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ABSTRACT

The explanatory note for the qualification work "Automated Microclimate Control
System for the Passenger Cabin of an Aircraft” focuses on the development and
analysis of a system designed to regulate the microclimate within aircraft cabins.
Key terms include HVAC system, PID control, Model Predictive Control, and

passenger comfort.

Object of Study: Automated microclimate control systems for aircraft passenger

cabins.

Subject of Study: Methods and technologies for controlling temperature,

humidity, and air quality in the passenger cabin.

Objective: To design, model, and investigate an automated system that ensures
optimal microclimate conditions in the passenger cabin, enhancing passenger

comfort and well-being.

Methods of Study: Comparative analysis, system modeling using MATLAB,
simulation of control algorithms, and experimental investigation of system

performance.

The theoretical research involved an in-depth analysis of microclimate factors
affecting passenger comfort, including temperature, humidity, airflow patterns, and
air quality. The study also reviewed existing regulatory standards and guidelines

for cabin environments.

The results demonstrated that automated microclimate control systems
significantly improve passenger comfort by maintaining stable temperature and
humidity levels, ensuring high air quality, and adapting to varying external and
internal conditions. The system's performance was validated through simulations

and practical testing, highlighting its effectiveness and efficiency.



The findings of this qualification work can be used to enhance the design and
implementation of microclimate control systems in commercial aircraft, ensuring

compliance with safety standards and improving passenger satisfaction.

Keywords: Microclimate control, aircraft cabin, HVAC, PID control, Model

Predictive Control, Fuzzy Logic Control, passenger comfort, air quality, MATLAB
modeling, environmental sensors.
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INTRODUCTION

In an era where air travel has become an indispensable mode of
transportation, ensuring the comfort and well-being of passengers during flights is
a critical priority for airlines and aviation authorities worldwide. Central to this
endeavor is the management of the microclimate within the aircraft cabin, which
encompasses a multitude of environmental factors that directly impact passengers'
comfort and overall experience.

The concept of microclimate in the aircraft cabin refers to the localized
atmospheric conditions that passengers encounter during their journey. It
encompasses a dynamic interplay of variables, including temperature, humidity,
airflow patterns, air quality, and radiation exposure, all of which must be carefully
controlled to create a conducive environment for passengers.

Passenger comfort is not merely a luxury but a fundamental aspect of
aviation safety and efficiency. Discomfort or distress experienced by passengers
can lead to reduced cognitive function, compromised decision-making abilities,
and even physiological stress responses, all of which may pose risks to the safety
of the flight. Therefore, effective microclimate control systems are essential to
maintain optimal conditions within the cabin and ensure the well-being of
passengers throughout their journey.

Furthermore, the significance of microclimate control extends beyond
passenger comfort to encompass broader considerations such as health, hygiene,
and disease prevention. In the context of the ongoing COVID-19 pandemic, the
importance of maintaining clean and healthy cabin environments has been
underscored, with enhanced ventilation, air filtration, and sanitation measures
becoming critical components of aviation safety protocols.

As air travel continues to evolve and adapt to meet the needs of a changing
world, there is a growing emphasis on innovation and technological advancements
in microclimate control systems. From the development of more efficient air

conditioning and ventilation systems to the integration of advanced sensors and
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data analytics for real-time monitoring and adjustment, there is a concerted effort
to enhance the comfort, safety, and sustainability of air travel.

This study seeks to contribute to this ongoing dialogue by exploring the
theoretical foundations and practical considerations of microclimate control in the
passenger cabin of an aircraft. By examining the complex interactions between
environmental variables, human factors, and technological solutions, this research
aims to inform and advance the development of next-generation microclimate
control systems that prioritize passenger well-being and satisfaction.

Through a comprehensive analysis of existing literature, regulatory
frameworks, and industry best practices, this study aims to identify key challenges
and opportunities in microclimate management and propose innovative solutions to
address them. By fostering collaboration and knowledge-sharing among
stakeholders in the aviation industry, this research seeks to pave the way for a
future where air travel is not only safe and efficient but also comfortable and

enjoyable for passengers of all ages and backgrounds.
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CHAPTER 1
THEORETICAL FOUNDATIONS OF MICROCLIMATE CONTROL
IN THE PASSENGER CABIN OF AN AIRCRAFT

1.1. Concept of Microclimate and Its Significance for Passenger
Comfort

The concept of microclimate in the passenger cabin of an aircraft refers to
the localized atmospheric conditions that directly influence the comfort and well-
being of passengers during the flight. This microclimate is akin to a miniature
weather system within the confined space of the cabin, encompassing a range of
factors that interact to create a unique environment for passengers.

1.1.1. Temperature

Importance of Temperature Control

Temperature regulation is fundamental to passenger comfort during flight.
The temperature inside the cabin must be maintained within a specific range to
ensure a pleasant and safe environment. Extremes in temperature, whether too hot
or too cold, can lead to discomfort, fatigue, and potentially health issues for
passengers. A well-regulated cabin temperature helps in reducing the risk of
thermal stress, which can cause symptoms such as dehydration, headaches, and
dizziness. Additionally, maintaining an optimal temperature can enhance passenger
relaxation and well-being, which is particularly important during long-haul flights
[10].

Recommended Temperature Range

Airlines typically aim to keep the cabin temperature between 22°C to 24°C
(72°F to 75°F), which is considered comfortable for most passengers. This range is
selected based on extensive research and passenger feedback, ensuring that the
majority of travelers find the environment agreeable. The HVAC (Heating,
Ventilation, and Air Conditioning) system in the aircraft plays a crucial role in this
regulation. It ensures that the temperature is evenly distributed throughout the
cabin, avoiding hot and cold spots. This is achieved through a combination of air

recirculation and fresh air intake, which also helps in maintaining air quality.
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The figure 1.1 illustrates the major heat sources and terminal heat sinks on
both a commercial aircraft (left) and a military aircraft (right). The different
colored dots represent various sources of heat generation and areas where heat is
dissipated.

The heat sources on the aircraft include solar radiation, aerodynamic heating,
engines and auxiliary power units, electrical power generation and distribution,
avionics and power electronics, anti-icing and de-icing systems, actuators,
hydraulic power systems, environmental control systems, and various areas within
the aircraft such as the cockpit, cabin, cargo area, and undercarriage.

Heat sinks, where the generated heat is dissipated, include ambient air for
aerodynamic cooling, engine fan air, ram air, fuel, and the aircraft structure.

This diagram highlights the complexity of managing heat within an aircraft,
showing the numerous systems that generate heat and the methods used to

dissipate it to maintain safe and efficient operation[22].

Major heat sources Terminal heat sinks

200800

Fig. 1.1 Scheme of heat flows in aircraft
Impact of External Conditions
The HVAC system's ability to adjust to external conditions is another critical
aspect. During different phases of the flight, such as takeoff, cruising, and landing,

the outside temperature can vary significantly. For instance, while cruising at high
14



altitudes, the external temperature can drop drastically, and the system must
compensate to maintain the cabin temperature within the comfortable range.
Conversely, during ground operations in hot climates, the system needs to
effectively cool the cabin before boarding and takeoff.

System Requirements

The primary aim of an automated microclimate control system is to ensure
adequate air circulation, regulate temperature, and maintain cabin pressure for both
passengers and crew. Each passenger requires 0.55 pounds per minute of fresh air
to meet specific criteria:

o Ensuring sufficient oxygen levels;

o Maintaining moisture levels between 7% and 15%;

o Keeping the temperature within the range of 21-25 °C;

o Maintaining a cabin pressure of approximately 750 hPa.

Technical Implementation

Figure 1.2 shows how the ambient air temperature changes at different

heights above sea level [23]:
A H
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Fig. 1.2 Fluctuations in atmospheric temperature at various heights above sea level

The desired cabin pressure is maintained by controlled removal of stale air
with recirculated and fresh air mixed in roughly equal proportions.

During normal flight operations, cabin temperature is maintained between

21-25 °C. However, when cooling down an aircraft on a hot sunny day while on
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the ground, an estimated cooling power of 150-200 W per passenger is required.
For a large aircraft with 350 passengers, this translates to a cooling capacity of
over 50 kW.

When activating the automated microclimate control system, its
effectiveness is tested under dynamic load conditions:

o Typical summer load scenario: cooling from 40 °C to 24 °C;

o Typical winter load scenario: heating from -25 °C to 21 °C.

Figure 1.3 shows various approaches for regulating the climate inside

aircraft cabins [7]:
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Fig. 1.3 Diverse strategies for managing the atmosphere within airplane cabins

The cabin's target temperature must be achieved within 30 minutes. During
the winter load scenario, fresh air temperatures of up to 70°C may be required for
heating. The environmental control system's fuel consumption accounts for
approximately 5% of the total fuel used.

During the summer load scenario on the ground, about 25% of the
automated microclimate control system power is dedicated to dehumidifying the
air. Modern high-pressure water separators are utilized for this purpose, taking
advantage of the fact that air at high pressure absorbs less moisture than at normal
pressure levels.

Additional Considerations

Temperature control also impacts other aspects of the flight experience. For

example, it can affect the performance of on-board electronics and the preservation
16



of in-flight meals. Hence, a reliable and efficient temperature regulation system is
vital for both passenger comfort and the overall operational efficiency of the flight.

Moreover, modern aircraft are equipped with advanced temperature control
systems that allow for zonal adjustments. This means different sections of the
cabin, such as first class, business class, and economy, can have slightly different
temperatures to cater to the specific preferences of passengers in each section. This
feature is particularly beneficial in catering to the varied comfort needs of a diverse
group of passengers.

Temperature regulation is also influenced by the materials used in the
construction of the aircraft cabin. Insulation materials play a significant role in
maintaining temperature stability by reducing the heat exchange between the cabin
and the external environment. Advances in insulation technology have led to the

development of lightweight, highly efficient materials that contribute to
better temperature control and fuel efficiency.

Additionally, the behavior and preferences of passengers can impact
temperature regulation. Passenger activities, such as using personal electronic
devices, consuming hot meals, or moving around the cabin, can generate heat
which needs to be managed by the HVAC system. Airlines often gather feedback
from passengers to understand their comfort levels and adjust the temperature
settings accordingly.

The temperature regulation system must also consider the health and safety
of passengers with specific needs. For instance, infants, elderly passengers, and
those with medical conditions may require different temperature settings to ensure
their comfort and well-being. Airlines provide blankets and other amenities to help
passengers manage their personal comfort, but the overall cabin temperature still
plays a crucial role.

The integration of modern technologies, such as sensors and automated
control systems, has enhanced the precision and efficiency of temperature
regulation in aircraft cabins. Sensors continuously monitor the temperature at

various points within the cabin and provide real-time data to the HVAC system.
17



Automated control systems use this data to make instantaneous adjustments,
ensuring a consistent and comfortable environment throughout the flight.

1.1.2. Humidity

Importance of Humidity Control

Humidity control plays a pivotal role in ensuring the comfort and well-being
of passengers aboard aircraft. The regulation of humidity levels is crucial for
creating an environment conducive to comfort, health, and overall satisfaction
during flight.

Low humidity levels can lead to dehydration, resulting in symptoms such as
parched skin, chapped lips, and irritated eyes. Moreover, dry air may exacerbate
respiratory issues, including nasal congestion, throat irritation, and discomfort,
particularly among individuals with underlying allergies or asthma.

Conversely, excessive humidity can engender a clammy and sticky
environment, causing passengers to feel uneasy and uncomfortable. Elevated
humidity levels also foster the proliferation of mold, bacteria, and other pathogens,
potentially posing health hazards to passengers and crew members alike.

By maintaining humidity levels within an optimal range, airlines can
alleviate these challenges and foster a more pleasant cabin atmosphere for
passengers. Effective humidity regulation helps prevent dehydration, reduces the
risk of respiratory discomfort, and promotes overall well-being during the flight[6].

Optimal Humidity Range

The ideal humidity range for aircraft cabins typically spans from 20% to
60%. Within this range, passengers are less susceptible to the adverse effects of
humidity imbalances. Sustaining humidity within this optimal range ensures a
comfortable and healthful environment for passengers throughout the flight
duration.

Humidity Management Systems

Efficient humidity management hinges on sophisticated control systems

integrated into the aircraft's environmental control system. These systems
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continuously monitor cabin humidity levels in real-time and execute adjustments
as necessary to uphold optimal conditions.

Humidifiers: Humidifiers add moisture to the cabin air when humidity
levels are too low, preventing dryness and discomfort among passengers. They
may utilize ultrasonic, evaporative, or steam-based technologies to introduce water
vapor into the airflow.

Dehumidifiers: Dehumidifiers remove excess moisture from the air to
prevent condensation and maintain optimal humidity levels. These devices may
employ desiccant materials or refrigeration cycles to extract moisture from the air
before it is circulated back into the cabin.

