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Introduction:

Some loudspeaker drivers are designed with a ring mawheafraonferrous and
high conductivity material that is placed in to the m@ssembly with an orientation that
it is coaxial with the voice coil. These rings arentoonly called agaraday rings or
short-circuit rings,or shorting rings The namd-araday ringcomes from the Faraday
law in physics, which explains how the ring works irpaaker motorShort-circuit ring
or shorting ringnames refer to the fact that these rings are stnghewindings that are
short circuited. But not only they are short circuitaddings, they also short circuit the
changing magnetic flux that passes inside them. The-sinouit and shorting ring name
may also be referring to this aspect of them as wblich is actually a consequence of
them being electrically short circuited windings. In aage, we will use the term

shorting ringto refer to them here on.

In this document the effect of these shorting ringsaoe coil impedance will be
investigated by using simplified approximated models of the loulspeaiver motor
parts. A few examples with calculations of the voio# impedance will also be given.
Because these examples will be based on highly approxiraatesimplified models,
they will be only for illustrative purposes to convég tidea of how they work, obviously
not adequate for any real design work, which requiresiéae accurate modeling.

In practice, the exact placement, shape and the nushbiegse shorting rings in a
motor assembly vary from design to design. Some of #renon the base of the pole
piece, some cover the pole piece as a sleeve, s@made and cover the inner surface of
the magnet, some are two rings that sandwich a feshpole piece from above and
below, etc. A shorting ring which is a coaxial sleevehwts radius equal to inner radius
of the voice coil and with a length that covers astahe over all excursion range of the
voice coil, has the most effect on the impedandé@toice coil than other ring
configurations that are used. Because of this and sincéatusnent is on the effect of
shorting ring on voice coil impedance, the shorting mvestigated here will be of this
kind. Understanding the working of such case of a shoritgg will also lead to
understanding the workings of the other configurations, bed¢hadgasic physic
principles that explain their working are all the same.



Diamagnetic, Paramagnetic, Ferromagnetic, Non-ferromagnetic Matéals and
Permeability:

Based on their inherent properties, different materizdct differently when they
are subjected to an externally created magnetic fieltheSuoaterials when subjected to
an external magnetic field, generate a magnetic dietdeir own which is in opposite
direction to the applied field, which results in a deseeaf the net magnetic field. Such
materials are called diamagnetic. Some other migeyénerate a field that is in the same
direction of the applied field, these are called pararatg There is a third group of
materials that are called ferromagnetic, which falbithe paramagnetic group by
definition, i.e. they generate a magnetic field ofrtbevn when an external magnetic
field is applied to them which increases the net magfietit But the way they do this is
unique and the net field increase they provide are very hlggy do this by aligning the
highly magnetic dipoles found in them with the extegnapyplied magnetic field
direction. Iron, Nickel, Cobalt and most alloys thahtain these elements are
ferromagnetic. Any material that is not ferromagneticalled a non-ferromagnetic

material, regardless whether it is diamagnetic campagnetic.

Permeability, which is denoted by the letiers a measure of the amount of
increase (or decrease) in magnetic field that a nahfmovides when subjected to
externally created magnetic field. Diamagnetic mateihave negative, paramagnetic
materials have positive permeability constants. Fegigomatic materials have high
positive permeability numbers, but their permeabilityas gonstant, it depends on the
strength of the field they are subjected to. Vacuum liediaed constant permeability
number. Relative permeability is defined as the ratilh@fpermeability of a material to
the permeability of vacuum. Air has a relative permdghithich is practically 1,
meaning air's permeability is same as vacuum. A relgdreneability of 1 denotes that
the existence of the material in the magnetic figdher increases nor decreases the
field. In other words the existence or non-existenab@imaterial with a relative
permeability of 1 doesn’t have any effect on the extroeeated magnetic field; that is
if externally generated magnetic is constant, nonhgimg. The effect of changing
magnetic fields are more interesting than static mgfields which we’ll come to those
later.



Most materials have a relative permeability closg.tGopper and Aluminum
both have relative permeability numbers that are malttil. Since air’s relative
permeability is also 1, this means if air is replacetth wopper or aluminum in a
magnetic circuit that has only constant static magrietid, there will be no change
experienced. We mentioned copper and aluminum here, betaysare the most

commonly used shorting ring materials.

Permanent Magnets, Solenoids, Magnetic Field, Magnetic Flu

Magnetic fields are generated either by permanent n@gmeby electric current.
Permanent magnets are ferromagnetic materials whageaetic dipoles are highly
aligned and have high resistance to reorientation alignenent of these dipoles in
them. Permanent magnets are used to provide static cbrmgtgnetic fields in electric

motors, speaker drivers, etc.

Electric current is another way to generate magfieta: As a current flows
through a wire, it generates a magnetic field arounihis is defined by Amperes’ Law
in physics, and we won'’t go into the details of it hdiee most used wire form that is
used in magnetic circuits is a solenoid. A solenoitiasle by tightly winding a wire over
a cylinder shaped former. The nice thing about them is, &lemrent passes in the
solenoid’s wire, it creates a magnetic field thataastant inside the center of the
solenoid and is zero outside the center of it. The etagfield generated by a solenoid
looks like a magnetic field generated by a bar magnet.Idriger the solenoid, the bigger
of a volume inside of it through the center has comsitald strength (and a zero field
region outside of it through its center). Voice adib speaker driver is also a solenoid,
but its length is not very big with respect to its radius.

Magnetic field is usually denoted by the capital leBend it has a unit of Tesla,
or T in short. 1 Tesla is 10,000 Gauss, which is anothemoonly used magnetic field

unit.

Magnetic Flux is defined as the amount of magnetid 8&ength that falls into
an area. For instance the magnetic flux inside aae@é&s center, which has a constant
field of B, is equal torr?B wherer is radius of the solenoid. In other words the flux is



equal to the cross section area of the solenoid tineesiagnetic field in there. The
symbol® is used conventionally for magnetic flux. The unit fagnetic flux is Weber,
or Wb in short.

Magnetic Field Force on Currents:

A magnetic field generates a force on a moving chargetipgsroportional to
the perpendicular component of the magnetic field tovéthecity direction of the moving
charge. The direction of the generated force is foundéyright hand rule” which can
be found in any physics text that deals with electromi#gmneAssuming the magnetic
field B is already perpendicular to the velocity directiorthef charged particle with a
charge ofy and speed, the amount of force applied on the charge is:

F=qvB (1)

Since a current is made up of moving charged particles, tsathe mechanism, a force
gets applied to a wire of lengthwhich carries a current gfunder a magnetic field &
that is perpendicular to the wire; which has the amdafihed by:

F=Bli ()

This force is what causes a loudspeaker’s voice coil teemwshich in turn moves the
cone that is attached to the voice coil. We willlggtk to in this in the following sections

after we give a description of the parts of a speakept®nmassembly.

