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(57)  AnActive Heat Controller (10) for controlling the
temperature of a loudspeaker (12) connected to it, the
Active Heat Controller (10) comprising a Dynamic Range
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an input driving signal terminal (16) for the loudspeaker
(12) and the terminals (26) of a voice-coil of the loud-
speaker (12), the Dynamic Range Controller (14) being
configured to variabty attenuate the input driving signal
as output at the voice-coil’'s terminals (20), the Active
Heat Controller (10) comprising: a probe (28) operatively

Loudspeaker heat control with state observation

connected, and for applying a probe signal, to the termi-
nals (26) of the loudspeaker’s voice-coil (12) for estimat-
ing an instantaneous temperature of the voice-coil and
being characterised by: a state observer (40) for estimat-
ing an instantaneous temperature of a magnet of the
loudspeaker (12); and means (38) for controlling the in-
stantaneous attenuation of the Dynamic Range Control-
ler (14) in response to the estimated voice-coil and mag-
net temperatures.
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Description

[0001] Thisinvention relates to loudspeakers, and in particular, but without limitation, to compact loudspeakers suitable
for use in mobile telephones and the like. More particularly, this invention relates to a method and apparatus for monitoring
and/or controlling the temperature of loudspeakers.

[0002] Loudspeakers are transducers that convert an electrical signal into sound waves. In most loudspeakers, the
transduction of electrical energy into acoustic energy, that is to say the sound waves, is relatively inefficient, typically
less than 5% for usual direct-radiator loudspeakers, as used in the mobile phone industry. To obtain high sound pressure
levels, high electric power levels must be applied, but since about 95% to 99% of the input energy is converted into heat
in the voice-cail, loudspeakers tend to heat up in use.

[0003] Most of the heat can be dissipated to the local surroundings (usually the surrounding air) by radiation and
convection: the rate of heat dissipation being closely related to the size, and in particular, to the surface area, of the
loudspeaker. As the size of the loudspeaker is reduced, as in the case of a mobile phone’s loudspeaker, the maximum
achievable sound pressure level is limited by the rate of heat loss because smaller loudspeakers have proportionately
less efficient heat dissipation properties compared with larger loudspeakers. The overheating of the voice-coil is one of
the main causes of damage and faults in loudspeakers.

[0004] In addition, a smaller loudspeaker requires proportionately higher cone displacements to achieve the same
output sound pressure as a larger loudspeaker. Increased cone displacements can lead to undesirable changes in the
performance of the loudspeaker, which can ultimately lead to its failure. From the foregoing, therefore, it will be appreciated
that the miniaturisation of loudspeakers introduces a number of design considerations that can affect the performance
and durability of the loudspeaker.

[0005] In order to achieve competitive sound pressure levels on small or flat loudspeakers, as used in modern mobile
telephones, over-driving of the loudspeaker becomes a necessity. In order to minimise or prevent damage to the loud-
speaker’s voice-coil by overheating or mechanical fatigue, Active Heat Control (AHC) is necessary.

[0006] AHC involves monitoring the voice-coil temperature and then adapting the amplification rate accordingly. In
most situations, the direct observation of the voice-coil temperature is not possible, and so indirect observation techniques
are required. The voice-coil temperature can be monitored indirectly, for example, by monitoring an observable parameter
having a known relationship to the voice-coil’'s temperature. In many cases, the voice-coil temperature, T, is indirectly
observable via the DC resistance, Re, of the loudspeaker by any of the following known expressions:

dRe_ Re(T
T = e(T)

dRe  Re(T)
aT 21+ (T-T0)a

dRe
—7 = 2-Re(T). (1 = (T - T0).b)

[0007] TheDCresistance, Re,canbe measured fromthe voltage, v(t), and the current, i(t), atthe loudspeaker terminals.
Since it is not possible to operate on DC signals with A/D convertors, indirect measurement is again necessary, and so
it is known to use an additional signal probe at ~5Hz, although in the invention, any low frequency probe signal can be
used, typically, around 20Hz, such that a relationship between the voice coil temperature and the impedance is validly
maintained. The probe frequency should be low enough to limit interference with audio signals, but because demodulation
is used at the end, very low frequencies (e.g. 1-5 Hz) can become difficult to use in fixed point arithmetic. As such, a
probe frequency of about 20Hz has been found to provide a useful and practical compromise.

[0008] It is also known to evaluate a spectrogram for both the voltage and the current during the operation of the
loudspeaker, with music or speech signal playing with and without the probe signal applied. The ratio of one spectrogram
to the other yields an impedance spectrum Z(f) = U(f)/I(f), from which an exponential average impedance spectrum can
then be calculated, considering the current Z(f) in the update process only for spectrum bands with significant energy.
Then, the frequency of the system resonance is determined (by looking for the maximum of the magnitude impedance
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spectrum) and the real part of Z(f) is averaged in the spectral range below the system resonance frequency. Alternatively,
a normalised, least means squared algorithm can then be applied to the signal path between the voltage and the current
signals (possibly down-sampled, for instance, at a rate of 20:1) during the operation of the loudspeaker, with music or
speech signal playing with or without probe signal. The resulting filter models the impedance of the loudspeaker, with
a filter length set to, say, 180ms. A set of five parameters originating from a simple physical model is optimized in order
to fit (with a spectral least quadratic error criterion) the observed magnitude impedance spectrum |Z(f)|. The DC resistance,
Re, is finally extracted from those physical model parameters by simple evaluation of the model spectrum at DC.
[0009] Thermal control and/or protection of the loudspeaker can therefore be achieved by the application of a variable
gain to the signal driving the loudspeaker. In most cases, this is applied via a feedback loop derived from the indirectly-
observed voice-coil temperature such that the higher the observed temperature, the greater the attenuation of the driving
signal. Typically, the variable gain is applied proportionally above a threshold value, such that when the observed voice-
coil temperature is below the threshold value, no attenuation is applied, but if the observed voice-coil temperature
exceeds the threshold value, the rate of application of the variable gain follows a "controlling law", such as:

