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Introduction

Overheating is a major factor limiting the maximum out-
put of audio amplifiers. This is because at high levels,
the positive feedback between device temperature and
power losses results in a phenomenon called thermal run-
away wherein the device temperature increases exponen-
tially until it is destroyed or disabled. Most modern am-
plifiers therefore incorporate thermal protection mech-
anisms which shutdown the device when a temperature
limit is exceeded. Whilst effective, these applications can
be obtrusive.

In this project, a compact lumped element thermal model
for Class D audio amplifiers is proposed. This model aims
to facilitate the development of an adaptive thermal pro-
tection algorithm which uses predictions of internal tem-
perature dynamics to protect from overheating. A grey-
box approach is applied wherein knowledge about the de-
vice is used to propose a model for which parameters are
fit from device measurements alone. A validation of the
proposed model and fitted parameter is offered through
the comparison of simulation and measurement results.

System Under Study

The devices considered in this project are Class D ampli-
fiers used for small consumer audio applications. Class D
audio amplifiers, otherwise known as digital or switching
amplifiers, use transistors (mostly MOSFET’s) acting as
switches rather than as linear gain devices. Such am-
plifiers offer significant reductions in power losses with
practical efficiencies of around 90 %. This is achieved
by using high frequency pulse-width-modulated (PWM)
signals with duty cycles corresponding to the input level.
The high frequency switching artefacts in the output sig-
nals removed with a low pass filtered. A basic diagram
of such an architecture is shown in Fig. 1.
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Figure 1: Basic Class D amplifier architecture. [1]

The systems studied in this projects are without out-
put filters and heat-sinks due to the small size of the
chip-scale-package (CSP) in which they are housed. In
these devices, the switching artefacts are filtered by the
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voice coil inductance of the loudspeaker load. In these
applications, the heating power resulting from inefficien-
cies in the transistors is mostly dissipated through the
printed-circuit-board (PCB) on which they amplifier dies
are mounted. A diagram showing the side view of such a
package is shown in Fig. 2. Such devices also often incor-
porate die temperature sensors, facilitating the measure-
ment of heating responses which can be used to determine
parameters corresponding to a lumped element thermal
model.
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Figure 2: Diagram of amplifier side-view.

Thermal Model

A lumped element model (LEM) simplifies the behaviour
of a spatially distributed physical system into a one-
dimensional equivalent network of discrete elements. A
LEM thermal model can be proposed by considering the
propagation of heating power through the system system
under study and the sections wherein temperatures can
be assumed homogenous [2]. This can be applied to the
system described in Figs. 1 and 2 in order to propose an
equivalent network circuit as shown in Fig. 3.
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Figure 3: Amplifier equivalent network thermal LEM.

In this circuit, the sections of the amplifier correspond-
ing to the FETSs, die and PCB are lumped into elements
in a 3" order resistor-capacitor (RC) circuit. In this
equivalent network, the ”current” source p; corresponds
to the heating power from losses in the transistors. The
"voltages” Ty, Ty and T} and the ”ground” reference cor-
respond to the temperatures of the FETSs, die, board
and ambient respectively. The capacitors correspond to
the thermal capacitance of each section, the ability for
it store heat (the increase in temperature per joule of
energy stored). The thermal resistors describe how well
each section dissipates heat into the next, a high thermal
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resistance means poor thermal coupling and large tem-
perature difference between sections. Before parameters
can be proposed for this model, a method for estimat-
ing the heating power from losses in the device must be
established.

Power Losses

The heating power from losses in Class D amplifiers is a
result of non-ideal transistor behaviour. The three most
significant sources of these come from the conduction,
switching and gate-drive losses [1]. In this project the
problem is simplified by considering that the most signif-
icant contribution to power losses at high levels (output
currents) are the conduction losses. These are caused by
the drain-source-on resistance (Rpg(on))of the FETs and
can be calculated using the following equation:

(1)

where Ip represents the MOSFET drain current and
Rps(on) the drain-source-on resistance. In reality, the
Rps(on) is highly non-linear, with a strong dependency
on the transistor temperature. In this project, the tran-
sistors (four in the case of the H-bridge architecture) are
lumped together into a single element. This assumes
that they have a equivalent Rpg(on) resistances and that
the thermal resistance between the transistors and die
is equal for all switches. This simplification allows the
power losses in the system under study to be calculated
from:

Pcond = I]% RDS(on) )

I,

gut’ (2)
where I, is the amplifier output current, T’ is the aver-
aged temperature of the FETs and Ry is the transistor
lumped electrical resistance. The temperature depen-
dency of R.; demonstrates an increase for higher tem-
peratures. This causes significant non-linear behaviour
in the system because of the positive feedback between
the power losses, transistor temperatures and the inter-
nal resistance. This temperature dependency should be
describable with a polynomial function such as:

bt = Ref(Tf)

Rep(Ty) =Y riTf, (3)
k=0

where r; are polynomial coefficients describing this non-
linear resistance. Before these can be determined, a
method for measuring the electrical transistor resistance
must be proposed.