Faraday’s Law and Induced Electromotive Force (EMF):

An aspect of electromagnetism, which is called Faradaaw, is essential to
understanding the effects of shorting rings in speakeerd;ivhence the Faraday Ring
term is used for them. The Faraday’s Law stateswisn a magnetic flux changes, it
generates an electromotive force on the materiakhieaflux passes through.
Electromotive force (EMF) is nothing but the good oldtage quantity. If the material
that an induced EMF is generated is a conductive matanidlits ends are connected, it
results in a current that flows in it. This is caltbé induced current. The direction of the
induced current is also important. The direction of thei@ed current is always such

that, the induced current generates a magnetic fluwoph@ises the magnetic flux that



originally caused the induced the current. (Remember fn@vious sections that when a
current flows, it always generates a magnetic fieldsodwn). In other words the induced
current always tries to cancel the magnetic flux im@diced it. This aspect of the induced
currents is called the Lenz’s Law. The following expm@sslefines both the Faraday and

Lenz’s Laws:
Vemf =- (ﬂ)/dt (3)

It says that the induced EMF is equal to the rate afighaf the magnetic flux, which is
the Faraday’'s Law, and the minus sing in there sayshbanduced current as a result of
Vems Will always oppose the flux that induced it: the Leriais.

If the changing flux is going through inside a solenoid, bseaolenoid is made
up of many turns, the n&son the ends of the solenoid’s wire will be equal to :

Vemf = - N @/dt (4)

whereN is the number of windings that is on the solend@/dt is the rate of change of
the flux.

An induced EMF can also be generated if the flux ist@om but the wire is
moving in it. This can be explained by extending the wieeds to outside of the flux
area. Then, since when the wire moves, the amounaghetic field area that is enclosed
by the wire and its extensions changes, the flux thaiteeand its extensions enclose
changes. This causes an EMF to be induced on the wicghér way of explaining this
is by taking into consideration that when the wire egm\he charged particles that are
inside the wire are also moving with the wire. As wnttbove in (1), a force is
generated on a charged particle that moves in a magieddicThis force pushes the
positive charged particles to one end of the wire, andtivegeharged particles to the

other end of the wire, resulting an EMF being generadéaden the ends of the wire.

Whichever way it is explained, the resultant formbkat tdescribes this aspect of

electromagnetism is:

Vemf = B | \ (5)



whereB is the magnetic field perpendicular to the wire, whechf lengthl, and moves
with a velocityv which is also perpendicular to the magnetic field anidhé length of the

wire.

Inductance and Induced EMF

Inductance is a direct result of Faraday’s law of ieduUEMF. As we know by
now, when a current flows in a wire, it createits) magnetic field. If the current is an
alternating current, it means the magnetic field gaserating is also alternating, i.e
changing in time. This means there is a changing flux lgengrated by the wire. This
changing flux generates an induced EMF on the wire, whidkeby’s Law tries to
create an induced current that opposes the flux tated it. Which means in this case,
the self induced EMF will always have an opposite piyldoi the voltage that started the
current on the wire. In an ideal solerfoige can see how this is playing. The magnetic
field inside an ideal solenoid is:

B=xiN/h (6)

whereu is the permeability of the core of the solenoid, the current flowing in the
solenoid,N is the total number of turns of the solenoid anslthe height of the it. If the

solenoid has a radius r, then the flux in it is:
@ =xr’uiN/h (7)

Then the induced EMF on it is (since onlg changing with time)
Vemt = - N d@/dt =- 7 P (N> / h) d i/dt  (8)

Here recall the definition of inductance, which is
V = L di/dt 9)

Which also means the inductance of an ideal solenoid is:

L=zr’u(N*/h) (10)

! This is only true for an ideal solenoid, it doesn’t gieeurate results for real solenoids, but for our
purposes in this document it is good enough. This document isn{ tiyiaccurately calculate results, it is
only trying to explain “the how”, not “the how and homuch”.



Recall also that the unit of inductance is Henry, orsHI.

Here the purpose of generating the expression of ahsdiesoid was to
illustrate that the inductance of it, is directlyateld to how much flux change it can
generated by itself. This point will be very importantantwe explain the changing of

the voice coil impedance by the existence of a shorimag r

Parts of a Common Loudspeaker Motor Assembly:

An overview of the parts of a motor assembly is giveRigl and Fig2. These
figures illustrate a very plain motor assembly withraight pole piece and no shorting
rings. Parts such as spider, cone, voice coil forbasket etc are excluded from these
figures, because such parts are not relevant to our diseuss

Top plate Voice coil Top plate
Voaice coil
/’ X\
Bottom plate \ A/ Pole piece Magnet .
p Magnet 9 Pole piece
Fig 1: Cross section of a motor assen Fig 2: Top view of a motor assem!

The magnet has a disc shape and is usually made aficetasupplies the static
magnetic field required for the operation of the speakap. plate, bottom plate and pole
piece are made of high permeability steel which is @feagnetic material. The voice

coil is a short solenoid, which is made up of tightlywwad wire in the shape of a

2 Excluding voice coil formers that are made from conidaanaterials such as aluminum. Such formers
also have similar effects like shorting rings becaighe eddy currents induced on them. We will not go
into details of the effect of such formers to the gaioil impedance. These conductive formers are very
thin, and are slit vertically to cut off electromatioally induced current paths, but still some eddy currents
gets induced on them which flow around their local pathese eddy currents on such formers also
considerably reduce the,Qof a driver, because the energy dissipated by the heattaged because of the
internal resistance of the former to the eddy currenthhem dampen the mechanical movement of the
driver. Note that shorting rings are stationarily dtetto the motor assembly, they don’t move with the
voice coil like the voice coil former, so they donéve any effect on Q



cylinder. The wire used in the voice coil is usually mafirigh conductivity material
such as copper or aluminum, sometimes even silver. Soece eoil wire material has a
relative permeability equal to 1, its mere existence doegarfere with the static
magnetic field generated by the magnet as long asi¢fchtibesn’t change, or no current

flows from the voice coil, or voice coil doesn’t nev

The Air Gap, Magnetic Field in the Gap, and How the Voice&oil Moves:

Fig 3 and Fig 4 depict how the magnet supplies its dtatitinto the air gap
where the voice coil is suspended by the surround (whiebtishown). The blue lines
show the virtual magnetic field lines inside the drivetan@assembly, which are supplied
by the magnet.

Air gap

Fig 3: Static Magnetic fields in cross section v Fig 4: Top view of a motor assem!