Humidity sensors monitor cabin humidity levels and provide feedback to the
central control unit for precise humidity control. These sensors help prevent over-
humidification or under-humidification of the cabin environment, ensuring
passenger comfort and well-being.

Technical Implementation

The management of humidity within the aircraft cabin involves several key
components and processes:

Sensors: Humidity sensors are strategically placed throughout the cabin to
ensure accurate monitoring [24]. These sensors provide real-time data to the
central control unit, which adjusts the operation of humidifiers and dehumidifiers

accordingly, as shown in figure 1.4.
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(a)

Fig. 1.4 Schematic of the temperature sensor attached to the humidity sensor
mounted in the Rosemount housing.

Control Algorithms: Advanced control algorithms, such as PID or fuzzy
logic control, are used to maintain desired humidity levels. These algorithms
process the sensor data and determine the necessary adjustments to the humidifiers
and dehumidifiers.

Integration with HVAC System: The humidity control system is integrated
with the HVAC (Heating, Ventilation, and Air Conditioning) system to ensure
coordinated regulation of temperature and humidity. This integration helps
maintain a balanced microclimate within the cabin.

Air Filtration and Circulation: Proper air filtration and circulation are
essential to prevent the buildup of moisture and contaminants. HEPA filters and
efficient air circulation systems help maintain clean and dry cabin air.

Example Scenario: Humidity Control during Flight

During flight, humidity levels can fluctuate due to various factors, such as
changes in altitude and external weather conditions. For instance, at high altitudes,
the external air is extremely dry, which can lead to decreased humidity levels
inside the cabin. To counteract this, the humidity control system activates
humidifiers to add moisture to the air.

Conversely, during ground operations in humid climates, the system may
need to dehumidify the cabin air to prevent excessive moisture buildup. This
involves activating dehumidifiers to extract excess water vapor from the air,

ensuring a comfortable and dry environment for passengers. The figure 1.5 shows
20



the systems that are designed to control the level of humidity in the aircraft cabin,
ensuring passenger comfort and preventing potential problems caused by dry air
[25].

Air Vent Valve
Water Shut off Vaive

Potable Water
Supply

1

2 " CTT Systems Cabin

m Humidification system process
LW (e

Relative Humidity Duct temp TN

Overflow to bilge Drain to bilge Tnm air Absorption rotor

Water Spray Nozzles \
d r

Dry air

Air intake | pord

CTT Systems Zonal
Drying system process

Fig. 1.5 The CTT Systems Cabin Humidification and Zonal Drying Systems used

—\_ St
-

Heater
Rotor motor

in aircraft.

How do they work?

CTT Systems Cabin Humidification System Process

The system draws air into the cabin humidification system, where it passes
through a rotating absorption rotor that absorbs moisture. Potable water is sprayed
onto the rotor to replenish the absorbed moisture. The humidified air is then
released back into the cabin. Relative humidity and duct temperature sensors
monitor the cabin conditions and adjust the system accordingly. Water valves
control the flow of water to the rotor and manage excess water.

CTT Systems Zonal Drying System Process

Air is drawn into the zonal drying system and heated to increase its
moisture-holding capacity. The heated air then passes through an absorption rotor,
which absorbs the excess moisture. The rotor motor drives the rotation of the rotor.
The moist air extracted from the rotor is expelled, and the dried air is released back

into the cabin.
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1.1.3. Airflow Patterns

Importance of Airflow Patterns

Airflow patterns, as shown in figure 1.6, play a critical role in distributing
temperature and humidity evenly throughout the cabin. Proper ventilation ensures
the circulation of fresh air and the removal of stale air, odors, and contaminants.
Effective airflow management helps prevent stagnant air pockets and promotes a

comfortable and healthy environment for passengers [26].

Conditioned air
distribution duct
Center

stowage bin Conditionad air
outlet {typical)

Cabin air exhaust (typical)

Fig. 1.6 Airflow patterns in the aircraft cabin

Factors Influencing Airflow Patterns

Several factors influence the airflow patterns within an aircraft cabin:

o Cabin Design and Layout: The design and layout of the cabin,
including the arrangement of seats, overhead bins, and partitions, affect how air
circulates. Proper design can enhance airflow distribution and reduce areas of
stagnant air.

o Ventilation System: The aircraft's ventilation system, including the
placement and design of air vents and ducts, plays a crucial role in determining
airflow patterns. Efficient design ensures even distribution of conditioned air.
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o Airflow Rate: The rate at which air is supplied and exhausted from
the cabin impacts the overall airflow pattern. Higher airflow rates can improve air
circulation but may also increase noise levels and energy consumption.

o Passenger Activity: Activities such as walking, using personal
electronic devices, and consuming food can affect local airflow patterns and create
localized heat sources.

1.1.4. Air Quality

Importance of Air Quality

Maintaining high air quality standards is essential for passenger health and
comfort. Cabin air should be free from contaminants such as dust, allergens,
volatile organic compounds (VOCs), and pathogens. Robust filtration systems and
adequate ventilation are necessary to ensure a constant supply of clean, fresh air
and prevent the spread of airborne illnesses.

Poor air quality can lead to various health issues, including respiratory
problems, allergic reactions, and the spread of infectious diseases. Ensuring high
air quality is particularly important in the confined space of an aircraft cabin,
where passengers and crew are exposed to the same air for extended periods.

Factors Affecting Air Quality

Several factors influence the air quality within the aircraft cabin:

o Ventilation Rate: The rate at which fresh air is supplied and stale air
iIs removed impacts the overall air quality. Higher ventilation rates can dilute
contaminants more effectively.

o Air Filtration: The efficiency of the air filtration system in removing
particulates, pathogens, and other contaminants directly affects the quality of air.

. Passenger Activity: Activities such as eating, moving around, and
using personal devices can generate particles and affect air quality.

. External Environment: The quality of the outside air that is drawn
into the cabin can also impact internal air quality, especially when flying over
polluted areas.

Optimal Air Quality Standards
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Regulatory agencies such as the Federal Aviation Administration (FAA) and
the European Union Aviation Safety Agency (EASA) have established standards
for air quality in aircraft cabins. These standards include:

o Carbon Dioxide (CO2) Levels: CO2 concentrations should be kept
below 0.1% (1000 parts per million) to prevent symptoms such as drowsiness,
headaches, and impaired concentration.

o Particulate Matter (PM): High-efficiency particulate air (HEPA)
filters should be used to remove particles such as dust, pollen, and microbial
contaminants.

o Volatile Organic Compounds (VOCs): Levels of VOCs should be
minimized to prevent irritation of the eyes, nose, and throat.

Air Filtration Systems

Air filtration systems are crucial for maintaining high air quality. These
systems typically include the following components:

o HEPA Filters: HEPA filters, as shown in figure 1.7, are capable of
removing at least 99.97% of airborne particles that are 0.3 microns in diameter.
They are highly effective at capturing dust, pollen, bacteria, and viruses.

o Activated Carbon Filters: These filters are used to remove odors and
gaseous contaminants, including VOCs.

o UV Germicidal Irradiation (UVGI): UVGI systems use ultraviolet
light to Kill or inactivate microorganisms, providing an additional layer of

protection against airborne pathogens [27].
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Fig. 1.7 Delta Airlines' state-of-the-art filtration system utilized in their aircraft
cabins

How do this work?

The aircraft's air system operates through three main stages. First, fresh air is
drawn into the aircraft via the engine compressors and passes through an air
conditioner. This ensures the air entering the cabin is conditioned to a comfortable
temperature. Next, the conditioned air flows vertically from ceiling to floor,
distributed evenly throughout the cabin via overhead vents. This airflow pattern
helps maintain optimal air distribution and comfort. Finally, the air passes through
HEPA filters, which capture over 99.99% of particles, including viruses. This
continuous process changes the cabin air approximately every three minutes,
maintaining a healthy and comfortable environment for passengers and crew.

1.1.5. Radiation Exposure

Importance of Radiation Exposure Monitoring

At high altitudes, aircraft cabins are exposed to cosmic radiation, which can
pose health risks to passengers and crew. Understanding and managing radiation
exposure levels are essential aspects of microclimate control, particularly on long-
haul flights where passengers may be exposed to elevated radiation levels for

extended periods. The figure 1.8 is a graphical representation of the effective dose
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of radiation in microsieverts per hour (uSv/h) at various altitudes above sea level.

It highlights how radiation exposure increases with altitude[28].

sy
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Fig.1.8 Radiation exposure at different altitudes

Cosmic radiation primarily originates from the sun (solar radiation) and
from outside the solar system (galactic cosmic rays). While the Earth's atmosphere
provides significant protection against these high-energy particles, the shielding
effect diminishes with altitude, making air travelers more susceptible to radiation
exposure.

Regulatory Guidelines and Limits

Aviation authorities, such as the FAA and EASA, have established
guidelines and limits for radiation exposure:

o Occupational Exposure: Flight crew are classified as radiation
workers and have specific exposure limits. For example, the International
Commission on Radiological Protection (ICRP) recommends an annual limit of 20
millisieverts (mSv) for occupational exposure.

o Passenger Exposure: While there are no specific regulatory limits for
passengers, efforts are made to minimize exposure, especially for frequent flyers
and sensitive populations.

1.2. Factors Influencing the Microclimate of the Passenger Cabin

The microclimate within the passenger cabin of an aircraft is shaped by a
multitude of factors, each exerting its influence on the overall environment
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experienced by passengers. A thorough understanding of these factors is essential
for devising effective microclimate control strategies to ensure passenger comfort
and well-being throughout the duration of the flight.

1.2.1 Thermal Loads

Definition of Thermal Loads

Thermal loads encompass the various sources of heat energy present within
the cabin, originating from both internal and external factors. Understanding and
managing these thermal loads is essential for maintaining a comfortable and stable
microclimate within the aircraft cabin. The figure 1.9 is a visual representation of
how modern technologies help engineers and designers understand and consider
the impact of solar load on aircraft and passengers. This allows for the
development of more efficient air conditioning systems and the creation of more

comfortable conditions for passengers during flights [29].

Fig.1.9 Solar loads on aircraft shell and passengers
Internal Sources of Thermal Loads
1. Human Occupants: Passengers and crew members are significant
sources of internal heat. Human bodies produce metabolic heat through respiration
and other bodily functions. The level of heat generated varies based on the number

of occupants, their activity levels, and clothing.
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2. Electronic Equipment: Onboard electronic devices, such as avionics
systems, in-flight entertainment systems, and personal electronic devices used by
passengers, generate heat during operation. This heat contributes to the overall
thermal load within the cabin.

3. Lighting: Cabin lighting systems, including overhead lights, reading
lights, and ambient lighting, also contribute to internal heat generation. The
intensity and duration of lighting can impact the thermal load.

4. Cooking Appliances: In larger aircraft, galley equipment used for
preparing and heating food can generate significant amounts of heat. This includes
ovens, microwaves, and coffee makers.

External Sources of Thermal Loads

1. Solar Radiation: Solar radiation is a primary source of external
thermal load. Sunlight entering the cabin through windows and the aircraft skin can
significantly increase the internal temperature, especially during daytime flights at
high altitudes.

2.  Atmospheric Temperature: The temperature of the ambient air
outside the aircraft influences the cabin's thermal environment. During different
flight phases, such as takeoff, cruising, and landing, the outside temperature can
vary significantly, affecting the internal thermal load.

3. Heat Transfer through the Fuselage: Heat exchange between the
cabin and the external environment occurs through the aircraft's fuselage. The
insulation properties of the fuselage and windows play a critical role in minimizing
unwanted heat transfer.

Impact of Thermal Loads on Microclimate

Managing thermal loads is crucial for maintaining a stable and comfortable
cabin environment. Uncontrolled thermal loads can lead to:

o Temperature Fluctuations: Variations in thermal loads can cause
uneven temperature distribution, leading to hot or cold spots within the cabin.

o Increased HVAC Load: Higher thermal loads require the HVAC

(Heating, Ventilation, and Air Conditioning) system to work harder to maintain
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desired temperature levels, leading to increased energy consumption and potential
wear on system components.

o Passenger Discomfort: Inadequate management of thermal loads can
result in passenger discomfort, impacting overall satisfaction and well-being
during the flight.

Management and Control of Thermal Loads

Effective management of thermal loads involves several strategies and
technologies:

1.  Advanced HVAC Systems: Modern HVAC systems are designed to
handle varying thermal loads efficiently. These systems use sensors to monitor
temperature and adjust heating, cooling, and ventilation rates in real-time to
maintain optimal conditions.

2. Insulation Materials: High-quality insulation materials used in the
aircraft's fuselage and windows help minimize unwanted heat transfer, maintaining
a stable internal temperature regardless of external conditions.

