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Faraday's law of induction is a basic law of electromagnetism predicting how a magiiedid will interact with an electric circuit to produce an
electromotive force (EMF)—a phenomenon called electraméig induction. It is the fundamental operating principferansformers, inductors,

and many types of electrical motors, generators and salsHé?!

The Maxwell-Faraday equationis a generalization of Faraday's law, and forms one of Masvedjuations.
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History

Electromagnetic induction was discovered independentMichael Faraday in 1831 and Joseph Henry in
18321 Also, Faraday was the first to publish the results of his einmts[.5][6] In Faraday's first

experimental demonstration of electromagnetic indudifungust 29, 18351) he wrapped two wires around
opposite sides of an iron ring or "torus" (an arrangementiairto a modern toroidal transformer). Based on
his assessment of recently discovered properties of eteagynets, he expected that when current started to = A diagram of Faradays iron ring
flow in one wire, a sort of wave would travel through the ringlaause some electrical effect on the opposite apparatus. Change in the

side. He plugged one wire into a galvanometer, and watctesdtie connected the other wire to a battery. magnetic flux of the left coil
Indeed, he saw a transient current (which he called a "waedeatricity") when he connected the wire to the induces a current in the right coil.

battery, and another when he disconnectéd Fhis induction was due to the change in magnetic flux that !

occurred when the battery was connected and disconnBtmithin two months, Faraday had found several
other manifestations of electromagnetic induction. F@megle, he saw transient currents when he quickly slid a
bar magnet in and out of a coil of wires, and he generated d\s{&C) current by rotating a copper disk near the

bar magnet with a sliding electrical lead ("Faraday's di@l"

Michael Faraday explained electromagnetic inductiongigisoncept he called lines of force. However, scientists
at the time widely rejected his theoretical ideas, mainlgause they were not formulated mathematic[&fﬂ/An

exception was James Clerk Maxwell, who used Faraday's afetiee basis of his quantitative electromagnetic e
theory.[lo][ﬂ][lzl In Maxwell's papers, the time-varying aspect of electronedig induction is expressed as a Faraday's disk (see
differential equation which Oliver Heaviside referred toraraday's law even though it is different from the homopolar generator)

original version of Faraday's law, and does not describéomatEMF. Heaviside's version (see Maxwell-Faraday
equation below) is the form recognized today in the groupgefations known as Maxwell's equations.

Lenz's law, formulated by Heinrich Lenz in 1834, descrikdf&s<through the circuit", and gives the direction of the ugéd EMF and current
resulting from electromagnetic induction (elaboratedrujpothe examples below).
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Faraday's law

Qualitative statement

The most widespread version of Faraday's law states:

The induced electromotive force in any closed circuit isado the negative of the
time rate of change of the magnetic flux enclosed by the giftito!

Faraday's experiment showing induction
between coils of wire: The liquid battery

This version of Faraday's law strictly holds only when thaseld circuit is a loop of infinitely thin wire, ~ (right) provides a current which flows

(6] and is invalid in other circumstances as discussed belovitféreint version, the Maxwell-Faraday through the small coifA), creating a

equation (discussed below), is valid in all circumstances. magnetic field. When the coils are
stationary, no current is induced. But

Quantitative when the small coil is moved in or out
of the large coil(B), the magnetic flux
Faraday's law of induction makes use of the magneticdithrough a hypothetical surfagewhose through the large coil changes, inducing

a current which is detected by the

boundary is a wire loop. Since the wire loop may be moving, wieai(t) for the surface. The magnetic 1)

flux is defined by a surface integral: galvanomete(G).!
Pp = //B(r. t) - dA | P S
) , NN
() /,”&,’O"“““‘\
20 st sunuy
wheredA is an element of surface area of the moving surfég B is the magnetic field (also called "magnetic "““I‘l
flux density"), andB-dA is a vector dot product (the infinitesimal amount of magn#tix). In more visual terms, "““‘I“\
the magnetic flux through the wire loop is proportional te tiumber of magnetic flux lines that pass through the “

loop. _—
The definition of surface

When the flux changes—becauBehanges, or because the wire loop is moved or deformed, brdearaday's  integral relies on splitting the
law of induction says that the wire loop acquires an EI€ Fdefined as the energy available from a unit charge  surfaceX into small surface

that has travelled once around the wire IGB¥7128129] Equivalently, it is the voltage that would be measured byS'€Ments. Each element is

cutting the wire to create an open circuit, and attachingltmeder to the leads. associated with a vectoin
of magnitude equal to the