G 1
dT 2T

[0010] In fact, the application of a variable gain is more complex than this, but in any event, the controlling law attempts
to force the temperature of the voice-coil back below the threshold temperature by applying an increasingly negative
gain (in dB) to the driving signal until the temperature has returned to its limiting threshold value. Alternatively, a more
sophisticated solution involves applying the feedback loop to the compression rate of a Dynamic Range Controller (DRC):
the variable gain, in which case, depending on both the estimated voice-coil temperature and the estimated signal
envelope.

[0011] Existing loudspeaker temperature control mechanisms, such as those described above, suffer from a number
of practical problems:

[0012] Firstly, even assuming that the estimation of the voice-coil temperature is reliable, adaptive gain attenuation
of the driving signal, when it is based on an estimation of the voice-coil temperature alone, may introduce unpleasant
audio artefacts, such as pumping; and secondly, the complete signal (or frequency band in the case of a multi-band
approach) is influenced by the gain control, even the lower-amplitude segments that do not cause thermal heating of
the voice-coil.

[0013] As such, the known estimation of the voice-coil temperature is either: not fully reliable; or is only available from
the control system with a significant delay. In general, a compromise needs to be struck between high estimate reliability
(that is to say, signal-to-noise ratio for the temperature signal) and low delay (latency), but the introduction of a delay in
the control feedback loop is known to cause damped or un-damped oscillations.

[0014] In particular, where a voice-coil temperature sensing solution is based on a low-power and transparent probe
signal at 20Hz, reliability is achievable only with a long integration time and the where estimated voice-coil temperature
is available with a latency of 1s. The use of a feedback loop, as in known in the prior art, may introduce oscillation of
the compression ratio parameter at a rate of 1Hz, which causes unpleasant audio artefacts.

[0015] None of the known solutions take into account the ambient air temperature, but this is, in practice, an important
consideration because the ability of the loudspeaker to dissipate heat accumulated in the voice-coil is naturally greater
when the air temperature is lower. Put another way, in existing systems, an error factor needs to be built in such that
the signal attenuation is overestimated to err on the side of caution. The result is an adequate attenuation at relatively
high ambient temperatures, at the expense of over-attenuation in cold ambient environments.

[0016] Itistherefore an object of the invention to address one or more of the aforementioned problems, and in particular:
noise and unpleasant audio artefacts caused by the voice-coil temperature being estimated with a low reliability; oscillation
and unpleasant audio artefacts caused by the voice-coil temperature estimate being delayed; and unnecessary signal
processing as a result of a lack of dependency on the actual ambient air temperature.

[0017] According to the invention, there is provided an Active Heat Controller for controlling the temperature of a
loudspeaker connected to it, the Active Heat Controller comprising a Dynamic Range Controller operatively interposed,
in use, between a set of input driving signal terminals for the loudspeaker and the terminals of a voice-coil of the
loudspeaker, the Dynamic Range Controller being configured to variably attenuate input driving signal as output at the
voice-coil's terminals, the Active Heat Controller comprising: a probe operatively connected, and for applying a probe
signal, to the terminals of the loudspeaker’s voice-coil for estimating an instantaneous temperature of the voice-coil and
being characterised by: a state observer for estimating an instantaneous temperature of a magnet of the loudspeaker;
and means for controlling the instantaneous attenuation of the Dynamic Range Controller in response to the estimated
voice-coil and magnet temperatures.
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[0018] Suitably, the invention provides an Active Heat Controller (AHC) that changes the attenuation of the driving
signal applied to the loudspeaker’s voice-coil terminals in response to the instantaneous temperature of the voice-coil
and a parameter that is indicative of the temperature of the speaker’s surroundings, that is to say, the temperature of
the loudspeaker’'s magnet, which varies relatively slowly over time. Suitably, the invention overcomes the problem of
over-attenuation of the driving signal in cold environments because the ambient temperature is used to modify the DRC’s
parameters, as well as the voice-coil temperature. Thus, in cold environments, where heat dissipation by convention
and/or conduction is relatively higher, the temperature of the magnet will naturally be relatively lower, and hence the
AHC of the invention may act to reduce the amount of DRC attenuation, which may also be, the amount of signal
processing required.

