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All loudspeakers exhibit changes in their performance characteristics as the input
drive level is increased. The most pervasive of these effects is the rise in voice-coil
resistance which accompanies coil heating due to inefficiency of power transfer. Com-
parative measurements of various loudspeaker designs at multiple drive levels will
demonstrate reduction in efficiency, change in fundamental parameters, and other dis-
tortion mechanisms which transducers exhibit at high power inputs.

0 INTRODUCTION AND TERMINOLOGY

Changes which occur in a loudspeaker’s input—output
transfer characteristic with different input levels can
be described as the dynamic linearity of the device.
Since the loudspeaker is considered as an electroacoustic
transducer, converting electric input power to acoustical
output power, this characteristic can also be called the
power linearity of the device. The terms “dynamic”
and “power” both have the additional advantage of
implying large inputs, usually the case of greatest in-
terest.

The dominant mechanism of change which takes place
in moving-coil loudspeakers at high input drive levels
is the loss of efficiency caused by increased voice-coil
resistance. The resistance increases in proportion to
the temperature rise which accompanies increased cur-
rent flow at higher power inputs. For this reason the
effect is also referred to as the thermal linearity of the
loudspeaker. Since all loudspeakers suffer to a greater
or lesser degree from a reduction in efficiency at high
power inputs compared to low inputs, a compression
effect, the reduction characteristic can be referred to
as power compression.

A distinction is made between nonlinear changes in
the fundamental output amplitude alone, and changes
in the harmonic, intermodulation, transient (phase),
and other distortion characteristics of the loudspeaker.
While any transfer characteristic nonlinearity is, strictly
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speaking, a distortion, it is usual to describe level dif-
ferences alone as separate from the generation of spu-
rious output at other frequencies. Similarly, within the
fundamental output, changes caused by voice-coil heat-
ing alone, as separated from those caused by nonlin-
earities in other parts of the loudspeaker, can be iden-
tified.

Dynamic linearity may therefore be defined as the
extent to which a loudspeaker maintains a linear input—
output transfer characteristic considering all aspects
of its performance; power linearity or power compres-
sion may be synonymous or may refer only to the transfer
characteristic of the fundamental amplitude; and thermal
linearity implies changes resulting only from temper-
ature, primarily the voice-coil resistance rise resulting
from increased current flow.

These terms and their variations have been used both
in the published technical literature and in manufac-
turers’ technical notes, specification sheets, and ad-
vertising copy. King referred to “power nonlinearity”
due to voice-coil heating [1, p. 42]. Colloms discusses
the “power compression effect” and describes com-
mercial measures that have been devised to combat it
[2, p. 109]. Technical notes and white papers from
major manufacturers have attempted to educate the
public as to the existence of power compression, in a
commercial competitive context [3, p. 14], [4, p. 17].
Some professional studio monitor loudspeaker system
specification sheets show power compression curves
of fundamental output at progressive input levels as a
matter of course [5]. Professional high-level high-fi-
delity monitoring and sound-reinforcement low-fre-
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quency reproducers are said to be designed to assure  data may be generated in the same way. Usually second-
“improved heat transfer which reduces thermal dynamic-  and third-harmonic-distortion components are of the
range compression” [6]. Hi-fi loudspeaker specification =~ most immediate interest, but impedance, intermodu-
sheets have used the terms as major sales features and lation, and other characteristics may each be run at
benefits. One manufacturer shows fundamental output  separate levels and plotted to observe nonlinear char-
at progressive input levels and uses the term “power  acteristics [8]. When multiple types of plots are made
linearity” [7]. Another describes its loudspeakers as at multiple input levels on a single two-dimensional
having “linear power response” and shows curves of  graph, confusion in identification can result. One al-
both fundamental output and second and third harmonics ~ ternative is to employ a three-dimensional display plot,
at progressive levels [8]. Another describes an entire ~ with the input levels differentiated on the third axis
loudspeaker line with the term “linear response,” making ~ for clarity [9]. Alternately, individual plots with each
the distinction between both “power linearity,” the  type of data can be run at each chosen input level, and
“response linearity” of the fundamental acoustic pres-  the curves compared individually.

sure to the input, and the “dynamic distortion” char-

acteristics of the systems [9]. One manufacturer even 2 VOICE-COIL RESISTANCE INCREASE

began to trademark the term “dynamic linearity” [10]. As previously stated, the dominant nonlinearity af-

