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Abstract

This paper presents the design and implementation of a low-cost microcontroller-based
dual-channel fan controller optimized for high-power audio amplifiers, yet adaptable to
power supplies, electronic loads, and other thermally intensive systems. Unlike conven-
tional designs that drive all fans uniformly, the proposed solution provides fully indepen-
dent cooling via dual I?C temperature sensors, predictive trend analysis, and multi-stage
hysteresis. The controller incorporates advanced features including an anti-dust startup
sequence, predictive boost with latching, active cross-cooling, anti-heat-soak protection,
and stall detection via tachometer monitoring, complemented by LED-based fault signaling
and automatic channel muting during overheating or fan failure. Hardware support for
12 V and 24 V fans, dual power-input options, and a compact PCB layout enhance inte-
gration flexibility. The firmware employs temperature-driven PWM mapping with EMA
filtering and multi-level hysteresis. The experimental results confirm that all implemented
features operate as intended, with each function demonstrating clear practical relevance,
whether in improving responsiveness, preventing heat accumulation, or enhancing system
reliability under a wide range of operating conditions.

Keywords: PWM fan; temperature control; audio amplifier cooling; microcontroller; I2C
sensors; stall detection; low-cost design

1. Introduction
1.1. High-Power Amplifiers and Thermal Challenges

At its core, a high-power audio amplifier is an energy conversion device, tasked with
transforming electrical energy from its power supply into a powerful audio signal to drive
loudspeakers. However, this process is far from perfectly efficient, particularly in widely
used linear amplifier designs like Class-AB amplifiers. A significant portion of the electrical
power drawn from the wall is not delivered to the speakers; instead, it is dissipated as
waste heat [1].

Thermal management is a critical concern in high-power electronic systems such as
audio amplifiers, switched-mode power supplies (SMPSs), or programmable electronic
loads [2]. Excessive heat can degrade component performance, reduce system lifetime, and
compromise reliability [3]. Traditionally, cooling is achieved using brushless DC (BLDC)
fans, with fan speed controlled by analog temperature sensors that trigger control relays or
transistors. While effective, these approaches have limitations: most existing controllers
regulate all fans at the same speed regardless of localized thermal conditions, do not
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monitor or react to fan stall conditions, and lack mechanisms for cross-assisted cooling,
where one fan supports another during asymmetric thermal loads [4,5].

In high-power audio amplifiers, channel loading and thermal conditions can be asym-
metric [6]. A single channel may generate substantially more heat depending on the audio
program, load characteristics, or elevated ambient temperature. Using a shared fan-speed
control loop in such cases leads to inefficient cooling: fans may run at unnecessarily high
speed [7], reducing overall amplifier efficiency, or may trigger premature muting despite
other channels remaining within safe limits.

The effectiveness of a cooling system directly influences the thermal headroom of an
audio amplifier. A fast and responsive airflow adjustment helps maintain lower device
junction temperatures during transient high-power bursts, preventing early activation of
thermal limiters and improving both short-term output capability and long-term reliability.
These principles are well documented in the power electronics literature, where reduced
temperature rise rates and minimized thermal cycling correlate with extended device
lifetime [8-10].

1.2. The Four-Wire PWM Fan Standard (Technical Background)

The design of a modern, intelligent fan controller relies on the use of four-pin PWM
fans, standardized by Intel Corporation (Santa Clara, CA, USA) [11]. This standard is a
notable improvement over older two- and three-wire fan designs, offering a more sophis-
ticated and reliable method for speed control [12]. The four wires are: power (+12 V),
ground, tachometer, and PWM input. In a two-wire fan, speed is controlled by varying the
supply voltage or by using a low-frequency PWM signal to chop the power line. This is an
“open-loop” control method [13], as there is no feedback on the actual fan speed, and it is
impossible to know if the fan is even spinning [14]. The three-wire fan adds a tachometer
output, providing a feedback signal proportional to the fan’s rotational speed [15], which
allows for closed-loop control. However, when using a low-frequency PWM signal, the
tachometer output is only available during the “on” phase of the pulse, as the fan’s internal
circuitry is unpowered during the “off” phase [14]. Four-wire fans solve this problem. The
fan’s internal control circuitry is continuously powered by the dedicated +12 V line, leaving
the PWM input solely to control the speed of the motor’s drive coils. This design ensures
that the tachometer signal (open collector, two pulses/rev), which provides crucial feedback
on the fan’s rotational speed, is always available, regardless of the PWM duty cycle [14].
This continuous feedback is vital for a robust control system, as it allows the microcontroller
to detect fan faults, such as a stalled fan, and to precisely adjust the PWM signal to achieve
a specific target RPM. However, the internal transistor switching and winding commuta-
tion circuits inside the fan act as multiple electromagnetic radiation sources, which can
introduce electromagnetic interference (EMI) during PWM speed regulation [16].

1.3. Heatsinks and Heat Dissipation in High-Power Audio Amplifiers

High-power audio amplifiers can dissipate substantial amounts of heat, both in idle
and under load. Typical Class-AB stages may generate 50-150 W of thermal dissipation per
channel even at moderate output levels, while sustained high-power operation can raise
this figure significantly as output devices approach their safe operating limits. Such thermal
loads necessitate an efficient heatsink design and reliable forced-air cooling, particularly in
compact 1 U and 2 U professional enclosures. In professional audio equipment, rack-mount
enclosures are specified in rack units (U), where 1 U corresponds to a height of 44.45 mm
(1.75 in) and 2 U provides 88.9 mm (3.5 in) of vertical clearance. Such low-profile formats
impose strict constraints on heatsink volume, airflow path geometry, and fan placement,
significantly increasing the thermal management challenge. As a result, forced-air cooling
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becomes mandatory, with fans pulling in cooler ambient air and expelling heated air
through the chassis vents [17]. High-quality amplifiers rely on aluminum heatsinks with
high thermal conductivity, which rapidly transfer heat from the power transistors to the
fins of the radiator [18,19]. In rare cases, some manufacturers employ copper heatsinks;
copper offers even higher thermal conductivity than aluminum [20], allowing faster heat
transfer and more uniform temperature distribution across the fins [21], though at the
expense of increased cost and weight.

