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Loudspeaker Dampingi

ALBERT PREISMAN*

Part 1. A discussion of theoretical considerations of loudspeaker characteristics, together with a
practical method of determining the constants of the unit as a preliminary step in obtaining satis-

NE OF THE CONSIDERATIONS in the
o design ‘and application of loud-

speakers is the adequate damping
of their motion. Thus, owing to the
masses and compliances involved, the
sudden application or removal of current
“in the voice coil tends to produce a
transient oscillation of a damped sinu-
soidal nature.

In particular, the sudden cessation of
current in the voice. coil may find the
loudspeaker continuing to vibrate in the
manner described, so that the sound

“hangs over”. Any one who has experi-

.enced this unpleasant effect will seek
ways and means to eliminate it.

In the case of a horn type loud-
speaker, the horn imposes in- general
sufficient mechanical loading to. damp
out such transient response of “hang-
over”, and also serves to limit the ex-
cursions of the voice coil so that it does
not operate into the nonlinear portion
of the air-gap magnetic field. The damp-
"ing also serves to minimize nonlinear
compliance of the suspension system by
limiting the amplitude of oscillation.

However, if the horn design is lim-
ited by such considerations as maximum
permissible mouth area and is operated
at a frequency not too low to be trans-
mitted by the horn taper yet low enough
'so that appreciable reflections occur at
the mouth, then the horn may cease to
act as a mechanical resistance, but in-
stead become predominantly reactive,
and thereupon cease to damp a reson-
ance in the speaker unit occurring in
‘this frequency range. In such an event
other means of damping will be of value
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to the designer or applications engineer.

In the case of the direct-radiator
loudspeaker unit, the air load is small,
and is mainly reactive at the lower
frequencies. Hence mechanical damping
of the unit is small in magnitude, and
“hangover” effects may be particularly
noticeable.

A reflexed cabinet may help to load
the loudspeaker, or at any rate to pro-
duce a two-mesh mechanical network
exhibiting two resonance peaks, neither
of which is as high as that of the unit
by itself or in a flat baffle. Neverthe-
less, the damping may still not be suffi-
cient to produce “clean” low-frequency
tones.

Hence, in general, it is advisable or
at least desirable to provide sufficient
damping of the direct-radiator type of
unit by means of its electrical character-
istics, so that whether it is operated into
a horn, reflexed cabinet, or simply a flat
baffle, it will be adequately damped.

An important point about electrical
damping  is that it represents high
rather than low efficiency of operation,
just as a horn does. On the other hand,
were some material such as viscaloid
employed to provide the required damp-
ing, the electrical input power would in
part at least be converted into heat en-
ergy in the material instead of into
acoustic energy, and thus represent a
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Fig. 1. Equivalent circuit of loudspeaker
unit at low frequencies.

decrease in efficiency. It will therefore
be of interest to examine damping pro-
duced by the electrical characteristics of
the system.

Motional Impedance

When an alternating current flows in
a voice coil, it reacts with the constant
magnetic field to produce an alternating
force which causes the voice coil to
vibrate at the frequency of the current.
In so doing, the voice coil cuts through
the magnetic lines, and generates a
counter electromotive force, c.e.m.f.

The action is exactly similar to that
of the rotating armature of a d.c. motor
—the armature generates a c.e.am.f. by
its rotation in the magnetic field. Con-
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Fig.' 2. Mechanical characteristics of
speaker as seen from voice-coil
terminals,

sider the case of the loudspeaker voice
coil. The electrical c.e.m.f. which is gen-
erated, tends to oppose the flow of cur-
rent in the coil, just as if its impedance
had gone up. After all, one ohm of im-
pedance simply means a one volt drop in
the unit for a one-ampere current flow-
ing through it; i.e., volts per ampere.
In the case of the loudspeaker, the force,
and hence motion and c.e.m.f., are pro-
portional to the voice coil current, so
that a ratio is involved which is an ap-
parent impedance.

Hence, when a loudspeaker voice coil
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is permitted to vibrate, its impedan:
apparently goes up. “The increase in tt
impedance owing 'to its motion is know
as the MOTIONAL IMPEDANCE, and it
measured in ohms just as the electric
impedance of the voice coil is measure
in ohms.

Several characteristics of the motion
impedance can be readily analyzed qual
tatively. In the first place, the lower tt
mechanical impedance, the more readi
does the wvoice coil vibrate, and tl
higher is the induced c.e.m.f. for a give
current flowing through it; ie., ti
higher is its motional impedance.

A second point to note is that tl
greater the magnetic flux density, tl
greater is the induced c.e.m.f., and tl
higher is the motional impedance of t!
voice coil. Finally, we note that if tl
total  length of voice-coil wire is i
creased, there is more conductor cuttir
the magnetic field, and hence mo;
c.e.m.f. induced. Therefore the motion
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Fig. 3. Circuit of Fig. 2 with additic
of generator,

impedance increases if the length
voice coil wire is increased.