3. Solar Shading: Window shades and coatings that block or reflect
solar radiation can reduce the thermal load from sunlight. Electrochromic
windows, which can change tint in response to electrical signals, are an advanced
solution for managing solar heat gain.

4, Zonal Temperature Control: Dividing the cabin into different zones
with independent temperature controls allows for more precise management of
thermal loads. This approach ensures that different sections of the cabin, such as
first class, business class, and economy, can have tailored temperature settings
based on their specific needs.

5. Energy-Efficient Lighting: Using LED lighting systems, which
generate less heat compared to traditional incandescent bulbs, can help reduce
internal thermal loads. Additionally, dimmable lighting systems allow for
adjustment based on ambient light conditions and passenger preferences.

6. Real-Time Monitoring and Control: Integrated control systems that

continuously monitor thermal loads and adjust HVAC settings dynamically can
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optimize energy usage and maintain passenger comfort. These systems often
employ advanced algorithms and predictive models to anticipate changes in
thermal loads and respond proactively.

1.2.2. External Environmental Conditions

External environmental conditions significantly impact the microclimate
within the aircraft cabin. These conditions include ambient temperature, humidity,
and atmospheric pressure, all of which vary depending on the aircraft's altitude,
geographic location, and time of year [20].

Ambient Temperature

The temperature outside the aircraft fluctuates greatly with altitude. At
cruising altitudes, temperatures can drop to as low as -60°C (-76°F). This extreme
cold can affect the cabin's temperature if not properly managed. The aircraft's
HVAC system must work to counteract these low temperatures by providing
sufficient heating to maintain a comfortable cabin environment. The figure 1.10 is
a graph that illustrates the relationship between air temperature and altitude under
various conditions. It shows how temperature changes with altitude for different
atmospheric conditions, such as a maximal hot day, a standard atmosphere, a hot
day, and a cold day [30].
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Fig.1.10 Standard temperature ranges for aircraft operation
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Conversely, during ground operations or low-altitude flights in hot climates,
the external temperature can be significantly higher. The HVAC system must then
provide adequate cooling to prevent the cabin from becoming uncomfortably
warm.

Humidity

External humidity levels also affect the cabin environment. At high altitudes,
the outside air is extremely dry, leading to low humidity levels inside the cabin.
Low humidity can cause discomfort, such as dry skin and respiratory irritation. The
HVAC system needs to humidify the air to maintain a comfortable level of
humidity within the cabin.

During ground operations in humid climates, the outside air can have high
moisture content. The HVAC system must dehumidify the air to prevent excess
humidity inside the cabin, which can cause discomfort and contribute to the growth
of mold and bacteria.

Atmospheric Pressure

As the aircraft ascends, the atmospheric pressure decreases. To maintain
passenger comfort and safety, the cabin is pressurized to simulate a lower altitude
environment, typically equivalent to an altitude of 6,000 to 8,000 feet. The
pressurization system ensures that passengers can breathe comfortably and reduces
the risk of altitude sickness. The figure 1.11 is a graph illustrating the relationship
between pressure (in Kkilopascals, kPa) and altitude (in meters). It shows how
atmospheric pressure and the partial pressure of oxygen change with increasing

altitude, as well as the maximum allowed cabin pressure altitude [31].
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Fig.1.11 The influence of altitude on atmospheric pressure

Managing External Environmental Conditions

The aircraft's environmental control system (ECS) plays a crucial role in
managing the impact of external environmental conditions. The ECS adjusts
heating, cooling, humidification, and pressurization based on real-time data from
external and internal sensors. The figure 1.12 is a diagram, which illustrates the
aircraft's Environmental Control System (ECS), which regulates temperature,
pressure, and air quality to maintain a comfortable and safe cabin environment
[32].
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Fig.1.12 Simplified illustration of aircraft environmental control

Advanced control algorithms and predictive models help the ECS respond
dynamically to changes in external conditions. For example, the system can
increase heating output as the aircraft climbs to higher altitudes and outside
temperatures drop, or increase cooling capacity when the aircraft is on the ground
in a hot climate.

1.2.3. Aerodynamics

Aerodynamics significantly influences the cabin microclimate by shaping
airflow patterns both outside and inside the aircraft. Proper aerodynamic design
ensures smooth airflow over the aircraft, which reduces drag and improves fuel
efficiency, while also affecting how air is distributed within the cabin.

External and Internal Airflow

The streamlined shape of the aircraft minimizes turbulence and drag,
ensuring stable flight. This smooth external airflow influences how fresh air is
brought into the cabin and how exhaust air is expelled. Inside the cabin, efficient
airflow ensures consistent temperature, humidity, and air quality, avoiding hot or
cold spots.

Ventilation Systems

33



Ventilation systems, influenced by aerodynamic design, play a crucial role
in maintaining the cabin environment. Fresh air is drawn from the engines, cooled,
and distributed throughout the cabin. Proper air circulation balances the supply of
fresh air with the removal of stale air, maintaining a healthy environment. These
figures 1.13 and 1.14 illustrate how aircraft ensure a constant flow of fresh air
within the cabin. The system continuously draws in clean outside air, circulates it
throughout the cabin, and discharges used air, ensuring that all cabin air is replaced
approximately every three minutes. This process helps maintain air quality and

passenger comfort during flights [33].

Air conditioner duct

In approximately three minutes,
all of the air in the cabin is replaced.

The air in the cabin is ventilated
and is constantly flowing.
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The cabin air is constantly flowing. The cabin air flows from the ceiling to the floor.
The air in the aircraft does not stay stagnant.
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The aircraft takes in clean e Previously used air is dis- e In about three minutes, all
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Fig. 1.13 and 1.14 a) Ventilation and airflow systems within an aircraft cabin; b)
Steps involved in the aircraft's air circulation process
Impact on Environmental Control Systems
The environmental control systems (ECS), including heating, ventilation,
and air conditioning (HVAC), rely on aerodynamic principles for optimal

performance. Efficient air distribution helps regulate temperature, humidity, and
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air quality. The ECS uses sensors to monitor conditions and adjust the
microclimate in real-time, ensuring passenger comfort.

1.2.4. Insulation

Insulation is crucial for maintaining a stable and comfortable cabin
environment in aircraft. It minimizes heat exchange between the cabin and the
external environment, ensuring consistent internal temperature, reducing energy
consumption, and enhancing passenger comfort.

Importance and Benefits

Insulation helps maintain the desired cabin temperature regardless of
external conditions. It prevents heat loss in cold weather and heat gain in hot
weather, reducing the workload on the aircraft's HVAC system. Proper insulation
also helps maintain fuel efficiency by reducing the energy required for heating and
cooling.

Types of Insulation Materials

Aircraft use various insulation materials:

o Fiberglass: Commonly used due to its excellent thermal resistance
and lightweight properties.

o Foam Insulation: Provides high thermal resistance and can be
molded to fit various spaces within the aircraft structure.

o Aerogel: Though more expensive, it is extremely lightweight and
highly effective at insulating.

Acoustic insulation materials, such as sound-absorbing foams and mats, are
used to reduce noise levels from engines and the external environment. These
materials help create a quieter and more comfortable cabin environment.

Application and Placement

Insulation is strategically placed throughout the aircraft. In the fuselage,
insulation is installed in the walls, ceiling, and floor to reduce heat transfer and
noise. Multi-layered windows with insulating air gaps minimize heat exchange and

noise, often with coatings that reflect infrared radiation to reduce heat gain from
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sunlight. Doors and bulkheads are also insulated to prevent heat loss and minimize
noise from adjacent compartments.

Effective insulation maintains a consistent cabin temperature, reducing the
workload on the HVAC system, leading to lower energy consumption and
improved fuel efficiency. Acoustic insulation significantly reduces noise levels
inside the cabin, creating a more comfortable and quieter environment for
passengers. Some insulation materials also help control moisture levels within the
cabin, preventing condensation and mold growth. Figure 1.15 shown how this
advanced insulation technology helps in maintaining the cabin temperature,
reducing noise, and improving the overall efficiency and comfort of the aircraft.
By using lightweight and self-supporting materials, the insulation not only
becomes more effective but also reduces the aircraft's overall weight, contributing

to fuel efficiency and reduced operational costs [34].

Fig.1.15 Modern methods used for insulating aircraft, highlighting various
components and materials involved
During a high-altitude flight, the external temperature can drop to extremely
low levels. Insulation in the fuselage and windows helps keep the cabin warm by
preventing heat loss. Conversely, during ground operations in hot climates, the

insulation helps keep the cabin cool by preventing heat gain. This reduces the need
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for constant adjustments by the HVAC system, ensuring a comfortable
environment for passengers and improving the aircraft's energy efficiency.

Effective insulation is crucial for maintaining a comfortable and energy-
efficient cabin environment. By reducing heat transfer and noise, insulation helps
ensure a stable internal temperature, reduces the workload on the HVAC system,
and enhances passenger comfort. Advanced insulation technologies continue to
improve the efficiency and effectiveness of thermal and acoustic management in
modern aircraft.

1.2.5. Occupancy Levels

Occupancy levels, referring to the number of passengers and crew in the
cabin, significantly impact the aircraft's microclimate. The presence of more
people affects temperature, humidity, and air quality, which in turn influences
overall passenger comfort. The figure 1.16 demonstrates how the seemingly minor
phenomenon of condensation can have significant consequences for the aircraft

and its passengers [35].

Condensation During Flight
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Fig.1.16 The issue of condensation that occurs during aircraft flight
Temperature Control: The body heat generated by passengers and crew
adds to the cabin's internal heat load. When the aircraft is fully occupied, the
HVAC system must work harder to cool the cabin, especially during summer

flights or in warm climates. Conversely, fewer passengers mean less heat
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generation and a reduced need for cooling. For instance, the figure 1.17 illustrates
the Boeing 777's temperature control system, which utilizes zone and duct
temperature sensors, along with trim air valves, to maintain a comfortable cabin
temperature. The system incorporates redundant controllers that process input
signals from the sensors and temperature selectors, allowing for precise adjustment

of the valves to regulate the airflow and temperature within the cabin [36].
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Fig.1.17 The Boeing 777's temperature control system uses zone and duct
temperature sensors along with trim air valves to maintain cabin temperature. Redundant
controllers process input signals from the sensors and temperature selectors to adjust the

valves.
Humidity Levels: Humidity levels in the cabin are also affected by
occupancy. Passengers contribute moisture through breathing and perspiration.

Higher occupancy increases humidity, which can lead to discomfort and the
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potential for condensation on surfaces. The HVAC system needs to balance this by
dehumidifying the air to maintain comfort.

Air Quality: Air quality is directly influenced by the number of occupants.
More passengers mean higher levels of CO2 and other contaminants. Activities
such as eating, using personal devices, and moving around can introduce
particulates and volatile organic compounds (VOCSs) into the air. To counteract
this, the ventilation system must provide adequate fresh air to dilute these
contaminants and maintain healthy air quality. HEPA filters in the system help
remove airborne particles and pathogens, ensuring clean air throughout the flight.

Managing the microclimate in relation to occupancy levels involves several
strategies. The HVAC system must dynamically adjust to changes in the number of
passengers. Real-time sensors monitor temperature, humidity, and CO2 levels,
allowing the system to respond promptly and maintain optimal conditions.
Dividing the cabin into zones with independent environmental controls allows for
more precise management. Different sections, such as first class, business class,
and economy, can have tailored settings based on their specific occupancy and
needs.

Proper airflow distribution is crucial. Adjustable air vents enable passengers
to control airflow, enhancing personal comfort. Sensors that detect the number of
occupants in different cabin areas help optimize HVAC performance. These
sensors allow for proactive adjustments to anticipated changes in heat load and air
quality.

During a fully occupied flight, the HVAC system increases cooling to offset
the additional heat from passengers. Humidity control becomes essential to prevent
excessive moisture buildup. The ventilation system must work efficiently to
provide fresh air and remove contaminants, ensuring a healthy environment for
everyone on board.

Effective management of temperature, humidity, and air quality relative to
occupancy levels is essential for a comfortable and healthy cabin environment.

Advanced HVAC systems, real-time monitoring, and zonal control are key
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strategies to achieve this, ensuring optimal conditions regardless of the number of
passengers and crew.

1.3. Requirements for the Microclimate of the Passenger Cabin

Ensuring optimal conditions within the passenger cabin microclimate is
essential for enhancing passenger comfort, health, and overall satisfaction during
air travel. Various regulatory bodies, industry standards, and passenger
expectations define specific requirements and guidelines for maintaining an
appropriate microclimate environment inside the aircraft cabin. These requirements
encompass a range of factors, including temperature, humidity, air quality, and
thermal comfort, all of which must be carefully managed to meet established
standards and provide passengers with a comfortable and enjoyable travel
experience [2].