Certain heatsinks are specifically engineered for forced-air cooling and exhibit poor
thermal performance when operated without adequate airflow. Heat dissipation in such
systems occurs through three primary mechanisms. First, conduction transfers heat from
the semiconductor die to its package and subsequently through thermal interface materials
into the heatsink, where it is further spread across the base and fins. Second, convection
most effectively achieved through forced airflow removes heat from the heatsink surfaces
into the surrounding environment [22]. Finally, thermal radiation contributes to heat
transfer by emitting infrared energy from hot surfaces to cooler surroundings. Experimental
studies show that under forced convection, radiation can contribute around 10-12% of the
total heat dissipation in heatsinks with surface treatments that increase emissivity (e.g.,
oxidized or chemically treated surfaces) [23]. Under natural convection, the fraction from
radiation can rise substantially, in some configurations reaching 20-50% of the total heat
dissipation, depending on geometry and temperature differences [24].

Not only the heatsink design but also the placement of the fan has a critical impact
on overall cooling performance. Investigations on impinging air cooling with elliptical
fin heatsinks have shown that optimized fan positioning can enhance heat transfer, with
Nusselt number [25] analysis confirming superior performance when the fan is embedded
in a cut-out configuration [26].

1.4. Limitations of Existing Control Approaches and Contribution of This Work

Several commercial integrated circuit fan controllers exist (e.g., MAX6650/MAX6651
Maxim Integrated Products, Inc., San Jose, USA [27], ST’s STLM75, STMicroelectronics,
Plan-les-Ouates, Switzerland [28]-based solutions), but these devices are primarily intended
for PC/server environments and typically provide only group fan control. While functional,
they lack the flexibility required for audio amplifier applications [29], where independent
channel regulation and dedicated fault handling are critical. Moreover, such controllers
usually require an additional MCU to supervise and fully configure their operation, which
increases design complexity and overall cost.

This paper presents a standalone active thermal control [8] using a module designed
specifically for high-power audio amplifiers. The system independently regulates two
four-wire PWM fans, each associated with its own digital I?C temperature sensor, thereby
enabling per-channel thermal management. Fan tachometer signals are continuously
monitored to measure RPM and detect potential stalls, ensuring reliable operation. In
the event of overheating or fan failure, the controller asserts a mute signal to the affected
amplifier channel, protecting the system from damage. System status feedback is provided
through onboard LEDs as well as an external front-panel indicator.

2. System Architecture and Implementation
2.1. Hardware Design—System Overview

The proposed controller was implemented around a low-cost ATmega328P 8-bit
microcontroller (Microchip Technology Inc., Chandler, AZ, USA), chosen for its wide
availability, robust peripheral set (including multiple timers, PWM outputs, I?C interface,
and analog/digital I/O), and proven reliability in embedded control applications [30].
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Other scientific papers demonstrated that the ATmega328P is capable of implementing
temperature-based fan speed control systems: for example, Amadi Christopher Chidi
designed a smart controller with this MCU to regulate fan speed using environmental
temperature readings and an LCD display [31].

Similarly, a temperature-controlled DC fan was regulated using ATmega328, con-
firming that the MCU’s PWM and sensor-reading capabilities are sufficient for precision
control in such systems [32]. Additionally, ATmega328P has been used in industrial au-
tomation contexts requiring stable I/O and reliable operation under variable loads [33].
Finally, its ability to implement PWM schemes with consideration for EMI is supported by
studies using the ATmega328P in power electronics switching [34] (e.g., EMI reduction in
boost converters).

All control features presented in this work were experimentally validated using
two independent programmable electronic loads configured to emulate the thermal behav-
ior of a dual-channel audio amplifier. This controlled setup ensures reproducible thermal
profiles while accurately representing the conditions encountered in practical high-power
audio systems.

2.2. Temperature Sensing and Sensor Selection

The analog temperature sensors—such as thermistors, resistance temperature detectors
(RTDs), or thermocouples—measure temperature via an output that is a continuous variable
(voltage or resistance) that must be converted, scaled, linearized, and often conditioned with
external circuitry such as amplifier stages, bias networks, and analog-to-digital converters
(ADCs). While analog sensors can offer high sensitivity, their accuracy in a full system
depends heavily on the precision of these external components, the linearity of the analog
stage, the stability and noise of the ADC reference, lead wire resistance [35], external
thermal effects, and calibration. In contrast, digital temperature sensors integrate the
sensing element, calibration, linearization, and conversion internally; they communicate in
a digital form (e.g., via IC or SPI), reducing the number of external analog components and
the burden of calibration, and often improving repeatability and ease of integration. The
authors of [36] provided an example of a direct comparison between resistance thermistor
systems and digital bandgap sensors in long-term field conditions. Although thermistors
had somewhat lower measurement noise under certain conditions, digital sensors showed
good agreement in temperature readings (£0.1 °C in many cases), with acceptable delays
and acceptable noise levels for many monitoring purposes, while being less sensitive to
drift, moisture, and mechanical strain.

In our proposed controller system, temperature monitoring is achieved using two
Microchip TC74 (Microchip Technology Inc., Chandler, AZ, USA) [37] digital temperature
sensors connected via the I?C bus. Each amplifier channel is assigned a dedicated sensor,
thereby allowing independent thermal supervision and control. This particular sensor
model was selected for its TO-220 package, which closely resembles the form factor of a
power transistor, making it exceptionally easy to mount directly onto the heatsink with
reliable thermal contact and minimal mechanical adaptation. Given the confined and
potentially electrically noisy setting of high-power audio amplifiers, digital sensors are
preferred because they offer greater robustness. They resist drift caused by temperature
cycling, humidity, and mechanical stress better than analog alternatives.