[0019] Such aconfiguration may improve the sound quality of the loudspeaker, and/or alleviate adverse audio artefacts,
such as distortion, un-damped oscillation and/or pumping, and/or reduce the signal processing demand on the DRC.
[0020] The temperature of the voice-coil is estimated using a probe signal applied to the loudspeaker, which probe
signal suitably yields an output related to the loudspeaker’s DC resistance. Suitably, the loudspeaker’s DC resistance
is related to its voice-coil temperature, thus enabling the voice-coil’'s temperature to be estimated using the probe.
[0021] The state observeris used to estimate the temperature of the loudspeaker's magnet. The magnet's temperature
typically varies slowly over time, and is in any event indicative of the ambient temperature by virtue of the fact that the
rate of heat dissipation from the loudspeaker depends on the ambient temperature. Thus, the magnet of a loudspeaker
in a cold environment will cool more quickly for a given thermal input that in a warmer environment with the same thermal
input.

[0022] The means for controlling the instantaneous attenuation of the Dynamic Range Controller in response to the
estimated voice-coil and magnet temperatures suitably translates the voice-coil and loudspeaker magnet temperature
estimates into DRC parameters. This is suitably performed in a translator, which serves to limit the driving signal such
that the temperature of the voice-coil is maintained below a desired upper threshold temperature.

[0023] The state observer suitably compares the heat input with the heat output to yield a value reflecting the heat
flux of the loudspeaker. More specifically, the state observer monitors the heat input, that is to say the temperature of
the voice-coil, and estimates the heat output based on a thermal model for the loudspeaker’'s magnet using the voice-
coil temperature as an input parameter, to determine whether the loudspeaker’s temperature is likely to rise or fall at
any particular time. The rising or falling temperature state observed can then be passed into a translator, which shapes
the parameters for the DRC, or the magnitude of the attenuation (weight) of the DRC, to maintain the loudspeaker’s
temperature below an upper threshold value. For example, in the case that the loudspeaker is determined to be in a
falling temperature state, a weight of 0 can be applied to the DRC meaning that no temperature-regulating attenuation
is applied. On the other hand, where the loudspeaker is determined to be in a rising temperature state, a finite weighting
can be applied to the DRC meaning that a finite temperature-regulating attenuation is applied. The application of the
weighting is suitably determined by the translator, which can apply a linear or non-linear weighting in response to the
observed state of the loudspeaker.

[0024] Preferred embodiments of the invention shall now be described, by way of example only, with reference to the
accompanying drawings in which:

Figure 1 is a representation of the known Zuccatti-Button thermal model of the loudspeaker;

Figure 2 is a schematic of a multiband DRC;

Figure 3 is a schematic block diagram for an AHC in accordance with the invention; and

Figure 4 is a schematic diagram of an example an AHC in accordance with the invention with two-segment param-
eterisation.

[0025] Referring to Figure 1, the Zuccati-Button thermal model of a loudspeaker (cf. Thermal Parameters and Power
Ratings of Loudspeakers, C. Zuccatti, JAES Volume 38 Issue 1/2 pp. 34-39; February 1990) explains the dynamic of
the voice-coil temperature, T(t), as a mass-spring system operating on the temperature difference T(t) - Tm(t), where
Tm(t) represents the temperature of the loudspeaker magnet. Assuming that the magnet temperature, Tm(t), is known
and constant, then simple considerations show that the voice coil temperature, T(t), is bounded by T, if the driving
power, r(t), that is, the power produced by the voice-coil, is also bounded; as follows:

r(t) < R—1};(Tmax —Tm)

=>T(t) < Tmax
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[0026] This model suggests that an efficienttemperature control strategy for limiting the voice-coil temperature involves
applying a variable gain to the incoming signal (for example, by modulating the compression rate of a DRC) to ensure
the bounding of r(t) by:

7 (Tmax —Tm)

[0027] In all known thermal control solutions, the control strategy is open loop so that the control law does not need
to monitor the voice-coil temperature.

[0028] The invention is based, in one aspect, on the fact although the temperature of the loudspeaker’s magnet is not
directly observable, assuming the parameters of the thermal model are known, the magnet’s temperature can be tracked
by the state observer from the measurements of the voice-coil temperature. This can be accomplished because the
magnet, in most practical situations, is thermally coupled to the voice-coil, and so it is possible to estimate the magnet’s
temperature if the voice-coil’'s temperature over time is known, and the thermal parameters (thermal coupling of the
voice-coil to the magnet and the dissipation of heat from the magnet) of the system are known also. Experiments have
shown that the rate of change of the magnet’s temperature is usually several orders of magnitude slower than that of
the voice-coil, typically at least 100 times slower in experiments. Therefore, the AHC of the invention makes use of the
reasonable assumption that the temperature of the magnet over time, Tm(t), is almost constant over the time-frame of
the control parameters, therefore justifying the use of open-loop system.