The actual quantitative relations a
as follows:

(Bl)zx 10-° )
Zme= =z (G

where Z,,, is the motional impedance
electrical ohms; B is the magnetic flt
density in gauss; !/ =length of voice cc
conductor in ecm., and Z,, is the mecha
ical impedance in mechanical ohr
(dynes/cm/sec.).

Loudspeaker Low-Frequency Resonance

The mechanical impedance Z,, of tl
loud speaker unit varies considerab
over the frequency range. However,
a direct radiator its value and effect
the lowest audio frequencies is of grea
est importance, particularly with rega:
to “hangover’ effects, and hence will |
analyzed at this point.

At the lowest audio frequencies, t
loudspeaker unit acts mechanically as
simple series resonant circuit. This
illustrated in Fig. 1. The masses i
volved are those of the cone, M,, and
the air set in motion by the cone M
The latter is a function of frequenc
but can be assumed fairly constant ov

[Continued on page 3
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a narrow frequency range involving the
resonant frequency of the unit.

The compliance C, represents that of
the suspension, both of the rim of the
cone and of the center spider. It is apt
to be nonlinear, particularly for large
excursions, but is reasonably constant
for moderate and small amplitudes of
vibration.

The resistive factors are that of the
suspension R,, and that of the air set
in motion by the cone, R,. The latter is.
particularly variable with frequency, but
is usually very small at the low fre-
quency at which resonance occurs, par-
ticularly if the speaker unit is tested by
itself, or at most in a flat baffle. Values
for several sizes of cones are given by
Olson:? :

From Fig. 1, it is apparent that
Zm= (Ry+ Ryg) +jm(Mc+Ma)

+1/joCy  (2)
Substituting this in Eq. (I), we obtain
Zme =
' (Bl)2 x 10-°
(Ry+ Ry) +jo (M +My) +1/j0C,
3)
If we divide the numerator and denomi-
nator of the right side of Eq. (3) by
(Bl)2x 10-° we obtain

Zme=
1
(Rs'l'Ra) . ‘o (M0+Ma) -
(Bhzx10° " ’* (B)Tx 10
1
* JeC, (Bl x 10
4
Let

(Ry+ Re)/(B)2%10-° = Gpo=1/R,,
(M, + M)/ (Bly?x 10 = C e
and C,(BL)2x10° =L,

where

(%)

R,,, is the motional resistance
corresponding to the mechan-
ical damping R, and R,,

Cme 1s the motional capacitance
corresponding to M, and M,,
and

L., is the motional inductance
corresponding to C,.

In short, we shall assume that the me-
chanical resistance appears as an elec-
trical-conductance G, =1/Ry,e; the me-
chanical compliance appears as an elec-

trical inductance; and the mechanical *
"mass appears as an electrical capaci-

1H. F. Olson, “Eiéments of Acoustical
Engineering,” p. 126. D. Van Nostrand Co.,
New York. ’
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tance. The latter transformation has
been known for a long time in the power
field; years ago oscillating synchronous
motors were used in Europe as electrical
capacitors, since a relatively small arma-
ture mass appeared as a surprisingly
large electrical capacitance.

If we substitute Eq. (5) in Eq. (4),
we obtain:
Zme =

1

(1/Rme) +jOC e+ (Z/ijn;e)

The quantities on the right side repre-
sent a resistance, capacitance, and in-
ductance in barallel. since the parallel
impedance is equal to the reciprocal of
the sum of the reciprocals of the indi-
vidual impedances.

Hence we finally arrive at the conclu-
'sion that the mechanical characteristics
of the loudspeaker at the lower frequen-
cies appear at the electrical terminals of
the voice coil as shown in Fig. 2. Here
R,, represents the electrical resistance of
the voice coil; the electrical (clamped)
inductance of the voice coil can be dis-
regarded at the lower audio frequencies.

The mechanical characteristics of the
speaker appear as a parallel resonant cir-
cuit shunted by a certain amount of re-
sistance; these constitute the motional
impedance Z... of the speaker, and the

23
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total electrical impedance Z, is Zpy, plus
R, ' ’

We can now analyze the behavior of
the speaker from its electrical motional
impedance characteristics. Thus, just as
Fig. 1 indicated a certain frequency of
resonance, so does Fig. 2 indicate this
fact. Since the two circuits are equiva-
lent, they must have the same resonant
frequency. This can be readily shown.
Thus, from Eq. (§)

(Bl)2zx 10-°
=(M0+Ma)cs (7)

Lns Cmo=C, (BL)2x 10-0

that is, the electrical LC product equals

the mechanical MC  product; either
therefore represents the same resonant
frequency.