The figures also show the air gap. The thickness ddithgap ideally would be
equal to the thickness of the top plate. As can befseenthe figures, the magnetic field
inside the air gap is always perpendicular to the voidewaes, which means it will be
also be perpendicular to the current flowing through theevcoil. If the magnetic field
strength inside the air gap is constant with a valug tfie force that is generated on the

voice coil when a currentflows in it is (using equation (2)):
F=BIli=B 2arHg (N/H) i (12)

where r is the radius of the voice cdl is the height of the air gapl,is the total
number of windings on the voice coil aHd is the height of the voice colg(N/H.)

gives the number of windings inside the air gap. Singegdeswinding’s length is equal



to 2zr, 2arHg(N/H,) is the total length of the wire that is in the air gapjch is subjected
to theB field. And hence the voice coil is accelerated backfaril as the current
flowing through it changes its direction with the musgnal applied to it by the
amplifier. This is how the loudspeaker turns electrioalg into sound waves. The voice
coil is accelerated in proportion to the current, whisb accelerates the cone of the
speaker, which in turn accelerates the air that is drthencone causing a pressure
change in air (resulting in sound waves being radiated fh@ cone) that is proportional

to the current flowing inside the voice coill.

One thing to notice here is that, as long as the amowxoofsion that the voice
coil experiences in one direction doesn’'t go beyond{(Hg)/2, which is callemax
there will always be an equal number of windings insldeair gap, even though the
voice coil moves. So this means the force applied todiee coil for a given amount of
current passing through the voice coil is independenteopdisition of the voice coil as
long as the voice coil position doesn’'t go beydadxin either direction.

The figures 3 and 4 draw an idealistic case, where theeatiadield only occurs
inside the air gap, and no field occurs outside of thgagit We will assume this
idealistic case in our investigation of the shorting rieffscts. We will also assume that
the static magnetic field strength inside the air gdpchvis supplied by the magnet, is
constant through out the air gap and equd.tm reality both of these assumptions are
not correct. There are always some “fringe” fieldst txist on the outsides of the air gap,
and the strength of the field inside air gap changes depeoditige exact location inside
the air gap. It especially changes on the directionllpbta the pole piece axis, i.e. the
direction that the voice coil moves back and forth.sBh@re sources of distortion in a
loudspeaker, because the force applied to the voickemimes dependent to the voice
coil's position inside the gap. Investigation of this alisbn falls outside of the scope of
this document.

A Word on Induced EMF and Qe

In the previous sections, it was said that when a moees inside a magnetic
field that is perpendicular both to the wire and the em@nt of the wire, an induced
EMF force gets generated on its ends, i.e. a voltageesoacurs on the ends of the wire,



which was expressed by equation (5) above. The part @bibe coil which is inside the
air gap is also subjected to a magnetic field of B thaeipendicular to the voice coil
wire along its length. So, when the voice coil movésgse direction will always be
perpendicular to the magnetic field and the windingsselfi an induced EMF gets
generated at the ends of the voice coil leads. Weasity find its value by using (5):

Note here that the v is dependent a) on the field strength, which is suppodeel to
constant in an ideal motor no matter what, b) the kenftvire that is subjected to this
field and c) the velocity of the wire. The only varialsigéhe equation of My is the
velocity of the voice colil as long as voice coil doesnove more than X%.x The reason
to bring this up is, sometimes the effect of the shgntings are tried to be explained by
connecting their functioning to this induced EMF of theceaioil generated by the
movement of the voice coil. When we give the expianaof how the shorting rings
react with the rest of the motor below, it will bea® clear that shorting rings can only
have an indirect effect on the.W generated by the movement of the voice coil.

Because of the Lenz’s Law mentioned earlier, the gglafithe movement
generated Myt is always opposite to the voltage that created theicuthat moved the
voice coil. Without going into the details of voltagsfilacement equations of a driver,
this works like a damper on the voice coil movemens. tihis mechanism that provides

the electrical damping, i.e. Qe of the driver parameter.

Voice Colil Inductance And The Detrimental Effects that ae Associated With It:

As depicted in Figl, voice coil is a solenoid that hasiadly iron and partially air
core. In a crude approximation the part that is immergecdie pole piece can be
considered as iron cored, and the remaining part asrair\dé6th such a crude
approximation, we can calculate the inductance of tieewvanil by assuming it is made
up of two solenoid inductors in series, one is air carezlpther iron cored. In reality it is
more complex, since the windings in the air core gadt windings in the iron core part
will mutually affect each other. But as mentionediegrthe aim of this document is to
give a good explanation of the how, not to give ways kutzte accurate results. As



long as the approximation made works to explain the hoevgtudeness of it is not much

important for the focus of this document.

We know the air’s relative permeability, which is preaiilyl. We don’t exactly
know the pole piece iron’s relative permeability, and beeat is a ferromagnetic
material. Such materials don’t have a constant pernityatuimber which was
mentioned earlier. The permeability of the iron pokcpiis dependent on the amount of
magnetic field applied on it. In a speaker motor, themways the static magnetic field
applied to the pole piece sourced by the magnet. So waamémak at what is called the
B-H curve of the material that the pole piece is nfeai® to find the permeability of it in
a particulur motor. In such a B-H curvésgcorresponds to the amount of externally
applied magnetic field but divided by permeability of vacuugh, @ndB corresponds to
the net magnetic field generated by the mateBiah those curves is the sum of
externally applied field that is equaljigH and the magnetic field generated by the
alignment of the magnetic dipoles in the ferromagnetaterial that is exposed to the
externally generated magnetic field. The slope oBtt¢ curve at a given point gives the

absolute permeability of the material at that magneid.f

Figb5a displays an imaginary B-H which at least in shapembles real world B-
H curves of commonly used soft iron materials thaipible pieces are made from. In
Figba, a green tangent line is drawn on the blue B-H aumddt is tangent to the curve
where B is equal to 0.8T. Assuming the pole piece has arfaghetic field on it as a
result of the magnet, the slope of the green line glvepermeability value of the pole
piece in such a particular driver. In Fig5b showspiiemeability (1) vs net magnetic
field (B) curve that is obtained from Fig5a. The permdghiblues in Fig5b is equal to
the slope of the curve in Fig5a. Fig5b better illusgaat the permeability of such a
material is dependent on the magnetic field strength.
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Using the permeability value that corresponds to 0.8T, whiokr assumed
magnetic field strength on the pole piece caused bgndgnet, we can come up with the
inductance value of the part of the voice coil thatgws piece as its core. But here
comes the problems with the voice coil inductancecuksent flows from the voice coil,
being a solenoid with an inductance, it creates a madretmf its own. This field
generated by the voice coil is added to the field thatgeasrated by the magnet and
delivered to the pole piece. In other words, the H vafube pole piece is now changed
by the amount of magnetic field generated by the voicecooient. It means the B value
of the pole piece will also change accordingly. Bus tieally means a serious problem.
When the B of the pole piece, i.e the net magnetid bn the pole piece changes, so
does the B of the air gap, since the magnetic fietderair gap is carried there by the
pole piece. This means the magnetic field strength itbglair gap that was supposed to
be constant no matter what, is actually being modulaydtie voice coil current.
Depending on the direction of the voice colil currerd, ttagnetic field on the pole piece
and therefore on the rest of the magnetic circuihefmotor including the air gap, will

either be increased or decreased. This all means the spethkiestort.