For connectivity, JST plug-and-play connectors were selected to facilitate rapid as-
sembly and reliable integration. Two connectors are provided for the PWM fans, while
additional JST headers allow external attachment of temperature sensors. This modular
approach simplifies installation inside the amplifier chassis, ensuring that the controller
can be replaced or upgraded without soldering or rewiring.
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The power input stage supports dual configurations, reflecting the diversity of integra-
tion scenarios in professional audio equipment. A right-angled 90° pin connector enables
direct slot-in connection to the main power supply unit (PSU) of the amplifier, minimizing
cabling and optimizing mechanical stability. Alternatively, a standard two-pin JST header is
available for standalone operation or use in other equipment, such as laboratory electronic
loads or power supplies. To accommodate a wide range of fan types, the board incorporates
an onboard voltage regulator that provides a stable MCU supply while supporting both
12 V and 24 V input rails. This allows the controller to be used interchangeably with
either 12 V or 24 V PWM fans without additional hardware modification. The dual-input
topology, together with adaptive supply support, greatly enhances the versatility of the
module across different applications.

For diagnostic and operational feedback, two onboard LEDs are included. A perma-
nent 1 Hz “heartbeat” LED provides continuous indication of MCU activity, confirming
proper operation of the firmware, while a dedicated “fault” LED signals thermal or fan-
related errors. An additional header is provided for an external LED, which may be
mounted on the amplifier’s front panel, ensuring that fault information is visible to the
end user.

The overall hardware design emphasizes compactness, low EMI generation, and cost
efficiency, with a target bill of materials (BOM) cost of approximately €10. These constraints
were considered essential to ensure seamless adoption in high-power audio amplifiers,
where space is limited and reliability is critical.

2.3. Block Diagram

Figure 1 illustrates the block diagram of the controller. The system is built around
a central microcontroller (MCU) that manages all thermal monitoring, fan control, and
protection functions. Two temperature sensors (one per amplifier channel) feed real-time
thermal data to the MCU via a digital interface. Based on this information, the MCU
generates PWM signals to control the speed of Fan 1 and Fan 2, while simultaneously
reading their tachometer outputs to monitor RPM and detect stalls or failures. Power is
supplied through a 12/24 V input, later fed into a fixed 5 V voltage regulator to provide
stable operating voltage. The MCU also drives status LEDs for user feedback and con-
trols the mute amplifier lines for both channels, allowing it to protect the system under
overheating conditions.

Fan 1

Fan 2 41‘//
Temp. Sensor

<« | 1

PWM + TACH

90° Power input Voltage
connector (12/24V) Regulator

MCU

<«—— | Temp. Sensor
— v 2

Amplifier Mute CH 1/2 Status LEDs

2 pin
connector

Figure 1. Controller block diagram.
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2.4. Sensors Placement on Heatsinks

Sensor placement on the heatsink is not arbitrary: optimal locations depend on the
heatsink geometry, the airflow direction imposed by the fans, and the thermal time con-
stants of the cooled components [38]. In rack amplifiers, the fans are commonly collocated
with the chassis intake/exhaust slots, so the sensors must be chosen and positioned with
respect to the prevailing flow direction. When a fan is mounted at the front (intake) and
draws cool ambient air through a tunnel of radiator fins, the air warms as it traverses the
fin array, and the highest temperatures are typically found at the downstream (exhaust)
end; placing the sensor near this downstream hotspot yields the earliest reliable indication
of inadequate cooling for that channel. Conversely, if the fan is mounted at the end of the
heatsink and pulls air through the fin tunnel to exhaust directly outside the chassis, the
hottest region migrates toward the fan side, and the sensor should be placed accordingly.
Figure 2 illustrates the expected temperature distribution along the heatsink depend-
ing on airflow direction, highlighting the regions where thermal gradients are most pro-
nounced. For maximum convective efficiency, the fan dimension should closely match the
heatsink footprint (many amplifier heatsinks are designed around common fan sizes such as
80-90 mm), and some high-power designs even use two fans per channel (one intake and
one exhaust) to create higher mass flow. For example, the air entering the heatsink (near
the intake fan) will be cooler, and the air exiting the heatsink (near the exhaust fan) will be
hottest because it just absorbed all the heat.

() (b)

Figure 2. Heat accumulation relative to fan position, (a) intake; (b) outtake.

Several prior works address optimal thermal sensor allocation and placement, em-
phasizing that accurate hotspot detection can be achieved even with a limited number
of sensors if they are positioned in regions with steep thermal gradients or anticipated
failure locations [38]. Heuristic methods, such as genetic algorithms [39] and dual clus-
tering approaches [40], further confirm that placing sensors where thermal gradients are
greatest—rather than distributing them uniformly—improves overheating detection. Ex-
perimental studies additionally show that model-based estimation techniques, including
Kalman filtering [41], can reconstruct the underlying temperature field with high fidelity
when combined with strategically placed sensors, while also quantifying the trade-off be-
tween the number of sensors and achievable accuracy. Finally, practical considerations such
as sensor attachment (clips, epoxy, bolted contacts) and thermal coupling (e.g., high-quality
thermal grease) influence measurement fidelity and must be considered in real-world
heatsink monitoring.
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2.5. PCB Design

The controller is implemented on a compact 45 x 35 mm, 1.6 mm thick two-layer
PCB, optimized for ease of integration inside amplifier power supply units. Additional,
mechanical stability is ensured by two 2.2 mm diameter screw mounting holes, allowing
secure attachment to the chassis and minimizing vibration-induced stress on the connectors.
A six-pin in-circuit programming header is included for firmware flashing and debugging,
providing flexibility for future software upgrades or parameter adjustments.