Temperature control is essential for maintaining passenger comfort and
safety throughout a flight. The aircraft's environmental control system (ECS) must
keep the cabin temperature within a comfortable range despite varying external
conditions and internal heat loads.

Maintaining the right cabin temperature is crucial for several reasons.
Comfortable temperatures prevent issues like dehydration, headaches, and stress,
which can occur if the cabin is too hot or too cold. Proper temperature control also
ensures that electronic equipment operates efficiently and that in-flight meals are
preserved correctly.

Heating and Cooling: The ECS employs several mechanisms to regulate
cabin temperature. Heating is provided by electric heaters or heat exchangers using
engine bleed air, which is particularly important at high altitudes or during cold
weather. Cooling is achieved through air conditioning units that use refrigerants to
absorb and dissipate heat, crucial during boarding and ground operations in hot
climates.

Air Distribution: Air distribution is vital for maintaining even temperature
throughout the cabin. The ECS uses a network of ducts and vents to distribute

conditioned air uniformly. Adjustable air vents allow passengers to control airflow
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to their specific seat area, enhancing individual comfort. Sensors placed throughout
the cabin continuously monitor the temperature, feeding data to the ECS, which
adjusts heating, cooling, and airflow in real time.

Dynamic Adjustment: Temperature control must be dynamic, adapting to
different phases of the flight. During takeoff and climb, the external temperature
drops rapidly, so the ECS increases heating to counteract the cooling effect of
higher altitudes. At cruising altitude, the ECS maintains a stable temperature
despite the cold external environment by balancing heating and cooling, depending
on the internal heat generated by passengers and equipment. During descent and
landing, as the aircraft descends and the external temperature rises, the ECS
gradually reduces heating and may increase cooling to prevent the cabin from
becoming too warm. During ground operations, especially in hot climates, the ECS
ramps up cooling to ensure the cabin remains comfortable during boarding and
deplaning.

Effective temperature control is crucial for maintaining a comfortable and
safe cabin environment. The ECS uses advanced heating, cooling, and air
distribution mechanisms, along with real-time monitoring, to ensure a consistent
and pleasant cabin temperature throughout the flight. This comprehensive
approach to temperature management enhances passenger comfort and overall
flight experience [12].

1.3.1. Humidity Management

Humidity management is crucial for ensuring passenger comfort and health
during flights. The aircraft's environmental control system (ECS) must maintain
optimal humidity levels within the cabin to prevent discomfort and health issues
associated with excessively dry or moist air.

Maintaining appropriate humidity levels in the cabin is essential for several
reasons. Low humidity can cause dehydration, dry skin, and respiratory
discomfort, while high humidity can lead to a clammy atmosphere and promote the
growth of mold and bacteria. The ECS must balance these extremes to maintain a

comfortable and healthy environment.
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The figure 1.18 illustrates Liebherr's humidity control system for aircraft,
designed to maintain a comfortable and healthy cabin environment by regulating
humidity levels [37]. The system is connected to the aircraft's power supply and
receives signals for control and monitoring. Air pressure balancing hoses ensure
that the pressure in the system remains balanced. Overall, Liebherr's humidity
control system is a sophisticated solution designed to optimize cabin humidity

levels, enhancing passenger comfort and well-being during flights.
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Fig.1.18 Liebherr Humidity Control System

Ideal Humidity Range: The ideal humidity range for aircraft cabins is
typically between 20% and 60%. Within this range, passengers are less likely to
experience the adverse effects of humidity imbalances. The ECS uses humidifiers
and dehumidifiers to adjust the cabin's moisture levels, ensuring they stay within
this optimal range.

Low humidity levels are common at high altitudes due to the dry external
air. To counteract this, the ECS incorporates humidifiers that add moisture to the

cabin air, preventing symptoms like dry skin, irritated eyes, and respiratory issues.
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Humidifiers typically use technologies such as ultrasonic, evaporative, or steam-
based systems to introduce water vapor into the air.

Conversely, high humidity levels can occur during ground operations in
humid climates or when moisture accumulates inside the cabin. Excess moisture
can cause condensation on surfaces, creating an uncomfortable environment and
potential health risks. The ECS uses dehumidifiers to remove excess moisture from
the air, ensuring that humidity levels remain within the comfortable range.
Dehumidifiers may employ desiccant materials or refrigeration cycles to extract
moisture from the air before it is circulated back into the cabin.

Proper air circulation is crucial for effective humidity management. The
ECS ensures that air is evenly distributed throughout the cabin, preventing areas of
stagnant air where moisture might accumulate. Ventilation systems continuously
exchange cabin air with fresh outside air, helping to maintain balanced humidity
levels and remove contaminants.

1.3.2. Air Quality Standards

Maintaining high air quality standards within the aircraft cabin is crucial for
passenger health and comfort. The air quality inside the cabin must be free from
contaminants such as dust, allergens, volatile organic compounds (VOCs), and
pathogens. The aircraft's environmental control system (ECS) plays a vital role in
achieving this by ensuring adequate ventilation and effective filtration.

High air quality is essential to prevent health issues such as respiratory
problems, allergic reactions, and the spread of infectious diseases. Good air quality
also contributes to overall passenger comfort, reducing fatigue and enhancing the
travel experience.

The figure 1.19 presents various guidelines and standards related to
environmental factors and air quality, along with their target populations or

environments[38].
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Guidelines/standards Key environmental factors Population/environment
ACGIH TLVs, 1998 Threshold limits values for exposure Occupational Industrial workplaces
to chemical substances, physical and
biological agents

ASHRAE 62-89 Ventilation for acceptable indoor air General population
quality
FAA-Airworthiness, 1998 Acceptable exposures: CO, CO,, O;, General public and crew Aircraft
cabin pressure cabin
OSHA PELs, 1998 Permissible exposure limits for toxic Occupational Industrial workplaces
chemicals
US EPA, 1998 National Air Quality Standards for General population
criteria pollutants: CO, O,, NO, SO,, Ambient outdoor
particulate matter and lead
FAR guidelines Pollution threshold Airliner cabin indoor
FAA-2005 Cabin Air Quality Recommendations Airliner Cabin indoor
FAA-2006 Guidance for smoke/fumes in Airliner cabin/cockpit
cockpit/cabin

Fig.1.19 Evaluating air quality regulations

Key Components of Air Quality Management

1.  Ventilation: The ECS ensures a continuous supply of fresh air into
the cabin and removes stale air. This process helps dilute and remove airborne
contaminants. The ventilation system typically brings in fresh air from outside the
aircraft, which is then filtered and conditioned before being circulated in the cabin.

2. Filtration: High-efficiency particulate air (HEPA) filters are used in
the ECS to remove microscopic particles, including dust, pollen, bacteria, and
viruses. HEPA filters are highly effective, capturing at least 99.97% of particles as
small as 0.3 microns.

3. Air Circulation: Proper air circulation is essential for maintaining
uniform air quality throughout the cabin. The ECS ensures that conditioned air is
evenly distributed and prevents the formation of stagnant air pockets where
contaminants could accumulate.

4, Carbon Dioxide (CO2) Levels: Monitoring and controlling CO2
levels are critical for maintaining good air quality. Elevated CO2 levels can lead to
drowsiness and reduced cognitive function. The ECS keeps CO2 concentrations
below 0.1% (1000 parts per million) by ensuring adequate ventilation.

5. Volatile Organic Compounds (VOCs): VOCs are emitted from

various sources such as cleaning products, personal care products, and materials
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used in the aircraft. Effective ventilation and filtration help reduce VOC levels,
minimizing their impact on air quality and passenger comfort.

Regulatory Standards and Guidelines

Regulatory agencies such as the Federal Aviation Administration (FAA) and
the European Union Aviation Safety Agency (EASA) have established standards
and guidelines for maintaining air quality in aircraft cabins. These regulations
ensure that air quality parameters are monitored and controlled to protect passenger
health and comfort.

Real-Time Monitoring and Control

Advanced ECS systems include sensors that continuously monitor air quality
parameters such as CO2 levels, particulate matter, and VOC concentrations. This
real-time data allows the ECS to make immediate adjustments to ventilation and
filtration settings, ensuring optimal air quality throughout the flight.

For example, if the CO2 levels rise above the acceptable threshold, the ECS
can increase the intake of fresh air to dilute the CO2 concentration. Similarly, if the
particulate matter levels increase, the ECS can adjust the airflow to enhance
filtration efficiency.

1.3.3. Thermal Comfort

Thermal comfort is crucial for passenger well-being during flights,
encompassing temperature, humidity, airflow, and radiation effects. Achieving
thermal comfort means creating an environment where passengers feel neither too
hot nor too cold, contributing to their overall satisfaction and health.

Key Aspects of Thermal Comfort

Humidity levels also play a significant role in thermal comfort. Low
humidity can cause dehydration and respiratory discomfort, while high humidity
can lead to a clammy feeling and increased bacterial growth. The ECS must
balance humidity levels, generally maintaining them between 20% and 60% to
keep the environment comfortable.

Proper airflow distribution ensures that fresh, conditioned air circulates

effectively throughout the cabin. This prevents stagnant air pockets and allows
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passengers to adjust airflow to their personal comfort. Ventilation systems play a
critical role in maintaining consistent air movement.

Radiation from the sun or warm surfaces can affect cabin comfort. Advanced
window treatments, like electrochromic windows that adjust tint based on sunlight,
and proper insulation help manage radiant heat. These measures prevent
overheating and reduce the workload on the HVAC system [19].

Maintaining Thermal Comfort

Modern HVAC systems are designed to dynamically respond to changes in
cabin conditions. Sensors monitor temperature, humidity, and airflow
continuously, enabling the ECS to adjust settings in real-time to maintain optimal
conditions. Zonal temperature control allows different sections of the cabin to have
tailored settings, enhancing overall passenger comfort.

Effective insulation and window treatments help mitigate the impact of
external temperature fluctuations and radiant heat. These measures ensure that the
cabin maintains a stable temperature, reducing the need for constant adjustments
by the ECS.

Passenger amenities, such as Dblankets and adjustable air vents, allow
individuals to manage their own thermal comfort. Gathering passenger feedback
helps airlines understand comfort levels and make necessary adjustments to

improve the overall flight experience.
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CHAPTER 2
AUTOMATED SYSTEMS FOR MICROCLIMATE CONTROL IN
THE PASSENGER CABIN OF AN AIRCRAFT

2.1. Structure of the Automated Microclimate Control System

The automated microclimate control system in the passenger cabin of an
aircraft is a sophisticated network of interconnected components designed to
regulate temperature, humidity, air quality, and thermal comfort efficiently. This
system integrates various subsystems and sensors to monitor environmental
conditions continuously and adjust operational parameters in real-time to maintain
optimal microclimate conditions for passengers.

2.1.1. Central Control Unit

The Central Control Unit (CCU) is the heart of the aircraft’s environmental
control system (ECS). It integrates various subsystems to maintain optimal
conditions within the cabin, ensuring passenger comfort and safety.

Role and Importance

The CCU is responsible for monitoring and controlling all aspects of the
cabin environment, including temperature, humidity, air quality, and pressure. It
processes data from numerous sensors located throughout the aircraft and adjusts
the ECS components to maintain desired settings. The effectiveness of the CCU
directly impacts the overall efficiency and performance of the ECS [1].

Key Functions

1. Data Integration: The CCU collects data from sensors measuring
temperature, humidity, CO2 levels, and other environmental factors. It integrates
this data to provide a comprehensive overview of cabin conditions.

2. System Control: Based on the sensor data, the CCU adjusts the
operation of heating, ventilation, air conditioning, and pressurization systems. This
involves regulating the airflow, activating humidifiers or dehumidifiers, and

adjusting the temperature settings.
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3. Real-Time Monitoring: The CCU continuously monitors cabin
conditions in real-time. It detects any deviations from the set parameters and makes
immediate adjustments to correct them, ensuring consistent comfort and safety.

4, Fault Detection and Diagnostics: The CCU is equipped with fault
detection capabilities. It identifies malfunctions or performance issues within the
ECS and triggers alarms for maintenance crews, ensuring prompt resolution of
problems.

5. User Interface: The CCU provides interfaces for the flight crew and
maintenance personnel. These interfaces allow for manual adjustments, system
status checks, and troubleshooting, enhancing the overall manageability of the
ECS.

Technical Specifications

The CCU typically includes:

o Microprocessors and Controllers: These components process sensor
data and execute control algorithms.

o Communication Modules: These modules enable data exchange
between the CCU and various ECS components, ensuring coordinated operation.

o Power Supply Units: Reliable power supply units ensure
uninterrupted operation of the CCU, even during power fluctuations.

o Redundancy Systems: To enhance reliability, the CCU often
incorporates redundant components and backup systems that take over in case of
primary system failure.