1 GRAPHIC DISPLAY FORMATS fecting louc.ispeakers wiFh increasing in.put leyels is. the
: oss due to increased resistance from voice-coil heating.
Various graphic means can be employed to display =~ Moving-coil loudspeakers typically have voice coils
compression and linearity characteristics. The most ~ wound of copper or aluminum wire. Their temperature
common is to display multiple frequency-versus-am-  resistance coefficients, the change in resistance with
plitude response curves taken at different input levels  changing temperature, are not wholly linear but are on
on a single graph. The input levels are progressive  the order of 0.004/°C [12, p. 2355]. The resistance of
steps, typically 1, 3, or 10 dB. Deviation from equal  the voice coil Rt at some elevated temperature Tt can
separation can be easily viewed on the graph (Fig. 1)  be compared to the resistance R, at room temperature
[7]1-[9]. Alternately, output versus input can be plotted T, by
at a discrete frequency to show the deviation from linear
transfer performance [11, p. 722]. An alternate method Ry = Rl + o(Ty — T)) (1)
is to adjust the amplitude scale on each successive
curve equal to the change in input, such that if the where a is the temperature resistance coefficient. Room
loudspeaker were perfect, the curves would exactly temperature is normally 20°C, and it is not uncommon
overlap. Any deviations can then be easily noted as for voice-coil temperatures to reach the range of 200°C

separate, nonoverlapping traces. This method is par- (400°F). A voice coil operating at this temperature,
ticularly convenient for 10-dB input scaling (Fig. 2) which had a resistance of 6 () at 20°C, would have a
[3, p. 14], [S]. If not only compression but other non- resistance of 10.3 Q, a 70% increase. The effect of
linearities as well are to be studied dynamically, these temperature in reducing the efficiency is theoretically
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Fig. 1. 380-mm (15-in) loudspeaker driven with 3-dB successively larger input levels from 0.8 W (2.53 V rms) to 100 W
(28.3 V rms) mounted flush in a 27 ground platform, 280-L (10-ft>) sealed rear chamber, microphone 1 m on driver axis.
0-dB bottom line is 80 dB SPL re 20 wN/m?.

628 J. Audio Eng. Soc., Vol. 34, No. 9, 1986 September



PAPERS

greater the lower the efficiency of the loudspeaker [13,
pp. 270-271]. High power handling voice coils may
be called upon to operate at temperatures in the region
of 270°C (520°F). At these temperatures the voice-coil
resistance will have doubled.

The increase in coil resistance has a double effect
on the output of the loudspeaker. Since the coil re-
sistance is inversely proportional to the piston band
efficiency of a loudspeaker, a coil resistance increase
creates a decrease in loudspeaker efficiency. However,
loudspeakers are not driven from constant power
sources, they are driven from constant voltage sources.
With a fixed voltage set at the loudspeaker terminals,
as the loudspeaker voice coil heats up, the power de-
livered by the source amplifier goes down. This voltage
effect is further complicated by the fact that it is most
noticeable in the region of the minimum impedance of
the loudspeaker. At other points the effect can be
somewhat shielded by the reactive components of the
complex loudspeaker impedance, such as the motional
impedance and coil inductance. These facts contribute
not only to compression, but also to changes in fre-
quency response with increasing input power [14, pp.
295-296]. Further, the major concern is often with the
pressure output at some position and distance rather
than the true acoustical power output of a loudspeaker.
This places primary importance on the voltage-versus-
pressure transfer characteristics, or voltage sensitivity,
of the loudspeaker and its linearity, rather than the
actual power transfer characteristics. If the loudspeaker
has doubled its coil resistance, it is not only half as
efficient as it was, it is drawing half the power that it
was. Actual voltage sensitivity will have been reduced
by 6 dB.

MOVING-COIL LOUDSPEAKERS

3 POWER HANDLING VERSUS POWER
TRANSFER EFFICIENCY

The marketeer in his advertising copy and the end
user in his purchase requirements stress power handling,
with less regard for efficiency or sensitivity and little
or none for reductions at high power inputs. These are
almost always assumed not to occur, with many man-
ufacturers quoting a derived, rather than measured,
maximum acoustic output specification for products,
which is merely the addition of the power handling
rating to the [-W sensitivity rating.

Obviously there is a difference between the power
capacity of a loudspeaker and the power efficiency (ef-
ficiency at high power input). Heat transfer away from
the voice coil is more important than heat resistance,
the ability of the coil to operate at high temperatures
{14, p. 296]. It does little good if a 3-dB input increase
only yields a 1-dB output increase, or worse yet, no
increase. To this end, a power capacity test for loud-
speakers based on the departure from linearity of
acoustic output versus electrical input has been proposed
[15, pp- 5-6]. The intelligent designer will focus first
on power transfer into acoustic output, next on heat
transfer away from the device, and finally on the heat
resistance of the device.

4 HEAT TRANSFER MECHANISMS

Loudspeakers generate heat because théy are inef-
ficient transducers of electric energy into acoustical
energy. Even the most efficient horn loudspéaker is
only approximately 25—-30% efficient. The most efficient
cone loudspeakers can approach 10% efficiency, but
1-2% is far more common. The typical home high-
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Fig. 2. Same loudspeaker and measurement environment as in Fig 1, driven with 1-W (2.83-V rms) and 100-W (28.3-V rins)
inputs, with reference level scaled 20 dB such that for no power compression, curves would overlay exactly. A reasonably
consistent 1% dB of compression is evident over most of the loudspeaker’s usable range. 0-dB bottom line is 70 dB SPL for
1 W, 90 dB SPL for 100 W.
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fidelity system woofer is less than 1% efficient. These
low efficiencies indicate that most of the electric power
delivered to a loudspeaker must be dissipated as losses
rather than converted to acoustical power. The me-
chanical frictional losses within a loudspeaker are nor-
mally much less than the electrical resistive losses, so
the majority of this power is converted to heat in the
voice coil. The degree to which a loudspeaker is able
to dissipate this heat determines both the power handling
capacity and the degree to which it will maintain a
linear transfer characteristic.