[0029] The Zuccati-Button thermal model, as shown in Figure 1, describes the dynamic of the voice-coil temperature,
T, as a linear dynamic system, in which:

[ram) _

e~ = =¥ ol + [

[rl =lo 2-x+[1]-7e

c.%‘: —YX + [ﬂr

[l =[o 21+ [1]7a

[0030] Where X = [Tmb is the column state vector, C and Y are respectively the thermal capacity and thermal

impedance matrices, ris the power produced by the voice-coil and T, Tm and Ta are respectively the voice-coil, magnetic
and ambient air temperatures.
[0031] The geometric vector notation is adopted for Tmb and Tam, i.e. Tmb is, by definition, T - Tm and Tam is, by
definition, Tm - Ta. Finally, the parameterisation of the model involves the thermal resistances Rb and Rm and the
thermal capacities Cb and Cm:



10

15

20

25

30

35

40

45

50

55

EP 2 806 656 A1

C=[Cob C(r)n]
1
y=|Rb

O Zm

[0032] Accepted principles indicate that the time constant of the magnetic system, Rm.Cm, is several orders slower
than the time constant of the voice-coil system, t=Rb*Cb, which is backed-up by laboratory measurements on actual
mobile phone loudspeakers, which give Rb.Cb values of about 1s, whereas Rm.Cm values are several minutes. It is
therefore well-founded to uncouple the voice-coil system from the magnetic system, and to consider the voice-coil system
only, with Tm being now an unknown slow-varying random walk (NB: Tm integrates the slow dynamic from Tam and
the unknown dynamic from Ta, which is also assumed relatively slow).

][~

e R T R HE

T=[ﬂ*. TT:]-H’O

where [Tmb] is the new state vector, Vg @ Gaussian noise representing the uncertainty of the voice-coil model, v,,,, a

Tm
Gaussian noise representing the seed of the random walk from Tm and v, the measurement noise on the voice-coil
temperature. This dynamic system, represented by the above equations, is a simplified version of the Zuccati-Button
model where most of its unreliable parameters (Rm and Cm are known to be dependant from the type of stimulus applied
to the loudspeaker), are replaced by a stochastic model. However, if the statistics of the noise elements and the model
of the parameter are both known, then it is possible to generate a state observer that computes the best estimate of the

hidden state, [Trmb]‘ given r and the observation of T. As a side-effect, the state observer regenerates an optimal
m

—
estimation of the voice-coil temperature through § — [1] [Tmb that can be used infurther calculations. The dynamic
U 'L Tm

system of the voice-coil temperature is as follows:

dTmb_ 1T b+1
a Cbr

[0033] If a constant power rw is applied, then the voice-coil temperature finally reaches an asymptotic temperature Too:
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Tow =Tm+ Rb.roo
forallt >0, r(t) < roo and  Tmb(0) < Rb.roo

= Tmb(t) < Rb.roo

because if we assume that it exists a time t for which Tmb(t) is greater than Rb . reo, then, by continuity of the solution
Tmb(t), there exists a point where the function for Tmb(t) crosses Rb . rw. Thus, at that time, the function derivative

armb s negative: the only possibility for Tmb(t) to cross Rb . rwo is with a negative slope, forbidding the function from

passing from the domain Tmb(t) < Rb . roo to its complementary domain. In other words, once Tmb(t) is lower than Rb .
roo, it remains lower than Rb . reo at any subsequent time.

[0034] The interpretation of:

forallt> 0, r(t) < ro and Tmb (0) < Rb. ro

is that that the dissipating heat flux in:

Tmb]

o Siramd y ] 1.

is proportional to the temperature gradient relative to Tm. Therefore, the larger this gradient, the larger the dissipating
heat flux. Conversely, the incoming heat flux is due exclusively to the applied power r. Thus, heat in the voice-coil is
accumulated and increases its temperature, T, until the dissipation heat flux balances the incoming heat flux. Balance
is achieved when the gradient Tmb(t) has reached Rb.r. The condition: Tmb(t) < Rb. rw justifies the open-loop control
and can be recast as follows:

r(t) < ! (Tmax Tm)

= T(t) < Tmax

[0035] If an estimation of the slow-varying magnetic temperature, Tm, is available from the state observer operating on:

@ 0 2l o e

=i 7] e

then it is enough to limit the feeding power by ;15. (Tmax — Tm) in order to ensure that T(t) is below Tmax at all

times, thus achieving the heat control process of the invention.

[0036] An example of an AHC in accordance with the invention is described below with reference to Figures 2 and 3
of the drawings. In this exemplary embodiment of the invention, the AHC applies a variable gain to the audio signal,
measures the voice-coil temperature, provides an estimate of the slow varying magnetic temperature, given the meas-
urements of the voice-coil temperature, and then translates the magnetic temperature estimates into compression pa-
rameters.
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[0037] In Figure 2, an Active Heat Controller (AHC) 10 for a loudspeaker 12 comprises a Dynamic Range Controller
(DRC) 14 interposed between an audio input signal 16 and the loudspeaker 12. The DRC 14 comprises an attenuator
18 that can reduce the magnitude of the audio input signal 16 so that the loudspeaker 12 does not overheat in use. The
output 20 of the DRC 14 passes through a digital-to-analogue converter 22, before being amplified 24 and passed to
the terminals 26 of the loudspeaker 12. The output 20 of the DRC 14 is overlaid with a 20Hz probe signal 28, which is
fed to the loudspeaker 12 also.

[0038] The attenuator 18 of the DRC 14 is controlled in a known manner by an analyser by different amounts over
different amplitude ranges. This is achieved, in a known manner by an envelope follower 30 and a gain processor 32
which operates between a linear-to-logaritmic 34 and a logarithmic-to-linear 36 converter. The gain processor 32 thus
adjusts the attenuator 18,. The envelope follower 30 is also connected to an output of the parameter estimator 51 because
the envelope follower 30 aims to estimate the power r from the source signal 16, which estimate is based on the system
impedance.

