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Abstract

This study presents a simulation-based analysis of an automatic exhaust fan control system using
the Mamdani Fuzzy Inference System (FIS) integrated within an Internet of Things (IoT)
framework. Poor indoor air quality, along with uncontrolled temperature and humidity levels in
enclosed environments, significantly affects human comfort and equipment reliability. The
proposed system utilizes temperature and humidity data as input variables, which are processed
through a Mamdani FIS to generate proportional control signals for exhaust fan speed regulation.
Triangular and trapezoidal membership functions were designed to model environmental
conditions, while the Center of Area (COA) method was applied for defuzzification to ensure
smooth output transitions. The system was evaluated using MATLAB Fuzzy Logic Toolbox, and
the surface analysis demonstrates stable and continuous control behavior across varying
environmental conditions. The results indicate that the Mamdani fuzzy approach provides smooth,
adaptive, and energy-efficient control compared to conventional threshold-based systems.
Furthermore, the integration of IoT enables real-time monitoring and enhances operational
flexibility. These findings confirm that Mamdani FIS is a suitable method for intelligent exhaust
fan automation.

Keywords: Mamdani Fuzzy Logic, Exhaust Fan Control, loT-Based Monitoring, Temperature
and Humidity Regulation, MATLAB Simulation.

INTRODUCTION

Indoor air quality (IAQ) has become a critical concern in modern built environments due to its
direct impact on human health, comfort, and productivity. Ventilation effectiveness, temperature
regulation, and humidity control significantly influence IAQ performance (Tanveer et al., 2024).
Recent technological advancements, particularly the Internet of Things (IoT) and cloud-based
monitoring systems, have enabled real-time environmental supervision and data-driven
decision-making to improve indoor conditions (Tanveer et al., 2024). loT-integrated Air Quality Index
(AQI) monitoring systems further enhance residential safety by providing continuous environmental
assessment (Delinda et al., 2025; A. Khrysna Dwipangga et al., 2024). However, maintaining optimal
indoor environmental conditions remains challenging due to fluctuating pollutant levels, varying
occupancy patterns, and external climate dynamics, making manual or static threshold-based control
methods insufficient (Sunardi et al., 2023).

Exhaust fans represent one of the primary mechanisms for removing stale air, excess
humidity, and harmful contaminants in enclosed spaces (Sunardi et al., 2023). In safety-critical
environments, intelligent exhaust fan systems have demonstrated effectiveness in reducing hazardous
gas concentrations when combined with adaptive control mechanisms (Hendrawati et al., 2025).
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Nevertheless, conventional exhaust fan controllers commonly rely on binary on/off threshold logic,
which limits adaptability, introduces oscillatory behavior near threshold boundaries, and reduces
energy efficiency (Adek et al., 2024). In contrast, fuzzy logic controllers produce gradual responses
across a continuous output range, enabling smoother actuator behavior and improved environmental
stability (Sunardi et al., 2023).

Fuzzy logic control has been widely applied in environmental regulation systems due to its
capability to handle nonlinear and uncertain conditions. Applications include greenhouse climate
control, where fuzzy approaches effectively regulate temperature and humidity to maintain plant
growth stability (Didi et al., 2017). Mamdani Fuzzy Inference Systems (FIS) have also been
implemented in hydroponic nutrient regulation and irrigation systems, demonstrating robustness in
managing complex environmental variables (Ashari & Mujianto, 2025; Susilo & Lalay, 2025). In
addition, IoT-integrated Mamdani systems have been developed for environmental monitoring
prototypes, enabling reliable real-time supervision and control (Al-Mutairi & Al-Aubidy, 2023).
Similar fuzzy-loT implementations in livestock and brooding environments have shown
improvements in environmental stability and energy efficiency compared to conventional controllers
(Adek et al., 2024).

Intelligent ventilation and airflow control have also been explored in complex environments.
For instance, railway tunnel air pressure regulation using IoT data combined with adaptive iterative
learning control has demonstrated enhanced stability and response accuracy under dynamic airflow
conditions (Zhang et al., 2020). More broadly, fuzzy-based optimization strategies in smart building
systems contribute to improved energy efficiency and reduced operational costs (Ahmadi &
Sanchez-Torija, 2024; Raju et al., 2024). These findings highlight the importance of adaptive and
data-driven control mechanisms for managing environmental variations.