The most thorough study of moving-coil loudspeaker
heat transfer mechanisms has been done by Henricksen
[16]. The most important element in keeping temper-
ature low is the voice coil itself; next the air gap; then
the heat-sinking effect of the pole tips, the magnet
structure, and the rest of the loudspeaker. Heat can
flow from the voice coil by conduction across the air
gap or through the moving structure and into the loud-
speaker/heat sink, by radiation into the air, or by forced
convection venting due to diaphragm motion.

The voice coil itself will pass high currents more
easily, and hence stay cooler, the lower the resistance
per unit length and the larger the heat transfer area.
For voice coils of equal dc resistance and equal axial
lengths, then, a larger voice-coil diameter will inher-
ently stay cooler than a smaller one. If the voice-coil
diameter is doubled while axial length and dc resistance
are maintained, the wire size will decrease 1Y gauges
for \/2 greater cross-sectional area, at a proportional
decrease in resistance per unit length. Less resistance
means more current capacity, hence lower heat. Also
affecting the heat transfer area of the coil is its axial
length. While a coil equal to or less than the axial depth
of the magnetic gap will encounter maximum heat
sinking, linearity requirements in the design may dictate
a voice coil that overhangs the magnetic gap. This
greater axial length will also decrease wire gauge and
hence resistance and heat, and the voice-coil form may
be made of thermally conductive rather than thermally
resistive material, to both increase radiation of heat
into the air and improve heat conduction from the coil
ends to the central portion within the gap.

The air gap can be considered as a boundary layer
across which heat can be conducted to the pole tips of
the top plate and center pole. To minimize the thermal
resistance, coil clearance must be as small as possible.
Counter demand for larger clearance can be necessitated
by practical manufacturing tolerances, or the require-
ments of high-compliance long-throw suspensions [1,
pp. 40—42]. Thermal expansion of the coil and sub-
sequent variations in concentricity must also be ac-
counted for [14, p. 296].

The pole tips provide the most important heat con-
duction path through to the magnet structure and, ul-
timately, the entire loudspeaker physical structure. As
with the voice coil, the heat transfer area should be
maximized, so that large gap diameters as well as large
axial depths are desirable. Both these requirements add
to loudspeaker cost: gap depth will affect design linearity
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constraints, and gap (voice-coil) diameter will affect
diaphragm stability. Blackening of the pole tips can
slightly improve radiation transfer through increased
thermal emissivity [1, p. 42], [16, pp. 6-7]. Fluid-
magnetic particle suspensions can reduce conduction
resistance, but have other performance liabilities [16,
p. 41, [17].

Forced convection can be provided by the diaphragm
pumping air past the coil and pole tips [16, pp. 8-9].
This can be improved by vent holes in the coil form as
well as a vent through the center pole of the magnetic
structure [14, pp. 297-298]. The open area in the pole
piece will trade off for a reduction in thermal mass, as
will an undercut center pole for linearization of fringe
flux. The presence of short rings for inductance or flux
modulation reduction at or near the gap can improve
conduction transfer, and may be placed solely for that
purpose. '

The magnet, back plate, and frame act as the final
thermal mass, to sink heat from the coil and radiate it
into the air. Fins, covers, and other assemblies only
improve heat transfer insofar as they increase the ra-
diating area [16, p. 10]. Natural convection heat transfer
is dominated by the mass and area of the loudspeaker
structure. Large magnets, cast frames, and thick back
plates are therefore preferable to small, thin, stampings
for increased thermal mass and radiating area.

5 DURATION EFFECTS—THERMAL TIME
CONSTANT

The other key element in thermal compression is the
duration of the applied signal. The thermal time constant
is the product of the mass, specific heat, and thermal
resistance of the element for 63% of its asymptotic
level [16, pp. 9-10]. A typical voice coil will have a
thermal time constant of less than a second, while a
massive magnet structure and frame can take an hour
or more to reach equilibrium between heat input from
the coil and heat outflow to the air. The coil temperature
will continue to rise along with the magnet structure,
maintaining an approximately constant differential 14,
pp. 295-296]. Data can be taken at a fixed input level
at successive time increments to view thermal duration
effects (Fig. 3).

6 OTHER THERMAL EFFECTS

Increased heat from the voice coil can cause other
changes in the loudspeaker at high inputs. Heat can
cause mechanical stress to paper and cloth parts and
adhesives. Glue bonds can heat and become pliable
compliances rather than rigid connections, or fracture
and give way if pushed past their cure point, causing
catastrophic failure. Magnetic materials change with
temperature. Metals increase their reluctance, reducing
their flux-carrying efficiency. Magnets will suffer re-
versible losses with elevated temperature, as well as
irreversible losses if they have not been prestabilized
[18, pp. 339-350]. For heating of the magnet to 100°C
(212°F), Alnico V will suffer less than ¥2% irreversible
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