[0039] In fact, the gain control of the DRC, the output of the gain processor 32 uses a table similar to that shown in
Figure 4, an illustration of a compression curve with a so-called "hard-knee" shape, i.e. resulting from a piece-wise affine
function. Other possibilities exist for the compression curves, such as a "soft-knee" curve, which can be used in order
to smooth the compression curve.

[0040] The application of a DRC as a variable gain can be as simple as that illustrated in Figure 3, but more evolved
schemes exist. For instance, a multi-band DRC can be applied to the signal, with one DRC channel allocated for the
loudspeaker resonance and a second channel for the rest of the spectrum. The attenuator 18 is then implemented
respectively either as a variable parametric equalizer configured as band pass centred on the resonant frequency or as
a complementary filter.. Separate compression setting and weight application are possible.

[0041] The invention 10, however, additionally comprises a weighting module 38 that multiplies the output of the gain
processor 32 by a value ranging from 0 to 1, thus overriding the attenuation setting of the DRC. When the estimated
magnet temperature Tm (output port of 40) is below a predefined threshold, the weighting module applies a weighting
of 0 to the gain processor 32 thus deactivating the DRC 14. However, when the estimated magnet temperature (output
port of 40) exceeds the predefined threshold value, T, the weighting increases to a finite value thus overriding the
gain processor’s setting 32, which relatively under-drives the loudspeaker 12 by over-attenuating the output signal 20
at the output of the DRC 14, thus allowing the loudspeaker 12 to cool.

[0042] Figure 2 is a schematic of the multiband DRC, which is represented by block 14 in Figure 2. In the multiband
DRC, there is a variable attenuator 18 whose gain is controlled by an analyser as described herein, which maps the
input audio signal 16 to an attenuated signal by different amounts over different frequency and amplitude ranges.
[0043] In the illustrated multiband DRC 14, this is achieved by an envelope follower 30 and a number (in this case, a
pair of) gain processors 32, 32a which operate between a linear-to-logarithmic 34 and a logarithmic-to-linear 36 converter.
[0044] The first gain processor 32 provides an output that is fed to a first weighting module 38 that multiplies the output
of the gain processor 32 by a value ranging from 0 to 1, thus overriding the default attenuation setting of the DRC. The
weighting module also receives an input from the translator 46 before outputting a first gain modification to a pre-equaliser
70, which is also connected to a low impedance estimation signal outputted from the parameter estimator 51. The pre-
equaliser 70 output signal feeds into the probe signal 28.

[0045] Meanwhile, a second signal processor acts on a different portion of the linear-to-logarithmic converted signal
via a second gain processor 32a. The output of the second gain processor 32a is fed to a second weighting module
38a, which also multiplies the output by a value ranging from 0 to 1, as determined by the translator 46. The output of
the second weighting module is fed, via a logarithmic-to-linear converter 36a directly to the attenuator 18 of the DRC
14. Thus, the multiband DRC is able to modify the gain using two sets of parameters simultaneously.

[0046] The invention is predicated on knowing the instantaneous state of the loudspeaker, that is to say the thermal
flux being the heat input, the heat output and hence whether the temperature of the voice-coil is likely to continue
increasing, orremainin a steady-state condition whereby the thermal input balances the thermal output of the loudspeaker
12.

[0047] This is accomplished by a state observer 40, which determines the thermal state of the loudspeaker 12 during
use.

[0048] The state observer monitors DC resistance of the loudspeaker’s 12 voice-coil, which is indicative of the voice-
coil's temperature. This is accomplished by applying the probe signal 28, the level of the probe signal 28 being chosen
so that it does not interfere with the music or speech signal. It has been found that a sinusoidal probe signal at 20Hz,
and -60dBFS is substantially transparent for music and speech signals, although different algorithms are possible in
order to evaluate the impedance from the probe signal.

[0049] In Figure 3, the probe 28 applies a signal on top of an output signal 20 of the DRC 14, and a first analogue-to-
digital converter 45 connected to the terminals 26 of the loudspeaker 12 is provided for measuring the probe signal
voltage across the loudspeaker terminals 26. A second analogue-to-digital converter 47 connected in parallel to a resistor
49 wired in series across the terminals 26 of the loudspeaker 12, which is used for measuring the probe signal current
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in the loudspeaker 12. A parameter estimator 51 is operatively connected to the analogue-to-digital converters 47, 49
for calculating the DC resistance of the loudspeaker 12 based on the probe signal’s voltage and current, the DC resistance
being indicative of the loudspeaker’s voice-coil temperature.

[0050] One solution consists in applying a succession of resonant filters tuned at the probe frequency and down-
samplers to both the voltage and the current signals. The resulting signal, sampled at a very low frequency (e.g. 300
Hz), is finally demodulated, for instance with a discrete Teager operator, resulting in an envelope that is turned into a
dB or logarithmic scale. The level difference between both envelops, in the dB or logarithmic domain, is an image of the
loudspeaker resistance at 20Hz.

[0051] There is a trade-off here between acceptable SNR and acceptable latency. Indeed, the sharper the resonant
filters, the better the SNR, but at the same time, the group delay of the filters increases, adding latency.