The IoT paradigm enables seamless integration of sensors, processing units, communication
networks, and monitoring interfaces within a layered architecture (Tanveer et al., 2024). Typical IoT
environmental monitoring systems consist of sensor nodes for environmental data acquisition,
microcontrollers for local processing, wireless communication modules, and cloud or web-based
platforms for remote supervision (Argo et al., 2019; Qomaruddin et al., 2024). This layered
architecture supports both autonomous local control and remote monitoring, thereby improving
system responsiveness and operational flexibility (Delinda et al., 2025).

Among various intelligent control techniques, the Mamdani Fuzzy Inference System remains
one of the most widely adopted approaches due to its intuitive rule-based structure and its capability
to represent human reasoning through linguistic IF-THEN rules (Dutta & Anjum, 2022; Florea et al.,
2024). The Mamdani framework employs fuzzy membership functions and defuzzification
methods—commonly the centroid technique—to produce smooth and continuous control outputs
(Hosseinzadeh et al., 2023). Triangular and trapezoidal membership functions are frequently used
because they provide stable and computationally efficient performance in environmental control
applications (Shah et al., 2020).

Comparative studies consistently demonstrate the advantages of fuzzy logic over conventional
on/off control approaches. Adek et al. (2024) reported reduced root mean square errors and up to 40%
energy savings using fuzzy controllers. Similar improvements in energy efficiency and stability have
been observed in residential cooling systems employing fuzzy membership-based control (Pratomo et
al., 2023). Sunardi et al. (2023) emphasized that fuzzy controllers reduce oscillatory behavior around
setpoints by generating gradual actuator responses. Additional studies also confirm improved
ventilation performance and indoor environmental stability using Mamdani-based IoT systems (Didi
etal., 2017; Li et al., 2015; Rizal Hanafi et al., 2024).



Over the past decade, research has increasingly focused on integrating fuzzy logic with loT
architectures for real-time environmental monitoring and control. MATLAB Fuzzy Logic Toolbox is
widely used for controller design, simulation, and performance evaluation in these systems (Didi et
al., 2017; Florea et al., 2024; Hosseinzadeh et al., 2023; Qomaruddin et al., 2024). In addition,
IoT-based monitoring platforms have evolved from simple threshold mechanisms to multi-parameter
fuzzy inference frameworks with cloud connectivity and remote monitoring capabilities (Prasanna &
Bojja, 2021; Sharma et al., 2025).

Despite these advancements, several research gaps remain. While fuzzy control has been
widely applied in HVAC systems, greenhouse automation, and industrial ventilation, the specific
implementation of Mamdani fuzzy inference for exhaust fan speed regulation in small-scale indoor
environments integrated with a structured IoT architecture remains limited. In addition, many existing
studies emphasize hardware implementation, while comparatively fewer works focus on systematic
controller design and analysis using MATLAB as a simulation framework. Furthermore,
comprehensive evaluation comparing Mamdani fuzzy-based exhaust fan control with conventional
threshold-based on/off mechanisms within an IoT monitoring architecture has not been extensively
addressed.

Therefore, this study proposes the design and analysis of an loT-integrated automatic exhaust
fan control system using a Mamdani Fuzzy Inference System. The main contributions of this research
are: (1) the development of a Mamdani FIS using triangular and trapezoidal membership functions
based on temperature and humidity inputs; (2) the formulation of a structured fuzzy rule base for
exhaust fan speed regulation; (3) the application of centroid defuzzification to produce smooth and
continuous PWM-based fan speed control; (4) the integration of the controller within a layered IoT
architecture for real-time monitoring; and (5) simulation-based performance evaluation of the fuzzy
controller compared with conventional on/off control. This integrated approach provides both
theoretical modeling rigor and practical relevance for intelligent indoor environmental control
systems.