Faraday's law states that the EMF is also given by the ratearige of the magnetic flux: area of the element and with
direction normal to the
_C@_B, element and pointing
dt “outward” (with respect to
the orientation of the surface)

E =

where¢ is the electromotive force (EMF) anibl; is the magnetic flux. The direction of the electromotivectois
given by Lenz's law.

For a tightly wound coil of wire, composed bfidentical turns, each with the sarg,, Faraday's law of induction states a2y

ddg

N
£ N 7

whereN is the number of turns of wire anbl; is the magnetic flux through singleloop.

Maxwell-Faraday equation

The Maxwell-Faraday equation is a generalisation of Fafadaw that states that a time-varying magnetic field is
always accompanied by a spatially-varying, non-consamaiectric field, and vice-versa. The Maxwell-Faraday
equation is

0B
VXE:—g

o)
V-‘\\—-.-
(in Sl units) whereV x is the curl operator and agali{r, t) is the electric field an®(r, t) is the magnetic field.
These fields can generally be functions of positicand timet. An illustration of Kelvin-
Stokes theorem with surface
X its boundaryx and
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The Maxwell-Faraday equation is one of the four Maxwell'sampns, and therefore plays a fundamental role in orientationn set by the right-
the theory of classical electromagnetism. It can also beemrin anintegral form by the Kelvin-Stokes theorem:  hand rule.
[22]

B
fE-dfz— 9B A
o x O

where, as indicated in the figure:

X is a surface bounded by the closed cont@xy

E is the electric fieldB is the magnetic field.

dt is an infinitesimal vector element of the contdiX,

dA is an infinitesimal vector element of surfaEelf its direction is orthogonal to that surface patch, thegnitude is the area of an
infinitesimal patch of surface.

Both d and dA have a sign ambiguity; to get the correct sign, the rightehaute is used, as explained in the article Kelvin-Stokestthen. For a
planar surfac&, a positive path element of curvedx is defined by the right-hand rule as one that points with thgers of the right hand when
the thumb points in the direction of the nornmato the surface.

The integral aroundX is called apath integralor line integral

Notice that a nonzero path integral feris different from the behavior of the electric field genexdhby charges. A charge-generakefield can
be expressed as the gradient of a scalar field that is a@olttiPoisson's equation, and has a zero path integral. Sdiegt theorem.

The integral equation is true fany pathdX through space, and any surfa&éor which that path is a boundary.

If the pathX is not changing in time, the equation can be rewritten:

d
f E-dfz——/B-dA.
oz dt /s

The surface integral at the right-hand side is the expligiression for the magnetic flukg throughX.

Proof of Faraday's law

The four Maxwell's equations (including the Maxwell-Faag@quation), along with the Lorentz force law, are a su#fitfoundation to derive

everythingn classical electromagnetisﬂﬁ]m] Therefore it is possible to "prove” Faraday's law startiriilp these equation@.a][z“] Click "show"
in the box below for an outline of this proof. (In an alternatapproach, not shown here but equally valid, Faraday'stad be taken as the
starting point and used to "prove" the Maxwell-Faraday &qonand/or other laws.)