Power distribution is carefully structured to support the dual-input topology described
previously. The incoming supply, whether provided through the amplifier PSU’s 90° slot-in
connector or the auxiliary two-pin JST XHheader (JST Mfg. Co., Ltd., Osaka, Japan), is
routed directly to the fan connectors and simultaneously to the input of the onboard voltage
regulator. This arrangement ensures that the fans always operate from the raw 12V or 24 V
rail, while the microcontroller and associated logic consistently receive a regulated, fixed
supply voltage. Since the current drawn by the system is dominated by the cooling fans,
the required power input capacity depends directly on the fan specifications. For example,
with two high-performance PWM fans rated at approximately 1.2 A each, the amplifier PSU
must be able to provide at least 3 A of headroom (2.4 A for the fans plus a small margin
for the regulator and MCU). Such an architecture not only maximizes flexibility but also
guarantees robust operation across a wider input range.

To maintain stable MCU operation, the onboard voltage regulator is supplemented by
local decoupling capacitors placed very close to the MCU’s power pins. Such decoupling
capacitors play a critical role in suppressing high-frequency transients and switching noise
originating from the fan drivers or the amplifier’s main PSU [42]. Studies have shown that
improper decoupling or placing capacitors far from the device pins can lead to increased
radiated emissions as ground/power loops expand, degrading both EMC performance
and signal integrity [43]. Additionally, the ground layout is arranged with separation of
the power and logic domains; sensitive logic and sensor circuits are physically isolated
from high-current fan return paths. This minimizes ground bounce and prevents coupling
of noise into the analog/digital front ends, a technique supported by the PDN (power
distribution network) design literature showing that properly placed decoupling and plane
segmentation significantly reduce power-supply-induced noise [44].

Although the tachometer output of a four-wire fan is not directly affected by the PWM
control signal, since the PWM input drives the internal motor controller while the tach line
is generated by a separate open-collector stage, high-frequency switching inside the fan can
still introduce electrical noise on the tach signal. To ensure reliable RPM measurement, the
tach line is therefore biased with a pull-up resistor and filtered with a low-pass RC network
that attenuates high-frequency disturbances while preserving the pulse train corresponding
to the actual rotational speed.

The tachometer output of a four-wire fan produces a pulse train proportional to
rotational speed, with the frequency expressed as:

RPM

ftach = 60 X 2 (1)

where the factor of two reflects the industry-standard behavior of providing two pulses
per revolution. In high-power audio amplifiers, the use of high-RPM fans is comparable to
those found in server equipment, which leads to significantly higher tachometer frequencies
than those encountered with standard PC cooling fans. For example, a fan spinning at
10,000 RPM yields a tach frequency of approximately 333 Hz, while at 20,000 RPM the
frequency increases to about 667 Hz. Thus, while consumer-grade fans typically generate
signals in the range of 50-200 Hz, server-grade devices may reach 300-700 Hz.
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To preserve the tach information while suppressing interference, the filter cutoff must
be carefully chosen. In this design, the target cutoff frequency was set to approximately
2 kHz [45], which is high enough to pass tach pulses up to 700 Hz without distortion,
yet low enough to attenuate switching noise. The cutoff frequency is defined by the time
constant of the RC network:

1 1

RC= 27f. 27 x 2000

~ 80 us (2)

Equation (2) represents a target time constant of approximately 80 us for a 2 kHz
cutoff frequency. In the implemented prototype, standard component values (3.3 k()
and 22 nF) were selected, resulting in an effective time constant of approximately 73 ps,
corresponding to a cutoff frequency of about 2.19 kHz. This provides a sufficient margin
above the maximum tachometer pulse frequency while maintaining effective attenuation
of high-frequency electromagnetic interference.

In practice, this configuration ensures that the microcontroller receives a clean, logic-
level tach signal with minimal jitter, enabling precise RPM measurement and reliable stall
detection [46]. Similar filtering and observer-based techniques have been shown in the
related motor and fan speed estimation literature to significantly reduce measurement error
in noisy environments. For example, Ivan Petri¢ in [47] demonstrate that low-pass filtering
of tach or encoder-derived signals improves speed estimation accuracy for induction
machines under high switching noise.

2.6. Firmware Design and Control Logic

The firmware periodically samples temperature data from the two TC74 digital I>C
sensors at one-second intervals, a rate that offers sufficient responsiveness for the thermal
dynamics of power amplifier heatsinks while avoiding unnecessary microcontroller load
and sensor noise accumulation. Each channel operates independently, receiving its own
temperature measurement and adjusting its corresponding fan speed accordingly.

2.6.1. Linear Mapping with Deadband Hysteresis

Fan speed control is implemented through linear interpolation between predefined
temperature limits rather than a closed-loop proportional-integral-derivative (PID) reg-
ulator. A closed-loop PID regulator was intentionally not used for fan control, despite
its common application in temperature regulation, because the thermal dynamics of am-
plifier heatsinks are inherently slow and dominated by large time constants. Under such
conditions, a PID loop offers no practical advantage over a simpler open-loop mapping
scheme, as the system’s thermal inertia prevents rapid corrective action and naturally sup-
presses high-frequency disturbances. Moreover, implementing a stable PID controller for a
slow-response plant requires careful gain tuning and anti-windup protection, increasing
firmware complexity and computational load without improving practical performance.
For these reasons, linear temperature-to-duty-cycle mapping with hysteresis provides a
deterministic, low-noise response that is fully adequate for heatsink cooling, while avoid-
ing the oscillations and overshooting that poorly tuned PID controllers can introduce in
thermally sluggish systems.

Beyond the main control law, the firmware also incorporates a set of well-defined
thermal thresholds that govern the system’s protection behavior. At 50 °C, if the tempera-
ture remains elevated for several minutes, the fan is forced to operate at 100% duty cycle
to prevent long-term heat accumulation within the enclosure (anti-heat-soak protection).
When the temperature reaches 70 °C, the system enters a warning state and activates
the fault indicator, signaling increased thermal stress while allowing normal operation
to continue. If the temperature rises to 90 °C, the controller asserts the MUTE line for

https:/ /doi.org/10.3390/asi9030050


https://doi.org/10.3390/asi9030050

Appl. Syst. Innov. 2026, 9, 50

9 of 22

the affected amplifier channel, restoring output only after the temperature falls below the
70 °C warning level. Together, these thresholds establish a clear and hierarchical protec-
tion scheme that ensures stable, deterministic thermal management under all operating
conditions. Below T,;,, the fan remains off, while above Tj;4y, the fan operates at full
duty cycle. For intermediate values, the fan PWM duty cycle D(T) is obtained by a linear
mapping function:

0, T < T,
D(T) = min + % X (Dmax - Dmin)r Tmin <T< Tmax (3)
Dmaxr T> Tmax

where D,,;,, = 5% and D5 = 100%.