Tt will be of interest to compare the
behavior of the electrical circuit of Fig.
2. For example, at the resonant fre-
quency of the loudspeaker, namely

£ = 1 3 1.
7—27(M0+Ma)cs—-2‘"'LmeCme .
(®

the mechanical current or velocity v is
a maximum, and is in phase with the

force F, Fig. 1.

This in turn means that the electrical
c.e.m.f. will be a maximum and in phase
opposition with the force F, which in
turn is in phase with the current in the
voice coil. Hence this c.e.m.f. will pro-
duce an in-phase or resistive reaction:
the generator will view the voice coil as
having increased in impedance, and that
this increased impedance is resistive in
nature.

Now refer to Fig. 2. At the frequency
of resonance, L,, and C,, act as an
open circuit shunting R,,, so that the
electrical impedance is -

Zt=va+Rme (9)

and is a maximum, Furthermore, if the
mechanical resistance (R;+R,;) is
small,  will be a maximum, as will also
be the c.e.m.f., whereupon the electrical
source will see a high resistive impe-

.|dance R, This checks the inverse re-

lation between R,,, and (R,+ R,) given
in Eq. (5); when (R,+R,;) is small,
R,,. appears large since (R,+R,) ap- 4
pears ‘in the denominator of the expres-
sion for R,,, in Eq. (¥).

To be concluded in the April issue.
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Loudspeaker Damping

ALBERT PREISMAN*

Part 2. A discussion of theoretical considerations of loudspeaker characteristics, together with a
practical method of determining the constants of the unit as a preliminary step in obtaining satis-

E NOW COME to the question of
w damping of the ~loudspeaker
mechanism by the electrical
circuit. In Fig 3 is shown the electrical
equivalent of a loudspeaker illustrated
in Fig. 2, with the addition of an elec-
trical source of internal resistance Rg
feeding it. This normally represents the
R, of the output tube or tubes as viewed
from . the secondary terminals of the
output transformer.

The apparent generated voltage as
viewed from the secondary terminals is
eg. The transient solution, however, is
that current which flows in the network
when eg is zero, and subject to whatever
initial conditions we seek to impose.

This circuit has been solved innumer-
able times ; the current flow is oscillatory
in nature, and of a frequency and decre-
ment determined by the L, C, and R of
the circuit. In particular, if.

R = \/Lme/ Come

1 .
—Zﬂfrcme (10)

where f, is given by Eq. (8), and R is
the resistance paralleling L,,, and C,,,
then the circuit is critically damped.
This means that the natural frequency is
zero, or the circuit is no longer oscilla-
tory; physically the loudspeaker has no
hangover effect. Of course R can be less
than the value given by Eq. (10); the
latter merely gives the maximum per-
missible value of R.

An inspection of Fig. 3. indicates that
R must represent R,, paralleled by
(Rye+ Rg), hence if R,,, is greater than
the value required by Eq. (10),

* Capitol Radio
Washington, D. C.

Responsibility for the contents of this
paper rests upon the author, and state-
ments contained herein-are not binding
upon the Audio Engineering Society.

Engineering Institute,
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Fig. 3. Circuit of Fig. 2 with addition
of generator,

(R, + Rg) must be a low enough shunt
to-provide in conjunction with R,,, the
critical damping necessary.

It will be recalled from Eq. (5) that
if the mechanical damping (Ry+R,) is
low, R, will be correspondingly high.
An example which is to follow will show
that usually the mechanical damping
(Rs+ R,) is very low, so that it can be
expected that R,,, will be relatively very
high; much higher than will provide
critical damping. | '

From this it follows that (R,,+ Rg)
must be a sufficiently low shunt to satisfy
the critical damping condition given by
Eq. (10). However, it is possible that
the voice coil resistance R,, is itself so
high that Eq. (10) cannot be satisfied.
In the usual case R,, is not too high,
but the maximum value left for Rqy to
assume can be quite low. In such a case
a large amount of inverse voltage feed-
back may be necessary to reduce the
source impedance to the requisite low
value.

_Numerical Example

The following numerical example will
serve to illustrate the above analysis.
Suppose we take a 16-inch cone type
loudspeaker, whose mass is 40 grams,
plus 4 grams for the voice coil. Assume
further that the compliance of the sus-
pension is Cy=3.2 x 10-7 cm/dyne, and
that the mechanical resistance is 2400
mechanical ohms.

To the mass~of the cone and voice coil
must be added that of the mass of the
air. In the neighborhood of 25 cps or so,
Olson? gives the reactance of the air
load as 7500 mechanical ochms. The cor-
responding mass is

7500
= =4
ey *Bgmms .

Hence the total mass is - .
M, =40+4+48=92 grams
The resonant frequency is, by Eq. (8)

_ 1
f’"2792x3.2x10—7
which is close to-the value of 25 cps
initially used to calculate the air mass.