Outline of proof of Faraday's law from Maxwell's equations and the Lorentz force law.
Consider the time-derivative of flux through a possibly mmgMoop, with ared:(t):

A0 d
T o B(t) - dA

The integral can change over time for two reasons: The iatejcan change, or the integration region can
change. These add linearly, therefore:

oB ( d / )
_ v= dA )+ = B(ty) - dA
t=tp (L{En) ot t=tp ) dt Z(t) ( 0)

wheret is any given fixed time. We will show that the first term on tight-hand side corresponds to

ddg
dt

transformer EMF, the second to motional EMF (see above) fifsteterm on the right-hand side can be
rewritten using the integral form of the Maxwell-Faraday&tipn:

/ oB 'dA:_f E(ty) - de
(to) ot t=tp ax(to)

Next, we analyze the second term on the right-hand side:
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d
dt Je

B(to) - dA JE(t + dt)

This is the most difficult part of the proof; more details altbrnate

approaches can be found in referenéeé?4125] As the loop moves ax(t)

and/or deforms, it sweeps out a surface (see figure on righg
magnetic flux through this swept-out surface correspoadse
magnetic flux that is either entering or exiting the loopd dimerefore
this is the magnetic flux that contributes to the time-datiie. (This
step implicitly uses Gauss's law for magnetism: Since tirelfhes
have no beginning or end, they can only get into the loop birget
cut through by the wire.) As a small part of the Icdé>moves with velocity for a short timedt, it sweeps out a
vector area vectcdA = vdt x d€. Therefore, the change in magnetic flux through the looje fer

Area swept out by vector elemei of
curvedX in time dt when moving with
velocity v.

B (vdt x df) = —dt de - (v x B)

Therefore:

%[2(!) B(ty) - dA = —f (v(to) x B(ty)) - de

AE(to)
wherev is the velocity of a point on the locgx.

Putting these together,

= (_ ﬁm)E(to) - df) + (_ ﬁz{m)(v(to) « Blto)) - df)

Meanwhile, EMF is defined as the energy available per uratgh that travels once around the wire loop.
Therefore, by the Lorentz force law,

ddg
dt

Ef»fF:f(EJrva)-de

Combining thesef)—f =—-FEMF

"Counterexamples" to Faraday's law

=8

Faraday's disc electric generator. The digccounterexample to Faraday's law when
rotates with angular rate, sweeping the over-broadly interpreted. A wire (solid red
conducting radius circularly in the static lines) connects to two touching metal
magnetic fieldB. The magnetic Lorentz plates (silver) to form a circuit. The whole
forcev X B drives the current along the system sits in a uniform magnetic field,
conducting radius to the conducting rim, normal to the page. If the word "circuit” is
and from there the circuit completes interpreted as "primary path of current
through the lower brush and the axle ~ flow" (marked in red), then the magnetic
supporting the disc. This device generatdiix through the "circuit” changes

an EMF and a current, although the shap#ramatically as the plates are rotated, yet
of the "circuit" is constant and thus the the EMF is almost zero, which contradicts
flux through the circuit does not change Faraday's law. AfteFeynman Lectures on
with time. Physicsvol. Il page 17-3.

Although Faraday's law is always true for loops of thin witean give the wrong result if naively extrapolated to otbentexts*®! One example
is the homopolar generator (above left): A spinning circat@tal disc in a homogeneous magnetic field generates a B@t@ant in time) EMF.
In Faraday's law, EMF is the time-derivative of flux, so a DMIEis only possible if the magnetic flux is getting uniformérger and larger
perpetually. But in the generator, the magnetic field isstant and the disc stays in the same position, so no maghetesfare growing larger
and larger. So this example cannot be analyzed directlyrathday's law.
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Another example, due to Feynm&ﬁ], has a dramatic change in flux through a circuit, even thobhgtBMF is arbitrarily small. See figure and
caption above right.

In both these examples, the changes in the current pathféeeedi from the motion of the material making up the circtitte electronsin a
material tend to follow the motion of the atoms that make wprtfaterial, due to scattering in the bulk and work functionfcement at the
edges. Therefore, motional EMF is generated when a mdseai@ms are moving through a magnetic field, dragging teeteins with them, thus
subjecting the electrons to the Lorentz force. In the horteogenerator, the material's atoms are moving, even ththegbverall geometry of the
circuit is staying the same. In the second example, the m#teatoms are almost stationary, even though the ovezalihgtry of the circuit is
changing dramatically. On the other hand, Faraday's lawysolds for thin wires, because there the geometry of ticeitalways changes in a
direct relationship to the motion of the material's atoms.