[0052] Nevertheless, and somewhat surprisingly, it has been found that this feedback loop, contrary to accepted
wisdom in the art, does not happen at the audio rate: the dynamic of this feedback loop being that of the loudspeaker’s
magnet, which is on the order of minutes added to those of the ambient air temperature, which is also assumed to be
slow. Therefore, considering both the audio rate (e.g. 48kHz) and the DRC control rate (e.g. 300Hz), the evolution of
the thermal parameters (magnetic temperature) is almost imperceptible, a latency of several seconds is even not sig-
nificant and SNR can be set arbitrary high.

[0053] The impedance and voice-coil temperature (the building block parameter estimation) can thus be estimated
with a voltage directly sensed from the terminals of the loudspeaker (direct v-sensing). However, indirect v-sensing is
possible instead by processing in the digital domain the signal sent to the DAC 22.

[0054] The construction of state observer is, in principle, straightforward but nevertheless technical. An example of
the different steps required for the construction of a quadratic optimal observer (Kalman filter) is summarised below, but
it will be readily apparent that many variations are possible and it is not possible to list all of those herein.

[0055] Obtaining a discrete model is the first necessary task. The bilinear transform is a popular scheme that preserves
most of the spectral properties of the system. Formally, it consists in substituting the Laplace variable s:

s & 2[Ts* (z-1)/(z+1)

where Ts represents the sampling rate and z the discrete shift operator. If the original continuous-time system was
described with the state-space matrices (A,B,C,D), then the state-space matrices of the discrete system, (Phi, Gamma,
H, J), are given by:

h =inv(l—Ts/2 * A);

Phi =(1+Ts/2*A) * h;

Gamma =h*B*(Ts);

H =V(Ts) * C * b;

J =D+ Ts/2*C*h*B;

where the operation inv() represents the matrix inversion, the matrix | represents the identity matrix. In the present
example, the transformation of the stochastic thermal model results in a second order linear system, in which the form
of a linear quadratic estimator is usually:
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elk|k] =TIk] - Hx[k|k-1] - J r[k];

x[k+1]k] = Phix[k|k-1] + Gamma uk] + Kp e[k|k];

x[k|k] = x[k|k-1] + Kf e[k | k];

where T[k] represents the current voice-coil measurement, r[k] the current feeding power estimate, e[k|k] the prediction
error, x[k+1|k] the predicted state (i.e. the prediction of the state at time k+1, given the observation up to time k) and
x[k|k] the estimated state. Kf and Kp are respectively the Kalman filter and predictor gains (they are both matrices). The
Kalman gains represent a sort of weight or trade-off between the confidence of the observation and the confidence the
state estimate. In its asymptotic form, those weights are constant; so the Kalman gains are. A more general form includes
a time variation of the Kalman gains, illustrating the fact that initially, the confidence of the state estimate is very poor,
but confidence grows gradually as more observations become available. In practical cases, the Kalman gains reach
their asymptotic limits after a few seconds. Therefore, the actual observer can tabulate the first values of the Kalman
gains and switch to constant gains after a while. A predictive model, interpolation, re-sampling are alternate solutions
for the tabulation of the Kalman gains. Actually, any kind of approximation for the Kalman gains is usually suitable,
resulting only in a moderate loss of performance.

[0056] Finally, the constructed state observer 40 uses a measurement of T and the estimation of r as inputs and
generates an estimation of Tm, which is based on a thermal model 42 of the loudspeaker 12. As stated earlier, the
measurement of T usually involves a latency which must be compensated by a synchronization delay 50 in the estimation
ofr. The operation rate of the state observer, Ts, is dictated by the spectral characteristics of the thermal system (typically
a few Hz). However, it has been found to be simpler to operate the state observer at a higher rate, synchronous to the
rate of control of the DRC, which is still low and acceptable for complexity purposes.

[0057] The output of the state observer 40 feeds into a translator 46, which modulates the threshold g = [r0] of the
DRC compression curve, while the rest of the compression curve is configured with two segments as a brick-wall (i.e.
with ¢ =[0,1], cf. Figure 4). A slightly different translation is possible with a constant compression threshold g = [r0] but
with the weight, w,;,, modulated as follows:

Tm < TMpin => Wmn =0,

Tm > TMpay = Wn =1,

otherwise,

Wnp = (Tm - Tmmin) / (Tmmax - Tmmin)n

and still a compression curve configured as a brick-wall (i.e. with ¢ = [0,1], cf. Figure 4). This translation ensures that

the feeding power r verifies (when Tm is in the interval [Tm Tm the following condition:

min’ max])

r< (Tmmax - Tm) / (Tmmax - Tmmin) *r0.

[0058] The additional degree of freedom (the parameters rO and Tm,,;, are related together, which relationship is used
for trading smoothness against loudness. On the one hand, when Tm,;, is far from Tm,,,,, smoothness in the variation
of the DRC parameters is maximized, limiting therefore transient artefacts. On the other hand, the higher the threshold

10
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r0 is, the less the signal is compressed resulting in a loudness which is less processed.

[0059] The invention has every advantage of known systems, but without their limitations. Indeed, the control strategy
of the invention is (mainly) open-loop, therefore oscillation of the control parameters is not possible. The dynamic of the
magnetic temperature, Tm(t), is very slow (in laboratory measurements, the half-life duration of the magnetic system
was greater than 3 minutes); so this temperature can be reliably estimated despite unfavourable SNR ratio on the voice-
coil because long integration time generates latency durations that are not significant relative to the time parameters of
the magnetic system. Finally, the signal processing effort is greater when the magnetic temperature, Tm(t), is high, which
can happen either because the loudspeaker has been exposed to a long heating stimulus or because the ambient air
is hot. Said differently, the thermal control system described in this invention applies moderate signal dynamic compres-
sion when the ambient air is cold or when the loudspeaker has not been exposed to a long heating stimulus. In short,
this invention is in general more transparent and produces less audio artefacts than any other solution.