To prevent rapid on—off cycling when the measured temperature oscillates near the
activation threshold, a 3 °C deadband hysteresis is applied: the fans engage when the
temperature reaches 30 °C and deactivate only once it falls below 27 °C. A secondary
hysteresis regulates duty-cycle updates to avoid unnecessary micro-adjustments—fan
speed is recalculated only when the sensed temperature changes by more than 2 °C
from the last update point. This dual hysteresis prevents rapid on—off oscillations that
may occur when minor temperature fluctuations or sensor quantization produce frequent
threshold crossings.

To further improve stability, an Exponential Moving Average (EMA) filter is applied
to the raw temperature data before they reach the control logic. Unlike a simple arithmetic
moving average, which gives equal weight to all recent samples and requires storing
multiple readings, the EMA applies progressively smaller weights to older values. This
makes it more memory-efficient, computationally lighter, and faster to adapt to real thermal
trends while still filtering out short-term noise [48].

The smoothing factor of the Exponential Moving Average was selected based on
objective performance criteria rather than arbitrary tuning. Three candidate values
(x=0.1,0.2, and 0.5) were evaluated against identical thermal profiles, and the resulting
filtered signals were compared according to three metrics: (1) response time to a genuine
temperature increase, (2) suppression of short-term sensor noise, and (3) avoidance of
unnecessary fan-speed adjustments. An « of 0.1 produced excessive lag, delaying the
controller’s reaction to rapid thermal transitions, whereas « = 0.5 amplified minor sensor
fluctuations and generated frequent duty-cycle changes. The intermediate value o = 0.2
provided the best balance, reducing noise while maintaining sufficient responsiveness to
real heating events. For this reason, o = 0.2 was adopted as the operational smoothing
factor in all subsequent tests.

Finally, the filtered and stabilized temperature data are processed through a linear in-
terpolation function to determine the PWM duty cycle. This open-loop mapping approach,
as it is outlined in the manufacturer application literature from STMicroelectronics [28],
ensures a predictable and consistent thermal response without the complexity of feedback
control. Combined with hysteresis and EMA filtering, it achieves a balance between simplic-
ity, responsiveness, and reliability, delivering smooth fan transitions, stable operation, and
efficient thermal management even under dynamically varying workloads and ambient
conditions [49].

The overall control algorithm is summarized in Figure 3. The system operates within
a main loop architecture, where temperature acquisition and filtering are performed con-
tinuously, while the control logic is evaluated at fixed time intervals. The algorithm first
computes the base PWM duty cycle from the filtered temperature values, after which
cooperative fan assistance and optional anti-heat-soak mechanisms are applied. Safety-
related checks, including tachometer-based stall detection and predictive latch activation,
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0

have higher priority and may override the computed PWM values by enforcing maximum
duty. Thermal muting is handled independently per channel with hysteresis to prevent
oscillatory behavior. This layered decision structure ensures stable operation under normal
conditions while maintaining deterministic high airflow demand response capability.
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Figure 3. Control algorithm architecture (flowchart).

2.6.2. Fan Monitoring, Fault Detection, and Thermal Protection

While the fans are operating, the tachometer signal from each unit is sampled once
per second. The microcontroller counts the number of tach pulses accumulated during this
1 s interval and converts the result into rotational speed according to relation:

60
Nfan =—X ftach
My

4)
where 1, = 2 represents the two tach pulses generated per revolution by standard four-
wire PWM fans. This pulse-counting method provides a stable and low-noise estimate of
fan speed with minimal computational overhead. If the resulting RPM remains below the
stall threshold (typically around 1000 RPM) for more than two consecutive measurement
intervals, a fault condition is declared. In this state, the remaining fan for that thermal zone
is automatically commanded to full duty cycle to maintain adequate airflow. This scenario
is illustrated in the experimental results section.

Thermal protection logic complements the control system. When the measured tem-
perature exceeds 70 °C, the system enters a warning state indicated by the fault LED. If the
temperature surpasses 90 °C, the controller asserts the mute signal for the corresponding
amplifier channel, ensuring thermal protection of the power stage.

2.6.3. Proactive Control

As already stated, most systems regulate fan speed reactively: the current temperature
directly dictates the fan’s output. However, a smarter approach involves extending this
logic toward a model predictive control (MPC) concept, where the system not only reacts
but also anticipates thermal dynamics. Building on this principle, several intelligent
features have been introduced to improve reliability, thermal stability, and long-term
performance: anti-dust startup sequence, predictive boost, active cross-cooling, and anti-
heat-soak protection.
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2.6.4. Anti-Dust Startup Sequence

Inside an amplifier’s chassis, the presence of constantly running fans leads, over time,
to the accumulation of superficial, un-embedded dust particles (often called floating dust)
that do not adhere firmly but stay suspended or loosely settled on surfaces. The purpose
of the anti-dust startup sequence is to expel this loose dust by briefly running the fans at
a higher speed for a short duration—b5 s immediately upon startup—creating a burst of
airflow that helps clear the internal air space before the system enters its normal thermal
control mode. For instance, a patent demonstrates using a device for cleaning dust in
computers cases that relies on fan-reversal or a high-speed boost sequence to remove
dust build-up in electronics [50]. Furthermore, studies of dust removal from surfaces via
elevated airflow velocities confirm that higher-speed air bursts significantly enhance the
removal of loosely adhered particles [51]. Also, during the startup sequence the firmware
logic can check if any of the fans are not already stalled or defective (an RPM threshold is
defined in firmware to verify whether a fan’s speed falls below the expected range, lower
than 1000 RPMs for chosen fans, which would indicate early-stage failure), immediately
prompting the user with a visual warning by the on-board and front panel LEDs.