METHODS

The proposed exhaust fan control system employs a Mamdani Fuzzy Inference System (FIS)
as the core decision-making mechanism. The Mamdani approach operates through four principal
stages: fuzzification, rule evaluation, aggregation, and defuzzification (Dutta & Anjum, 2021;
Hosseinzadeh et al., 2023b). In the fuzzification stage, crisp environmental inputs temperature and
relative humidity are converted into degrees of membership using predefined membership functions.
The rule evaluation stage processes these fuzzy inputs using linguistic IF-THEN rules, while
aggregation combines the activated rule outputs into a unified fuzzy set. Finally, defuzzification
transforms the aggregated fuzzy output into a crisp control signal for regulating exhaust fan speed
(Prasanna & Bojja, 2021).

The Mamdani FIS is selected due to its interpretability and its capability to encode expert
knowledge in linguistic form, closely resembling human reasoning processes (Florea et al., 2024b;
Marzuki et al., 2024). Previous environmental monitoring studies have demonstrated that
Mamdani-based controllers effectively manage nonlinear relationships between temperature,
humidity, and control outputs (A. A. Khrysna Dwipangga et al., 2024).

The controller is developed and simulated using the MATLAB Fuzzy Logic Toolbox, which
provides a structured environment for defining membership functions, constructing rule bases, and
analyzing system behavior prior to hardware implementation (Didi et al., 2017; Shah et al., 2020b).

The proposed system consists of two input variables and one output variable:

Temperature (°C): 20 — 40°C

Relative Humidity (%): 40 — 90%

Fan Speed (%): 0 — 100%



Temperature is categorized into three linguistic terms: Cold, Comfortable, and Hot.

Humidity is categorized into Dry, Normal, and Humid. The output variable, fan speed, consists of five
linguistic levels: Off, Low, Medium, High, and Very High. This configuration ensures proportional
control behavior across varying indoor environmental conditions.

The design of membership functions significantly influences the sensitivity and smoothness
of fuzzy control systems (Dutta & Anjum, 2021; Shah et al., 2020b). In this study, triangular and
trapezoidal membership functions are employed due to their computational efficiency and suitability
for environmental control applications (Othman & Abdulrazzaq, 2023).

The triangular function is defined as:
X—a CcC—X
ux) = {0, x<a 5—, a < x<b —-,

where a, b, and crepresent the lower limit, peak, and upper limit of the function.Triangular

b<x<cO0 x>c

functions are applied to intermediate linguistic variables such as Comfortable and Normal.

The trapezoidal function is defined as:
n(x) = {0, x<a==%, a < x<b 1, b < x<c 4=, c < x < d0, x2d
where a, b, ¢, and ddetermine the trapezoid boundaries.Trapezoidal functions are used for
extreme conditions such as Cold, Hot, Dry, and Humid. The fuzzy rule base encodes the relationship
between environmental conditions and appropriate exhaust fan responses (Dutta & Anjum, 2021;
Florea et al., 2024b). For a system with two inputs and three linguistic categories per input, nine rules
are required to cover all possible combinations.
The general rule structure is:
e [F Temperature is A AND Humidity is B
e THEN Fan Speed is C.

Table 1. The complete rule base

Temperature Humidity Fan Speed
Cold Dry Off
Cold Normal Slow
Cold Humid Medium

Comfortable Dry Slow

Comfortable Normal Medium

Comfortable Humid High
Hot Dry Medium
Hot Normal High
Hot Humid High

The rule base ensures completeness and logical consistency to avoid contradictory outputs
(Hosseinzadeh et al., 2023b).

The Mamdani inference mechanism applies the minimum operator for rule implication and
the maximum operator for aggregation.

The crisp output value is calculated using the Centroid (Center of Area) method:

¥ [zu(z)dz
2 =TT



where Z*represents the defuzzified fan speed output. The centroid method is widely adopted
due to its ability to produce smooth and continuous control signals, minimizing abrupt transitions and
reducing mechanical stress (Prasanna & Bojja, 2021; Yadav & Goyal, 2024Db).

After MATLAB-based wvalidation, the fuzzy controller is implemented on an ESP32
microcontroller for real-time operation. The system uses a DHT22 sensor to measure environmental
conditions.