Transistor Electrical Resistance

The total output stage resistance of a Class D amplifier
can be calculate from the output current and the voltage
drop between the power supply and output (after cor-
recting for any maximum PWM duty cycle). This can
be best illustrated with a full-scale (FS), direct-current
(DC) stimulation when the amplifier is clipping and no
correction is applied to the output voltage. The output
stage resistance contains the Rpg(on) of the conducting
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transistors in addition to the resistance of any cables,
shunts or inductors. By assuming that the transistor
Rps(on) is the dominant contribution to this, the mea-
sured output stage resistance can be considered repre-
sentative and more or less equal to R.y. This allows the
electrical transistor resistance and the resultant heating
power to be estimated from measurements on the power
supply and output stage. Fig. 4 shows the results a
step-response measurement where the amplifier is stimu-
lated with a full-scale DC signal. It is interesting to note
that after the step up (at 0s), the output voltage/current
show an exponential decrease. This can be attributed to
the transistor temperature increase and the dependency
described in (3) and (2).
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Figure 4: Amplifier output stage step-response measure-
ment.

The measurement results shown in Fig. 4 can be used
to calculate the output stage internal resistance (repre-
sentative of R.y) as shown in Fig. 5. This can be com-
pared with the measured die temperature in Fig. 6 to
demonstrate a clear correlation between the die temper-
ature and transistor resistance. The resistance can also
be used to estimate the heating power in the amplifier
which is required in order to fit the parameters described
by the model in Fig. 3.
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Figure 5: Amplifier transistor resistance calculated from
output stage step-response measurement.



Die Temperature

110 4

100 A

90

80

704

60

Temperature [°C]

50 4

40

30

0.00 025 050 075 100 125 150 175 2.00
Time [s]

Figure 6: Amplifier die temperature from step-response
measurement.

Parameter Fitting

Parameters for the proposed electro-thermal model de-
scribed by Fig. 3, (2) and (3) can be fit from the mea-
surement results shown in Figs. 4, 5 and 6. This in-
volves using the transistor resistance as an indicator to
their temperatures which cannot be directly measured.
The results from a fit on the measurements shown are
provided in Table 8. In this, the transistor temperature
dependency was fit to a 3rd order polynomial which is
plotted in Fig. 7. From these parameters, it is possible to
process a state-space simulation of the model response.
Comparing this with the measured results facilitates a
validation of the model performance.
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Figure 7: Transistor resistance temperature dependency.

Simulation

The model response can be simulated by using a mea-
surement of the amplifier output current to predict the
heating power and resulting thermal dynamics in the sys-
tem. The performance of the model can be validated by
comparing measurements of the die temperature with the
model predictions. In Fig. 9, the results of a compari-
son of the simulated and measured die temperatures are
shown. In this, it can be seen that there is an error in
the die temperature predictions which accumulates over
time. This is a result of the short measurement time
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H Parameter \ Value H
Ry 12.7 [K°C™]
Cy 1.28e-4 [JK 1]
Riq 10.6 [K°C™]
Cia 6.01e-3 [JK~ 1]
Ru, 4.81 [K°C™1]
Cu 0.125 [JK~ 1]
T 0.47 [Q°C™1]
™ 1.65e-03 [Q2°C~7]
T 7.10e-6 [Q°C 7]

Figure 8: Model parameter fitting results.

with which the parameters are fit. Because of the short
fitting time, only the faster temperature dynamics are
accurately modelled. This means that the slower radial,
prorogation of heat through the PCB is ignored, resulting
in the accumulative error.
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Figure 9: Comparison of model die temperature prediction
with measurement.

Error Correction

The accumulated error can be corrected for by using oc-
casional reads from the die temperature sensor to update
the reference ambient reference temperature used by the
model. This can be done at a relatively low frequency of
around 1 Hz and offers significant improvements for the
model accuracy as shown in Fig. 10.
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Figure 10: Predicted response with error correction.
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Transistor Temperatures

As the transistor temperatures cannot be measured di-
rectly, it is difficult to validate the transistor temperature
predictions. However, in the system under study, the am-
plifier thermal protection mechanism shuts down the de-
vice when an internal temperature limit is breached. Fig.
11 shows the die temperature measurements and cor-
responding model predictions (with dotted black lines)
during the 0.5 s preceding a shutdown event for various
high level audio signals. Despite the fact that the model
is accurately predicting the measured die temperatures,
significant variations of the die temperature can be seen
at the moment when the shutdown mechanism is trig-
gered. This could be explained by considering that the
thermal shutdown is triggered by temperature sensors
more localised to the transistor channels. Interestingly,
by looking at the transistor temperature predictions from
the model simulation, as shown in Fig. 12, it can be seen
that the model is predicting a consistent transistor tem-
perature at the time when the shutdown mechanism is
triggered. This suggests that the model could in fact
offer a reliable estimation of the internal transistor tem-

peratures.
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Figure 11: Die temperature measurement and prediction (in
black) for measurements preceding thermal shutdown.
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Figure 12: Switch temperature prediction preceding thermal
shutdown.

Conclusion
The results described offer some interesting insights to
consider when developing lumped element thermal mod-
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els of Class D amplifiers. The techniques described here
take a generalised approach which could be applied to
a variety of amplifiers. The compact model also facil-
itates the real time model simulations, facilitating the
development of adaptive amplifier protection algorithms.
The techniques developed for measuring and calculating
the amplifier output stage resistance and its use as indi-
cator for internal transistor temperatures could also be
useful in a variety of applications. Though promising, it
is hard to validate these results without more thorough
simulations and measurements of the device under test.
This was not possible within the scope of this project
due to the grey-box approach taken wherein only a small
amount of information regarding the device is known and
most of the parameters are fit from measurements on this
device.
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