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Heat Dissipation and Power Compression
in Loudspeakers®

DOUGLAS J. BUTTON

JBL, Northridge, CA 91329, USA

In the professional audio market today there is a variety of transducers with high
power ratings. As these drivers generally are less than 5% efficient, they convert almost
all of their input power to heat. How this heat is dealt with is discussed, and conclusions
about power compression effects in a variety of popular designs are revealed.

0 INTRODUCTION

Recently several articles describing heat dissipation
and power compression in transducers have been written
[1]1-{4], yet there is a call for more information re-
garding these phenomena [5] and a public desire to
understand the performance expected from standard
professional drivers. Little is actually published by
manufacturers about the heat dissipation and power
compression capability of their drivers. It is the purpose
of this paper to describe typical mechanisms and present
performance expected from popular designs. No man-
ufacturers are mentioned, and pot structure topologies
are referred to as generic types. From this, the readers
can associate the given geometry that is closest to their
drivers of choice and derive the level of performance
to be expected.

1 FUNDAMENTALS OF HEAT DISSIPATION

Loudspeakers are inefficient devices. Electrical-to-
acoustical conversion efficiencies are typically less than
5%. Consequently 95% or more of the power delivered
to a loudspeaker is turned into heat, and this heat must
be dissipated. The source of the heat is the voice coil,
and the heat generated is

Q = i’z (1)

* Presented at the 89th Convention of the Audio Engineering
Society, Los Angeles, CA, 1990 September 21-25.
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Q = heat power, W
i = current in voice coil, A
Z = minimum impedance, ).

A special note on impedance: The heat dissipated is
greater than i* Re, where Re is the dc resistance. Ad-
ditional resistance that will generate heat is due to eddy
currents in the magnet structure. When considering the
heat generated, this is a part of the minimum impedance.
The minimum impedance is almost always larger than
the expected value obtained by incorporating the
acoustical radiation resistance. More specifically, the
minimum impedance will be more than 5% greater than
the dc resistance for a driver that is 5% efficient. Con-
sequently the minimum impedance is a better value to
use when calculating Q.

Because the heat generated is in the center of the
loudspeaker, the motor structure and frame are utilized
as thermal paths to dissipate the heat from the voice
coil. The thermal performance can be represented by
a classical analogous lumped-element circuit model
comprised of resistors and capacitors, as shown in Fig.
1. The power applied to the circuit can be thought of
as Q, and the voltage potential at the voice coil is the
temperature of the voice coil. Ambient air temperature
is ground. The resistors can be modeled as

R =— 2
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where
R = thermal resistance, °C/W
L = length of path, m
A = cross-sectional area of path, m?
K = thermal conductivity, °C + m/W.

The capacitors can be modeled as

C = MH, 3)
where
C = thermal capacitance, J - K

M = mass, kg
specific heat, J/kg - K.

X
It

Defining the resistor and capacitor elements can be
a little difficult, and the ideal situation would be a
nearly infinite three-dimensional matrix of thermal paths
and capacitances. Finite-element analysis programs are
available which can do this very thing. Unfortunately
the turbulence and airflow created by the diaphragm
will give results that vary from the classical analysis,
and which finite-element analysis programs cannot
predict.

As complex as this appears to become, the circuit
can in fact be simplified. If we choose any loudspeaker,
apply a signal to the voice coil, and plot the voice-coil
temperature versus time, say by monitoring dc resist-
ance, we obtain the characteristic curve in Fig. 2.

This curve suggests a transfer function of a much
simpler circuit. The model can be easily represented
by two cascaded RC circuits, as shown in Fig. 3. The
differential equation governing the transient behavior
of a simple RC thermal circuit is

LOUDSPEAKER HEAT DISSIPATION

where AT is the coil temperature rise above ambient
in degrees Celsius. Solving the equation for temperature
rise as a function of time yields

AT = QR 1 — cxp<M;1 R> . &)

S

AT,

Temperature

AT,

t, t,
Time

Fig. 2. Characteristic voice-coil temperature versus time.