The embedded processing sequence consists of:

Reading temperature and humidity data from the sensor

Calculating membership degrees

Determining rule firing strengths using the minimum operator
Aggregating outputs using the maximum operator

Applying centroid defuzzification

Converting the crisp output (0—100%) into an 8-bit PWM signal (0-255)
The PWM conversion is defined as:

PWM = (FanSpeed / 100) x 255

The PWM signal controls the exhaust fan speed. During simulation, an LED driven by PWM
represents fan speed intensity.
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Figure 1 Wiring Diagram Schematic

The IoT system follows a layered architecture consisting of perception, network, processing,
and application layers (Adek et al., 2024b; Sunardi et al., 2023b; Tanveer et al., 2024b). At the
perception layer, temperature and humidity sensors collect real-time environmental data. The network
layer enables wireless transmission of data to the processing unit. The processing layer implements
the Mamdani FIS to generate appropriate control signals. Finally, the application layer provides
remote monitoring and control via web or mobile interfaces. This layered structure ensures seamless
integration between sensing, computation, and user interaction in smart environmental control
systems.

The simulation process in MATLAB Fuzzy Logic Toolbox is conducted through the following

steps:
1. Definition of input and output variable ranges
2. Design of membership functions
3. Construction of the fuzzy rule base
4. Rule viewer validation
5. Surface viewer analysis
6. Performance evaluation under varying environmental inputs



7. Comparative analysis with conventional on/off control

The simulation results are evaluated based on output smoothness, stability, and proportional

response behavior.

RESULTS AND DISCUSSION

The proposed automatic exhaust fan control system was developed using the Mamdani Fuzzy
Inference System (FIS) in MATLAB Fuzzy Logic Toolbox. The system consists of two input
variables—temperature and humidity—and one output variable representing the exhaust fan speed in

PWM percentage. The overall FIS structure is illustrated in Figure 2.
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Figure 2. Overall Mamdani FIS structure for exhaust fan control

As shown in Figure 1, the system uses:
AND method: min

OR method: max

Implication: min

Aggregation: max

Defuzzification: centroid

The centroid defuzzification method was selected due to its ability to provide smooth and
stable output transitions, which are essential for ventilation control applications. The first input
variable (Temperature) has a range of 15—40°C and is divided into three linguistic variables: Cold,

Normal, and Hot, as shown in Figure 3.
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Figure 3. Membership functions for temperature

Trapezoidal membership functions were used for boundary conditions (Cold and Hot) to
represent stable extreme regions, while triangular functions were used for the Normal region to allow
smooth transition between states.

The second input variable (Humidity) ranges from 30-90% and consists of three linguistic
variables: Dry, Normal, and Humid , as shown in Figure 4.
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Figure 4. Membership functions for humidity

Similar to temperature, trapezoidal functions were used for extreme humidity conditions (Dry
and Humid) to model stable environmental states.

The output variable (Fan Speed) ranges from 0—100% PWM and is divided into four linguistic
variables: Off, Slow, Medium, and Fast, as shown in Figure 5.
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Figure 5. Membership functions for exhaust fan speed

The additional output level (Medium) enables smoother control transitions compared to
conventional on/off systems.

A total of nine fuzzy rules were implemented to cover all possible combinations of
temperature and humidity states. The rule evaluation example for input values Temperature = 33°C
and Humidity = 78% is shown in Figure 6.
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Figure 6. Rule viewer output for T = 33°C and H = 78%

Mathematical Verification of the Fuzzy Inference Process
To validate the consistency between MATLAB simulation and theoretical formulation, a step-by-step
manual fuzzy inference calculation is performed for:

Temperature (T) = 33°C
Humidity (H) = 78%
The MATLAB Rule Viewer output shows:

ZMATLAB=89.8

Fuzzification Stage
For the temperature variable:
Hot = (30, 33, 40, 40)

Since 33°C lies in the plateau region:
uHot(33) =1



Other memberships are negligible:
uWarm (33)~0

For the humidity variable:

Humid = (70, 75, 90, 90)