The modulation of the magnetic field on the pole piat® modulates the
inductance value of the voice coil. This is because thagmrility value of the pole
piece changes with changing B, as seen on Figsb. \tflee& was no current flowing in
the voice colil, the only external magnetic field ba pole piece was coming from the
magnet, and the net field on the pole piece was 0.88nh, Mae can call the point on the
curve of Fig5b that has the value B=0.8T as the opgrapbmt. But as current flows in



the voice coil, causing the B value to change, the opgrabint on the curve moves
away from B=0.8T point. If the current generates a fiedd is in the same direction as
the field of the magnet, the operating point moves tat 0g the curve, otherwise it
moves to left. Since this means the changing of the garility of the core of the
windings that cover the pole piece, the value of tieevcoil inductance becomes
modulated by the voice coil current itself, again a soafabstortion. The impedance of
the voice colil is supposed to be a stable linear trafgfetion, not a changing nonlinear
one. But this demonstrates that the voice coil impesltransfer function is not linear,

because the voice coil inductance is not linear.

There is another aspect of the B-H curve, which idisgtlayed on Fig 5a that
causes distortion. It is not displayed in Fig 5a, bubfeagnetic materials have hysterisis
which means the B-H curve follows a different path @/l value is increasing vs while
the H value is decreasing. For the same reason expiaitieel previous paragraph this

also is a source of distortion.

One remedy to the voice coil impedance distortions isy to take the operating
point on theu -H curve whergu is constant over a wide range. There are two such
regions on the -H curve, one is to the right which converges to fullisstion of the
pole piece, the other is close to the origin point. Bétih@se regions have straight lines
parallel to the horizontal axis. Taking the operatingnpolose to the origin is not a good
choice, because it means less magnetic field stremgthe air gap, which also means the
driver will be less sensitive. The obvious choice wdaddo try to push the operating
point as far to right as possible. But this requires eerpowerful magnet, and the rest of
the magnetic circuit such as the top and bottom p&itesld be able to carry the
necessary flux to the pole piece to make it go up theapplears that achieving this
comes with a price tag, which requires expensive very highgsbility metals and high
power magnets to be used in the motor assembly. As weeeilbelow, another solution
is the use of the shorting rings to reduce these noniipeaspects of the voice coil

inductance.

There is another nonlinearity problem with the voiciioductance. So far we
have assumed the voice coil wasn’t moving at all, whenalked about its inductance.



But obviously it moves as it generates sound waves. Agibe coil moves forward , i.e
away from the bottom plate, the number of windings ttave an air core increases and
the number of windings that have an iron core decreAsas. moves backwards, the
reverse happens. This means the voice coil's inductaticeevease when its
displacement is at negative excursion range, and vaiedse when its displacement is at
positive excursion range. This also results in distoytii®cause the voice coil inductance
is supposed to be independent of the displacement gbibte coil, but in reality is
changing with it. An elongated pole piece, or using afetmung, i.e. a voice coil whose
height is less than air gap height, reduces this probigrthey are not full remedies. For
instance even if the pole piece is elongated, the tampaf the voice coil will still not

be exactly symmetrical to the bottom portion in teahmagnetic materials around it.
The bottom portion has the pole piece and then therhgttate, but the top part only has
the elongated pole piece and a top plate which is vesg ¢tothe center of the voice coll,
not to the end of it like the bottom plate. The s@wes for the underhung motor
configuration. Besides, with elongated pole piece and undgrbtonfigurations, it is

likely that that there will be more mass of irortta pole piece that is not close to full
saturation. For instance, the B field on the elongated pathe pole piece will be less
than what it is at the parts of the pole piece thatase to the air gap where it meets with
the top plate. This means inductance value modulation log il current will be worse
with such configurations. These motor configurations neyeblucing the inductance
modulation by excursion, but at the expense of incrgdabim inductance modulation by
voice coil current. They also increase the averadgectance value of the voice coil
simply by making more of the windings to have iron caeriich means the ratio of the
reactance of the voice coll to the resistance of/thee colil increases. This exacerbates
the inductance modulation problems, caused by both dispéadeand voice coil current
flux, because the higher the ratio of the reactahe®ice coil to the resistance of the
voice coil, the more the inductance part of the vaemikhave a say on the resultant
current that flows in the coil, which eventually makas speaker driver to produce

sound waves.



Finally, the Shorting Ring Goes in to the Motor Assembly:

After laying down the required base material for the unideding of the
workings of shorting ring, it is time to look at what tthey do in a motor assembly. As
explained in the introduction section, we will only loatka shorting ring configuration
where a single ring as the shape of a sleeve that geeshe pole piece is used. For the
sake of simplicity we will assume that the heighthaf shorting ring will be equal to the
height of voice colil, and we will assume the voiod 5 blocked from movement and is
at its rest position, even though a current passeaghrib. Which means in this section
we will ignore the voice coil inductance modulation lmyce coil position. In practice
usually, such a shorting is made with enough of a heigtt that the voice coil windings
will always cover it, which makes it effective througlt the whole excursion range of
the voice coil, as can be seen in Fig 6. But assumagelight of the shorting ring equal
to the height of the voice coil here will help us wsimplifying some math.

Shorting ring Voice coil

Fig 6: Shcrting ring sleeve added to the mc

One way to look at the shorting ring is to think that Woice coil is a primary
winding of a transformer, and the shorting ring is #eosdary winding with a single
turn and is short circuited. Familiarity from transfars tells us that if we short circuit
the secondary winding of a transformer a high currentfiai/ through the primary
winding, which appears to the voltage supply that drivegtineary winding as if the
impedance of the primary winding has been reduced. The efféhe shorting ring on
the voice coil impedance works exactly like this, andWwele start showing it using the

physics rules we had included in the earlier sections.



Lets assume that the air and iron pole piece cotieeofoice coil has an effective
average permeability @f. Then using equation (10) we can approximate the inductance

of the voice coil to:
Lve = 7 1% o (N* 1 Ho) (13)

where N is the number of windings of the voice coil Blgds the voice coil height. This

will be the inductance of the voice coil when thisreo shorting rind

Assuming the radius of the shorting ring is equal to &d@s of the voice coill,

the inductance of the shorting rirg, ,will be same but with N = 1:
Ler = (7 1% ta ) | He (14)
L is the inductance of the shorting ring when the vodakis open circuited.