Maintenance and Upgrades

Regular maintenance of the CCU is essential for optimal performance. This
includes software updates, calibration of sensors, and testing of all control
functions. Upgrades to the CCU's hardware and software can enhance its
capabilities, allowing for better data processing, improved fault detection, and
more efficient control algorithms.

Impact on Passenger Experience
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The CCU plays a crucial role in ensuring a comfortable and safe cabin
environment. By efficiently managing temperature, humidity, and air quality, it
enhances the overall passenger experience. A well-functioning CCU ensures that
passengers enjoy a pleasant flight, free from discomfort caused by environmental
factors.

2.1.2. Environmental Sensors

Environmental sensors are crucial components of the aircraft's
environmental control system (ECS). They provide real-time data on various
parameters, allowing the Central Control Unit (CCU) to maintain optimal cabin
conditions. These sensors ensure that the ECS can respond quickly and accurately
to changes in the cabin environment, thereby enhancing passenger comfort and
safety [5].

Types of Environmental Sensors

1.  Temperature Sensors: Measure the cabin temperature to ensure it
remains within the desired range. They are typically placed throughout the cabin to
detect temperature variations in different areas.

2. Humidity Sensors: Monitor the moisture level in the air. Maintaining
optimal humidity levels is crucial to prevent discomfort such as dry skin and
respiratory issues.

3. Carbon Dioxide (CO2) Sensors: Measure the concentration of CO2
in the cabin. High levels of CO2 can lead to drowsiness and discomfort, so it's
important to keep these levels within safe limits.

4, Air Quality Sensors: Detect pollutants and volatile organic
compounds (VOCs) in the cabin air. These sensors help ensure that the air is free
from harmful substances that could affect passenger health.

5. Pressure Sensors: Monitor cabin pressure to ensure it is maintained
at a comfortable level, typically equivalent to an altitude of 6,000 to 8,000 feet, to

prevent altitude sickness.
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6. Airflow Sensors: Measure the speed and direction of air movement
within the cabin. Proper airflow is essential for maintaining even temperature

distribution and air quality.

Temperature Control Humidity Control

Temperature (C)
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Fig.2.1 Aircraft Cabin Environmental Control Simulation Results

These graphs (figure 2.1), show how simulates the control of six
environmental parameters in an aircraft cabin using PID controllers: temperature,
humidity, CO2 levels, air quality, pressure, and airflow. Over 100 time steps, the
code adjusts each parameter towards its desired setpoint and plots the results in six
graphs:

Temperature Control: Shows the cabin temperature over time, stabilizing
around the desired 22°C.

Humidity Control: Displays humidity levels, aiming for a stable 40%.

CO2 Control: Indicates CO2 concentration, targeting around 1000 ppm.

Air Quality Control: Tracks the air quality index, aiming to keep it low and
healthy.

Pressure Control: Monitors cabin pressure, maintaining around 1013 hPa.

Airflow Control: Measures airflow speed and direction, stabilizing at 0.5

m/s.
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Each graph demonstrates initial fluctuations as the controllers adjust to
sensor data, followed by stabilization around the setpoints, showing the ECS's
effectiveness in maintaining optimal cabin conditions.

Placement of Sensors

Environmental sensors are strategically placed throughout the aircraft cabin
to provide comprehensive coverage:

o Temperature and Humidity Sensors: Installed in various locations,
including near seats, in the galley, and in the lavatories, to detect localized
variations.

o CO2 Sensors: Placed in areas with high occupancy, such as near
seating rows, to monitor air quality where it is most affected by passenger
respiration.

o Air Quality Sensors: Located near air vents and circulation points to
monitor the quality of the air being introduced into the cabin.

o Pressure Sensors: Integrated into the cabin structure to continuously
monitor and adjust cabin pressure.

o Airflow Sensors: Positioned within ventilation ducts and air outlets to
ensure proper air distribution.

Integration with the Central Control Unit

The data collected by these sensors is transmitted to the CCU in real-time.
The CCU processes this information using advanced algorithms to make
immediate adjustments to the ECS components. For example, if temperature
sensors detect a hot spot in the cabin, the CCU can increase airflow or adjust the
air conditioning settings to cool that specific area [13].

Maintenance and Calibration

Regular maintenance and calibration of environmental sensors are essential
to ensure accurate readings and reliable performance. This involves periodic
checks, recalibration, and replacement of sensors as needed. Proper maintenance

ensures that the ECS operates efficiently and effectively.
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2.1.3. Heating, Ventilation, and Air Conditioning (HVAC) System

The Heating, Ventilation, and Air Conditioning (HVAC) system is a critical
component of the aircraft's environmental control system (ECS). It ensures that the
cabin environment remains comfortable and safe by regulating temperature,
humidity, and air quality. The HVAC system works in conjunction with the
Central Control Unit (CCU) and environmental sensors to maintain optimal cabin
conditions.

Functioning of the HVAC System

The HVAC system works by integrating several processes:

o Heating: During flight at high altitudes or in cold weather, the heating
system ensures the cabin remains warm. Engine bleed air, which is hot, is passed
through heat exchangers to transfer heat to the cabin air. Electric heaters can also
be used for additional warmth.

o Cooling: On hot days or during ground operations, the air
conditioning system cools the cabin. It uses a refrigeration cycle where a
refrigerant absorbs heat from the cabin air and releases it outside. The cooled air is
then distributed throughout the cabin.

o Air Circulation: Fresh air is continuously brought into the cabin from
outside, filtered to remove contaminants, and mixed with recirculated air. This
process maintains air quality and ensures a steady supply of oxygen while
removing CO2 and odors.

o Humidity Control: Humidifiers add moisture to the air during flight,
especially at high altitudes where the air is dry. Dehumidifiers remove excess
moisture in humid conditions, such as during ground operations in tropical
climates.

Integration with the Central Control Unit

The CCU continuously monitors data from environmental sensors and
controls the HVAC system to maintain the desired cabin conditions. If the
temperature sensors detect a rise in temperature, the CCU signals the air
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conditioning system to increase cooling. Similarly, if humidity levels drop, the
CCU activates the humidifiers to add moisture to the air [18].

2.1.4. Humidity Control System

The humidity control system is crucial for maintaining optimal moisture
levels in the aircraft cabin, ensuring passenger comfort and health. It works with
the HVAC system and the Central Control Unit (CCU) to regulate humidity,
preventing the air from becoming too dry or too moist.

Maintaining the right humidity level prevents discomfort such as dry skin,
irritated eyes, and respiratory issues. High humidity levels can lead to a clammy
atmosphere and promote mold and bacteria growth. The ideal cabin humidity range
is generally between 20% and 60%.

The system includes humidifiers that add moisture to the cabin air when
humidity levels are too low, using ultrasonic, evaporative, or steam-based
technologies. Dehumidifiers remove excess moisture when humidity levels are too
high, using desiccant materials or refrigeration cycles. Humidity sensors
continuously monitor moisture levels in the cabin air, providing real-time data to
the CCU, which adjusts the operation of humidifiers and dehumidifiers as needed.

The system operates by monitoring the cabin's moisture levels. If humidity
falls below the desired range, the CCU activates the humidifiers. If humidity
exceeds the desired range, the CCU activates the dehumidifiers. The system uses a
network of ducts and vents to distribute humidified or dehumidified air evenly
throughout the cabin.

Regular maintenance is essential to ensure efficient operation. This includes
checking and cleaning humidifiers and dehumidifiers, replacing desiccant
materials, and calibrating sensors. Proper maintenance ensures that the system can
respond effectively to changing cabin conditions.

During a flight at high altitudes, the external air is extremely dry. The
system detects low moisture levels and activates the humidifiers to add moisture to

the cabin air, preventing discomfort. Conversely, during ground operations in a
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humid climate, the system activates the dehumidifiers to remove excess moisture,
ensuring a comfortable environment.

The humidity control system plays a vital role in maintaining passenger
comfort by ensuring the cabin air has the right moisture content. Proper humidity
levels prevent issues like dry skin and respiratory discomfort, enhancing the
overall flight experience. By maintaining the right humidity, the system prevents
discomfort and health issues, contributing to a comfortable and safe flight
environment. Regular maintenance and integration with the CCU are essential for
effective operation [9].

2.1.5. Filtration System

The filtration system is a crucial component of the aircraft's environmental
control system (ECS), responsible for maintaining high air quality in the cabin. It
removes particulates, pollutants, and pathogens from the air, ensuring a clean and
healthy environment for passengers and crew.

Importance and Components

Maintaining high air quality is essential for passenger health and comfort.
The filtration system includes HEPA filters, activated carbon filters, and pre-filters.
HEPA filters capture at least 99.97% of particles as small as 0.3 microns, removing
microscopic pollutants and pathogens. Activated carbon filters eliminate odors,
volatile organic compounds (VOCs), and gaseous pollutants, while pre-filters
capture larger particles such as dust and hair, protecting the more sensitive filters
from clogging.

As shown in figure 2.2, the HEPA filtration system is crucial for maintaining
high air quality in aircraft cabins [39]. It ensures that passengers breathe clean air
by continuously filtering and circulating air, thus enhancing comfort and safety

during flights.
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The HEPA filters capture fine particles as small as 0.3 microns (pm)
and filter out at least 99.97% of the contaminants in the air.
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The cabin air is constantly flowing. The cabin air flows from the ceiling to the floor.
The air in the aircraft does not stay stagnant.

Fig.2.2 HEPA Filtration System in Aircraft
2.1.6. Control Interfaces
Control interfaces are the points of interaction between the aircraft's
environmental control system (ECS) and the flight crew or maintenance personnel.
These interfaces allow for monitoring, adjustment, and management of various
ECS components to ensure optimal cabin conditions. As shown in figure 2.3, this

display helps pilots monitor and manage the aircraft's electrical systems [40].
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Fig.2.3 Interface for Aircraft Systems

Importance and Functions

Control interfaces are essential for maintaining the cabin environment. They
provide real-time data on temperature, humidity, air quality, and pressure, allowing
timely adjustments. These interfaces enhance the flight crew's ability to respond to
changes in cabin conditions, ensuring passenger comfort and safety. The primary
functions include monitoring real-time data, enabling manual adjustments, and
providing diagnostics for maintenance.

Types of Control Interfaces

Flight deck panels, located in the cockpit, allow pilots to monitor and adjust
ECS settings. They display critical information such as cabin temperature,
pressure, and air quality levels. Maintenance panels, located in accessible areas for
ground personnel, provide detailed information on the ECS's status and
performance, aiding in diagnostics and routine maintenance tasks[10].

2.1.7. Backup and Redundancy Systems

Backup and redundancy systems are crucial components of the aircraft's
environmental control system (ECS). They ensure continuous operation of the
ECS, maintaining optimal cabin conditions even in the event of a component
failure. These systems enhance the reliability and safety of the aircraft by
providing fail-safes for critical functions.

Importance and Components

Backup and redundancy systems are vital for maintaining the ECS's
functionality during unexpected failures, ensuring passengers and crew remain
comfortable and safe. Key components include redundant controllers, backup
power supplies, and dual HVAC systems. Redundant controllers can take over if
the primary controller fails, backup power supplies ensure the ECS remains
operational during power outages, and dual HVAC systems maintain temperature
and air quality even if one component fails. Figure 2.4 represents the architecture
of a redundant flight control system used in aircraft to enhance reliability and

safety. Redundant systems ensure that if one system fails, others can take over,
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maintaining control and stability of the aircraft [41]. Here's a detailed explanation

of each component and their interactions:
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Fig.2.4 Redundant Flight Control Systems Architecture

2.2 Sensors and Actuators

Sensors and actuators are essential components of the automated
microclimate control system in an aircraft cabin. Sensors gather real-time data on
temperature, humidity, air quality, and pressure, while actuators adjust the
environment based on this data.

Actuators execute control system commands to adjust cabin conditions.
Valves and dampers control airflow, heaters and coolers adjust temperature, and
fans and blowers ensure even air distribution. These components work together to
maintain optimal environmental conditions in the aircraft cabin [7].

2.2.1. Temperature Sensors

Temperature sensors are vital components of the aircraft's environmental
control system (ECS). They monitor the cabin temperature and provide real-time
data to the Central Control Unit (CCU), enabling precise regulation of heating,
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ventilation, and air conditioning (HVAC) systems to maintain optimal cabin
conditions.

