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Abstract—This study focuses on how fuzzy logic control can 

improve the efficiency and performance of Air Handling Unit 

(AHU) systems. Traditional methods of controlling AHUs, like 

fixed-frequency operation, often waste energy, cause unstable 

temperatures, and wear out equipment faster. To solve these 

problems, a fuzzy logic controller was designed to regulate motor 

frequency and motorized valve positions based on real-time inputs 

from Supply Air Temperature (SAT) and Return Air 

Temperature (RAT). The controller used Modbus communication 

to exchange data between Variable Frequency Drive (VFD). The 

system was tested over 21 days at a commercial building, 

comparing its performance to fixed-frequency settings between 40 

Hz to 50 Hz configuration. The results showed that fuzzy logic 

control could reduce energy usage by up to 38% and   stable 

temperatures. This research shows that fuzzy logic can improve 

energy efficiency and comfort in HVAC systems, making it a 

useful solution for modern building management. 

Keywords—fuzzy logic control, air handling unit (AHU), energy 

efficiency, variable frequency drive (VFD), HVAC system 

I. INTRODUCTION 

Air Handling Units (AHUs) are vital components of Heating, 
Ventilation and Air Conditioning (HVAC) systems, responsible 
for maintaining indoor air quality and thermal comfort in various 
building types [1]. However, traditional methods of controlling 
AHUs, such as fixed-frequency operation, present significant 
challenges. Operating at full frequency often results in excessive 
cooling, leading to energy waste and higher operational costs [2]. 
On the other hand, maintaining a constant lower frequency 
compromises temperature stability, which can lead to 
discomfort for building occupants [3]. Furthermore, fixed-speed 
operations accelerate wear and tear on motors and components, 
reducing equipment lifespan [4]. 

To address these inefficiencies, this study proposes the 
implementation of a fuzzy logic controller to optimize AHU 
operations. The fuzzy logic controller dynamically adjusts 
Variable Frequency Drive (VFD) and Motorized Valve (MV) 
positions based on real-time inputs from Supply Air 
Temperature (SAT) and Return Air Temperature (RAT) [5]. 
Modbus communication facilitates reliable data exchange 
between system components, that enables the controller to adapt 
to varying cooling demands effectively [6]. This research 
evaluates the performance of fuzzy logic control by comparing 
its energy efficiency and temperature stabilization capabilities to 
traditional fixed-frequency control methods. The findings aim to 
demonstrate the potential of fuzzy logic in reducing energy 
consumption while maintaining occupant comfort in modern 
building management systems [7]. 

A. Air Handling Unit (AHU) 

AHUs are essential components of HVAC systems that 
regulate temperature, humidity and air quality across residential, 
commercial, and industrial environments [6, 8–10]. AHUs 
consist of critical components such as dampers, filters, fans and 
heating or cooling coils, all working together to ensure proper 
ventilation and indoor climate regulation [9, 11]. Given their 
significant contribution to building energy consumption, often 
exceeding 40%, optimizing AHU operations is crucial for 
achieving energy efficiency [9, 11-12]. Advanced control 
strategies have been developed to address inefficiencies in 
traditional fixed-frequency operations, such as energy waste, 
unstable temperatures and increased wear on components [8, 13]. 
VFDs have revolutionized airflow control by enabling precise 
fan speed regulation, which significantly reduces energy 
consumption compared to damper-based systems [9, 12]. Heat 
recovery systems, such as rotating heat wheels, further enhance 

This research was supported by Universiti Tun Hussein Onn Malaysia 

(UTHM) through Tier 1 (vot Q522). 
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energy efficiency by recovering up to 80% of exhaust air heat, 
reducing the load on heating and cooling systems [11, 14]. 