Claims

1. An Active Heat Controller (10) for controlling the temperature of a loudspeaker (12) connected to it, the Active Heat
Controller (10) comprising a Dynamic Range Controller (14) operatively interposed, in use, between an input driving
signal terminal (16) for the loudspeaker (12) and the terminals (26) of a voice-coil of the loudspeaker (12), the
Dynamic Range Controller (14) being configured to variably attenuate the input driving signal as output at the voice-
coil's terminals (20), the Active Heat Controller (10) comprising: a probe (28) operatively connected, and for applying
a probe signal, to the terminals (26) of the loudspeaker’s voice-coil (12) for estimating an instantaneous temperature
of the voice-coil and being characterised by: a state observer (40) for estimating an instantaneous temperature of
a magnet of the loudspeaker (12); and means (38) for controlling the instantaneous attenuation of the Dynamic
Range Controller (14) in response to the estimated voice-coil and magnet temperatures.

2. An Active Heat Controller (10) as claimed in claim 1, wherein the probe applies a signal on top of an output signal
(20) of the DRC (14), and wherein the Active Heat Controller comprises a first analogue-to-digital converter (45)
connected to the terminals (26) of the loudspeaker (12) for measuring the probe signal voltage across the loudspeaker
terminals (26) and a second analogue-to-digital converter (47) connected in parallel to a resistor (49) wired in series
across the terminals (26) of the loudspeaker (12) for measuring the probe signal current in the loudspeaker (12),
and a parameter estimator (51) operatively connected to the analogue-to-digital converters (47, 49) for calculating
the DC resistance of the loudspeaker based on the probe signal’s voltage and current, the DC resistance being
indicative of the loudspeaker’s voice-coil temperature.

3. An Active Heat Controller (10) as claimed in claim 1 or claim 2, wherein the state observer (40) compares the heat
input with the heat output to yield a value reflecting the heat flux of the loudspeaker, the temperature (T) of the voice-
coil being the heat input to the loudspeaker (12) and the heat output being based on a thermal model (42) for the
loudspeaker’s magnet using the voice-coil temperature (Tm) as an input parameter, the difference in heat input and
heat output being indicative of the loudspeaker’s temperature state being rising or falling.

4. An Active Heat Controller (10) as claimed in claim 2 or claim 3, wherein the state observer (40) is operatively
connected to the parameter estimator (51) and comprises estimating means adapted to estimate the temperature
of the loudspeaker’'s magnet (12) using a thermal model (42) of the loudspeaker (12) applied to the measured voice-
coil temperature (T).

5. An Active Heat Controller (10) as claimed in claim 4, wherein the thermal model (42) comprises the thermal param-
eters of the loudspeaker, the thermal parameters being any one or more of the group comprising: the thermal
coupling efficiency of the voice-coil to the magnet; the thermal conductivity of the magnet; and the temperature-
dependent heat dissipation rate of the magnet.

6. An Active Heat Controller (10) as claimed in any preceding claim, wherein the state observer (40) comprises an
estimating means adapted to estimate the temperature of the loudspeaker's magnet (12) using a thermal model
(42) of the loudspeaker (12) applied to the measured voice-coil temperature (T), the thermal model being a Zuccati-
Button thermal model for the loudspeaker (12).

7. An Active Heat Controller (10) as claimed in any preceding claim, wherein the state observer (40) comprises an

estimating means adapted to estimate the temperature of the loudspeaker's magnet (12) using a thermal model
(42) of the loudspeaker (12) applied to the measured voice-coil temperature (T), the thermal model being a bilinear
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transform of the equations:
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An Active Heat Controller (10) as claimed in any preceding claim, further comprising a translator (46) operatively
connected to the means (38) for controlling the instantaneous attenuation of the Dynamic Range Controller (14) in
response to the estimated voice-coil (T) and magnet temperatures (Tm).

An Active Heat Controller (10) as claimed in claim 8, wherein the translator (46) controls a weighting module (38)
for weighting the magnitude of the attenuation of the DRC (14).

An Active Heat Controller (10) as claimed in claim 9, wherein when the state observer (40) determines that the
loudspeaker (12) is in a falling temperature state, a weight of 0 can be applied to the DRC.

An Active Heat Controller (10) as claimed in claim 9 or claim 10, wherein when the state observer (40) determines
that the loudspeaker (12) is in a rising temperature state, a finite weighting is applied to the DRC.

An Active Heat Controller (10) as claimed in claim 9, claim 10 or claim 11, wherein the translator (46), applies a
linear or non-linear weighting in response to the observed state of the loudspeaker (12).

AnActive Heat Controller (10) as claimed in any preceding claim, wherein the probe signal (28) comprises a sinusoidal
probe signal at substantially 20Hz and substantially -60dBF.

Amended claims in accordance with Rule 137(2) EPC.

