push, the rod slows exponentially: ma = —

V.

Inductance

Inductance is a conductor’s tendency to oppose a change in its own current:
changing current changes its own flux, which self-induces an emf. From Faraday’s law,

dl
e=—-L—.
dt
An inductor is a circuit element built to have large inductance — usually a
solenoid , where geometry gives
CoreN2A
Lsol = MT,
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with N total turns, area A, length ¢, and the magnetic permeability of the
core. (Straight wires are modelled as having zero inductance.) An inductor carrying
current [ stores energy in its magnetic field:

Uy, =1L1?,

2
which can later be dissipated in a resistor or moved into a capacitor — conservation of
energy applies as usual.
Circuits with Resistors and Inductors

In an RL circuit RL , Kirchhoft’s loop rule for a battery e, resistor R, and
inductor L in series gives a differential equation :

dl € L
=IR+L— = I{t)=—(1—-¢e" =_.
T O=gl-e™). =5
The time constant T sets the pace: after one 7 a rising current reaches

about 63% of its final value (a decaying one falls to 37%); it is also how long the change
would take at the initial rate. Learn the two limits — they answer most conceptual
questions:

o Just after the switch closes (¢t = 0): current cannot jump, so the inductor mo-
mentarily blocks it, self-inducing an emf equal and opposite to the applied potential
difference.

« Long after (¢t > 7): the current is steady, dI/dt = 0, and the inductor behaves
as a plain wire — the exact opposite of a capacitor.

initial rate
/

/ Imax = €/R

63% att=rt1

current /(t)

I1(t) = Imax(1 — e—t/r), T=L/R

2T 3T 4T
time

RLrise: I=1y(1 —e~tT) - T=L/R

The current in an RL circuit rises exponentially, reaching 63% at one time constant
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Worked example. ¢ = 12V, R = 6.0 Q, L = 3.0 H: final current ¢/R = 2.0 A,
7=L/R=0.50s Att=0.50s the current is 2.0(1 —e™') ~ 1.3 A. At ¢ = 0 the
inductor’s potential difference is the full 12 V; as ¢ — oo it falls to zero. Current,
inductor voltage, and stored energy are all exponential in time.

Circuits with Capacitors and Inductors

An LC circuit LC has no resistance, so nothing dissipates energy: it oscillates
, sloshing energy between the capacitor’s electric field and the inductor’s magnetic
field. The loop rule gives

¢ 1
a2~ Lo?
the same equation as a mass on a spring — simple harmonic motion with

charge playing the role of displacement and

1
Ww=——.
VLC
2
The total energy 2q_(] + %LI 2 stays constant: all in the capacitor at maximum charge,

all in the inductor at maximum current.
1

1/2.0(8.0 x 10-9)
period T' = 27/w =~ 0.025 s. If the capacitor starts charged to 12 V, then U =

Worked example. L = 2.0 H, C =8.0 uF: w= = 250 rad/s,

%C’V2 = 5.8 x 1071 J, and the maximum current follows from %L[ﬁm =U: Ihax =
\/2U/L = 0.024 A — conservation of energy , no calculus needed.

Exam tips

« Compute flux &5 = [ B - dA and get the induced EMF from Faraday’s law

__ _d®p
e = a -

» Use Lenz’s law (the minus sign) to fix the direction: the induced current opposes
the change in flux.

o Flux changes three ways — changing B, changing area, or changing angle — identify
which and differentiate.

e For a rod of length L moving at speed v, the motional EMF is BLwv.

1

1 LI* and resists changes in current (RL time constant

e An inductor stores energy
T=L/R).
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