Control strategies like Proportional-Integral-Derivative (PID) 
controllers provide reliable temperature and humidity control 
under steady-state conditions, while advanced techniques such 
as Model Predictive Control (MPC) and fuzzy logic control 
adapt to dynamic environments and nonlinear system 
behaviours [8, 13, 15-16]. Fuzzy logic, in particular, has proven 
effective in managing uncertainties and optimizing AHU 
performance through adaptive control of motorized valves and 
supply air temperature settings [8, 10, 13]. Additionally, 
predictive models that incorporate real-time sensor data and 
learning frameworks, such as associative learning, allow AHUs 
to anticipate operational needs and respond proactively, further 
improving energy savings and performance [14, 17]. These 
innovations not only reduce energy consumption but also 
maintain occupant comfort and align AHUs with global 
sustainability goals [11, 14]. 

B. Fuzzy Logic Controller 

Fuzzy logic is a computational approach that uses fuzzy sets, 
allowing partial membership values rather than binary true or 
false decisions, making it ideal for systems dealing with 
uncertainty and approximate reasoning

 
[18]. Widely applied in 

control systems such as air conditioners, AHUs and greenhouses, 
fuzzy logic offers robust solutions for complex environments

 

[18, 19]. In AHUs, adaptive fuzzy controllers estimate time-
varying parameters like humidity sources and heat loads, 
improving the control of indoor air temperature and humidity 
while enhancing energy efficiency

 
[20]. The system operates 

through key components
 
which are

 
pre-processing to convert 

sensor measurements, fuzzification to transform inputs into 
linguistic variables, an inference engine applying IF-THEN 
rules from the rule base and defuzzification to generate explicit 
control signals

 
[18]. Membership functions, such as triangular, 

trapezoidal or Gaussian, define the degree of input belonging to 
a fuzzy set, while fuzzy rules enable the controller to interpret 
imprecise data and make decisions effectively under uncertainty 
[18, 21]. Fuzzy logic's advantages include robustness, simplicity, 
and adaptability, as it can mimic human reasoning and work 
alongside traditional controllers like PID to dynamically adjust 
parameters in real time, ensuring improved performance in 
applications such as AHUs and greenhouses

 
[18, 19, 21].

 

C.

 

Affinity Law

 

The Affinity Law is a key mathematical principle used to 
predict the performance of pumps and fans under varying 
operating conditions, such as changes in impeller speed or motor 
frequency. It is widely applied in HVAC systems, particularly 
in AHUs and chiller plants, where optimizing energy efficiency 
is critical

 

[22]. The Affinity Law highlights the relationships 
between flow rate (Q), head (H), power (P), and speed (N), 
demonstrating that flow is proportional to speed,

 

the

 

head is 
proportional to the square of speed and the power is proportional 
to the cube of speed

 

[22]. These relationships are summarized in 
Table I.

 

TABLE

 

I. RELATIONSHIP OF AFFINITY LAW

 

Variable

 

& Equation

 

Description

 

Flow: 

 

𝑄1

𝑄2

=
𝑁1

𝑁2

 

Flow rate is proportional to the shaft speed.

 

Pressure (Head): 

 

𝐻1

𝐻2

= (
𝑁1

𝑁2

)
2

 

Pressure (Head) is proportional to the 
square of the speed.

 

Power: 

 

𝑃1

𝑃2

= (
𝑁1

𝑁2

)
3

 

Power is proportional to the cube of the 
speed

 

 

These proportionalities

 

demonstrate how even small 
reductions in speed can result in significant energy savings, as 
power consumption decreases cubically with speed. For 
example, reducing motor speed from 100%

 

to 80%

 

leads to a 20% 
frequency reduction, which translates to a 48.8% reduction in 
power consumption [29].

 

Additionally, the relationship between 
power, speed, and frequency is defined in

 

(1):

 

𝑃1

𝑃2

=  (
𝑁1

𝑁2

)
3

=  (
𝑓1

𝑓2

)
3 

(1)

 

Note that,

 

𝑃1

 

and 𝑃2

 

represent power consumption before 
and after the speed adjustment, 𝑁1

 

and

 

𝑁2

 

are the motor speeds, 
and

 

𝑓1

 

and 𝑓2

 

are the corresponding frequencies. For example, 
reducing the frequency from 50Hz to 25Hz decreases the motor 
frequency

 

by half, resulting in an eighth of the original power 
consumption. This cubic relationship forms the foundation for 
energy-efficient design and operation in systems utilizing pumps 
and fans

 

[22].