The air also imposes a certain amount
of damping in the form of radiation re-
sistance. This is a rapidly varying func-
tion of frequency; from Olson’s book
we find it to be 600 mechanical ohms at-
29 cps. Hence the total mechanical
damping is ‘

R+ R, =2400+ 600=3000 mech. ohms.

Now suppose the flux density B is
10,000 gauss, and the length I of voice
coil conductor is 1500 cm. Assume fur-
ther that the voice coil resistance R, is
10 ohms.

Then, from Eq. (5), we have

_ (1500 x 10*)2 x 10-°

=29.3 cps

Rye= 3000 =75 ohms
92
Come = @50 x 107 x 15~ 10wt

Lo = (3.2%10-7) (1500 x 10%)2 x 10-°
=0.072 henry '

Observe how large C,,, is even though

the mass responsible for this capacitive

effect is only 92 grams.
For critical damping, the total resist-

2 Loc, cit. /
[Continued on page 26]
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ance shunting L,,, and C,,, must be, by
Eq. (10):

—_—
072
= \/Mm_zw ohms
Since R,,, is one branch in parallel with
R,, plus the generator resistance, and

this all totals 13.3 ohms, the voice coil
branch must be

RuexR _75x133
Rpe—R 75133

Since the voice coil resistance R, is 10
ohms, the generator or source resistance,
as viewed from the secondary terminals
of the output transformer, must be

Ry=16.18~10=6.18 ohms.

Although this is a low value, it is by
no means prohibitively low. For example,
if in the case of a single-ended triode
output stage, Ry =2R,, then at the sec-
ondary terminals R, should reflect as
half of the voice coil load, if R,, is 10
ohms, the reflected tube resistance Rg
would be 10/2=5 ohms. In short, a
‘triode tube may be expected to act as
critical damping in conjunction with the

voice coil resistance.

In the case of a pentode tube, R, is so
high that no damping can be expected
from it unless inverse voltage feedback
is employed to an extent sufficient to
lower the apparent source resistance to
the required degree.

However, note that all this depends
upon how low R,, is compared to the
length of wire used, and also how high
the flux density B is. If the product (Bl)
is low, both R,,, and R may come out so
low that R, alone may be in excess of
that which paralleling R,,,, will give the
required value of R for critical damping.

R,= =16.18 ohms

This means that even if the source re-

sistance is zero, R,, is too large and
will not permit critical damping to be
obtained.

Experimental Determination of
Circuit Constants

It is possible to measure the motional
impedance by simple electrical means,
and from these measurements to deter-
mine the critical damping required. Since
the measurements are to be made at the
very low audio frequencies, ordinary
iron vane meters can be used if so de-
sired, and even a d.c. measurement of
the voice coil resistance should be suf-
ficient to furnish the value of R,,

If, however, it is desired to determine
this quantity at the resonant frequency
of the cone, or at any rate at some a.c.
frequency, then the cone should be
clamped so that it does not vibrate and
generate a c.e.m.f., thereby furnishing a
motional impedance value.

To measure the motional impedance,
a set-up such as that indicated in Fig. 4
can be used. The audio oscillator wave

26

shape should be reasonably free of har-
monics, and the audio amplifier should
be capable of furnishing several watts of
power without distorting. The ammeter
can be of the iron-vane type, and should
read one ampere or less at full scale.
The voltmeter is preferably of a high-
impedance type. A preliminary run
shonld be made to determine the reson-
ant frequency of the cone and its sus-
pension. This is done by varying the
frequency upward in steps starting from
say, 20 cps, and noting E and I at each
step. Their quotient is the impedance
seen looking into the voice coil. This
should be done with the field fully ener-
gized if it is of the electrodynamic type.

At the mechanical series resonant fre-
quency of the cone, I will drop to a very
low value, and E will tend to rise. In
short, the quotient will be relatively

Loudspegker

_@__
Audio

i Audio
osc. ampl. .

Fig. 4. Circuit arrangement used for
makmg measurement of motional
impedance.

large, and will represent (R, + Rye).
If the value found previously for R, is
subtracted from this reading, R,,, is ob-
tained. The resonant peak is normally
quite sharp for reasons that will be ex-
plained further on.

In order to determine the value of
critical damping R, it would appear
necessary to measure L,,, and C,,,. How-
ever, K can also be determined by meas-
uring the Q of the circuit; critical damp-
ing is obtained if Q =1. To measure Q,
ordinarily one merely has to plot the
selectivity curve for the device, whether
this curve represents transmission, im-
pedance, admittance, or whatever other
quantity gives this characteristic.