Cg Cm
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Fig. 3. Two cascaded RC circuits. T—temperature of voice
coil; ground—ambient temperature; R,—thermal resistance
of path from coil to magnet structure; C,—zone thermal

AT capacitance of voice coil and nearby surroundings; R, —
QdT = MHJAT + — dT oY) thermal resistance of magnet structure to ambient air; C,,—
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Fig. 1. Circuit model.
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The thermal time constant 7, an elapsed time at which
the temperature has risen 63% of the way toward its
maximum value, is given by

T = MHR . (6)

At time 37 the temperature rise would be at 95% of
the final value. This final value of temperature rise is
of course

AT = QR . Q)

The first period from ¢ = 0 to ¢t = ¢ and the temperature
rise from ambient to AT, are the response of the first
RC pair; the time from t; to 7, and the temperature
change from AT, to AT, are from the second RC pair.
Almost all loudspeakers will generate a curve similar
to that in Fig. 2 when a constant voltage source is
applied, and each loudspeaker can be characterized by
at,, t,and AT, AT, for a given power. The first RC
knee is defined by the thermal resistance of the voice
coil to its nearby surroundings and by the thermal ca-
pacitance of the coil and a small zone around it. The
second knee is defined by the thermal resistance of the
pot structure and frame to air and by the thermal ca-
pacitance of the structure.

While detailed examinations of the zone resistance
and capacitance values can and should be carried out
by the loudspeaker designer to understand and attempt
to improve overall heat dissipation, the final effective
R and C elements, being a combination of several more
detailed elements, can be measured and expressed in
simple terms. It is, of course, the labor of the loud-
speaker designer to minimize thermal resistances and
maximize thermal time constants.

In close examination of typical voice-coil heat-up
curves such as Fig. 2 it is obvious that the first RC
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circuit defining the short-term thermal behavior (the
voice-coil area) is considerably worse than the second
circuit. The thermal capacitance is low and heat-up is
very rapid. The thermal resistance, derived from AT,
is much larger than that derived from AT,. What this
suggests is that the voice coil is the weak link in dis-
sipating heat.

2 POPULAR DESIGNS

Fig. 4 details several popular voice-coil magnetic
gap configurations. The loudspeakers represented range
in voice-coil diameter from 22 to 4 in (64 to 101 mm),
and all measurements were made on 15-in drivers (381-
mm) drivers. Different philosophies for heat dissipation
are used. Two of the more effective methods are the
encased gap (type B) and the convection-cooled gap
(type A). The former method provides a thermal path
for the entire coil by surrounding the voice coil with
metal. This works effectively regardless of the input
signal (that is, independent of whether or not there is
cone motion), but it is unable to take advantage of any
convection pumping because of the tight spaces around
the coil. It also suffers from heat generation in the
aluminum rings placed in close proximity to the voice
coil. While these are meant to serve a dual purpose of
thermal conduction and distortion reduction, by virtue
of the mechanism to reduce distortion they serve as a
secondary of a transformer with the voice coil being
the primary, and therefore must be carrying current
and generating heat. On this driver the minimum
impedance will reflect the added load and will be much
higher than R..

The second useful design (type A) has limitations in
the type of input signal that will fully utilize the con-
vection pumping from the cone. Clearly, without cone
motion the exposed portions of the coil will conduct

E E
A _
I
A
TYPE A TYPEB TYPEC
convection cooled gap encased voice-coil under-cut pole
E B F E
NV
A SN A
-/ G 7 F Z
B | B/ 7 G I B / G
N
e\ NN\ é
TYPED Modified TYPE D TYPEE
simple pot structure lower distortion version extended pole

saturated pole tips

Fig. 4. Voice-coil magnetic gap configurations. A—top plate, steel; B—magnet, ceramic; C—backplate, steel; D—pole
piece, steel; E—voice-coil, aluminum or copper; F—bucking rings for flux modulation reduction and inductance control,
aluminum; G—vent (type A has three at periphery of pole piece).
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poorly to the structure or the surroundings and will
heat up. Conversely, with cone motion this design is
very effective in dissipating heat. Because of the thinner
top plate, and the position of the bucking ring placed
far from the voice coil, very little heat other than that
from the voice coil is generated. The minimum imped-
ance of this driver is much closer to R.. This driver
also has the added advantage of short-circuiting the
thermal resistance of the pot structure and dissipating
heat directly to the ambient air.

Examining the other geometries reveals less ideal
situations. In the case of the equal height or underhung
voice coil (in types C and D), while the thermal paths
are very good from the entire voice coil to the magnet
structure, the coils are inherently short, meaning low
thermal capacitance and lower surface area. Voice coils
with a moderate amount of overhang (generally less
than two-thirds of top-plate thickness) will do much
better, especially if there is cone motion. With cone
motion, during a certain portion of the duty cycle the
coil tips will in fact be in the gap and conducting heat
to the pot structure. Also, turbulence under the dome
and spider, during cone motion, will help dissipate
additional heat from the coil tips.

In designs other than type A, as the dome moves
toward the structure, air is forced in two possible places,
through the vent hole or past the voice coil in the gap.
At the expense of increasing distortion, making the
vent smaller will encourage airflow past coil windings,
increasing convection cooling. In the case of smaller
cheap loudspeakers with no venting, cooling for the
given voice-coil size is very good, suggesting that good
heat dissipation can be achieved at the expense of added
low frequency over damping and distortion.