 

By applying these principles, this study 
demonstrates the potential for significant energy savings 
through frequency control, particularly in HVAC systems where 
motor speed and power consumption are key variables.

 

II.

 

METHODOLOGY

 

A.

 

System Setup

 

The research setup included key components, as shown in 
Fig. 1, which outlines the full process from developing the fuzzy 
logic controller to installing the Sauter controller, collecting data 
and evaluating the system’s performance. The Sauter controller 
acted as the main control unit, which communicates in real-time 
with the VFD using the Modbus RTU protocol. Important inputs 
like SAT and RAT were collected using PT1000 sensors. These 
inputs were crucial for monitoring the system and making 
decisions in real-time. 

The project started with designing a fuzzy logic controller 
using the Sauter Logic Designer software. This controller was 
created to adjust motor frequency and the MV positions 
automatically to save energy and keep temperatures stable. The 
fuzzy logic program was tested against MATLAB’s fuzzy logic 
tool to ensure the rules worked correctly. Once the controller 
showed over 99% similarity to the MATLAB’s tool, it was ready 
to be used. 

After validating the fuzzy logic controller , the Sauter 
controller was installed and connected to the AHU system. All 
the input output which are SAT, RAT, motor frequency and MV 
positions were linked to the controller. The system also logged 
all data into the Sauter ModuWeb platform for data collection. 
Baseline data was first collected during 50

 

Hz configuration, 
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followed by testing at 40 Hz to compare the performance of 
static control settings. 

Finally, the system’s performance was evaluated by 
comparing three control strategies: 50 Hz configuration, 40 Hz 
configuration and fuzzy logic control. Each method was tested 
for energy consumption and temperature stability. The fuzzy 
logic controller showed the best performance, automatically 
adjusting motor frequency between 40 Hz and 50 Hz and 
modulate the MV based on real-time SAT and RAT data. This 
led to noticeable energy savings while keeping temperatures 
stable. 

 

 

Fig. 1. System architecture 

B. Control strategy 

The fuzzy logic control system implemented in this research 
aimed to dynamically adjust motor frequency and MV positions 
to optimize AHU performance. The control logic was designed 
using Mamdani fuzzy inference, which applied triangular 
membership functions for inputs, which are SAT and RAT and 
for outputs are motor frequency and MV position. The control 
process is illustrated in Fig.2, that shows the flow of inputs 
through fuzzification, rule evaluation and defuzzification before 
generating control outputs. This flowchart highlights integrating  
fuzzy rules with real-time system feedback to achieve precise 
and adaptive control. The defuzzification process employed the 
Weighted Average Method (WAM), a robust approach for 
converting fuzzy outputs into actionable numerical values. The 
WAM equation is expressed in (2). 

 

Fig. 2. Full system fuzzy logic control 

𝑊 =  
∑ 𝑤𝑖𝑋𝑖

𝑛
𝑖=1

∑ 𝑤𝑖
𝑛
𝑖=1

 (2) 

In (2), 𝑊  represents the crisp output, 𝑤𝑖  is the degree of 

membership for the 𝑖𝑡ℎ rule and 𝑋𝑖 is the corresponding output 
value. This method ensured smooth transitions in control actions, 
reduces mechanical stress and enhances energy efficiency. The 
fuzzy logic controller dynamically adjusted motor speeds 
between 40 Hz and 50 Hz and modulated the MV opening 
between 30% and 100% based on real-time cooling demands, 
ensuring optimized energy use while maintaining thermal 
comfort. 