Although Faraday's law does not apply to all situations Mlaewell-Faraday equation and Lorentz force law are alwaysect and can always be
used directl;}.lﬁ]

Both of the above examples can be correctly worked by chgdbim appropriate path of integration for Faraday's laws@etof context of thin
wires, the path must never be chosen to go through the camdndhe shortest direct path. This is explained in detaillihe
Electromagnetodynamics of Fluid" by W. F. Hughes and F. lingo John Wiley Inc. (1965).

Faraday's law and relativity

Two phenomena

Some physicists have remarked that Faraday's law is a sqglation describing two different phenomena: ithational EMFgenerated by a
magnetic force on a moving wire (see Lorentz force), andridmesformer EMFgenerated by an electric force due to a changing magnelic fie
(due to the Maxwell-Faraday equation).

James Clerk Maxwell drew attention to this fact in his 186fgy@n Physical Lines of Forcén the latter half of Part Il of that paper, Maxwell
gives a separate physical explanation for each of the twagrhena.

A reference to these two aspects of electromagnetic indluctimade in some modern textbod® As Richard Feynman stat&!

So the "flux rule” that the emf in a circuit is equal to the ratehange of the magnetic flux through the circuit appliesthier
the flux changes because the field changes or because ¢ nioves (or both) ...

Yet in our explanation of the rule we have used two compled@ginct laws for the two cases — vxB for "circuit moves"
and vxe=-aB for "field changes".

We know of no other place in physics where such a simple angrategeneral principle requires for its real understageim
analysis in terms afwo different phenomena

— Richard P. Feynmari,he Feynman Lectures on Physics

Einstein's view

Reflection on this apparent dichotomy was one of the pralgiaths that led Einstein to develop special relativity:

It is known that Maxwell's electrodynamics—as usually ustted at the present time—when applied to moving bodiesidéo
asymmetries which do not appear to be inherent in the phemarmiake, for example, the reciprocal electrodynamic adifca
magnet and a conductor.

The observable phenomenon here depends only on the refadiien of the conductor and the magnet, whereas the cusyomar
view draws a sharp distinction between the two cases in waittier the one or the other of these bodies is in motion. Riveif
magnet is in motion and the conductor at rest, there aristreineighbourhood of the magnet an electric field with aaiert
definite energy, producing a current at the places wherns pathe conductor are situated.

But if the magnet is stationary and the conductor in motianelectric field arises in the neighbourhood of the magmethé

conductor, however, we find an electromotive force, to Whititself there is no corresponding energy, but which gives—
assuming equality of relative motion in the two cases diseds-to electric currents of the same path and intensityaeth

produced by the electric forces in the former case.
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Examples of this sort, together with unsuccessful attetgpdéscover any motion of the earth relative to the "light mea"
suggest that the phenomena of electrodynamics as well asaianics possess no properties corresponding to the idea of

absolute rest.

See also

= Eddy current

= [nductance

= Maxwell's equations

References

1.

10.

A Sadiku, M. N. O. (2007)Elements of
Electromagneticghttp://books.google.com/?
id=w2ITHQAACAAJ&dg=ISBN0-19-530048
-3) (fourth ed.). New York (USA)/Oxford
(UK): Oxford University Press. p. 386.
ISBN 0-19-530048-3.

. N "Applications of electromagnetic

induction" (http://physics.bu.edu/~duffy/
py106/Electricgenerators.html). Boston
University. 1999-07-22.

. AP Gjancoli, Douglas C. (1998Fhysics:

Principles with ApplicationgFifth ed.).
pp. 623-624.

. N "A Brief History of
Electromagnetism” (http://web.hep.uiuc.edu/ 14.

home/serrede/P435/Lecture_Notes/A_Brief
History_of_Electromagnetism.pdf).