By Amperes’ Law, when an alternating current flowshia voice coil, it will try
to generate an alternating magnetic flux inside the wiich will be seen by the shorting
ring immediately since they are sharing the same iatewlume. By Faraday’'s Law, this
causes an induced EMF to appear on the shorting ring whicescansnduced current to
flow inside the shorting ring. Lenz’s Law indicateattthe current inside the shorting
ring will be in opposite direction to the current insitle voice coil, because the induced
current will always try to generate a magnetic fluit®own that will cancel the flux that
caused the induction of it. The magnitude of the induced duretihe shorting ring is
dependent on the inductance of the shorting ring anahténal resistance of it in the
direction of the induced current flow. In short, becaingeshorting ring cancels some of
the flux otherwise would have been created by the \amdeits existence decreases the

% Here we are assuming that there was enough cleadratizeair gap for the shorting ring to fit without
reducing the radius of the pole piece. In reality becatifiee desire to achieve high sensitivity, a driver
with a shorting ring in its air gap will have a loweameter pole piece than same driver without the
shorting ring, exactly by the thickness of the shorting used. In such a case the removal of some
ferromagnetic material in order to fit the shortingyrimill cause some reduction in the effective average
permeability of the voice coil, and therefore causedacion in the voice coil inductance, but such a
reduction effect will be very small compared to the iridnce reduction that the shorting ring provides by
the induced current on it. Besides, some configurationsndtaequire any removal of ferromagnetic
material and still the voice coil inductance dramdlifadecreases with the addition of the shorting ring(s)
such as adding shorting rings to above and below a T shapequiquae



impedance of the voice. In order to see this relatioreramsely we need to take into
consideration the internal resistances of the voatieand the shorting ring first.

The internal resistance of the voice coil is a kn@uantity and is provided by
the manufacturer as part of the driver’s parametecantalso be easily measured by an
Ohmmeter that uses a DC current or voltage suvee will call the internal resistance
of the voice coil a&e and call the internal resistance of the shorting ingduced

currents af,.

The total alternatifgmagnetic field inside the voice coil at any given tinit be
the net sum of the magnetic fields generated by voit@ied shorting ring, calle8,.

andBg, respectively, so total magnetic field becomes:
Br = Bvwc—Bsr (15)

In (15) B, is subtracted fror,. because the magnetic field generated by the
shorting ring will always be in opposite direction te tinagnetic field generated by the
voice coil. Since the cross section area of voigeaza shorting ring is equal, which

we’ll call asA, the net alternating flux is:
@1 =A (Bie— By (16)

Then by using equation (6) and noting that the shorting siagsingle winding:
D1 = A ((aive N) / He )= ((ais) 1 Hc)) 17)

wherei,candigare the currents of voice coil and shortimg respectively. Then the rate

of change of net alternating flux is:
do/dt = (A ual He) (N diddt )— dis/dt) (18)
Now let’s look at the electrical equation on the vaiod side:

Vin = Ive Re + Vycemr (17)

“ A shorting ring doesn’t have any effect on the vaioié, when the current flowing inside the voice ceil i
DC, because a DC current doesn’t cause a changing n&afimwetiwhich means no current gets induced on
the shorting ring.

®> Note the usage of “alternating” magnetic field. Otheenathe total magnetic field should include the
magnetic field supplied by the magnet, but that is a £2&i¢) magnetic field.



whereVj, is the voltage applied to the voice coil aide.mis the induced EMF on the
voice coil caused by the changingt alternating flux inside the voice coil. By using (8)
and (17) we can rewrite (18) as :

Vin = ive Re + (N Aol Ho) ((N di,J/dt )— di/dt) (18)
Now let’s look at the shorting ring side:

Isr Rsr = Vsremf (19)

whereVsemsis the induced EMF on the shorting caused by the changirgjtemating

flux. Using (8) and (17) again, we rewrite (19) as:
isr Rer = (A ual He) (N div/dt )— di/dt) (29)

Now we have two linear differential equations (18) and (&€ two unknowns,i and
isr. By replacing the value of;ifrom (18) into (19) and then using phasor method we
come up with the impedance of the voice coll circuit Wwhecequal tovin/ ivcwhich will
be called aZ. Below we’ll give the real and imaginary partsZoénd not the amplitude
and phase expressions of it, simply because theypaierg:

Real(Z()) = Re + ((ua> A2 N? H Ry 0?) | (R? H'+ pa” A2 HZ 0?) (20)
IMg(Z@)) = @ ((a A N7 Ho) - ((1a® A2 NP He 0d)/(Rer? Ho+ ua” A2 HE 0?)) (21)
wherew is the angular frequency

One interesting case would be to see the values of(2Dj21) when Ris zero,

meaning shorting ring doesn’'t have any internal resistdncich a cas&eal(Z))
becomedR. andimg(Z)) becomes zero, which means the voice coil impedancebseen
the voltage source is pure resistance with a vall. of we could come up with a zero
resistance shorting ring, we would have been able tanglinthe voice coil inductance

and make it pure resistive.

Another case to look at is wheg, B infinite, meaning the shorting is open
circuit, no current flows through it. In such a c&s=al(Z{)) becomesR. andimg(Z))
becomes zere ((ua A N/ Ho) which is same as L. This tells that when the internal
resistance of the shorting ring is infinite, it woh&ve any effect on the voice coil



impedance, which was an expected result, but provides a duhdak to the way we
arrived at the voice coil impedange

By using equations (13) and (14) , we can rewrite (20) and §21) a
Real(Z()) = Re + ((Lve Lsr R %) / (R’ + Ls” %) (20a)
IMg(Z@)) = @ (Lvc- (( Lyc Ls” wz)/(Rsr2+ Ls? 602))) (21a)

Especially (21a) helps with seeing the reduction effette@thorting ring on the
effective inductance of the voice coil. We can alsofsem (21a) that as frequency goes
to infinity, imaginary component of voice coil impedamgues to zero, regardless of the
values ofL,, Ls Or Rs.. As frequency decreasds, becomes the limiting factor at the
reduction of the imaginary part of the voice coil impe@arihis means for the shorting
ring to be effective in the lower frequencies, it needsave a very low internal

resistance.

Equations (20,20a) and (20,20b) are for an ideal case wheshdteg ring is
assumed to be fully coupled to the magnetic flux gengtayehe voice coil. In reality it
misses some of the flux generated by the voice calvill look into this aspect more in
the following sections where we will looking at some SPIGodels to simulate the
effect of shorting ring on voice coil impedance.

Internal Resistance of a Shorting Ring

In the previous section we have found out that thenateesistance of a shorting
ring is critical to its effect on the voice coil ingnce. So it is a good time to look at the
resistance of a shorting ring to have a better idea tehatpect from it.

The induced currents on the shorting ring flow insidentbg making circles that
are coaxial to the ring itself. This means the crestian area that these currents see is
equal tows; Hsr , Wwherew, is the thickness of the shorting ring, atglis the height of
the shorting ring. The total length of the induced currgaigel is approximately equal to
the mean of the outside circumference of the ring hedniside circumference, which is



27 (rss — We/2) , Where ¢ is the distance from the center of the ring to tiside of it.
With this on hand, we can calculate the internaktasce of the shorting ring as:

Rsr = psr (2 7 (rsr — Wer/2))  (Wer Hsr) (22)

wherepgis the resistivity constant of the material thatsherting ring is made frofn
Copper's resistivity constant is 0.0175¢L0aluminum’s 0.0282x18) Iron’s 0.1x1¢, and
Stainless Steel’s 0.72 x2®hm meters to give some perspective.