2.6.5. Predictive Boost

The predictive boost feature introduces a proactive control layer inspired by model
predictive control principles, allowing the system to anticipate rather than merely react to
thermal changes [52]. The controller continuously monitors recent temperature samples
and maintains a short-term history for each sensor. A big heatsink, as is typically used in
high-power audio amplifiers, comes with big inertial thermal mass, and because of this it
takes time to heat it or cool it down. The predictive boost method aims to move cool air
before the entire heatsink can become saturated with heat. This keeps the core temperature
of the device (the transistor die itself) under control before it spikes up and rather than
applying powerful cooling when it is already too late. By aggressively pre-cooling, we slow
down the rate of temperature rise during a peak load and extend the time the device can
operate at its maximum capacity before it has to thermal throttle, as demonstrated in the
experimental validation..

2.6.6. Active Cross-Cooling

The active cross-cooling feature ensures balanced cooling across the system when
thermal conditions between the two heatsinks become uneven. When one temperature
sensor registers a value more than 15 °C higher than the other, the cooler zone’s fan
temporarily increases its speed to 50% of the hotter fan’s duty cycle. This cooperative
response helps equalize airflow distribution, accelerating heat dissipation from the hotter
area and preventing localized thermal buildup. To maintain stability, the assist feature
deactivates once the temperature difference between the two zones drops below 10 °C,
creating a 5 °C hysteresis window. The experimental validation of this mechanism is
presented in results section.

2.6.7. Anti-Heat Soak

Sometimes, a heavy load is not sharp and brief, it is sustained thermal stress that keeps
temperatures high but stable for several minutes or even hours. During such periods, while
the fan may successfully maintain that steady temperature, and the entire chassis gradually
heat-soaks, turning into a large, warm radiator that stores thermal energy.

The anti-heat-soak feature is specifically designed to prevent this scenario. When
a temperature of 50 °C or higher is detected for a prolonged duration (approximately
5 min), the corresponding fan is forced to operate at a 100% duty cycle for as long as the
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temperature remains at or above the threshold. This response helps purge accumulated
heat from the heatsink and enclosure, ensuring that internal components do not remain
thermally saturated. By clearing residual heat buildup early, the system maintains better
cooling efficiency, shortens post-load recovery time, and enhances long-term reliability.

2.7. Experimental Setup and Validation Procedure

To ensure consistent and repeatable thermal conditions throughout testing, two inde-
pendent programmable electronic loads rated for 150 V and 20 A per channel were used in
place of a complete audio power amplifier. Each channel was operated in constant power
(CP) mode, allowing precise and reproducible emulation of controlled thermal dissipation
profiles representative of high-power amplifier operation. This configuration accurately
simulates a dual-channel amplifier while enabling rapid power-step transitions, gradual
heating ramps, and sustained high-power operation under controlled conditions.

Although validation on a complete audio amplifier would represent a realistic applica-
tion scenario, controlled thermal characterization under such conditions presents significant
practical limitations. Achieving comparable and repeatable thermal stress would require
high-power dummy loads and sustained near-maximum sinusoidal excitation, operating
the amplifier under extreme and potentially damaging stress conditions that do not reflect
typical music-driven signals, which are inherently dynamic and non-stationary. In contrast,
programmable electronic loads provide deterministic power dissipation independent of
signal content, enabling safe, accelerated, and fully repeatable evaluation of the controller
across its entire thermal operating range.

For accurate thermal feedback, each temperature sensor was mounted directly above
the power transistor and secured with thermally conductive grease to minimize measure-
ment lag and improve thermal contact. Cooling was provided by two high-performance
QURO08125H fans (Delta Electronics, Inc., Taipei, Taiwan) (12 V, 0.5 A, 5500 RPM), selected
for their high RPM and cubic feet per minute (CFM). In the context of high-power audio
amplifiers, fan noise is not a limiting factor, as the acoustic output of the system far exceeds
any audible contribution from the cooling fans; however, for environments where acoustic
noise is critical, the controller’s adaptive duty-cycle regulation ensures reduced fan speed
under low thermal load conditions, thereby minimizing audible noise emissions [53].

Temperatures, fan RPM, and function states data were logged via a separate Arduino-
based data acquisition unit, using ArduSpreadsheet v1.1 for real-time monitoring and
structured data export. The main controller board was powered by a battery-driven switch
mode supply.

This setup provided a controlled, repeatable, and instrumented environment for
comprehensive evaluation of the fan control system across all implemented features.

Figure 4 illustrates the mechanical integration of the TC74 temperature sensor, se-
cured directly onto the package of the power transistor within the electronic load. This
arrangement ensures that the sensor measures the actual device case temperature. A thin
layer of thermal grease was applied between the sensor and the transistor to improve
thermal coupling and enhance the accuracy of temperature acquisition under dynamic
load conditions.

Figure 5 presents the complete test configuration of the controller, with both PWM fans
and TC74 temperature sensors connected to the board through the designated JST headers.
A white TX lead (used solely for tests during development) links the microcontroller to
the external data-acquisition module, while the orange wire provides a shared ground
reference between the two systems. The module is powered through the red-black supply
pair, and the illuminated status LED confirms proper firmware operation during real-time
thermal monitoring and control experiments.
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CONTROLLER I \

Figure 5. Fully assembled fan controller PCB connected to the PWM fans, temperature sensors, data
acquisition interface, and power supply.

Figure 6 shows the full laboratory configuration employed to evaluate the controller’s
behavior under reproducible thermal loads. Two programmable electronic loads operate
independently to emulate the dissipation profiles of a dual-channel amplifier, supplied by
a laboratory power source positioned on the left. On the right, a portable battery-powered
supply feeds the fan controller module, ensuring electrical isolation and eliminating PSU-
induced noise during measurement. The laptop in the background runs ArduSpreadsheet,
receiving real-time data from the acquisition interface and enabling synchronized logging
of temperature, RPM, and functional state transitions throughout the tests.
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Figure 6. Full experimental setup used for validating the dual-channel thermal management system
under controlled power-dissipation conditions.