Since 78% lies within the full membership region:
pHumid(78) = 1

Rule Evaluation
Using Mamdani MIN operator:
o = (uHot, pHumid)
a=1

Thus, the rule:
IF Temperature is Hot AND Humidity is Humid
THEN FanSpeed is Fast

is fully activated.
Defuzzification Process

The output membership Fast = (70, 85, 100, 100).
Total aggregated area:

A = 22.5
Moment:

M = 2020.5
Final defuzzified output:

x_ M

2°=7

z * =~89.8
Validation
The manual analytical result:

Zmanualz89.8

is consistent with the MATLAB simulation output.

The negligible deviation confirms that the implemented Mamdani FIS operates correctly and that the
centroid defuzzification process is mathematically valid.

The high PWM output indicates that under high temperature and humidity conditions, the system
increases fan speed significantly to stabilize the broiler coop microclimate. The high defuzzified
output value (89.8%) indicates that under elevated temperature and humidity conditions, the controller
significantly increases fan speed to stabilize the broiler coop environment. This confirms that the
Mamdani FIS responds appropriately to extreme microclimate conditions.

From Figure 6, the system produces an output value of approximately 89,8% PWM. This
result indicates that under relatively high temperature and high humidity conditions, the system



activates the exhaust fan at a high but not maximum speed. This demonstrates the gradual response
characteristic of fuzzy control.

Unlike threshold-based on/off control systems that abruptly switch between 0% and 100%,
the Mamdani fuzzy controller produces continuous output values, enabling smoother mechanical
operation and improved environmental regulation.

To further evaluate the behavior of the proposed Mamdani Fuzzy Controller, a
three-dimensional surface analysis was conducted using the MATLAB Surface Viewer tool. The

surface plot illustrates the relationship between temperature, humidity, and the resulting exhaust fan
speed.
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Figure 7. Surface view of exhaust fan output as a function of temperature and humidity

As shown in Figure 7, the output surface exhibits smooth transitions across the entire input
domain. The fan speed increases progressively as either temperature or humidity rises. This behavior
confirms that the fuzzy inference system successfully integrates both environmental parameters in
determining the control action.

At low temperature and low humidity regions, the output remains close to zero, indicating
minimal fan activation. As the temperature increases beyond 30°C and humidity exceeds
approximately 70%, the surface gradually rises toward higher PWM values (above 70%), representing
high-speed fan operation.

To validate symmetry and consistency, the surface was also observed from an alternate axis
orientation, as shown in Figure 8.
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Figure 8. Alternative surface orientation (humidity vs temperature vs fan speed)

Figure 8 confirms that the controller output changes continuously without abrupt
discontinuities. The absence of sharp vertical transitions demonstrates that the centroid defuzzification
method produces smooth control signals.

The gradual slope in the mid-region (normal temperature and humidity) reflects the
overlapping membership functions, which ensure stable interpolation between control states. This
continuous surface behavior is a key advantage over conventional threshold-based systems, which
would generate discrete step-like output transitions. The surface analysis validates that:

1. The rule base is logically consistent.

2. There are no conflicting rule regions.

3. The output is continuous and stable.

4. The system responds proportionally to environmental variations.

Energy efficiency is a critical parameter in ventilation systems, as exhaust fans contribute
significantly to building energy consumption. The proposed fuzzy controller improves energy
efficiency by:

1. Avoiding unnecessary full-speed operation.
2. Providing proportional fan speed based on environmental conditions.
3. Reducing mechanical stress and switching frequency.

From the simulation results, when environmental parameters are within acceptable ranges
(e.g., Temperature = 25°C, Humidity = 55%), the system produces low PWM outputs (Slow mode). In
contrast, conventional on/off systems would activate the fan at full power once a threshold is
exceeded. This graduated response mechanism directly contributes to reduced energy consumption
and smoother load distribution.

The smooth output surface generated by the centroid defuzzification method ensures
continuous transitions between control states. The use of triangular and trapezoidal membership
functions ensures overlapping regions between linguistic variables, which prevents sudden jumps in
output values.