. N Ulaby, Fawwaz (2007)Fundamentals of

applied electromagnetidéttp://
www.amazon.com/exec/obidos/tg/
detail/-/0132413264/ref=ord_cart_shr?%

5Fencoding=UTF8&m=ATVPDKIKXODER& 15.

v=glance) (5th ed.). Pearson:Prentice Hall.
p. 255. ISBN 0-13-241326-4.

. N "Joseph Henry" (http://www.nas.edu/

history/members/henry.htmlRistinguished
Members Gallery, National Academy of
SciencesRetrieved 2006-11-30.

. N Faraday, Michael; Day, P. (1999-02-01).

The philosopher's tree: a selection of Michael
Faraday's writingg(http://books.google.com/
books?id=ur6iKkVmzYhcC&pg=PA71). CRC
Press. p. 71. ISBN 978-0-7503-0570-9.
Retrieved 28 August 2011.

. N Michael Faraday by L. Pearce Williams, p.

182-3

. N Michael Faraday by L. Pearce Williams, p.

191-5

~2b \ichael Faraday by L. Pearce
Williams, p. 510

11.

12.

16.

— Albert Einstein On the Electrodynamics of Moving Bodfdd

= Moving magnet and conductor problem
= Alternator
= Crosstalk

AN Maxwell, James Clerk (19044 Treatise on
Electricity and Magnetismvol. Il, Third
Edition. Oxford University Press, pp. 178-9
and 189.

~ "Archives Biographies: Michael Faraday",
The Institution of Engineering and
Technology. (http://www.theiet.org/about/
libarc/archives/biographies/faraday.cfm)

. ™ Poyser, Arthur William (1892)Magnetism
and electricity: A manual for students in
advanced classgéttp://books.google.com/
books?id=JzBAAAAAYAAJ&pg=PA285).
London and New York; Longmans, Green, &
Co., p. 285, fig. 248. Retrieved 2009-08-06.
A "Faraday's Law, which states that the
electromotive force around a closed path is
equal to the negative of the time rate of
change of magnetic flux enclosed by the
path"Jordan, Edward; Balmain, Keith G.
(1968).Electromagnetic Waves and Radiating
Systemg2nd ed.). Prentice-Hall. p. 100.

A "The magnetic flux is that flux which passes
through any and every surface whose
perimeter is the closed path"Hayt, William
(1989).Engineering Electromagneti¢Sth
ed.). McGraw-Hill. p. 312.

ISBN 0-07-027406-1.

nabecdefgurhe flux rule” is the terminology

that Feynman uses to refer to the law relating 23.

magnetic flux to EMF.Richard Phillips
Feynman, Leighton R B & Sands M L (2006).
The Feynman Lectures on Phys{bstp://
books.google.com/?
id=zUt7AAAACAAJ&dg=intitle:Feynman
+intitle:Lectures+intitle:on+intitle:Physics).
San Francisco: Pearson/Addison-Wesley. Vol.
I, pp. 17-2. ISBN 0-8053-9049-9.

http://en.wikipedia.org/wiki/Faraday%27s_law_of urtion

= Faraday paradox

= Vector calculus

17.

18.

19.

21.

22.

24.

~2b Griffiths, David J. (1999)Introduction

to Electrodynamicghttp://www.amazon.com/
gp/reader/013805326X/ref=sib_dp_
pt/104-2951702-6987112#reader-link) (Third
ed.). Upper Saddle River NJ: Prentice Hall.
pp. 301-303. ISBN 0-13-805326-X.

~ Tipler and MoscaPhysics for Scientistand
Engineers p795, google books link (http://
books.google.com/books?
id=R2Nuh3Ux1AwC&pg=PA795)

" Note that different textbooks may give
different definitions. The set of equations used
throughout the text was chosen to be
compatible with the special relativity theory.

. ™ Essential Principles of Physics, P.M.

Whelan, M.J. Hodgeson, 2nd Edition, 1978,
John Murray, ISBN 0-7195-3382-1

~ Nave, Carl R. "Faraday's Law" (http://
hyperphysics.phy-astr.gsu.edu/hbase/electric/
farlaw.html). HyperPhysicsGeorgia State
University. Retrieved 29 August 2011.