In the case of the loudspeaker, the
resonant Q of the circuit is determined
by the impedance as measured across
Rier L, and Cpe in Fig. 3, with the
electrical resistance (R, + Rg) in paral-
lel with R,,,. In other words, the condi-
tion given by Eq. (10) for critical
damping is also the condition for the
resonant Q to be unity, where Q, is in
general determined by ®,C,,, and R,
and (R, + Rq) in parallel.

Unfortunately, measurements must be
made at terminals 1-2 in Fig. 3, since
there are no accessible terminals across
Z e The resulting impedance, Z;, repre-
sents R,, in series with Z,,, that is—
with Ry Cpme and L, all in parallel.
To find the above-defined resonant Q
therefore requires some preliminary
analysis, which will be given below.

Experimentally, however, all one has
to do is to measure the impedance Z; at
and around resonance over a range in-
cluding frequencies at which Z; drops
to 1/+/2 of its value at resonance
(where it has the maximum wvalue
Ryo+ Rpe). Then, knowing the two fre-
quencies at which this occurs, as well as
the resonant frequency f,, Q can be cal-

" culated. Once Q is known, the necessary

value of R can be found, and then the
maximum permissable generator resist-
ance Rg.

Let us therefore proceed to evaluate
this impedance. The impedance looking
to the right into terminals 1-2 of Fig. 3
can be calculated from the circuit ele-
ments shown. It is:

1+ 07 (1-p°)*

1 Q’ 2y2
(RWRW) Ry (¢
11

where Q, is the resonant Q of the cir-
cuit #f terminals I-2 of Fig. 3 were
short-circuited; i.e

Qr =0,CpeR = R/erme (12)

in which R represents K,, and R, in
parallel, and ®, is the resonant angular
velocity of L,,, and C,, Furthermore,

p=1/f (13)
where f is the frequency at which Z;
is being measured, and f, is the resonant
frequency; in short, p represents the
fractional deviation from the resonant
frequency. _
In particular, if p=1, (f=f,), Eq.
(11) reduces to

Zt=Rme+va (14)

which is correct from an inspection of
Fig. 3, since at the resonant frequency
L,, and C,, form a negligibly high
shunt impedance across R, so that Z,
becomes R, + R,,, as stated above.

Futthermore, if p=0, (f=0), or
p=%°, (f=%), Z, becomes equal to
R, alone, as is also clear from Fig. 3,
since L, is a short circuit across R,
at f=0, and C,, is the short circuit at
f = G0,

If Eq. (11) is solved for Q, in terms
of the other variables, there is obtained:

|Z,] =

(- r)

1 R+ R

Q = me ve 15

T-\ @/Ray-1
Now suppose the frequency is varied,
which is the same as saying p is varied

until Z; drops to 1/\/2 of its maximum
value; i.e,

(16)

If this value is substituted in Eq. (15),
together with the corresponding specific

[Continuwed on page 39]
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[from page 26]
value of p, call it p,, there is obtained:
1
B 1 Rye+ Rye \2
Or= (1-P12) ( Ry, ) 2

(17)

Ry + Ry \?
If ( ne 10) » 2, say twenty times

ve

two, then Eq. (17) simpiiﬁes to

1 Ry,
Or= (1 _P12) (Rme + Kuc) (18)

If p; is nearly unity, the difference
between the actual frequency f, and the

resonant frequency f, is small; that is,

Afi=fr~f1
Af1=f1—fr

(dépending upon whether the excursion
is below or above the resonant fre-
quency) is small. This is usually the
case, and under such conditions Eq.
(18) can be rewritten as

/ — f" R’vc
e (i) (mes) @

which can form the basis of our ex-
perimental procedure as well as Eq.
(18) can. If we re-write Eq. (19) as
follows::

25, (1) Ru
f, =(§)<Rme+Rw> @0

we recognize the form to be similar to
that of the well-known resonance form-
ula, in which the fractional bandwidth
(2Af/f,) for the half-power points is
the reciprocal of the resonant Q of the
circuit. Eq. (20) shows that owing to
the point in the circuit at which the
measuring instruments are introduced,
the fractional bandwidth is reduced by

or

a factor Ry./(Rpye+ R,.), which would
not occur if the measurements could be
made across the motional impedance
component itself.

The significance of Eq. (20) is that
even though Q, for a loudspeaker sys-
tem may be less than unity, the frac-
tional bandwidth will nevertheless be
quite small because of the reducing
factor R,/ (Rpye+ Rye). This makes the
measurements somewhat critical and re-
quires a well-calibrated frequency scale
on the audio oscillator.