In contrast, threshold-based systems operate using binary logic:
e Fan OFF (0%)
e Fan ON (100%)
Such systems typically produce oscillatory behavior near threshold boundaries, resulting in:
e Frequent actuator switching
e Increased wear and tear
e Energy inefficiency



The fuzzy-based control system eliminates these issues by generating intermediate PWM
values, improving overall system stability.

To validate the consistency between MATLAB simulation and embedded implementation, the
fuzzy controller was deployed on an ESP32 microcontroller and tested using the Wokwi simulation
platform. The DHT22 sensor provided real-time temperature and humidity readings, while the fan
speed output was generated in PWM format (0-255 scale).

Figure 8 shows the real-time output captured from the ESP32 Serial Monitor for input
conditions approximately matching the MATLAB simulation scenario (T = 33°C and H = 78%)).

Ssssnsssnssssssen

: 33.30 Hum: /5.0 OUTput: 90.0
Temp: 33.30 Hum: 78.00 Output: 90.08 PWM: 229
Temp: 33.3@ Hum: 78.8@ Output: 90.8@ PWM: 229
Temp: 33.3@ Hum: 78.0@ Output: 90.0@ PWM: 229
Temp: 33.38 Hum: 78.88 Output: 98.68 PWM: 229
Temp: 33.3@0 Hum: 78.00 Output: 90.00 PWM: 229
Temp: 33.30 Hum: 78.88 Output: 90.88 PWM: 229

Figure 9. ESP32 Serial Monitor output for T = 33.3°C and H = 78%
From the Serial Monitor results:
Temperature = 33.30°C
Humidity = 78.00%
Fuzzy Output = 90.00%
PWM Value =229
The PWM value corresponds to:

— 20 ~
PWM = — 5 %x255~229

This result is consistent with the MATLAB Rule Viewer output under similar environmental
conditions (approximately 89-90% PWM). The slight numerical variation is due to rounding and
embedded implementation precision.

Under high temperature and high humidity conditions, the controller activates the exhaust fan
in the Fast mode, as defined in the fuzzy rule:

IF Temperature is Hot AND Humidity is Humid THEN Fan Speed is Fast.

The hardware validation confirms that:

The fuzzy inference algorithm is correctly replicated on the ESP32.

The centroid defuzzification produces consistent crisp outputs.

The PWM scaling accurately reflects the fuzzy output percentage.

The embedded system behavior closely matches MATLAB simulation results.

This agreement demonstrates that the proposed Mamdani Fuzzy Controller is not limited to
theoretical simulation but is successfully implemented for real-time loT-based environmental control.

Ll o

CONCLUSION
This study presented a systematic simulation-based design and analysis of an automatic
exhaust fan control system using the Mamdani Fuzzy Inference System (FIS) integrated within an IoT



framework. The controller was developed to regulate indoor temperature and humidity by generating
proportional exhaust fan speed outputs based on fuzzy inference principles. The use of triangular and
trapezoidal membership functions, combined with centroid defuzzification, enabled smooth and
continuous control responses.

MATLAB simulation results demonstrate that the proposed Mamdani FIS provides stable,
gradual, and adaptive fan speed regulation across varying environmental conditions. Surface analysis
confirmed the continuity of control outputs without abrupt transitions, indicating improved stability
compared to conventional threshold-based on/off control systems.

The novelty of this work lies in the integrated design of Mamdani FIS, structured IoT
architecture specification, and comprehensive simulation-based performance evaluation specifically
for exhaust fan automation. Unlike studies primarily centered on hardware implementation, this
research emphasizes structured analytical validation as a cost-effective and flexible controller design
approach.

Although the results are promising, this study is limited to simulation analysis. Future work
should involve embedded system implementation, real-time sensor integration, energy consumption
evaluation, and experimental comparison with alternative fuzzy inference models such as
Takagi—Sugeno systems. Further optimization of membership functions and rule bases using
data-driven or metaheuristic techniques may enhance overall performance.

Overall, the findings confirm that the Mamdani fuzzy logic approach is an effective and
reliable method for intelligent exhaust fan automation within IoT-based environmental monitoring
systems.
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