C. Baseline and Comparative Analysis 

The system performance was evaluated across three 
configurations to determine energy efficiency and operational 
effectiveness. The first configuration involved fixed frequency 
configuration at 50 Hz, where the motor operated continuously 
at full speed with the MV is fully open. This served as the 
baseline for energy consumption and temperature stability. The 
second configuration reduced the frequency to 40 Hz, aiming to 
assess the impact of operating at the constant lower frequency 
on energy consumption and cooling performance. Lastly, the 
fuzzy logic control system dynamically adjusted AHU motor 
frequency between 40 Hz and 50 Hz and modulated the MV 
opening based on real-time inputs from SAT and RAT. This 
approach enabled the system to respond adaptively to cooling 
demands, optimizing energy use and maintaining thermal 
comfort. To quantify energy savings, the Affinity Law was 
applied, as power consumption (𝑃) is proportional to the cube 
of motor speed (𝑁) and frequency (𝑓), as shown in (3). 

𝑃1

𝑃2

=  (
𝑁1

𝑁2

)
3

=  (
𝑓1

𝑓2

)
3

 (3) 

In this study, energy consumption was measured for all 
configurations using on-site VFD and the results were compared 
to theoretical calculations derived from the Affinity Law. For 
example, reducing motor frequency from 50 Hz to 40 Hz 
achieved a theoretical power reduction of 48.8%. By combining 
real-time data collection with the predictive capabilities of fuzzy 
logic control, this methodology provided accurate assessments 
of energy efficiency and system performance. 
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D. Controller Implementation 

This study utilized one main controller and one input-output 
(I/O) module to effectively manage the AHU system’s 
operations. The Sauter EY-AS680F021 works as the primary 
controller and the Sauter EY-EM510 as the I/O controller. These 
controllers were integral to the implementation of fuzzy logic 
control and real-time system management.  

The Sauter EY-AS680F021 served as the main controller, 
processing the fuzzy logic control algorithms to regulate motor 
frequency and MV position dynamically. Equipped with 
Modbus communication capabilities, this controller ensured 
seamless data exchange between the VFD, temperature sensors 
and other system components. It also handled complex control 
strategies such as defuzzification using the WAM, enabling 
precise and adaptive adjustments to the AHU operations. 

The Sauter EY-EM510 acted as the I/O interface, facilitating 
connections between the main controller and field devices such 
as temperature sensors, VFD and the MV. This controller 
provided analog and digital input and output capabilities, 
ensuring accurate data acquisition and reliable control signal 
transmission. The EY-EM510 played a crucial role in 
integrating real-time feedback from sensors which are SAT and 
RAT, into the fuzzy logic system for optimized performance. 

III. RESULTS AND DISCUSSION 

This study evaluated the performance of fuzzy logic control 
in optimizing AHU energy consumption and maintaining 
temperature stability. Baseline tests were conducted at fixed 
frequency configuration of 50 Hz and 40 Hz to establish 
reference energy consumption and temperature stability. The 
fixed 50 Hz configuration demonstrated the highest energy 
consumption, averaging 78.85 kWh per day, whereas the 40 Hz 
setup reduced energy consumption to 41.76 kWh per day but 
resulted in slower temperature stabilization and reduced cooling 
capacity. In contrast, the fuzzy logic controller dynamically 
adjusted motor frequency between 40 Hz and 50 Hz and 
modulated MV positions between 30% and 100% based on real-
time inputs from SAT and RAT. This adaptive approach reduced 
average daily energy consumption to 48.83 kWh, representing a 
38% reduction compared to the 50Hz baseline while 
maintaining stable temperature conditions. Fig.3 presents daily 
energy consumption for the three configurations which are 50 
Hz, 40 Hz and fuzzy logic control. It visually demonstrates how 
fuzzy logic achieves significant energy savings compared to 
fixed-frequency operations. 

 

Fig. 3. Comparison of energy consumption between 50 Hz, 40 Hz and fuzzy 

logic control. 

Temperature stability was assessed using SAT and RAT 
ranges, as summarized in Table II. The results indicate that 
fixed-frequency configurations exhibited wider temperature 
fluctuations. The 50 Hz setup had a SAT range of 0.15C° 
whereas the 40 Hz configuration showed a range of 2.16°C. In 
comparison, the fuzzy logic controller maintained a narrow SAT 
range of 0.47°C. This demonstrates that even the fixed 
frequency configuration at 50 Hz offers a smaller temperature 
range, but this configuration consumes more energy, whereas 
the 40Hz configuration has a wider temperature. Hence, fuzzy 
logic control offers better control not only by having a narrow 
temperature range but also by offering energy savings. 