To see how this all fits together, let
us proceed with an experimental run.
The first measurement is R,,; this is
found to be 10 ohms. Then the test setup

of Fig. 4 is connected to the loudspeaker
and the frequency varied from say 20
to 50 cps.
- At 29.3 cps the current is found to
dip to a minimum value of 83.2 ma, and
the voltmeter reads 7.07 volts. The im-
pedance is resistive, and of a value
Ryo+ Rye=7.07/.0832 =85 ohms.
Hence Z,=R,,,=85~10=75 ohms.
Now the frequency is varied above
and below 29.3 cps to the point where
Z, drops ta 85\/2'=60.1 ohms, as found
by taking the ratio of the voltmeter to
ammeter readings in exactly the same
way as (Ry.+ Rme) was calculated.
Suppose the frequency drops from

AUDIO ENGINEERING e APRIL, 1951

29.3 to 26.7 cps before Z,=60.1, and
rises to 31.9 cps before this value is
reached once more. Then Af,=293-
26.7=2.6 cps, or Af;=31.9-29.3=2.6
cps, and

2Af, /f, =2x2.6/29.3=0.1776.

We can now use Eq. (19) to calculate
Q,. Thus

1 10
0,= ( 0_,__.1776) (é? ) =0.663.

This is the Q of the loudspeaker cir-
cuit if the source impedance Rg were
zero. Since Q, is less than unity, it can
be raised to that figure by allowing Rg¢g
to be greater than zero. It remains to

“calculate this value.

We have, for a parallel resonant cir-
cuit such as in Fig. 3, that
Q = 0,CpeR (21)
where R is the resistance shunting C,,
and L,,, (Fig. 3), and is therefore R,,,
in parallel with (R,.+ Rg). However,
in the measurement and calculation
yielding Q,, Rq is essentially zero, and
R represents simply R,, and R,, in
parallel. - .
We seek a value R’, such that the
Q is equal to unity; i.e.,
1= mrcmeR’
or 3
R =1/w,Cpe (22)
Substituting from Egs. (21) and (20)
in Eq. (22), we obtain

_R _ RueRe  2M;
Qr Rme—va fr
 Bmot Roo _ 203
s R’IIC f"
This represents Ry, paralleled by (Ry,
+Rg), hence :

Rye  (23)

R’R
Ry +Rg= m_j% (24)
and
RG= R/(I?me“'va) "RucRme (25)

Ry — R

Hence let us finish our experimental
determination of Rg. From Eq. (23) we
can find R’..Jf we use the last form, we
have - .

R = ZfAfl R, = (0.1776) (75) = 13.31
ohms and from Eq. (25) we obtain
_(13.31) (85) - (10) (75)

B (75=13.31)

Rg

=6.19 ohms

which of course checks the previous
computation from the values for the
mechanical constants, since it is the
same. loudspeaker that we have. under
consideration.

‘An Alternative Viewpoint

It is possible to reflect the electrical
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constants into the mechanical side of
the circuit, and obtain an alternative
viewpoint of the behavior of the system
as a whole. The results, so far as the
low-frequency resonance is concerned,
are the same, as will be shown. There is,
however, another advant/age of this
alternative point of view with regard
to the acoustical design; it permits the
designer to incorporate the electrical
constants into the acoustical design with
a corresponding improvement in the
performance of the loudspeaker.

First, the design formulas will have
to be presented. The electrical impedance
of the source and the voice coil appears
in the mechanical side of the system as
follows:

2 10-9
Zem=(Bl)ZX10 v (26)
e
where .Z,, is the mechanical impedance
equivalent to the actual electrical im-
pedance Z,, and B and I have the same
significanice as before.

The output stage and voice coil in
series with it exhibit essentially an in-
ductive and resistive impedance at the
higher audio frequencies. The induct-
ance is the leakage inductance of the
output transformer, plus that of the
voice coil, and the resistance is the ap-
parent source resistance Rg as viewed
from the secondary terminals of the out-
put transformer, plus that of the voice
coil.

Hence, set

Ze=Re+ joL, @7)
where R,=R,,+Rg (see Fig. 3), and
L, is the inductance defined above, and
which we have not heretofore taken into
account. At the lower audio frequencies
JjoL, can be ignored, whereupon Z, re-
duces to R,.

However if Eq. (27) be substituted
in' Eq. (26), and then numerator and
denominator divided by (Bl)2x10-°, as
before, there is obtained:

1
R, joL,
(Bl)210‘9 (Bl)210-°
: (28)

Zom =

If we consider R,/(Bl)210-° as a
mechanical conductance.G,,, so that its
reciprocal R,,, a mechanical resistance,
is given

Ron=1/Gen=1/[R,/(Bl)?10-°]
‘ (29)

and if we further consider L,/ (Bl)? 10-°
as a mechanical compliance C,,, then
we can write Eq. (28) as

1

Z =t
7 (1/Rem) +70C o

(30)
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or the electrical resistance and induct-
atice in series appear in the mechanical
system as a mechanical  resistance and
compliance in parallel. Hence, the coun-
terpart of Fig. 3 is that shown in Fig.
5:a constant—veloc1ty mechanical gen-
erator (counterpart of a constant-volt-
age electrical generator) feeds the me-
chanical resistance R,, equivalent to
the ‘electrical resistance R, in parallel
with the mechanical compliance C,y,
equivalent to the electrical inductance
L,, and the actual mechanical impedance

1 Const
vel gen ' gRem SRs

Fig. 5. Counterpart of Fig. 3, in me-
chanical terminology.