Using (22) we can calculate a somewhat typical slgprtng’s internal resistance
which is assumed to be 1mm thick, 2cm high and with a 2dmsawhich comes out to
be 0.1n9.

A SPICE Example on the Effect of Shorting Ring to Impedane:

As mentioned above, the voice coil and shorting rogpte makes a transformer
whose second winding is a single turn and is short téduA SPICE modélof this is
drawn in Fig 7. The part that containggBnd L,co represents a voice coil without a
shorting ring near it, and the part below that represéetsame voice coil with a
shorting ring. The internal resistance of the voioiis chosen as 6 ohms, which a
common figure for conventional drivers. For the inductasfade voice coil when there
is no shorting ring around it, a value of 1mH is cho¥ga.assumed that the voice coil
had 100 windings on it. Recall that we assumed the shomigg height and radius is
equal to the voice colil's; then equations (13) and (14yselhat the inductance of the
shorting ring will bel/N? of the voice coil’s inductance. For this reason titi¢tance of
the shorting ring is assigned to the value of 1%@Bl. We assumed a copper shorting
ring with the shape given in the earlier section, wiiehad calculated the internal
resistance of it to be 0.1m ohms, the value of whichad usthe SPICE circuit model.
Note the K Lvcl Lsr 0.97"SPICE directive that is used in the circuit. This lithe two
inductors, Lvcl and Lsr, turning them into a transformée figure 0.97 is the coupling
ratio between the two inductors. The highest valuenttake is 1, which is for a perfect

® This simple model of the internal resistance of thatsig ring ignores the “skin effect”; for a more
thorough model see reference no 6.

" SWCAD Il which is freely available fromww.linear.comis used for the SPICE simulations



coupling. We used a 0.97 since we assumed the shorting reugésssze as the voice

coil, which means they will be highly coupled.

K Lve1 Lsr 0.97
Lvct Lsr Rsr
1mH 1e-4mH 0.1m

Fig 7: SPICE model for compatison the effect of shorting ring on woice coil impedance

Fig 8. below shows the simulation result of this airclihe curve of V(in)/I(Re0),
which is green, is the impedance of the voice coil auttthe shorting ring. It shows an
expected impedance of a resistor in series with an ioduthe curve of V(in)/I(Rel),
which is blue, shows the impedance of the voice cbhémthe shorting ring is added. The
addition of the shorting ring effectively slows dowe ttise of the voice coil impedance.
This can also be explained as the shorting ring redubeaghtductance of the voice coil.
But the effect of reduction of the voice coil inductaixcéequency dependent. It would
be more accurate to define the effect of the shortingeashanging of the voice coil
impedance, rather than just reducing the inductanceTiatblue impedance curve is
typically seen on drivers that use a long copper capsteeve on the pole piece, which
gives a good coupling ratio to the voice coil inductanceiltieg in a very resistive

impedance rather than an inductive one.
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0.0miiHz

100 V(in)fI[ReD)

Fig 8: Zinulation results of the citcuit in Figl

In Fig8, the red curve of V(a)/(I(LvcO*2*pi*freq) gives affextive inductance
value across the voice coil terminals when ther® ishorting ring, and the curve of
V(b)/(I(Lvc1*2*pi*freq) shows the same when the shorthmgg is used. These are a
visual representation of how the shorting ring lowkesvoice coil inductance, turning it
into a device which has an impedance which is frequergrdient. The value of the
red curve stays at 1mH and its phase is always 90 degteeh, isvexpected from a pure
inductor. On the other hand the phase of the light blueectaries with frequency and its
value decreases. When the phase is not 90 degrees, it tiiei@nis a resistive real
component in the impedance that consumes energy; induatcapacitors don'’t

consume energy. The energy consumed in Rsr (thershoirtg’s resistance) adds the



real component to the impedance seen at Lvcl'’s tersniRaf this reason it can also be
said that the shorting ring turns the voice colil inductto a lossy inductor.

Note also that , the V(b)/(I(Lvcl)*2*pi*freq) curve showst the inductance
lowering effect of the shorting ring initially increadas then settles down. In our
sample case, at 20Khz the effective voice coil incdwasavalue is converging to
0.059mH and its phase converges to 90 degrees. This can alemn e tte blue
V(in)/I(Rel) curve as a late coming impedance rise elfrewiew equation (21), the
effective inductance value should be converging to zero @seiney converges to
infinity. So, where is this convergence to 0.059mH is corfrimgn? The answer is the
0.97 coupling ratio value of Lvcl and Lsr that we used in BI€E model. A coupling
ratio less than 1 is indicating that not all turns@edectly coupled between the primary
and secondary windings. The turns that are not coupled gtmmnselves as what is
called a “leakage inductance” in the transformer. This 0.658nthe leakage inductance
of the voice coil when the voice coil and the simgrtiing is considered to be forming a
transformer. The leakage inductance at the voicesislis equal ta:, (1-k%) = 1.0mH
(1- 0.97) = 0.059mH, wheré& is the coupling ratio.

A few examples of such real driver curves can be foumdhat.typhany.com

website under Scan-Speak product line, such as the mid-wi@Wé8542 or the
midrange driver 13M/8636. Both of these drivers use a coppencHye pole piece,
which is termed as SD motor version by Scan-Speak, amdritpedance curve shape in
general looks similar to the blue impedance curve of ourlation result. In

comparison, the drivers that use Scan-Speak’s patentedn®idets, display a higher
rate of impedance rise, which can be seen in the mmfer 18W/8545'’s impedance
curve. This is because SD-1 motors leave the part gidleepiece that corresponds to
the air gap without any shorting ring, but they have shgrings above and below the
air gap section of the pole piece. This means the p#éneofoice coil windings that are in
the air gap, are not coupled to the shorting rings very Wetle coupling ratio parameter
of the K SPICE directive in our circuit model is dee@to account for this fact, the
simulation result then gives an impedance curve shiepé¢he drivers with SD-1 motor.
This also explains why shorting rings that are placedeabase of the pole piece have
less effect on the voice coil impedance, and their dapee curve rise is not much



different than a regular driver without any shortingyriswhen the shorting ring is at the
base of the pole piece, it misses some of the flakthe voice coil generates, which is
the same thing as saying that voice coil and the shortiggcdupling is lower than ideal.

The smaller the coupling ratio, the less effect shgnting has on the impedance.

The internal resistance of the shorting ring is alsemportant factor. As we have
mentioned earlier, if it could be made to be zeropoitld totally eliminate the voice coil
inductance and make its impedance seem like a pure resisedue R. The higher the

shorting ring resistance, the less effective it bezaam

Induced Eddy Currents On the Pole Piece, What do They do?