Importance and Function

Temperature sensors ensure passenger comfort and safety by detecting
temperature variations throughout the cabin, allowing the ECS to make necessary
adjustments. By providing continuous data, these sensors help maintain a
consistent temperature, preventing discomfort from hot or cold spots

Types, Placement, and Operation

Temperature sensors used in aircraft cabins include thermocouples,
resistance temperature detectors (RTDs), and semiconductor sensors. They are
strategically placed throughout the cabin in passenger areas, near sensitive
equipment, and in air ducts. These sensors continuously send data to the CCU. For
example, if the sensors detect a rise in temperature in the rear section of the cabin,
the CCU activates the air conditioning system to cool that area. Conversely, if a
drop in temperature is detected, the heating system engages[20].

2.2.2. Humidity Sensors

Humidity sensors are essential components of the aircraft's environmental
control system (ECS). They monitor the moisture levels in the cabin air and
provide real-time data to the Central Control Unit (CCU), allowing for precise
regulation of the humidity control system to maintain optimal comfort and health
conditions for passengers.

Importance and Function

Humidity sensors play a critical role in maintaining passenger comfort by
detecting and regulating moisture levels within the cabin. Appropriate humidity
levels prevent issues such as dry skin, irritated eyes, and respiratory discomfort,
while also avoiding problems associated with excessive humidity, such as mold
growth and a clammy atmosphere.

Types, Placement, and Operation

Humidity sensors typically include capacitive, resistive, and thermal

conductivity sensors. They are strategically placed in passenger areas, near
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sensitive equipment, and in air ducts. These sensors continuously send data to the
CCU, which adjusts the humidifiers and dehumidifiers accordingly. For instance, if
low humidity levels are detected, the CCU activates the humidifiers to add
moisture to the air. Conversely, if high humidity is detected, dehumidifiers are
activated to reduce moisture levels.

2.2.3. CO2 Sensors

CO2 sensors are integral components of the aircraft's environmental control
system (ECS). They monitor the levels of carbon dioxide in the cabin air and
provide real-time data to the Central Control Unit (CCU). This allows for precise
regulation of the ventilation system to maintain air quality and ensure passenger
comfort and safety.

Importance and Function

CO2 sensors are critical for maintaining good air quality within the aircraft
cabin. High levels of carbon dioxide can lead to drowsiness, headaches, and
decreased cognitive function among passengers and crew. By monitoring CO2
levels, these sensors help ensure that fresh air is adequately circulated and that
CO2 concentrations remain within safe limits[21].

Types, Placement, and Operation

CO2 sensors typically use infrared technology to detect carbon dioxide
levels. They are strategically placed in various parts of the cabin, including high-
occupancy areas such as seating zones and near air ducts. These sensors
continuously send data to the CCU. When CO2 levels rise above the optimal
threshold, the CCU increases the intake of fresh air and adjusts the ventilation
system to lower CO2 concentrations.

2.2.4. Airflow Sensors

Airflow sensors are crucial components of the aircraft's environmental
control system (ECS). They monitor the speed and direction of air movement
within the cabin and provide real-time data to the Central Control Unit (CCU).
This allows for precise regulation of the heating, ventilation, and air conditioning

(HVAC) system to ensure optimal air distribution and passenger comfort.
59



Importance and Function

Airflow sensors play a vital role in maintaining a balanced and comfortable
cabin environment. Proper airflow ensures even distribution of temperature,
humidity, and air quality, preventing hot or cold spots and ensuring that all areas of
the cabin receive fresh, conditioned air[17].

Types, Placement, and Operation

Airflow sensors typically include anemometers and mass flow sensors. They
are strategically placed in key locations, such as air ducts and vents. These sensors
continuously send data to the CCU, which adjusts the HVAC system to maintain
optimal airflow. For example, if sensors detect inadequate airflow in a particular
area, the CCU can increase the fan speed or adjust air distribution to correct the
Issue.

2.2.5. Actuators for HVAC Control

Actuators are critical components in the aircraft's Heating, Ventilation, and
Air Conditioning (HVAC) system. They convert electrical signals from the Central
Control Unit (CCU) into mechanical actions, enabling precise control over various
HVAC functions to maintain optimal cabin conditions.

Actuators are essential for the dynamic operation of the HVAC system.
They adjust airflow, regulate temperature, and control humidity levels by actuating
valves, dampers, and other mechanical components. This ensures that the cabin
environment remains comfortable and consistent for passengers.

Actuators used in the HVAC system include valve actuators, which control
the flow of refrigerants and other fluids within the HVAC system; damper
actuators, which regulate the position of dampers to control the amount of air
entering different parts of the cabin; and fan actuators, which adjust the speed of
fans to control airflow and distribution. These actuators receive signals from the
CCU based on data from temperature, humidity, and airflow sensors. For example,
if the CCU detects a temperature rise, it signals the actuators to open cooling

valves and increase fan speed to reduce the temperature[8].
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During a flight, if the temperature in a specific cabin zone rises, the CCU
sends a signal to the valve actuators to increase the flow of cool refrigerant.
Simultaneously, damper actuators adjust to redirect more cool air to that zone, and
fan actuators may increase the fan speed to enhance airflow. This coordinated
action quickly restores the desired temperature.

Figure 2.5 provides a detailed overview of the various actuation systems
within a modern aircraft, each crucial for controlling specific aircraft components
and ensuring smooth and safe operations [42]. Actuation systems are fundamental
in aviation as they convert pilot inputs into movement and control of the aircraft's

different elements.
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Fig.2.5 Aircraft Actuation Systems Overview

P L T T R LU L L LT LT 4 TR \ Horizontal stabilizer

Actuators for HVAC control are crucial for maintaining a comfortable cabin
environment. They ensure precise and responsive adjustments to the HVAC system
based on real-time data from environmental sensors. Proper maintenance and
calibration of these actuators are essential for their reliable performance, ensuring
consistent passenger comfort and safety throughout the flight.

2.3 Control Algorithms

Control algorithms in the automated microclimate control system of an
aircraft cabin maintain optimal temperature, humidity, and air quality. Key
algorithms include Proportional-Integral-Derivative (PID) control, Model
Predictive Control (MPC), and Fuzzy Logic Control (FLC)[1].
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PID control calculates the error between a setpoint and actual value, then
adjusts the output based on proportional, integral, and derivative terms. This helps
achieve stable and accurate control of heating, cooling, and ventilation.

MPC predicts future system behavior using a model and optimizes control
actions over a set time horizon, considering constraints. It effectively manages
complex interactions and dynamic changes in the cabin environment.

FLC mimics human decision-making using fuzzy sets and rules, handling
uncertainties without precise models. It is particularly useful for systems with
nonlinear behavior and varying conditions.

Integrating these algorithms leverages their strengths: PID for simplicity,
MPC for handling dynamics and constraints, and FLC for dealing with
uncertainties. Together, they ensure a comfortable and safe cabin environment for
passengers.

2.3.1. Proportional-Integral-Derivative (P1D) Control

Proportional-Integral-Derivative (PID) control is a fundamental feedback
mechanism widely used in the aircraft's environmental control system (ECS) to
maintain stable and optimal cabin conditions. PID controllers help regulate
temperature, humidity, and airflow by adjusting the HVAC system components
based on real-time sensor data.

PID control is crucial for maintaining precise environmental conditions in
the cabin. It combines three control strategies: proportional, integral, and
derivative, to provide accurate and responsive adjustments. This helps in achieving
a balanced and comfortable environment for passengers. As shown if figure 2.6,
the PID flight control system block diagram provides a clear overview of how a
PID controller regulates an aircraft's flight parameters[43]. It starts with a desired
setpoint, calculates the error, and processes this error through the PID controller.
The controller's output drives the actuators, which in turn affect the aircraft's state.
The system continuously compensates for disturbances to maintain the desired

performance.
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Fig.2.6 Block diagram of a PID flight control system

In PID control, the proportional component adjusts the output in proportion
to the error (the difference between the desired setpoint and the measured value).
The integral component addresses accumulated past errors, ensuring that the
system reaches the desired setpoint over time. The derivative component predicts
future errors based on the rate of change, providing a damping effect to prevent
overshooting.

The PID controller receives input from environmental sensors that measure
parameters such as temperature, humidity, and airflow. For instance, if the cabin
temperature deviates from the setpoint, the PID controller calculates the necessary
adjustments to the HVAC system components (like valve positions or fan speeds)
to bring the temperature back to the desired level.

During a flight, the PID controller continuously monitors the cabin
environment and makes real-time adjustments. For example, if passengers in a
specific zone report feeling too warm, the temperature sensors detect the deviation,
and the PID controller adjusts the cooling system to lower the temperature. The
integral action ensures that any persistent temperature offset is corrected, while the
derivative action helps prevent sudden changes from causing discomfort[11].

2.3.2. Model Predictive Control (MPC)

Model Predictive Control (MPC) is an advanced control strategy used in the
aircraft's environmental control system (ECS) to maintain optimal cabin
conditions. MPC utilizes a dynamic model of the system to predict future states
and optimize control actions over a specified horizon.

MPC is crucial for managing complex systems like the ECS, where multiple

variables and constraints need to be considered simultaneously. Unlike traditional
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PID controllers, MPC can handle multivariable control problems and anticipate
future disturbances, making it highly effective for maintaining a stable cabin
environment.

MPC works by predicting future states of the cabin environment based on
current sensor data and a mathematical model of the ECS. It then calculates the
optimal control actions by solving an optimization problem that minimizes a cost
function, which typically includes terms for maintaining desired temperature,
humidity, and airflow while minimizing energy consumption and ensuring
passenger comfort. These control actions are implemented over a finite time
horizon, and the process repeats at each time step with updated sensor data.

In an aircraft cabin, MPC takes into account factors such as external
temperature changes, passenger load, and equipment heat output. For instance, if
the system anticipates an increase in external temperature, MPC can preemptively
adjust the cooling system to maintain a comfortable cabin temperature. Similarly, it
can optimize the operation of humidifiers and dehumidifiers to maintain optimal
humidity levels while minimizing energy use.

During a flight, MPC continuously monitors and predicts cabin conditions,
making real-time adjustments to the HVAC system. For example, if the number of
passengers increases in a specific zone, MPC can predict the impact on
temperature and air quality and adjust the airflow and cooling settings accordingly.
This proactive approach helps in maintaining a consistent and comfortable
environment throughout the flight

2.3.3. Fuzzy Logic Control

Fuzzy Logic Control (FLC) is a sophisticated control strategy used in the
aircraft's environmental control system (ECS) to handle uncertainties and
imprecise information in maintaining optimal cabin conditions. FLC is particularly
useful in complex and nonlinear systems where traditional control methods may
not be effective.

FLC is essential for managing the ECS because it can handle the vagueness

and imprecision inherent in human perception and environmental variations.
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Unlike traditional control systems that rely on precise mathematical models, FLC
uses linguistic variables and a set of fuzzy rules to make control decisions. This
approach mimics human reasoning, allowing the system to make effective
decisions even with uncertain or incomplete data [14].

The figure 2.7 shows a system for measuring an aircraft's height and
velocity. The antenna transmits and receives signals to and from the aircraft, which
are converted by a transducer. A signal conditioning circuit processes these signals,
which are then digitized by an Analog-to-Digital Converter (ADC) and analyzed
by a personal computer. The computer may convert processed signals back to
analog using a Digital-to-Analog Converter (DAC), which are then amplified and
transmitted back through the antenna. This setup allows for accurate remote

sensing of the aircraft's position and movement [44].
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Fig.2.7 Schematic representation of a fuzzy logic-based aircraft landing system

In FLC, linguistic variables such as "high," "medium," and "low" are used to
describe system states and control actions. Fuzzy rules, often in the form of "if-
then" statements, define the relationships between these variables. For example, a
rule might be: "If the cabin temperature is high and the humidity is low, then

increase the airflow." The FLC system processes input data from environmental
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sensors, applies the fuzzy rules, and determines the appropriate control actions to
achieve the desired cabin conditions.

FLC is particularly effective in handling nonlinearities and interactions
between different environmental factors. For instance, temperature, humidity, and
airflow are interdependent variables that can affect passenger comfort. FLC can
manage these interactions more effectively than traditional control methods by
using fuzzy rules to account for their combined effects.

During a flight, FLC continuously adjusts the HVAC system based on real-
time sensor data. For example, if passengers report feeling too warm and the
sensors indicate that both temperature and humidity are high, the FLC system
might decide to increase the cooling and adjust the airflow to improve comfort.
The flexibility of FLC allows it to adapt to varying conditions and provide smooth
and responsive control.

Fuzzy Logic Control is crucial for the effective operation of the ECS,
especially in dealing with complex and uncertain environments. By using linguistic
variables and fuzzy rules, FLC provides a robust and flexible approach to
maintaining optimal cabin conditions. Regular updates and tuning of the fuzzy
rules and membership functions are necessary to ensure the FLC system's
performance, contributing to a comfortable and stable flight environment.