Z,, of the loudspeaker. This circuit has
interesting implications both at the low-
and at the high-frequency ends of the
audio spectrum.

Consider the low-frequency end first.
In this range C,, can be ignored, and

I |

Constant
velocity
generator

]

Rem § Cem=T Zm

Fig. 6. Equivalent circuit corresponding
to Fig. 5, showing damping due to
electrical resistance.

Z,, consists, in the case of a direct-radi-
ator cone loudspeaker, of the elements

~shown in Fig. 1.- Hence Fig. 5 becomes

circuit shown in Fig. 6. Here it is ap-
parent how the electrical resistance R,
introduces in effect damping into the
mechanical circuit by its transformed
element R,,.

From Fig. 6 it is apparent that for
critical damping,

(Rem + RS + Ra)

=\/(Mc+'Ma)/Cs (31)

or alternatively, that the mechanical Q
at resonance is unity: .

Qm - mr(Mc"' Ma)

Ren+ Ry + R,

from which the required electrical re-
sistance must be

Rom=0p(Mo+ M,) — (Ry+R,) (33)

Once R,y is evaluated from Eq. (33),
the equivalent electrical resistance R,

=1 (32)

’

.phragm;

can be found from Eq. (29). Then the
voice coil resistance R,, is subtracted
from R, to yield the maximum permis-
sible value of apparent generator re-
sistance Rg.

Let us try out these formulas on the
loudspeaker constants given previously.
It will be recalled that the total mass
(including that of the voice coil) was
92 mechanical ohms. This will be the
value used for (M,+ M;). The resonant
frequency was 29.3 cps, so that ®,.=27
29.3 rad./sec. Also (R +R,) came out
to be 3000 mechanical ohms.

Hence, if the appropriate values be
substituted in Eq (33), there is ob-
tained:

Rem= (27 29.3)(92) - (3000) )
=16,980 - 3,000 = 13,980 mech. ohms
Now, from Eq. (29), the equivalent
electrical resistance R, that is required
to obtain critical damping is
(B1)210-° (10000 x 1500)*
Rem 13980
=16.13 ohms (elecirical). Since the

voice coil resistance R,, is 10 ohms, the
apparent source resistance can be

Rg=16.13-10=6.13 ohms

which checks our prev10us calculations,
as it should.

R,=

High-Frequency Response

The same equivalence between circuits
can be utilized in the analysis of a high-
frequency tweeter unit of the horn type.
This employs a small diaphragm and
voice coil, which feeds the cavity in
front of it that leads to an exponential
horn. The physical arrangement is
shown in cross-section in Fig. 7. Here
g represents the mass of the diaphragm
and associated voice coil; C,, the com-
pliance of the air chamber in front of
the diaphragm, necessary to furnish

“clearance for the motion of the dia-

phragim and useful in building out the
mechanical circuit; and finally 7, repre-
sents the acoustical resistance of the
horn throat in the frequency range above
its low-frequency cutoff point.

The mechanical circuit has been ana-
lyzed many times in the past; it is
given in Fig. 8. The resistance r; is
that of the throat of the horn, and is
equal to the area of the throat in sq.
cm, multiplied by 41.4 mech. ohms,
which is the radiation resistance of air
per sq. cm. Ay is the area of the dia-
in conjunction with A, it
forms a kind of hydraulic press which
is the mechanical counterpart of an elec-
trical transformer. The step-down ratio
is Az to Ay, conversely ry is reflected
to-the diaphragm as an equivalent re-
sistance 7’ such that

r'h= (Ad/Ah)2 (34)
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The reflected resistance #’, shunts the
air chamber compliance C,. This is be-
cause the lower 7/, is, the more readily

can it relieve the pressure built up in

the air chamber by the motion of the
~diaphragm. This is exactly analogous to

the reduction in the charge and voltage.

\across a capacitor when it is shunted
by a low resistance.

From Fig. 8 the loudspeaker unit is
recognized as forming an L-section low-

pass filter. For proper transmission up.

to the cut-off frequency, it is necessary
that

r'n=\/Mq/C, (35)
The cutoff frequency is given by
' 1
e

If twice the mass (ZM,) were employed
and another compliance C, placed at the
left end, a x-section filter would be ob-
tained, to which Egs. (35) and (36)
would apply equally well. In short, the
same cutoff frequency can be obtained

=

J ,

Fig. 7. Physical arrangement of me-
chanical elements of a high-frequency
horn.and unit.