TABLE II. TABLE OF TEMPERATURE RANGE 

Configuration Median, °C Minimum, °C Temperature range, °C 

50 Hz 7.00 6.85 0.15 

40 Hz 8.48 6.33 2.16 

Fuzzy Logic Control 8.08 7.61 0.47 

 
Fig. 4 illustrates the difference in power usage between the 

50 Hz and 40 Hz configurations, demonstrating the impact of 
frequency reduction on energy savings. The observed energy 
savings align with predictions based on the Affinity Law, which 
states that power consumption is proportional to the cube of 
motor speed. The graph clearly follows the Affinity Law, which 
states that power consumption decreases cubically with 
frequency. For example, reducing motor frequency from 50 Hz 
to 40 Hz resulted in a theoretical power reduction of 
approximately 48.8%, closely matching the measured results. At 
a frequency of 50 Hz, the AHU motor operates at its full speed, 
N₁, with a power consumption of 7.14 kW. When the frequency 
is reduced to 40 Hz, the motor speed, N₂, decreases 
proportionally, resulting in a power consumption of 3.75 kW. 
This represents a reduction in power consumption of 48.8%. By 
leveraging the Affinity Law, fuzzy logic controls the frequency 
modulation to achieve substantial energy savings while 
maintaining occupant comfort. This result shows that by 
reducing the motor frequency by just 10 Hz can lead to 
substantial power savings, making it a crucial strategy for 
energy-efficient AHU operation. The ability to modulate 
frequency based on demand not only reduces power 
consumption but also minimizes wear and tear on system 
components, extending equipment lifespan while maintaining 
effective cooling performance. 

 

Fig. 4. AHU power usage during 5 0Hz and 40 Hz configurations. 

In summary, the fuzzy logic controller outperformed fixed-
frequency configurations by achieving a balance between 
energy efficiency and temperature stability. This demonstrates 
the practical application of fuzzy logic in optimizing AHU 
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operations, reducing energy consumption, and enhancing 
thermal comfort. 

IV. CONCLUSION 

This study successfully developed and implemented a fuzzy 
logic controller to optimize the operation of AHU, focusing on 
energy efficiency and occupant comfort. From the study, the 
fuzzy logic controller was able to dynamically adjust motor 
frequencies between 40 Hz and 50 Hz and modulate the MV 
positions based on real-time inputs from SAT and RAT. This 
adaptive approach enhanced energy efficiency while 
maintaining indoor thermal comfort. The results showed that the 
fuzzy logic system reduced energy consumption by 38% 
compared to the baseline 50 Hz operation, achieving significant 
savings while ensuring stable temperature conditions. As 
reflected in narrower temperature ranges, the SAT and RAT 
stability achieved through the fuzzy logic controller 
outperformed traditional fixed-frequency configurations. 

Integrating the fuzzy logic controller into the Sauter Logic 
Program demonstrated significant improvement in the AHU 
system’s operational reliability and energy efficiency. The 
controller optimized motor frequency and motorized valve by 
providing real-time responses to fluctuating cooling demands, 
achieving substantial energy savings while maintaining 
consistent comfort levels for occupants. The study leveraged the 
principles of the Affinity Law to showcase how precise control 
of motor frequency and valve positions can result in efficient 
energy use without compromising system performance. These 
results validate the effectiveness of fuzzy logic as a practical and 
intelligent solution for modern HVAC systems, offering a 
reliable approach to balancing energy efficiency with 
operational requirements. Additionally, the findings highlight 
the potential of fuzzy logic to support sustainable building 
practices, emphasizing its role in reducing energy consumption 
and improving system reliability. Future research could explore 
the scalability of this approach to larger and more complex 
systems, as well as investigate the inclusion of additional control 
parameters to enhance performance and adaptability further. 
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