3 MEASUREMENTS

With the criterion for good heat dissipation being a
large-surface-area coil with good conduction or con-
vection paths, let us now look at actual measurements
taken on a variety of different geometries. The figures
presented are thermal resistances with different inputs
from 100 to 500 W. Two types of input signals were
used. A sine wave at the minimum-impedance frequency
and a 50-500-Hz pink-noise signal. The loudspeakers
were tested in free air. The purpose here was to show
expected performance with and without cone motion.
Of course, cone motion will vary depending on the
spectrum used. For higher frequency spectra, inter-
polations between given thermal resistance values can
be made, and for low-frequency inputs below 50 Hz
the thermal resistance values could be extrapolated.
37 is set equal to 7|, the point at which the thermal rise
is 95% complete for the first RC pair. The power levels
were based on power into cold minimum impedance.
The real power used to calculate the thermal resistance
values was derived from voltage and current. The tem-
perature was derived from the change in dc resistance.

Table 1 reveals a number of interesting comparisons
that can be made. Some of the more important conclu-
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sions are as follows:

1) Voice coils run cooler with pink noise rather than
sine wave input.

2) Thermal resistance values drop as power is in-
creased, suggesting a) greater conduction to the top
plate as the voice coil nears the top plate due to thermal
expansion, and b) greater convection cooling due to
the turbulence at high cone excursions.

3) Larger voice coils run cooler than smaller ones.

4) A certain amount of voice-coil overhang is actually
better than equal height.

5) Massive aluminum coils heat much more slowly,
yielding better transient capability.

6) All devices show some thermal short-circuiting
past the magnet structure at high signal levels, sug-
gesting that some heat is dissipated by turbulence di-
rectly to air or that cone motion helps cool the frame.

7) All units had frame and pot structures of about
the same mass and surface area and consequently similar
R, values and AT, values of about 2 h.

8) The convection-cooled coil design (type A) showed
a clear short circuit of the pot structure thermal re-
sistance at high powers (R, = 0.10).

9) Thicker top plates provide better conduction from
the coil.

10) Too much voice-coil overhang is detrimental.

11) Equal-height coils, with the exception of very
tall gaps, are inferior to overhung designs and suffer
greater distortion products.

4 POWER COMPRESSION

Having examined the heat dissipation character of
loudspeakers and detailed the range of performance
that now exists in the marketplace, the next step is to
relate this to useful performance calculations. Clearly
the voice coil is heating up and is never going to operate
at room temperature. The dc resistance of the voice
coil will rise with temperature according to

Re(hot) = Re(cold)(l + 000393AT) . (8)

In loudspeaker Thiele—Small parameters two im-
portant equations contain R.,

2mF M R
Qs = ;212ms £ &)
KB?2S}
No = —5— (10
° T MLR.
where
Q.s = electrical Q
F, = resonant frequency, Hz
M moving mass of diaphragm and air load, kg
B = average flux density in length of coil, T
l = length of conductor in voice coil, m
No = half-space reference efficiency, %
K = 544x1072
S§4 = piston diameter, m?.
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As R, rises, three effects take place. 1) The electrical
Q. rises, decreasing electromagnetic damping. 2) The
half-space efficiency decreases, reducing expected
output. 3) The impedance of the loudspeaker will, of
course, rise and voltage sensitivity will decrease. This
combination of maladies is called power compression.
It is obvious that none of these things are desirable.

Let us now make a further examination of power
compression effects by incorporating information from
the previous discussion on heat dissipation. By virtue
of Table 1 we can make reasonable estimates of thermal
resistances and voice-coil temperatures for any power
level and design type listed. The information that we
really want is the voice-coil temperature, so that R,
can be extracted. From this the change in Q., Ny, and
power compression can be calculated. The thermal re-
sistance values can also give maximum output capa-
bility. We know:

Q = ﬂ (11
Ry )
where
Ry = given thermal resistance, °C/W
AT = temperature rise, °C
Q = real power, W.
Also
V2
P, = — 12
7 (12)
and
Z = kR, (13)
where

P. = power into minimum impedance cold, W

Z = minimum impedance, {}
V = voltage, V
k, = ZI/R,
So
V2
P, = ‘ 14
kiR, (4

There will be a loss of power transferred as R, rises
with a constant voltage source,

Zhot = Zmin + (k2 ATR,) (15)

where k, = 0.00393 (percent resistance rise per degree
Celsius for aluminum and copper).

v2

= 16)
Zhot Q (
V2 = Q(kR. + k,ATR.) an
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_ ATkR. k,AT?R,

1% 18

Ro Rq (18)

k,AT?R, + kjRAT — V2 = 0 (19)
2

AT? + Kiap - RVD (20)
k2 k2Re
ATk, VR,

AT? + /1 — =0 . 21

k, kaR. @b

Solving we get

AT = —(ki/ka) = V(kilky)? + (4RyV?/ksR.)
= 5 .