Field Magnet

for double the mass, if a compliance is
placed at the other end of it.

If only the mass is doubled, then the
cutoff frequency ‘is reduced to 70.7 per
cent of its original value, as is evident
by substituting 2M,; for M, in Eq. (306).
(The corresponding changes in 7/, are
not of importance as they involve merely
a change in the ratio of 44 to 4.

For a given high-frequency cutoff and

power-handling ability of the speaker, .

the diaphragm mass M, comes out to
be a certain amount. If M, can be kept
the same, and yet a compliance placed
at the front end, the high-frequency cut-
off can be extended to \/2 or 1.414 times
its original value without altering the
speaker s power handling ability. Hence
it is of interest to see how this can be
done.

At the higher audio frequencies, the
output transformeér appears, at its sec-
ondary terminals essentially as a series

" inductance Ly (its leakage inductance).
The power amplifier tubes, as reflected
to the secondary of the transformer ap-
pear as a resistance Rg in series with
L;. To this must be added the voice coil
resistance R,, and its inductance L., in

44

series with R4 and ‘LL. Hence finally
the electrical current appears as

Ze =R, +joL,
where

R,=Rg+R,, (37)
and

Le=Lp+L,

Figure 5 and Eq. (30) show how

these appear in the mechanical circuit.

The mechanical impedance Z,, is in this
case illustrated by Fig. 8, so that finally
in Fig. 9 is given the complete mechan-
ical circuit including the equivalent elec-
trical circuit parameters.

Here, in accordance with Eq. (29)

S
Ren=pymnyeios )
L1LN
1 Mg

Fig. 8. Mechanical circuit of high- fre-
quency speaker.

and this should match #/; for maximum
power transfer, or

= (Bl x10°/ry  (38)

from which the apparent source im-
pedance. should equal

(Bl)2x 10~

Rg=R,—Ryc= "

- va
(39

The apparent mechanical compliance
equivalent to -the electrical inductance
is indicated by Egs. (28) and (30),
namely:

Com=L,/(Bl)2x10-° (40)

However, in order to convert the
L-section mechanical low-pass filter of
Fig. 8 into the s-section low-pass filter
of Fig. 9, it is necessary that

L,
(Bl)2x10-°
~ If such coordination in electrical and
mechanical design be accomplished, a 41
per cent increase in frequency response

may be expected over the case of no
electrical inductance at all. Of course,

Com=Co= (41)

idn actual practice the electrical system

inherently has inductance and resist-
ance so that the “building-out” of the
L-section into a x-section tends to take
place; all that it is desired to point out
here is that the electrical and mechanical
circuit elements can be coordinated so
as .to improve the performance rather
than to have a haphazard relationship
to one another, and that furthermore,
electrical inductance is not necessarily
an undesirable characteristic in the out-

put stage, but can serve a useful purpose. ,

Undoubtedly, in most systems the in-
ductance—particularly that of the voice
coil itself—is too high and produces a
Cem in excess of C,. Also, R,, may be
too low compared to #; because of ex-
cessive electrical resistance Rg+ Ry
However, this serves to counterbalance
an excessive value for C,, and there-
fore tends to smooth out the response.

The interested experimenter can cal-
culate the actual response of the net-
work shown in Fig. 9 on the basis that
it is not a truly terminated low-pass
filter section, since a resistance such as
#’; is but a nominal match over the pass

M4
— T —

= Co=F

Fig. 9. Conversion of Fig. 8 circuit to
pi-section equivalent.

|band, and is a considerable mismatch

near the cutoff frequency, where the
termination should approach zero. He
can also calculate the response for his
actual speaker and amplifier - output
stage, in order to see directly the effect
of varying, for example, the electrical
circuit constants.

Conclusion

A method of coordinating the mo-
tional impedance of a loudspeaker with
the electrical impedance has been pre-
sented here with the object of reducing
“hangover” effects and objectionable
transients in general at the low-fre-
quency resonance of the speaker.

An experimental method has also
been presented to enable the necessary
measurements to be made in order that
the correct source impedance be ob-
tained for critical damping of the sys-
tem. The method requires merely an
audio oscillator, an a-c voltmeter and
an a-c ammeter in order to determine
the impedance over a range of frequen-
cies. From the shape of the impedance
curve the Q of the system can be deter-
mined, and from the value of voice coil
and motional impedance at resonance,
the requisite source resistance for crit-
ical damping can be calculated.

An alternative method based on view-
ing the electrical constants from the
mechanical side was then presented, and
it was shown that this method led to the
same answers as above. Finally, it was
shown by this method how inductance
and even resistance in the electrical
system could be put to use to obtain a
coordinated system in the case of a high-
frequency loudspeaker.
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