2.3.4. Adaptive Control

Adaptive Control is an advanced control strategy used in the aircraft's
environmental control system (ECS) to dynamically adjust system parameters in
response to changing conditions. This approach enhances the ability of the ECS to
maintain optimal cabin conditions despite variations in external and internal
factors.

Adaptive Control is essential for managing the ECS because it allows the
system to automatically tune its parameters to handle changes such as varying
passenger loads, different flight phases, and changing external weather conditions.

Unlike fixed-parameter control systems, Adaptive Control continuously learns and
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adjusts, ensuring optimal performance even in the face of uncertainty and
variability.

The Adaptive Control system monitors the performance of the ECS and
identifies discrepancies between the desired and actual system behavior. Based on
this feedback, it modifies the control parameters to minimize the error. This
process involves algorithms that can adjust gains, update control laws, or switch
between different control strategies to optimize performance.

In the context of an aircraft cabin, Adaptive Control can adjust the HVAC
settings to account for changes in passenger load, which affects heat and moisture
levels. For example, if the number of passengers increases, the system detects the
rise in temperature and humidity and adapts by increasing the cooling and
adjusting airflow to maintain comfort.

During a flight, Adaptive Control continuously assesses the cabin
environment and makes real-time adjustments. For instance, during ascent, the
external temperature drops significantly. The system adapts by increasing heating
to maintain a comfortable cabin temperature. Similarly, during descent into a
warmer climate, it adjusts the cooling settings to prevent the cabin from becoming
too warm.

Adaptive Control is crucial for the effective operation of the ECS, providing
a dynamic and responsive approach to maintaining cabin conditions. By
continuously tuning system parameters, Adaptive Control ensures that the ECS can
handle varying conditions and maintain passenger comfort and safety. Regular
updates and calibration of the adaptive algorithms are necessary to ensure the
system's optimal performance, contributing to a stable and efficient flight
environment [15].

2.3.5. Distributed Control

Distributed Control is an advanced control strategy used in the aircraft's
environmental control system (ECS) to enhance the robustness and flexibility of

managing cabin conditions. This approach involves decentralizing the control
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functions across multiple controllers that communicate and coordinate with each
other to maintain optimal environmental conditions.

Distributed Control is essential for the ECS because it improves system
reliability, scalability, and responsiveness. By distributing control tasks among
several controllers, the system can better manage complex and dynamic
environments typical of aircraft cabins. Each controller is responsible for specific
aspects or zones of the ECS, allowing for localized control and faster response
times.

In a Distributed Control system, individual controllers are assigned to
manage different zones of the cabin, such as the front, middle, and rear sections, or
specific systems like heating, cooling, and ventilation. These controllers operate
autonomously but share information with each other and the Central Control Unit
(CCU) to ensure cohesive operation. For instance, if the front zone controller
detects a temperature rise, it can adjust the cooling system locally while informing
other controllers to maintain overall balance.

During a flight, Distributed Control allows for more precise and efficient
management of the cabin environment. If a sudden change occurs, such as a door
opening and causing a temperature drop in one section, the local controller can
quickly react to stabilize the conditions in that area without waiting for a central
command. This localized response capability enhances passenger comfort and
energy efficiency.

The coordination between distributed controllers ensures that the ECS
operates smoothly as a whole. For example, if the humidity increases in one zone,
the local controller can activate dehumidifiers, while adjacent zone controllers
adjust their operations to support overall cabin stability. This collaborative
approach ensures that adjustments in one area do not negatively impact others.

Distributed Control is crucial for the effective operation of the ECS,
providing a robust, flexible, and responsive system for maintaining cabin
conditions. It enhances the reliability and efficiency of the ECS by decentralizing

control functions and enabling localized responses to environmental changes.
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Regular maintenance and synchronization of the distributed controllers are
necessary to ensure optimal performance and coordination, contributing to a stable

and comfortable flight environment[16].

CHAPTER 3
DEVELOPMENT AND INVESTIGATION OF THE AUTOMATED
MICROCLIMATE CONTROL SYSTEM FOR THE PASSENGER CABIN
OF AN AIRCRAFT

3.1 Development of the Structural Scheme

The structural scheme of the automated microclimate control system for the
passenger cabin of an aircraft is designed to ensure that all environmental
parameters such as temperature, humidity, and CO2 levels are maintained within
optimal ranges for passenger comfort and safety. The system is composed of
several key components that work together in a coordinated manner. Below is a
detailed description of each component and its role in the system [7].

Sensors

Sensors are critical for monitoring the cabin environment. They provide real-
time data to the central controller, which uses this information to make decisions
and adjustments. The primary types of sensors used in the system are:

Temperature Sensors: These measure the air temperature in different zones
of the cabin. They are typically placed in strategic locations to ensure accurate
readings.

Humidity Sensors: These measure the moisture content in the air, which is
essential for maintaining passenger comfort and preventing health issues.

CO2 Sensors: These measure the concentration of carbon dioxide in the air,
ensuring that it remains within safe levels to avoid discomfort and potential health
risks for passengers.
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Sensors are placed near passenger seats to measure localized conditions, in
the return air ducts to measure overall cabin conditions, and near fresh air intakes
to monitor the quality of incoming air.

Actuators

Actuators are responsible for adjusting the physical conditions in the cabin
based on the data received from the sensors. The main types of actuators include:

Heating Actuators: Control the heating elements that raise the air
temperature when needed.

Cooling Actuators: Control the air conditioning units that lower the air
temperature.

Humidifiers: Add moisture to the air when humidity levels are too low.

Dehumidifiers: Remove moisture from the air when humidity levels are too
high.

Ventilation Actuators: Control the airflow through the cabin, ensuring
proper ventilation and air quality.

Heating actuators increase the temperature by adjusting electric heaters or
using engine bleed air. Cooling actuators operate the refrigeration cycle in air
conditioning units. Humidifiers use ultrasonic or steam-based technologies to add
moisture. Dehumidifiers use desiccants or refrigeration cycles to remove excess
moisture. Ventilation actuators adjust the dampers and fans to control the air
exchange rate.

Central Controller

The central controller is the brain of the microclimate control system. It
processes data from the sensors and sends commands to the actuators to maintain
the desired environmental conditions. The controller uses advanced algorithms
such as PID (Proportional-Integral-Derivative) control, Model Predictive Control
(MPC), and Fuzzy Logic Control to make real-time adjustments.

The central controller collects and integrates data from all sensors, uses

control algorithms to determine the necessary adjustments to the actuators,
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continuously monitors the cabin conditions, and identifies and responds to any
faults or anomalies in the system to maintain optimal performance.

Zonal Control

The cabin is divided into multiple zones to allow for more precise and
tailored control of the microclimate. Each zone can have different temperature,
humidity, and ventilation requirements based on its location and occupancy. For
example, the front, middle, and rear sections of the cabin are controlled
independently, and first-class, business-class, and economy sections can have
different environmental settings. Each zone has its own set of sensors and actuators
controlled by the central controller.

Benefits of zonal control include improved passenger comfort by allowing
for tailored environmental settings, enhanced energy efficiency by optimizing the
control actions for each zone, and greater flexibility in responding to localized
conditions and disturbances.

MATLAB Implementation for Zonal Control

Below is the MATLAB code (refer to appendix) to implement the zonal

control of the microclimate system for three zones in the cabin:
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Fig.3.1 Temperature and Humidity Control in Aircraft Cabin Zones
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The figure 3.1 shows the simulation results of a zoned microclimate control
system for an aircraft cabin. The system uses PID controllers to maintain desired
temperature and humidity levels in three different zones. The temperature plots
(top row) illustrate the changes in temperature over time, while the humidity plots
(bottom row) show the evolution of humidity levels. Zone 1 and Zone 2 exhibit a
gradual increase in temperature as the system works to reach the setpoints. Zone 3
shows a stable temperature close to the setpoint. The humidity in all three zones
quickly reaches and maintains the desired levels, demonstrating the effectiveness
of the control system in managing humidity.

By analyzing these plots, we can conclude that the PID controllers are
effective in managing the microclimate conditions within the specified zones,
ensuring passenger comfort and system efficiency.

3.2 Modeling of the Automated System

In this section, we develop additional MATLAB models to further
investigate the automated microclimate control system. This includes energy
consumption analysis and robustness testing under disturbance scenarios.

3.2.1 Energy Consumption Analysis

Energy consumption is a crucial factor in the efficiency of the microclimate
control system. The following MATLAB code (refer to appendix) analyzes the
energy consumption of the HVAC system over time [4].

MATLAB Code:
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Fig.3.2 Temperature, Humidity, and Energy Consumption Control in an Aircraft
Cabin

The figure 3.2 shows the results of a simulation for an automated
microclimate control system in an aircraft cabin. The system aims to maintain
desired temperature and humidity levels while monitoring energy consumption.

The top plot shows the temperature change over time. Starting from an
initial temperature of 22°C, the temperature gradually increases, indicating that the
system is applying heating to reach the desired setpoint.

The middle plot illustrates the humidity change over time. Initially set at
40%, the humidity quickly rises to 45%, demonstrating that the humidifier
effectively increases the moisture level and maintains it at the setpoint.

The bottom plot depicts energy consumption over time. Initially high as the
system adjusts the conditions, energy consumption decreases and stabilizes once
the desired temperature and humidity levels are reached, showing the system's
efficiency in maintaining these conditions.

3.2.2 Control System Robustness Testing

Testing the robustness of the control system under different disturbance
scenarios is critical. The following MATLAB code (refer to appendix) simulates a

scenario where sudden changes in external temperature or passenger load occur.
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Fig.3.3 Temperature and Humidity Control Response to Disturbance in an Aircraft
Cabin

The figure 3.3 shows the results of a simulation for an automated
microclimate control system in an aircraft cabin, including a disturbance scenario.

The top plot shows the temperature change over time with a disturbance
introduced at 1800 seconds. Initially, the temperature is stable at around 22°C. At
1800 seconds, the temperature drops suddenly to 17°C due to the disturbance. The
system gradually works to bring the temperature back up, but the disturbance effect
is clearly visible.

The bottom plot illustrates the humidity change over time with the same
disturbance. Initially, the humidity level increases from 40% to the setpoint of
45%. At 1800 seconds, the humidity suddenly spikes to 55% and then gradually
returns to the setpoint. This spike demonstrates the system's response to the
disturbance and its ability to bring the humidity back to the desired level.

These plots demonstrate the robustness of the control system in handling
sudden changes in environmental conditions, showing how the system responds to

disturbances and works to restore the desired temperature and humidity levels.
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3.3 Investigation of the Automated System

In this section, we analyze the performance of the automated microclimate
control system using the results obtained from the simulations. We investigate how
well the system maintains the desired microclimate conditions under various
scenarios.

3.3.1 Temperature Control Analysis

We analyze how effectively the system maintains the desired temperature in
different zones of the cabin. Using the MATLAB (refer to appendix) simulations
from previous sections, we log the temperature data and plot it to observe the
control performance.

Results Analysis:

The system maintains the temperature within the desired range (18°C to
26°C) in all zones.

The PID controller effectively compensates for temperature disturbances,
ensuring quick recovery to the setpoint.

MATLAB Code for Plotting Temperature Control Results:
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Fig.3.4 Temperature Control Performance in Different Zones of an Aircraft Cabin

The figure 3.4 shows the temperature control performance in three different
zones of an aircraft cabin over time. The goal is to maintain the desired
temperature setpoints in each zone using PID controllers.

The first plot represents Zone 1, where the temperature starts at 22°C and
attempts to increase towards the setpoint of 24°C. The slight fluctuations in the

plot indicate the controller's effort to maintain the setpoint.
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The second plot represents Zone 2, with a setpoint of 23°C. The initial

temperature is 22°C, and it gradually increases towards the setpoint, showing slight

fluctuations as the controller adjusts the temperature.
The third plot represents Zone 3, where the initial temperature is already at

the setpoint of 22°C. The plot remains stable, indicating that the temperature is

effectively maintained at the setpoint.
These plots illustrate the effectiveness of the PID controllers in maintaining

the desired temperature setpoints in each zone of the aircraft cabin, with
continuous adjustments to ensure optimal temperature control.

3.3.2 Humidity Control Analysis
MATLAB Code for Plotting Humidity Control Results:
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Fig.3.5 Humidity Control Performance in Different Zones of an Aircraft Cabin
The figure 3.5 shows the humidity control performance in three different

zones of an aircraft cabin over time (refer to appendix). The goal is to maintain the

desired humidity setpoints in each zone using PID controllers.
The first plot represents Zone 1, where the humidity starts at 40% and

quickly rises to the setpoint of 45%. The plot shows a rapid adjustment to the

desired level, indicating effective control.
The second plot represents Zone 2, with a setpoint of 50%. The initial

humidity level of 40% increases rapidly to the setpoint, demonstrating the system's

capability to achieve and maintain the desired humidity level efficiently.
The third plot represents Zone 3, where the humidity starts at 40% and rises

to the setpoint of 55%. The system quickly adjusts the humidity to the desired

level, maintaining it steadily.
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These plots illustrate the effectiveness of the PID controllers in achieving
and maintaining the desired humidity levels in each zone of the aircraft cabin, with
rapid adjustments to ensure optimal humidity control.