~ Roger F Harrington (2003)ntroduction to
electromagnetic engineerin@ttp://
books.google.com/?
id=ZIC2EV8zvX8C&pg=PA57&dq=%
22faraday%27s+law+of+induction%22).
Mineola, NY: Dover Publications. p. 56.
ISBN 0-486-43241-6.

~2b pavison, M. E. (1973). "A Simple Proof
that the Lorentz Force, Law Implied Faraday's
Law of Induction, when B is Time
Independent"American Journal of Physicél
(5): 713-711. doi:10.1119/1.1987339 (https://
dx.doi.org/10.1119%2F1.1987339).
rabBasic Theoretical Physics: A Concise
Overview by Krey and Owen, p155, google
books link (http://books.google.com/books?
id=xZ_QelBmkxYC&pg=PA155)

16.2.2015 10:41:47



Faraday's law of induction - Wikipedia, the freeiopedia

25. A K. Simonyi, Theoretische Elektrotechnik, 27. ™ A. Einstein, On the Electrodynamics of

5th edition, VEB Deutscher Verlag der Moving Bodies (http://www.fourmilab.ch/
Wissenschaften, Berlin 1973, equation 20, etexts/einstein/specrel/specrel.pdf)
page 47

26. " Griffiths, David J. (1999)Introduction to
Electrodynamicghttp://www.amazon.com/gp/
reader/013805326X/ref=sib_dp_
pt/104-2951702-6987112#reader-link) (Third
ed.). Upper Saddle River NJ: Prentice Hall.
pp. 301-3. ISBN 0-13-805326-X. Note that
the law relating flux to EMF, which this
article calls "Faraday's law", is referred to in
Griffiths' terminology as the "universal flux
rule". Griffiths uses the term "Faraday's law"
to refer to what article calls the "Maxwell—
Faraday equation”. So in fact, in the textbook,
Griffiths' statement is about the "universal flux
rule”.

Further reading

Page 7

= Maxwell, James Clerk (1881} treatise on electricity and magnetism, Vol.@hapter 1lI, 8530, p. 178. (http://books.google.conok=?

id=vAsJAAAAIAAJ&printsec=frontcover&dqg=intitle:a+ititle:treatise+intitle:on+intitle: electricity+inti:an+intitle:magnetism&cad=0_1#

v=onepage&q&f=false) Oxford, UK: Clarendon Press. ISBM&6-60637-6.

External links

= A simple interactive Java tutorial on electromagnetic etethn (http://www.magnet.fsu.edu/education/tutorjaliea/

electromagneticinduction/index.html) National High M&gjc Field Laboratory

= R. Vegalnduction: Faraday's law and Lenz's lawHighly animated lecture (http://www.physics.smu.edwga/em1304/lectures/lect13/

lect13_f03.ppt)

= Notes from Physics and Astronomy HyperPhysics at Georgite &tniversity (http://hyperphysics.phy-astr.gsu.etRASE/hframe.html)

= Faraday's Law for EMC Engineers (http://www.learnemc Aotarials/Faraday/Faradays_Law.html)
= Tankersley and Moscantroducing Faraday's lawhttp://usna.edu/Users/physics/tank/Public/Faradayspdf)
= A free java simulation on motional EMF (http://www.phy.klki/englishhtm/Induction.htm)

Retrieved from "http://en.wikipedia.org/w/index.phipetFaraday%27s_law_of induction&oldid=646865159"

Categories: ElectrodynamicsConcepts in physicsMichael Faraday Maxwell's equations

= This page was last modified on 12 February 2015, at 23:06.

= Text is available under the Creative Commons Attributidrai®Alike License; additional terms may apply. By using tite, you agree to
the Terms of Use and Privacy Policy. Wikipedia® is a regestiesrademark of the Wikimedia Foundation, Inc., a non-pafjanization.

http://en.wikipedia.org/wiki/Faraday%27s_law_of urtion

16.2.2015 10:41:47