1. An Active Heat Controller (10) suitable for controlling the temperature of a loudspeaker (12) connected to it, the
Active Heat Controller (10) comprising a Dynamic Range Controller (14) intended to be operatively interposed, in
use, between an input driving signal terminal (16) of the loudspeaker (12) and the terminals (26) of a voice-coil of
the loudspeaker (12), the Dynamic Range Controller (14) being configured to variably attenuate an input driving
signal and to provide the attenuated signal as an output at the voice-coil’s terminals (20), the Active Heat Controller
(10) comprising: a probe (28) intended to be operatively connected, and being adapted to provide a probe signal,
to the terminals (26) of the loudspeaker’s voice-coil (12) for estimating an instantaneous temperature of the voice-
coil and the Active Heat Controller being characterised by: a state observer (40) for estimating, on the basis of a
thermal model and the voice coil temperature, an instantaneous temperature of a magnet of the loudspeaker (12);
and means (38) for controlling an instantaneous attenuation provided by the Dynamic Range Controller (14) in
response to the estimated voice-coil and magnet temperatures; and wherein the state observer (40) compares the
heat input with a heat output of the loudspeaker to yield a value reflecting the heat flux of the loudspeaker, the
temperature (T) of the voice-cail is in relation to the heat input to the loudspeaker (12) and the heat output of the
loudspeaker’s magnet is based on a thermal model (42) and uses the estimated voice-coil temperature (Tm) as an
input parameter, the difference in heat input and heat output being indicative of the loudspeaker’s temperature state
being rising or falling.

2. An Active Heat Controller (10) as claimed in claim 1, wherein the probe is adapted to overlay a probe signal to
the output (20) of the Dynamic Range Controller (14), which probe signal is also fed to the loudspeaker (12), and
wherein the Active Heat Controller comprises a first analogue-to-digital converter (45) connected to the terminals
(26) of the loudspeaker (12) for measuring the probe signal voltage across the loudspeaker terminals (26) and a
second analogue-to-digital converter (47) connected in parallel to a resistor (49) wired in series across the terminals
(26) of the loudspeaker (12) adapted to measure the probe signal current in the loudspeaker (12), and a parameter
estimator (51) operatively connected to the analogue-to-digital converters (47, 49) adapted to calculate the DC
resistance of the loudspeaker based on the probe signal’s voltage and current, the DC resistance being indicative
of the loudspeaker’s voice-coil temperature.

3. An Active Heat Controller (10) as claimed in claim 2, wherein the state observer (40) is operatively connected to
the parameter estimator (51) and the Active Heat Controller (10) comprises estimating means adapted to estimate
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the temperature of the loudspeaker’s magnet (12) using a thermal model (42) of the loudspeaker (12) applied to the
measured voice-coil temperature (T).

4. An Active Heat Controller (10) as claimed in claim 3, wherein the thermal model (42) comprises thermal parameters
of the loudspeaker, the thermal parameters being any one or more of the group comprising: the thermal coupling
efficiency of the voice-coil to the magnet; the thermal conductivity of the magnet; and the temperature-dependent
heat dissipation rate of the magnet.

5. An Active Heat Controller (10) as claimed in any preceding claim, wherein the state observer (40) comprises an
estimating means adapted to estimate the temperature of the loudspeaker's magnet (12) using a thermal model
(42) of the loudspeaker (12) applied to the measured voice-coil temperature (T), the thermal model being a Zuccati-
Button thermal model for the loudspeaker (12).

6. An Active Heat Controller (10) as claimed in any preceding claim, wherein the state observer (40) comprises an
estimating means adapted to estimate the temperature of the loudspeaker's magnet (12) using a thermal model
(42) of the loudspeaker (12) applied to the measured voice-coil temperature (T), the thermal model being a bilinear
transform of the equations:

*

A o N i P et PR S A
0 1 dt 0 0 Tm 0 wm 1 Tm

7. An Active Heat Controller (10) as claimed in any preceding claim, further comprising a translator (46) adapted to
limit the driving signal such that the temperature of the voice-coil is maintained below a desired upper threshold
temperature, the translator (46) being operatively connected to the means (38) for controlling the instantaneous
attenuation of the Dynamic Range Controller (14) in response to the estimated voice-coil (T) and magnettemperatures
(Tm).

8. An Active Heat Controller (10) as claimed in claim 7, wherein the translator (46) controls a weighting module (38)
for weighting the magnitude of the attenuation of the Dynamic Range Controller (14).

9. An Active Heat Controller (10) as claimed in claim 8, wherein when the state observer (40) determines that the
loudspeaker (12) is in a falling temperature state, a weighting applied by the weighting module (38) of 0 can be
applied to the Dynamic Range Controller (14).

10. An Active Heat Controller (10) as claimed in claim 8 or claim 9, wherein when the state observer (40) determines
that the loudspeaker (12) is in a rising temperature state, a finite weighting is applied by the weighting module (38)

to the Dynamic Range Controller (14).

11. An Active Heat Controller (10) as claimed in claim 9, claim 10 or claim 11, wherein the translator (46), applies
alinear or non-linear weighting by the weighting module (38) in response to the observed state of the loudspeaker (12).

12. An Active Heat Controller (10) as claimed in any preceding claim, wherein the probe signal (28) comprises a
sinusoidal probe signal at substantially 20Hz and substantially -60dBFS.

13
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