(22)

This equation gives us a good way to find the tem-
perature rise of any loudspeaker with any kind of input.
The thermal resistance used is either Rg or Ry, + Ry,
depending on whether short- or long-term temperature
is desired (Rg = Rg + Rp). All that is needed is a
voltage level, a dc resistance, and a minimum imped-
ance.

These equations become useful when deciding thermal
performance for a given power rating. Say we wish to
design a 400-W loudspeaker, the maximum temperature
our voice coil can handle is 300°C, and ambient air is
20°C. What thermal resistance Ry is necessary? Let us
say R, = 6 Q and Z,,j, = 8.0 . Then 400 = V?%/8 and
V2 = 3200. We know that

_ ATkR. N k,AT?R.

2
v Ry Ry
From this,
280 . 0.00393(280)2 -
3200 = 80(8/6) 6+ 93(280) 6.
Ry Ry
Solving,

Ry = 1.28 °C/W.

Therefore we must have R, + R, < 1.28 °C/W.

We can also calculate power handling knowing R,
and maximum temperature. Let us use an example
loudspeaker and set Ry = 1.50. What is the maximum
power handling?

y2 - 2808/6) < 6 0.00393(280)” - 6
1.5 1.5

Then V = 52.2 and
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One note of caution: This is the power rating based
on cold minimum impedance, as prescribed by the Audio
Engineering Society. The real power that the driver is
dissipating is much less.

Being able to calculate AT also allows us to directly
compute power compression. Power compression, as
stated earlier, will ensue due to a loss in half-space
reference efficiency and to less drive from a constant
voltage source into a rising impedance. Both are directly
related to the rise in R, due to the increase in temper-
ature. The loss of efficiency will be

1
= 23
1 + kAT 23)

due to the rise in R.. Q will reflect the amount of real
power being fed to the loudspeaker. Therefore

overall output = SPL

SPL = SPL, + 10 log Q — 10 log(l + k,AT)
(24)
AT
SPL = SPL, + 10 log — — 10 log(1 + k,AT)

Rg

AT
SPL = SPL, + 10 1og[—,~—] .
L ]

D 71 I A
Ro(l + kA

where
SPL = sound pressure level, dB
SPL, = sound pressure level at 1 W, dB.

Taking AT to infinity shows that the maximum sound
pressure level is

1
SPLuax = SPL; + 10 log<i> . @7)

Rok

Power compression is then

PC

AT ] 08)

10 log P, — 10 log| ——————
0 log P Og[RO(l + kAT)

0 log[w] 29)

AT

Using the earlier example let us calculate:
1) Maximum sound pressure level
2) Sound pressure level at 400 W
3) Power compression at 400 watts.

Given
Ro = 1.28 °C/W
AT = 280°C

38
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R. =60
P, = 400W
SPL, = 98 dB.
1) SPLypg, = 98 + 10 Og[l.ZS X 0.00393]
= 120.98 dB.

2) SPL at 400 W

=98 + 10 Io 280
Bl 128(1 + 0.00393 x 280)

= 118.18 dB.

il

3) PC = 10 log

[ P.Ro(1 + k,AT)
T

10 log

[400 x 1.28(1 + 0.00393 x 280)
280

5.82 dB.

These results are quite enlightening. A manufacturer
might naively say that maxiunum ouiput from this driver
is 124 dB [98 + 26(400 W)], but in fact the output at
400 W is only 118.2 dB, and the maximum achievable
(with hundreds of volts and extremely high temperature)
is still only 120.9 dB.

So far we have simply addressed compression due
to the temperature rise of the voice coil. Adding further
insult, as the magnet structure heats up, the flux level
will drop. Fig. 5 shows the flux loss versus temperature
of Alnico, ceramic and neodymium magnets. To com-
plete maximum long-term sound pressure level cal-
culations, we will need to subtract the loss due to the
fall in B field. If the R, of our structure is on the order

O (1.7, 100) (11.0.94.6) (17.1.96.2)
ref. ref. ref.
090 100° +
E Crumax 355 )
5 750 4 Ceramic 5
% Alnico 5
5 50°
[=%
=
et
25° o
L L 1 L
t t t t
5% 10% 15% 20%

Loss of Magnetic Flux

Fig. 5. Magnet flux loss versus temperature.
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of 0.28°C/W, we then should obtain AT = 77.6°C using
Eq. (20). Using the curve for ceramic from Fig. 3, this
corresponds to about a 14% loss of flux. Since B is
squared in Eq. (10), the total compression due to magnet
heating is

PCpae = 20 log(0.86) = 1.31 dB .