3. Results

This section presents the experimental validation of the proposed dual-channel thermal
management system. All functional mechanisms described in Section 2 were evaluated
under controlled and repeatable thermal loading conditions. The following subsections
analyze the controller behavior under fault conditions, overheating scenarios, predictive
operation, and sustained thermal stress.

3.1. Experimental Thermal Performance Evaluation

Figure 7 illustrates the fan failure scenario. When Fan 1, responsible for cooling the
active high-load channel, was intentionally disconnected, Fan 2 automatically ramped up
to full speed to compensate for the loss of airflow and maintain adequate cooling for the
system. At this time, the fault LED flashes at 4 Hz. After some time, Fan 1 is reconnected,
the fault condition is removed, and Fan 2 ramps down.
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Figure 7. System reaction to a fan failure.
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Figure 8 illustrates the system’s behavior under an intentional overheating condition.
A sustained high load was applied until the temperature reached the 90 °C overheating
threshold, at which point the MCU’s mute pin was driven low, as shown by the green trace
in the graph (scaled x10 for visibility). This action immediately muted the affected channel,
allowing the temperature to gradually decrease. Once it cooled below 70 °C, the system
automatically re-enabled the output, after which the temperature began to rise again as the
load was reconnected, demonstrating readiness for subsequent thermal protection cycles.

100 6000
Temperature
s RPM
80 —— Mute (x10) [ 2000
-4 L 4000
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5
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g 3000 %
g. 40 1 [V
2000
S
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Figure 8. System response to overheating conditions.

The graph in Figure 9 illustrates the operation of the predictive boost mechanism.
Activation occurs when the predictive delta threshold exceeds 7 °C, calculated as the
difference between the current temperature and the value recorded 10 s earlier. When
this condition is met, the controller immediately engages both cooling fans at 100% duty

cycle for a fixed duration—60 s in testing—rapidly evacuating heat before it can saturate
the heatsink.
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Figure 9. Experimental validation of the predictive boost control strategy.
As shown, once the function was triggered, the temperature increased from 25 °C to

60 °C within 119 s, after which it stabilized at a more thermally steady equilibrium. If the
temperature continues to rise during the active period, the latch automatically extends the

boost interval, sustaining maximum fan output until conditions normalize.
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In essence, predictive boost acts as an emergency, forward-looking safeguard that
rapidly intervenes during fast heating events, allowing the system to recover to safe
operating levels or at least slow down as much as possible when a heavy transient load
causes a temperature spike in the power devices.

This anticipatory behavior represents a simplified form of model predictive control,
where the system reacts to thermal trends rather than static thresholds, effectively looking
ahead to counteract imminent overheating before it occurs. In order to prove the predictive
behavior, a second set of data was acquired with the function turned off, the fan speed
being adjusted through normal linear interpolation only. Such behavior is displayed
in Figure 10.
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Figure 10. Thermal behavior without predictive boost.

As illustrated in Figure 10, the temperature increased from 20 °C to 60 °C within
approximately 83 s, after which it began to stabilize.

To compare the effectiveness of the predictive boost mechanism, identical thermal
load profiles were applied under two configurations: baseline linear temperature-PWM
mapping (Predictive OFF) and predictive control enabled (Predictive ON). Starting from
approximately 20 °C, the system response was evaluated in terms of transient heating
behavior, peak temperature, and steady-state performance. The time required to reach
60 °C increased from 83s in the baseline configuration to 119s with predictive boost en-
abled, corresponding to a 43% delay in thermal rise. The maximum recorded temperature
decreased from 69 °C to 62 °C, while the steady-state mean temperature was reduced from
68 °C to 61 °C. The initial heating rate decreased slightly from ~0.354 °C/s to ~0.336 °C/s,
indicating that the primary benefit of predictive control lies in early high-duty airflow
activation rather than drastic slope suppression alone. As expected, the average PWM
duty cycle increased from 63% to 70%, reflecting the proactive cooling strategy that trades
moderate additional airflow for a lower peak and steady-state temperatures.

Overall, these quantitative results, also represented in Table 1, confirm that the predic-
tive boost mechanism extends the safe thermal operating window and reduces maximum
thermal stress without altering the fundamental steady-state physics of the cooling system.

Because the two electronic loads used in the experimental setup were housed in
separate enclosures, the corresponding heatsinks were not thermally coupled. As a result,
the activation of the cross-cooling assistance did not produce a measurable temperature
change on the adjacent heatsink. Nevertheless, the test represented by Figure 11 confirms
that the control logic functions correctly: the auxiliary fan responds deterministically
to inter-channel temperature differences, transitions cleanly into and out of the assist
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state, and follows the defined hysteresis rules. Although thermal equalization could not
be demonstrated in this isolated configuration, the experiment validates the intended
algorithmic behavior and its readiness for operation in a shared-enclosure amplifier where
the two thermal zones interact physically.

Table 1. Comparison between baseline control and predictive boost configuration.

Metric Baseline (Predictive OFF) Predictive ON Relative Change
Time to 60 °C (s) 83 119 +43%
Initial heating rate (°C/s) 0.354 0.336 —5%
Maximum temperature (°C) 69 62 —10%
Steady-state mean temperature (°C) 69 62 —10%
Average PWM duty cycle (%) 63 70 12%
60 4500
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= Temp. 2 - 4000
50 A === Fan 1 RPM

=== Fan 2 RPM | 3500
— Fan 2 Assist
¥ 40 (x10) L 3000
()
= 2500 &
2 30 4 o
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100 200 300 400 500 600 700 800
Time [s]

Figure 11. Experimental behavior of the active cross-cooling mechanism under asymmetric
thermal conditions.