Up until now, we ignored any induced currents that witl nside the pole piece,
which makes up most of the core of the voice coil. Sougete, our assumption was that
the pole piece was a non-conductive material withrg higgh internal resistance which
didn’t allow any current to be induced in it. Pole pieeeng made from high
permeability steel, of course this assumption is noectrin this section we will try to
find the effects of induced currents on the pole piebe.ifiduced currents on the pole
piece by changing magnetic flux caused by the changirog \wiil current are called
Eddy currents, because the pole piece wasn't maderipicduced currents on it, and it
is not shaped to allow the maximum induced current to dlow. Induced currents that
occur on parts that weren’'t supposed to carry induced csraemtusually called Eddy
currents. Because most often the shape of such pantsraegle to give the optimum
flow of induced currents in their shortest flow direati the induced currents on them
usually run in local circular paths, which resemble edtyls on a stream of running
water. Other than the differences that give thenr fyaiticular name, the way these eddy
currents are generated and the way they react back étettieomagnetic system is
nothing different than the induced currents on the secgndading of a transformer, or
a short circuit ring in a loudspeaker driver motor. Edalyents also occur on other
conductive parts of the motor such as the top plateyrogttate, even to some degree on
the parts of the basket of the driver that are clastrd voice coil, if the basket is made
from a conductive material, and also the special caaecohductive voice coil former

which is already shortly mentioned on footnote 2. Wa'lly focus on the pole piece



here, because it sees the most of the flux changeadyshe voice coll, i.e. it is highly
coupled to the voice coil.

In order to see the effect of eddy currents on the pielee to the voice coil
impedance, we could model it as a series of concenttiavrings of equal thickness but
increasing their radius from zero to pole piece’s radibe virtual rings that are close to
the outer edge of the pole piece will enclose musteflux change by their cross
section area, but the virtual rings that are towardseéer of the ring will enclose
smaller of the flux change proportional to their cresstion area. At the same time the
ring that are towards the center will have less iatleresistance, while the rings at the
outside will have higher resistance, as indicated bgtphmtion (22). Such a model
would require taking into consideration of the resistara® cross section areas of each
ring and find their aggregate sum effect on the voiceirdilctance, which would be a
more complex job than what we are after. Once agerare not after accuracy here, we
are after simple enough approximate models that wilbleg@ate to display how they
work® So here we will take a very crude model as an approximafithe pole piece’s
eddy current’s effect. We will assume an equivalarg with thickness,¢/2, and outer
diameter of %% (where { is the voice coil radius) and a height gbtkl. We will
assume that the induced currents on this equivalent ilhgave the same effect of the
induced currents on the pole piece of with a radgand height e

By using equation (22) and assuming the resistivity of the ppetce material is
0.3x10°, for a voice coil radius of 2cm and pole piece hedjt& cm, our assumed
equivalent pole piece ring will have an internal resise of :

Rpole = OOGI’IQ

By using equation (14) and taking the average radius ofrt@eaibe (3% — %
I'v), the inductance of this equivalent assumed pole piegenwilhbe:

Lpole= (7 e’ #a) (4 Hole) (23)

Then the ratio ok to Lyc becomes, using (23) and (13):

8 The crude approximation model we are using here tatallyres the “skin effect”, for a more accurate
modeling of the eddy currents on pole piece see the reéenen6.



Lpole/ch =HJ (4 Hpole Nz) (24)

SPICE Example Comparing the Individual Effects of Pole Rice Eddy Currents And
Shorting Ring:

Here we will use the same voice coil model we usebearetirlier SPICE model,
but will also look at the effect of eddy currents be pole piece. Using (24) and the
same earlier example of a voice coil with inductaoicéEmH and height 2cm, the
equivalent inductance of a pole piece with 3cm height tnes:

Lpote = 0.16x10'mH

We had already calculated the equivalent internastaste of such a pole piece
asRyoe = 0.06n92 in the previous section. With these at hand we aativgcircuit model
which is displayed in Fig 9.

The circuit in Fig 9 is made up of three parts. The uppercparesponds to a
voice coil with no shorting ring and no eddy currentstecore. The middle part
corresponds to the same voice coil but the eddy cumertise pole piece is taken into
account by the secondary winding and its resistor, whitesents the eddy currents on
pole piece. The lower part corresponds to the same goiteith no eddy currents on
the pole piece but a shorting ring is added, which iseberglary winding in there. This
way, we can compare the individual effects of eddy ctsrand shorting ring on the
voice coil impedance. Note that the coupling coefficidrthe pole piece to the voice coil
is selected as 0.8. This is made in order to accoutihdoiact that the pole piece doesn'’t
cover all of voice coil's windings at rest positidherefore it is somewhat less coupled to
the voice coil than a shorting ring that goes fuligth of the voice coil.
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Fig 10 below shows the results of the simulation efdincuit in Fig 9. Here again
the green curve of V(in)/I(Re0) is the impedance of theevooil with no shorting ring
and no eddy currents on pole piece. It is again the sthndarg curve of a resistor in
series with an inductor. The blue curve of V(in)/I(Reélpings to the case where the
eddy currents on pole piece are taken into account.tNat¢he eddy currents slows
down the rise of the impedance curve. Such a curve istyeical of any loudspeaker
driver that use conductive material such as iron asopéneir magnetic circuit.
Unavoidably, eddy currents gets induced on these iron gadgeaction to the magnetic
flux change caused by the voice coil currents. So aWentionally built loudspeaker
drivers exhibit this phenomena of an impedance that divergesdrsimple resistor plus

inductor.
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Fig 10: 3imulation result of the citewit inFig 9.

The pink curve of V(in)/I(Re2) belongs to the case whbere are no eddy
currents on the pole piece but a shorting ring is addednlbe seen that a shorting ring
usually have more effect on the voice coil impedanaa the eddy currents on the pole
piece. The important thing here is that both the eddnts on the pole piece and the
currents on the short circuit ring have the same gffecause they work under the same
laws of physics. The difference with eddy current$iad,tthey are not easily predictable
(unless you make very crude approximate models like we did, whitdt adequate to be
used in real world designs), and they have asymmetryeleetthe top of the pole piece
and the bottom of the pole piece, and also betweetophelate and the bottom plate. The

asymmetry is caused by the existence of the air gap, whedndexist on the bottom



plat€. So instead of requesting the pole piece and other ferratiagarts of the motor
to do a double job of both channeling the magnetic fluxadnet into the air gap and
reducing the modulation and inductance of the voice callloyving eddy currents to
flow on them, it would be a better idea to put in a shgnting to do the latter and leave
the iron parts to do the former, which is their sole We’ll look into this in the next

section.