Our final long-term calculations give

SPLx = 120.98 — 1.31 — 119.67 dB
SPL at 400 W = 118.2 — 1.31 = 116.9 dB
total PC = 7.13 dB .

The final performance degradation is in the change
in Thiele—Small parameters. More specifically, Q.
will change,

R.(1 + k,AT)

ch = 21TFSMmS 3212

(30)

In this equation B will also change. Let us say our
example loudspeaker has a Q. of 0.30. At the end of
a power test or a concert, this will have risen to

Qe = 0.85 .

Fig. 6 shows the sample loudspeaker before and after
full-term power compression.

Of additional interest is the very short-term behavior
of the voice coil. The voice coil should heat slowly in
the first few seconds. This will guarantee good transient
behavior. The short-term behavior can be extracted
from 7. Using ¢, = 37 we can easily find 7. By inserting

LOUDSPEAKER HEAT DISSIPATION

known values of R, and 7 into Eq. (5) we get

AT = QRg[l _ p()] |

If we assume that in the first few seconds Q = P,
we can make a reasonable guess as to transient ability.
Let us compare the temperature at t = 1 s for our sample
400-W driver, with 37 = 20 s for instance, with the
type A design. P, = 400 W for the sample driver, R,
= 1.0 and R,, = 0.28. Then

(€))

AT

I

1
400 x 1.0 [1 - exp(E):l AT = 64.4°C

PC = 2.1 dB.

For a type A driver, R, = 0.6 and 7 = 12.3. Then

AT

i

1
400 x 0‘6[1 - exp(l—2—3>] AT = 20.32 °C

PC = 0.64 dB .

This example clearly shows the advantage of the low
R and high 7 of the massive aluminum coil and con-
vection cooling.

5 CONCLUSIONS

Power compression is directly related to heat dis-
sipation in loudspeakers. The most effective current
methods for dissipating heat are as follows:

1) Using large-diameter massive aluminum coils to
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Fig. 6. Sample loudspeaker before and after compression.
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insure large surface area and high thermal capacity
with minimum mass.

2) Using thick top plates or encasing coil in metal
to insure good thermal conductivity paths away from
coil.

3) Taking advantage of cone motion to convection-
cool coil and bypass magnet-structure thermal path.
Item 2) has side effects which are not necessarily de-
sired. Thick top plates are more susceptible to third
harmonic distortion in the midband. This is due to a
modulation distortion phenomenon, which is not ex-
plained in this paper or in previous work and must be
taken at face value. It is described in further work by
the author [10]. Encasing the gap with aluminum will
only slightly increase thermal conductivity from the
coil as the aluminum will act as a secondary in a trans-
former with the voice coil. The aluminum is carrying
current and will heat up. With low distortion and low
power compression as prime design criteria, the type
A magnet structure, as shown in Fig. 4, appears to be
the optimum economical solution.

It is clear, however, that even the best transducers
will power compress and yield less than desirable per-
formance at the limits of their power capacity. It there-
fore makes the most sense to operate drivers well below
maximum power to achicve desirable performance. The
ideal operating level will track with power handling,
and drivers with high power ratings and good short-
term capability (high 7 and low R,) will be the best
choice.

6 IMPROVEMENTS

To achieve low power compression, clearly, better
heat dissipation schemes are necessary. Based on in-
formation presented earlier, larger coils would provide
some improvement, as would ferrofiuid, but by probably
only an incremental amount. Larger coils will, of course,
weigh more, which will reduce efficiency and ferrofluids
will have other adverse effects. Also, large coils require
more magnetic strength, suggesting that this solution
might not be economical. It appears that peripheral
cooling devices such as heat pipes, refrigerated forced
air, or similar devices are necessary to extract heat
directly from the voice coil. Possibly a more interesting
approach is the development of transducers with sta-
tionary coils that are directly heat sinked. This elim-

inates the insulating layer of the air in the magnetic

gap. A cost-effective moving magnet structure does
not exist yet, but is probably the most elegant solution
to voice-coil heat dissipation. The final analysis is that
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to do significantly better than available drivers, radically
new geometries will be required, and only time will
tell if they can be implemented in a cost-effective man-
ner.
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