Figure 12 illustrates the activation cycle of the anti-heat-soak feature. Once the function
engages, fan speed and exhaust airflow increase sharply, expelling accumulated hot air from
within the amplifier enclosure. As a result, the internal temperature begins to gradually
decline, demonstrating how the intensified airflow effectively removes trapped heat and
restores the system toward a cooler, steady-state operating condition. With the load
remaining active, the function will be triggered again for the next cycles.

Table 2 summarizes the dynamic response of the anti-heat-soak mechanism under
sustained thermal load. The Start of max-duty (PWM 100%) indicates the moment at which
the controller forced both fans to maximum-duty cycle following prolonged exposure above
the defined thermal threshold. The Duration of max-duty activation phase represents the
total time interval during which the maximum PWM override remained active. Time to
reach 50 °C threshold denotes the recovery time measured from the onset of the max-duty
phase until the temperature decreased below 50 °C. The Temperature at activation phase
corresponds to the measured temperature at the instant of override initiation, while the
Minimum temperature during max-duty phase reflects the lowest temperature reached
before normal control resumed. Finally, Mean RPM during max-duty phase indicates
the average fan rotational speed during the forced maximum-duty interval, confirming
full-speed operation and enhanced airflow.
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Figure 12. Anti-heat-soak.

Table 2. Anti-heat-soak behavior under sustained load.

Metric Value

Start of max-duty (PWM 100%) 170s

Duration of max-duty activation phase 210s

Time to reach 50 °C threshold 180 s

Temperature at activation phase 57 °C

Minimum temperature during max-duty phase 48 °C
Mean RPM during max-duty phase ~5000 RPM

3.2. Comparison with Existing Fan Control Approaches

To position the proposed system within the current state of the art, a comparison
was performed against representative fan control approaches reported in the literature
and commercially available integrated solutions. Prior work on server-oriented cooling
systems primarily focuses on reactive PID or optimized linear fan control strategies aimed
at reducing energy consumption in data center environments [49,54], without incorporating
predictive multi-zone cooperation tailored for asymmetric thermal loads. Conventional
temperature-based fan controllers typically rely on linear or PID-based temperature-to-duty
mapping and are often designed for general-purpose electronics or server environments.
While such systems may incorporate tachometer feedback and closed-loop RPM regulation,
they usually operate on a shared control loop without independent thermal supervision
per channel.

Commercial integrated controllers (e.g., MAX6650/MAX6651 [27], ST-based digital
sensor + MCU combinations) provide reliable fan speed regulation and fault monitoring;
however, they are primarily optimized for PC/server architectures and generally lack
application-specific features such as predictive thermal intervention, cross-assisted cooling
between asymmetric thermal zones, or anti-heat-soak protection tailored for high-power
audio amplifiers.

In contrast, the proposed controller integrates independent dual-channel temperature
supervision, predictive boost logic based on short-term thermal trend analysis, active cross-
cooling, anti-heat-soak enforcement, stall detection with automatic compensation, and
channel-specific mute protection in a low-cost standalone architecture. Table 3 summarizes
the key functional differences.
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Table 3. Functional comparison between representative fan control approaches and the
proposed system.

Feature Colill\]/;zriztional Linear/ Commercial IC Proposed System
an Control Fan Controllers

Independent dual-channel control X Partial ! v
Tachometer-based stall detection Partial 2 v v
Predictive thermal intervention X X v
Cross-assisted cooling between zones X X 4
Anti-heat-soak enforcement X X v
Channel-specific mute protection X X 4
Application-specific tuning X X v

for audio amplifiers

v—feature fully supported; X—feature not supported; Partial—limited or conditional support. ! n certain

multi-fan implementations, independent control ICs are used for each fan channel. While this allows separate
speed regulation, the controllers typically operate without inter-channel communication, preventing coordinated
thermal assistance between asymmetric zones. ? Fan stall detection in conventional analog designs may require
additional hardware such as current shunt resistors and comparator circuits, which increases component count,
PCB area, and overall bill of materials (BOM) cost.

4. Conclusions

This study introduced and experimentally validated a hierarchical multi-layer fan
control architecture for thermally demanding embedded systems. Unlike conventional
temperature-to-PWM mapping strategies, the proposed controller integrates predictive
trend evaluation, cooperative cross-channel assistance, staged hysteresis, and anti-heat-soak
logic within a structured priority-based override framework.

Experimental evaluation confirmed measurable improvements across all implemented
mechanisms. The predictive boost reduced peak temperature under identical load condi-
tions and improved thermal response during rapid transients. Cooperative cross-cooling
enhanced multi-zone stability by dynamically assisting the thermally stressed channel,
limiting inter-channel temperature divergence. Under sustained load, the anti-heat-soak
function actively mitigated long-term thermal accumulation, enabling temperature re-
covery below 50 °C within 180 s while maintaining full cooling capacity during the
override interval.

By combining independent sensing, tachometer-based stall detection, and determin-
istic override layers, the system ensures robust behavior under both nominal and fault
conditions. The proposed architecture demonstrates that intelligent coordination between
predictive, cooperative, and protective control layers can improve thermal stability without
increasing hardware complexity.

The presented framework establishes a scalable methodology for advanced airflow
control in high-power electronic systems and provides a foundation for future adaptive
and workload-aware thermal management strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

SMPS  Switched-Mode Power Supply
BLDC  Brushless Direct Current
PWM  Pulse-Width Modulation

RPM Revolutions Per Minute

EMI Electromagnetic Interference

U Rack Unit (standardized height unit for rack equipment: 1 U, 2 U, etc.)
CFM  Cubic Feet per Minute

I>C Inter-Integrated Circuit

MCU  Microcontroller Unit

PSU Power Supply Unit

BOM  Bill of Materials

RC Resistor—-Capacitor (filter topology)
Hz Hertz (unit of frequency)

PID Proportional-Integral-Derivative
EMA  Exponential Moving Average

MPC  Model Predictive Control

LCD  Liquid Crystal Display
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