SPICE Example Which Both Shorting Ring and Eddy CurrentsExist

In order to see what happens when both the effet¢tasfisg ring and eddy
currents on the pole piece are taken into accountgai@aew part to the circuit of Fig
9, which couples all the three coils with each ottiex:voice coil, pole piece and the
shorting ring. The resultant circuit is shown in Fig The top three parts of the circuit of
Fig 11 are identical to Fig 9's, the last bottom part igrigestigating the case where both
the shorting ring and eddy currents on pole piece ed&t.SPICE directives K30, K31
and K32 couple Lvc3, Lpole3 and Lsr3 to each other with the sampling ratios used
when the pole and shorting ring existed individually. Amiteairy value of 0.9 is selected
for the coupling of the shorting ring and the pole pidtes coupling between the two
depends very much on both the shapes of the pole pidcgharting ring, as well as the

placement of the shorting ring on the pole piece.

° The US patent US5357587 gives a good description of the profilasymmetric eddy
current flow on top and bottom parts of the loudspeakeerdmotor.
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Fig 11: Circuit model whete the case of both shortingg ring and eddy currenits on pole piece
existing with the voice coil added to the model of Fig 9.

Fig 12 shows the simulation result of the circuifFaf 11. The green, blue and
pink curves correspond to the same impedance curves d0Fighe red curve belongs
to the case where both the eddy currents on the pade pnd shorting ring are taken into
account. As can be seen, the curve is close to the pink adnrere there was only
shorting ring without the effect of eddy currents ongb& piece, but there are some

differences nevertheless.
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Fig 12: Bimulation result of the cireuit of Fig 11.

A more interesting result can be seen by lookingemhagnitude of the eddy
currents flowing on the pole piece. The curve of [(Rpgledlch is on the upper pane of
Fig 12, corresponds to the eddy current amount on the [gale when there is no
shorting ring. The curve I(Rpole3) which is on the sanme p&s the amount of eddy
current flowing on the pole piece when there is a st@ring highly coupled to it. As
can be seen, for the most part of the frequency rangeddy current is reduced because
of the existence of the shorting ring. This is expectecksihe shorting ring has a higher
inductance than the pole piece and better coupled to the ewiic which results in it
reacting better to the change of flux than the poleepidad as a result most of the
induced current flows on the shorting ring rather tharptile piece. But as frequency
increases, because the internal resistance of th@okeis lower than the shorting ring,

the eddy currents on the pole piece starts to inclteadeagain.



There is also the “skin effect” phenomena that woulllice the available cross
section area of the current, which would make thenaleesistance of both the pole
piece and the shorting ring to increase. Such detaikagsas is beyond the scope of this
document, for additional information on this and moreueste modeling of the eddy

currents reference 6 recommended.

The Benefits of Usage of Shorting Rings:

Under the light of the information represented abovecavenow comfortably
look at what benefits that comes with the usage atisigorings. The most immediate
and apparent one is the reduction of the impedance itiseénereasing frequency. This
means the sensitivity of the driver as frequency increaselse increased with the usage
of a shorting ring. This is commonly stated as thetsigpring extending the high

frequency roll off of the driver.

Second benefit comes from the fact that shorting nedgices the effective
inductance value of the voice coil at a given frequentgnl earlier section we had
discussed the causes of the nonlinearity of the voitendactance and its detrimental
effects. One way to look at this is, by reducing the affectalue of voice coil
inductance, these detrimental effects will also be retiuneluding the nonlinearity
caused by the operation on the nonlinear part of the Brtecor the hysterisis of the B-
H curve. Then we had mentioned there was also theneamity problem of voice coil
inductance being dependent on the position of the voiceAcstorting ring will be a
remedy to this by simply the fact that it will redube inductance of the voice coil. Even
if it still gets modulated with position of the voiceil¢ this change in modulation will
have less effect because the average value of voic@auctance is reduced but the
resistance of the voice coil remains the same. \Weravverage value of the voice coil
reduces, resistance of the voice coil has more salysoimpedance, and the changes that
the inductance part goes through have less effect orottage to current relation. And
with careful positioning of multiple shorting rings, rastly the voice coil inductance
value can be reduced, but also the modulation of it byreiam. We will not go into
detail of this here, but a case of it can be found a\B&'Development of the 700



Series” white paper, available at
http://www.bwspeakers.com/downloadFile/technicalFeature/7 #3%hitepaper.pdf

Since we were focused on the effect of shorting rirttp¢ovoice coil impedance,
so far we have only slightly touched to the effectl@reduction of the modulation of
the air gap flux by the usage of shorting ring. Considehegrtformation presented so
far, it is obvious that the shorting ring effect on voée coil impedance is a result of the
way it reduces the amount of flux modulation the voméaurrent would cause if
shorting ring didn’t exist. This lies at the core of hibweduces the rise of the impedance
of the voice coil. Since the magnetic flux changesea by voice coil current is
transmitted into the flux inside the air gap by the higlmaability iron pole piece; the
voice coil current also modulates the flux inside theyap, which is supposed to be
constant for the linear operation of the driver. Byuang the magnetic flux change
caused by the voice coil, the modulation of the air gap\iill also be automatically
reduced. Since this is what the shorting rings do, théalso be reducing the
modulation of the air gap magnetic flux by the voic# carrent. It means shorting ring
will not only reduce the nonlinearities associated with\toice coil inductance, it will
also be reducing the nonlinearities caused by the modutztitwe air gap field.

And as a last note, lets go back to the induced EMF causée Inyovement of
the voice coil and Q In an earlier section we gave the equation of the edi&MF of a
driver caused by the movement of the voice coil in (12).nAd said there that the
shorting rings don’'t have any direct relationship to thiswNve are better equipped to
comment on it. Since the only things that determinertibgon caused induced EMF are
the magnetic field inside the gap, the length of coid@she gap and end the velocity of
the voice coll, let us see what can the existen@esbiorting ring do to it. The velocity in
that equation is the variable causing the EMF, so wearaterested in it. Since
shorting ring doesn’t have any effect on the physical sbéf®e voice coil, the length of
voice coil inside the air gap is not affected by a shgnting’s existence. But since
shorting ring reduces the modulation of the magnetid freside the air gap, it means it
will make the motion induced EMF more linear. This alssans it will make the
which is a result of the induced EMF by the motionhef voice coil, independent from



the magnitude of voice coil current. If the voice cailrent modulates the field in the
gap, Q will also be modulated by the voice coil current.

In short, the shorting rings are good to have, as longesisshape and position is
well thought out and placed on the motor. The only prolileey bring is they generally
reduce the sensitivity of the driver, because eitheey dause to widen the air gap if they
are placed in there, or they cause the shape of theiecke to be made such that a it
won't be able to channel the maximum amount of fluxhedir gap.

Closing Remarks

The goal of this document was to give an insight omitikings of a shorting
ring on a loudspeaker driver and also to take a peek at ddire ronlinearities of the
loudspeaker drivers that are addressed by the usage ohghargjs. It was the author’s
impression that there is a lack of readily availalnlé @asy to understand documentation
on the subject of shorting rings, especially availébline average DIY speaker builders
and designers. There are a few short attempts of etmaravailable on the Internet, but
they either don’t do a very good job of explaining or contaisleading information that
causes confusion on the readers’ minds. This documenttisnwiith the hope of filling
this void.
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