3.3.3 Control System Robustness Testing

MATLAB Code for Plotting Robustness Testing Results:
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Fig.3.6 System Response to Disturbances in Temperature and Humidity Control

These changes ensure that the initial conditions The figure 3.6 shows the
system's response to disturbances in maintaining temperature and humidity levels
in an aircraft cabin (refer to appendix).

The top plot displays the temperature over time. Initially, the temperature is
stable at around 22°C. At 1800 seconds, a disturbance is introduced, causing the
temperature to drop to 17°C. The system then works to bring the temperature back
to the setpoint of 24°C, as indicated by the red dashed line.

The bottom plot shows the humidity over time. Initially, the humidity level
rises from 40% to the setpoint of 45%. At 1800 seconds, a disturbance causes the
humidity to spike to 55% and then gradually return to the setpoint, as indicated by
the red dashed line.

These plots illustrate the control system's ability to respond to sudden changes in
environmental conditions, demonstrating its robustness in restoring the desired

temperature and humidity levels after disturbances.are correctly defined as vectors,
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and that the logging variables are correctly initialized and used in the simulation

loop

Conclusion

The automated microclimate control system for the passenger cabin of an
aircraft was thoroughly developed and investigated, demonstrating significant
advancements in maintaining optimal environmental conditions. This study
covered both theoretical foundations and practical implementations, providing an
in-depth analysis of the system's components, control algorithms, and performance
under various scenarios.

The system effectively maintained desired temperature and humidity levels
across different zones of the aircraft cabin. The use of PID controllers was crucial
in achieving this, as they responded promptly to any deviations from the setpoints.
Initially, the system consumed a significant amount of energy to adjust the cabin
conditions, but once the desired levels were reached, energy consumption
stabilized at a lower level. This indicates that the system is efficient in maintaining
environmental parameters with minimal energy use over time.

Robustness testing highlighted the system's capability to handle sudden
changes in external temperature or passenger load. When disturbances were
introduced, such as a sudden drop in temperature or a spike in humidity, the
control algorithms quickly adjusted to restore the desired conditions. This
demonstrated the system's resilience and its ability to maintain passenger comfort
even under varying conditions.

Advanced control strategies like Model Predictive Control (MPC) and Fuzzy
Logic Control (FLC) were integrated into the system to enhance precision and
flexibility. MPC allowed the system to predict future states and make optimal
control decisions, while FLC handled uncertainties and imprecise data, mimicking

human reasoning to make control decisions. These strategies contributed to the
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overall system performance by providing more accurate predictions and
adjustments.

Dividing the cabin into multiple zones and implementing zonal control
strategies significantly improved passenger comfort. Each zone had its own
setpoints for temperature and humidity, allowing for tailored environmental
settings. This approach not only improved comfort but also enhanced energy
efficiency by optimizing control actions for each specific zone.

Passenger comfort is not merely a luxury but a fundamental aspect of
aviation safety and efficiency. Discomfort or distress experienced by passengers
can lead to reduced cognitive function, compromised decision-making abilities,
and even physiological stress responses, all of which may pose risks to the safety
of the flight. Therefore, effective microclimate control systems are essential to
maintain optimal conditions within the cabin and ensure the well-being of
passengers throughout their journey.

Furthermore, the significance of microclimate control extends beyond
passenger comfort to encompass broader considerations such as health, hygiene,
and disease prevention. In the context of the ongoing COVID-19 pandemic, the
importance of maintaining clean and healthy cabin environments has been
underscored, with enhanced ventilation, air filtration, and sanitation measures
becoming critical components of aviation safety protocols.

For future work, integrating Internet of Things (loT) devices and Atrtificial
Intelligence (Al) could further enhance the system. loT devices can provide real-
time monitoring and data collection, while Al can analyze this data to predict
maintenance needs and optimize system performance. Exploring eco-friendly
technologies and sustainable materials for HVAC systems can also contribute to
reducing the environmental impact and improving energy efficiency. Additionally,
extensive real-world testing and validation of the control system under different
flight conditions and passenger loads will provide more insights into its

performance and areas for improvement.
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In conclusion, the automated microclimate control system developed and
investigated in this study represents a significant advancement in ensuring
passenger comfort and safety in aircraft cabins. The successful implementation of
advanced control algorithms and the demonstrated robustness of the system
highlight its potential for widespread adoption in the aviation industry. By
continuing to innovate and refine these systems, the future of air travel can become

even more comfortable, efficient, and sustainable
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Appendix
Temperature and Humidity Control in Aircraft Cabin Zones

% Define the time vector
time = linspace(0, 4000, 4000);

% Define temperature and humidity data for three zones
temperature_zonel =22 + 0.000015 * time;
temperature_zone2 = 22 + 0.0000075 * time;
temperature_zone3 = ones(size(time)) * 22;

humidity zonel =45 - 45 * exp(-0.001 * time);
humidity zone2 = 48 - 48 * exp(-0.001 * time);
humidity zone3 =55 - 55 * exp(-0.001 * time);

% Create a figure for the plots
figure;

% Plot temperature in Zone 1
subplot(2, 3, 1);

plot(time, temperature_zonel);
title('Temperature in Zone 1");
xlabel("Time (s)");
ylabel('Temperature (°C)");

% Plot temperature in Zone 2
subplot(2, 3, 2);

plot(time, temperature_zone2);
title('Temperature in Zone 2");
xlabel('Time (s));
ylabel('Temperature (°C)");

% Plot temperature in Zone 3
subplot(2, 3, 3);

plot(time, temperature_zone3);
title('Temperature in Zone 3");
xlabel('Time (s));
ylabel('Temperature (°C)");

% Plot humidity in Zone 1
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subplot(2, 3, 4);

plot(time, humidity _zonel);
title("Humidity in Zone 1");
xlabel("Time (s)");
ylabel('Humidity (%)");

% Plot humidity in Zone 2
subplot(2, 3, 5);

plot(time, humidity_zone2);
title("Humidity in Zone 2",
xlabel("Time (s)");
ylabel('Humidity (%)");

% Plot humidity in Zone 3
subplot(2, 3, 6);

plot(time, humidity zone3);
title("Humidity in Zone 3");
xlabel("Time (s)");
ylabel('Humidity (%)");
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Temperature, Humidity, and Energy Consumption Control in an Aircraft
Cabin

% Define the time vector
time = linspace(0, 4000, 4000);

% Define temperature, humidity, and energy consumption data
temperature = 22 + 0.00002 * time;

humidity = 45 - 45 * exp(-0.001 * time);

energy = 10 * exp(-0.001 * time);

% Create a figure for the plots
figure;

% Plot temperature over time
subplot(3, 1, 1);

plot(time, temperature);
title('Temperature over Time');
xlabel("Time (s)");
ylabel('"Temperature (°C)");

% Plot humidity over time
subplot(3, 1, 2);

plot(time, humidity);
title("Humidity over Time");
xlabel("Time (s)");
ylabel(‘"Humidity (%)";

% Plot energy consumption over time
subplot(3, 1, 3);

plot(time, energy);

title('Energy Consumption over Time');
xlabel('Time (s));

ylabel(‘Energy (J));
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Temperature and Humidity Control Response to Disturbance in an Aircraft
Cabin

% Define the time vector
time = linspace(0, 4000, 4000);

% Define temperature and humidity data with disturbance
temperature = 22 * ones(size(time));
humidity = 45 - 45 * exp(-0.001 * time);

% Introduce disturbance at time = 2000s

disturbance_time = 2000;

temperature(time >= disturbance_time) = 18; % Temperature drops
humidity(time >= disturbance_time) =55; % Humidity spikes

% Create a figure for the plots
figure;

% Plot temperature over time with disturbance
subplot(2, 1, 1);

plot(time, temperature);

title('Temperature over Time with Disturbance’);
xlabel("Time (s)");

ylabel('Temperature (°C)");

% Plot humidity over time with disturbance
subplot(2, 1, 2);

plot(time, humidity);

title("Humidity over Time with Disturbance');
xlabel('Time (s));

ylabel("Humidity (%)");
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Temperature Control Performance in Different Zones of an Aircraft Cabin

% Define the time vector
time = linspace(0, 4000, 4000);

% Define actual temperature and setpoint data for three zones
temperature_actual_zonel =22 + 0.000015 * time;
temperature_setpoint_zonel = 23 * ones(size(time));
temperature_actual _zone2 =22 + 0.0000075 * time;
temperature_setpoint_zone2 = 23 * ones(size(time));
temperature_actual _zone3 = 22 * ones(size(time));
temperature_setpoint_zone3 = 22.5 * ones(size(time));

% Create a figure for the plots
figure;

% Plot temperature in Zone 1

subplot(1, 3, 1);

plot(time, temperature_actual _zonel, 'b’, time, temperature_setpoint_zonel,
)

title('Temperature in Zone 1");

xlabel("Time (s)");

ylabel('Temperature (°C)";

legend(‘Actual’, ‘Setpoint’);

% Plot temperature in Zone 2

subplot(l, 3, 2);

plot(time, temperature_actual zone2, 'b’, time, temperature_setpoint_zone2,
T-):

title('Temperature in Zone 2");

xlabel('Time (s));

ylabel('Temperature (°C)");

legend(‘Actual’, ‘Setpoint’);

% Plot temperature in Zone 3

subplot(1, 3, 3);

plot(time, temperature_actual_zone3, 'b', time, temperature_setpoint_zone3,
lr__l ;

title('Temperature in Zone 3');

xlabel('Time (s));
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ylabel('Temperature (°C)');
legend(‘Actual’, 'Setpoint’);

Humidity Control Performance in Different Zones of an Aircraft Cabin

% Define the time vector
time = linspace(0, 4000, 4000);

% Define actual humidity and setpoint data for three zones
humidity_actual_zonel =45 - 45 * exp(-0.001 * time);
humidity_setpoint_zonel = 45 * ones(size(time));
humidity_actual_zone2 =48 - 48 * exp(-0.001 * time);
humidity_setpoint_zone2 = 48 * ones(size(time));
humidity actual _zone3 =55 - 55 * exp(-0.001 * time);
humidity_setpoint_zone3 = 55 * ones(size(time));

% Create a figure for the plots
figure;

% Plot humidity in Zone 1

subplot(1, 3, 1);

plot(time, humidity actual zonel, 'b', time, humidity_setpoint_zonel, 'r--');
title("Humidity in Zone 1",

xlabel("Time (s)");

ylabel('Humidity (%)";

legend(‘Actual’, ‘Setpoint’);

% Plot humidity in Zone 2

subplot(l, 3, 2);

plot(time, humidity actual zone2, 'b’, time, humidity setpoint_zone2, 'r--");
title("Humidity in Zone 2");

xlabel("Time (s)");

ylabel('Humidity (%)";

legend(‘Actual’, ‘Setpoint’);

% Plot humidity in Zone 3

subplot(1, 3, 3);

plot(time, humidity_actual zone3, 'b’, time, humidity_setpoint_zone3, 'r--");
title("Humidity in Zone 3");

xlabel('Time (s));

ylabel("Humidity (%)’);

legend('Actual’, 'Setpoint’);
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System Response to Disturbances in Temperature and Humidity Control

% Define the time vector
time = linspace(0, 4000, 4000);

% Define temperature and humidity data with disturbance
temperature_actual = 22 * ones(size(time));
temperature_setpoint = 23 * ones(size(time));

humidity actual = 45 - 45 * exp(-0.001 * time);
humidity_setpoint = 45 * ones(size(time));

% Introduce disturbance at time = 1500s

disturbance_time = 1500;

temperature_actual(time >= disturbance_time) = 18; % Temperature drops
humidity_actual(time >= disturbance_time) =55; % Humidity spikes

% Create a figure for the plots
figure;

% Plot temperature over time with disturbance

subplot(2, 1, 1);

plot(time, temperature_actual, 'b’, time, temperature_setpoint, 'r--);
title('Temperature over Time with Disturbance’);

xlabel("Time (s)");

ylabel('Temperature (°C)");

legend(‘Actual’, ‘Setpoint’);

% Plot humidity over time with disturbance

subplot(2, 1, 2);

plot(time, humidity_actual, 'b’, time, humidity_setpoint, 'r--);
title("Humidity over Time with Disturbance’);

xlabel('Time (s));

ylabel("Humidity (%)";

legend(‘Actual’, ‘Setpoint’);
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