Electromagnetic Induction:
How Generators Make Electricity

@ Goal: how a changing magnetic
field makes voltage, and how
spinning machines power the grid.

alternators, and wall outlets all use

i Power plants, wind turbines, dams,
Faraday’s 1831 principle.

Roadmap: fields and forces, flux,
m Faraday'’s law, Lenz’s law, generator
anatomy, then hands-on build.

o®6 Audience: students, adult learners,

T educators — intuition first, then
quantitative relationships, then
applications.

O Retire the myth early: generators
= don’t make electrons; they supply R
an EMF that moves existing charges. _ =



Magnetic Fields, Forces, and
the Generator Effect

® Field lines show magnetic flux
density B, measured in tesla.

® Forces act on moving charges
and on current-carrying wires;
use the right-hand rule.

® Induction needs relative motion:
move magnet or coil, not both
together.

® No motion, no induction:
a stationary magnet inside
a coil gives zero current.

® Motors and generators are
reversible: current in makes
motion, motion in makes current.
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Magnetic Flux: Turning Geometry into a Number

Area vector
(normal)

® Flux ® =B-A-cos0; 6 is between
field and area vector (normal),
not the coil plane

® Units: tesla for B, square meters Magnetic field B

for A, weber for flux; angle
conventions set later signs

® Three design knobs: field strength,
coil area, orientation — each
shapes generator output

® Watch for: confusing circuit area
with integration area, or treating -
flux as "flowing field"
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® Quick check: rotate a coil in a
static field — flux changes
though B and A stay constant




Faraday's Law: Induced Voltage from Changing Flux

® Faraday's law: EMF = —N - d®/dt;
faster flux change means larger EMF
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® Three routes to induce EMF: I > |
change B, change area, or rotate the coill Il — — i

® EMEF is voltage; current needs a
closed circuit (I = EMF/R) EMF vs. Time (Rotating Coil)

® Peak EMF for a rotating coil: 1 131V

EMF, = NBAw; more turns,
stronger field, faster spin

EMF (V) -

® Motional EMF sanity check:

EMF = BLv for a straight moving wire




Lenz's Law and
Energy Conservation

e Induced current opposes the flux
change that caused it — the minus
sign made physical

e No free energy: mechanical work
must keep a loaded generator turning

e Copper-tube demo: neodymium
magnet falls slowly; non-magnetic
slug drops straight through

e Eddy currents explain train brakes,
induction cooktops, and metal detectors

e Students who feel the crank drag
understand 'load’ better than any equation




Inside a Generator: Rotor, Stator, and Prime Movers

Core parts: rotor, stator coils, slip rings and brushes, plus the prime mover
Small machines: rotating coil with fixed field, easiest to teach

Power plants: rotating field around fixed stator coils

Brushes carry only small DC field current, not multi-megawatt output

Prime movers: steam/gas turbines (high speed), hydro (slow, many poles), wind (variable speed)

DC dynamos rectify with a commutator; alternators keep AC output P

Stator coils

Slip rings
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From Sine Waves to the Grid:
Frequency and Three-Phase Output

Rotating coil: flux follows cos(wt),
so EMF follows sin(wt); EMF peaks
when flux is zero

RMS = peak/Vv2: a 120 V outlet
hides about 170 V peak; 230 V
hides about 325V

Frequency: f = n-p/60; 4-pole at
1500 rpm gives 50 Hz, at 1800 rpm
gives 60 Hz

Three-phase: three windings 120°
apart; in wye, line voltage = V3 x
phase voltage

Transformers step voltage up for
transmission, back down for
distribution
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Three-Phase Sine Waves (120° Apart)
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Transformer for Transmisstion and Distribution




Losses, Efficiency, and Voltage Control P4

® Four loss families: copper I2R, core
hysteresis and eddy currents, friction
and windage, stray load

AVR

) : . DC fiel t
® Laminated steel cores and cooling minimize Rigd o

losses; each percent matters at hundreds
of megawatts

{ Governor ]

® AVR adjusts DC field current to hold
terminal voltage as load varies

® Governor matches mechanical power input

to load, locking frequency to rotor speed
and pole count

POWER
STABILITY

A CLEANER
TOMORROW

Terminal
voltage

® Grid context: synchronizing before
connection: inverter-based wind and solar
now share the task

Losses in a Generator
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hysteresis and
eddy currents




Hands-On Build: A Classroom Generator
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Build: 100-400 enameled wire
turns around a cardboard frame,
four neodymium magnets, nail axle

Sand the enamel off both wire
ends; bare copper must touch
the meter or LED

Measure AC volts with a multimeter;
use an oscilloscope or phone app
to see the sine wave

Test one variable at a time: turns
(100, 200, 300), magnet strength,
coil area, spin rate

A drill holds steadier speed than
a hand crank, so comparisons
are fair

Safety: magnets pinch and shatter,
cap voltages at 12 V, never touch
mains




Troubleshooting the Build and Reading the Output /

'd B

LED dark? Check ! Check Check
bare leads

Check View AC output
free axle on oscilloscope

| closed circuit alternating
i magnet poles
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LED dark? Check bare leads, closed circuit, alternating magnet poles, free axle.
Erratic readings: a DC multimeter misreads AC — use AC volts or an oscilloscope.
Voltage should rise with turns, spin rate, and magnet strength — expect rough scaling.

Flicker and dimness are diagnostic clues, not failure: they show the AC waveform.

Photograph each stage and log a voltage table so students can defend their conclusions.



Teaching Sequence: Phenomenon First, Then Model, Then Math

Observe | | Build Formalize
Faraday

the phenomenon flux model

| Apply | .Connect
Lenz to grid

Sequence: observe the effect »
build flux model - formalize Faraday -
apply Lenz - connect to grid

Contrasting cases that differ in one
variable sharpen attention on flux change

Small groups with rotating roles —

speaker, scribe, timekeeper — lift engagement

Separate the empirical level
(meter, oscilloscope) from the
interpretive level (fields, flux, EMF)

Include one “no current, no induction”
case and one case with EMF but
no current



Common Misconceptions

and How to Correct Them

“Generators make electrons”

EMF drives existing free charges {
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Generators make electrons” — no:
they supply EMF and drive existing free charges.

“The magnetic field alone causes induction”
only changing flux (relative motion) induces voltage.

“Flux and B are the same”
flux combines B, area, and orientation.

“Lenz's law is just a sign convention”
it is energy conservation: load makes the crank harder.

“Induction requires a complete circuit”

EMF appears even when the circuit is open;
current does not.
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Where Induction Shows Up: F cumene

MAGNETIC FIELDS

OWER A BRIGHTER

Applications and Extensions ==

Bicycle Car Wireless Induction Metal Regenerative
dynamos alternators charging cooktops detectors braking

® Everyday uses: bicycle dynamos, car alternators, wireless charging,
induction cooktops, metal detectors, regenerative braking.

® Wind turbines often use induction or permanent-magnet
generators because rotor speed varies.

® Large nuclear, gas, and hydro plants use synchronous machines
for frequency control.

® Permanent-magnet generators avoid excitation losses—popular
in small/medium wind and portable devices.

® Design challenge: light an LED with fewer turns, justify with peak EMF formula.



Assessment and Wrap-Up:
Check for Understanding

Predict induced current direction: magnet entering vs. leaving a coil
Given N, A, B, and w, compute peak EMF and RMS voltage
From a generator spec sheet, state output frequency and line connection

Explain why the crank gets harder when the LED is connected

Faraday’s principle threads a hand-built coil to every power plant
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