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Abstract  

This research introduces a sophisticated model of the 

Aircraft Environmental Control System (ECS), focusing 

on regulating cabin pressure, temperature, humidity, and 

ozone (O₃) to ensure a safe and comfortable environment. 

The study develops a dynamic ECS simulation, where the 

Air Cycle Machine (ACM), operating on the inverse 

Brayton cycle, provides cooling and dehumidification by 

extracting heat from pressurized engine bleed air. The 

system controls cabin temperature by mixing hot bleed air 

with the ACM output. Cabin pressurization is managed 

through an outflow valve. The model captures the ECS's 

performance across varying flight conditions, including 

transitions from hot ground to cold cruise environments. 

Custom components for the compressor, turbine, and heat 

exchangers are developed using the Simscape foundation 

Moist Air library, enabling accurate modeling of the 

system’s thermodynamic behavior. This research 

provides a novel approach to simulating the ECS, offering 

insights into its operation under real-world flight 

conditions and advancing the understanding of aircraft 

environmental control technologies. 

Introduction 

The Aircraft Environmental Control System (ECS) is a 

critical subsystem responsible for maintaining the 

necessary environmental conditions for passenger 

comfort and safety within the aircraft cabin. These 

conditions include regulating the cabin temperature, 

pressure, humidity, and ozone (O₃) levels. The ECS must 

perform efficiently across a wide range of operating 

conditions, from hot ground conditions during takeoff to 

cold cruise conditions at high altitudes, and back to the 

ground environment [1]. 

A key component of the ECS is the Air Cycle Machine 

(ACM), which operates based on an inverse Brayton 

cycle to cool and dehumidify the hot and pressurized 

engine bleed air. This air, extracted from the engine, is 

typically very hot and contains a high level of moisture, 

which is undesirable for the cabin environment. The 

ACM uses this air to perform cooling by expanding it 

through a turbine and compressing it via a compressor, 

extracting heat and moisture in the process. The 

conditioned air is then passed through heat exchangers to 

further adjust the temperature before being mixed with 

trim air or bypassed as needed [2,3]. 

Maintaining cabin pressurization is a vital function, 

managed through the precise regulation of the outflow 

valve. This valve regulates the release of excess air, 

ensuring that the pressure inside the cabin remains 

constant and within acceptable levels for human comfort 

and safety. 

The model established in this study replicates ECS 

operations across various flight conditions, offering 

critical insights into system performance from hot ground 

scenarios to cold cruise altitudes and back to ground 

conditions. Simplified representations of key 

components, including the compressor, turbine, and heat 

exchangers, are constructed using the Simscape™ 

Foundation Moist Air library, enabling a thorough 

simulation of the associated thermodynamic processes. 

This research provides a framework for understanding the 

thermodynamics of ECS operation and can serve as a tool 

for improving the efficiency and reliability of these 

systems in real-world scenarios[4]. 

The block diagram represents the essential components 

and the airflow routes within the Aircraft Environmental 

Control System (ECS).It begins with the engine bleed air 

that enters the system and is conditioned through the 



catalytic converter to remove harmful substances. The 

air then flows into the Air Cycle Machine (ACM), where 

cooling and dehumidification occur via the compressor 

and turbine. The primary heat exchanger further cools 

the air using external ram air. Some of the cooled air 

bypasses the ACM through the bypass flow, while 

additional trim air is added to adjust the temperature. The 

conditioned air is then mixed in the mixing chamber, 

after which it is directed into the cabin for passenger 

comfort. The outflow valve regulates the pressure within 

the cabin, ensuring a stable environment. This block 

diagram provides a visual representation of the 

interactions and processes that occur within the ECS to 

maintain optimal cabin conditions [5]. 

 

Figure 1. Block Diagram of ECP 

Literature Review: 

The design and optimization of Aircraft Environmental 

Control Systems have been a focus of research for 

decades, with significant advancements made in 

understanding the thermodynamics and efficiency of the 

system. The Environmental Control System (ECS) is 

integral to maintaining optimal environmental conditions 

within the aircraft cabin, guaranteeing safety and comfort 

for both passengers and crew. The system typically 

includes a combination of components such as 

compressors, turbines, heat exchangers, valves, and 

sensors, all working together to maintain the desired cabin 

conditions [6]. 

i.Thermodynamics of the Air Cycle Machine 

(ACM) 

The core component of the ECS is the Air Cycle Machine 

(ACM), which utilizes an inverse Brayton cycle for 

cooling and dehumidification. The ACM works by 

extracting heat from the hot engine bleed air, which enters 

the system at high pressure and temperature. The air 

undergoes an expansion process through the turbine, 

causing a reduction in temperature, after which moisture 

is removed through condensation. The compressor then 

re-pressurizes the air, which is subsequently conditioned 

for cabin use [7]. 

Early studies such as those by Li et al. (2010) and Zhou et 

al. (2014) have examined the fundamental 

thermodynamic principles of the ACM. These studies 

focused on understanding the performance of the ACM 

under different operational conditions and how heat 

exchangers can be integrated to improve the overall 

efficiency of the system. Their findings highlighted the 

importance of optimizing compressor and turbine designs 

to achieve better cooling performance and energy 

efficiency [8]. 

ii.Efficiency Improvements in ECS 

In recent years, several studies have focused on improving 

the overall efficiency of the ECS. Kim et al. (2017) 

explored the use of advanced heat exchangers and heat 

recovery systems to enhance the performance of the 

ACM. By recovering waste heat from the air cycle 

process, it is possible to reduce the load on the ACM, 

resulting in lower energy consumption and better system 

efficiency. These findings have significant implications 

for reducing the fuel consumption of the aircraft and 

improving the sustainability of aviation systems [9]. 

iii.Modeling and Simulation of ECS 

Modeling and simulation of the ECS have become 

integral to understanding its performance and optimizing 

its design. With the advent of simulation tools such as 

Simulink and Simscape™, researchers have been able to 

create detailed models of the ECS that capture the 

complex interactions between components. Liu et al. 

(2016) used Simscape™ to model the behavior of ECS 

components, including compressors, turbines, and heat 

exchangers, under varying flight conditions. These 

models are invaluable in predicting system performance 

and in identifying potential improvements. 

Simulations have also been used to evaluate the effects of 

environmental conditions on ECS performance. For 

example, studies by Singh et al. (2019) highlighted the 

role of sensors and controllers in dynamically adjusting 



the system’s performance in real-time. These controllers 

monitor parameters such as cabin temperature, humidity, 

and ozone levels, making adjustments to the ACM and 

other components as needed to maintain optimal 

conditions. The integration of such advanced sensors and 

control systems allows for more efficient operation, 

minimizing energy consumption while maximizing 

passenger comfort [10]. 

iv.Advancements in Control Systems 

The role of controllers in optimizing ECS performance 

has been another area of active research. As ECS systems 

become more complex, advanced control algorithms are 

necessary to ensure that all components work together 

efficiently. Studies by Smith et al. (2018) demonstrated 

the potential of model-based predictive control (MPC) in 

optimizing the performance of ECS. MPC algorithms use 

real-time data from sensors to predict future system 

behavior and adjust the operation of compressors, 

turbines, and other components to maintain optimal cabin 

conditions. 

These advancements in ECS modeling, simulation, and 

control systems are crucial for the future of aviation. They 

not only improve passenger comfort but also help reduce 

fuel consumption and emissions, contributing to the 

sustainability of the aviation industry [11]. 

A. MATLAB SIMULINK Model of ECP 

 

In Figure 2, the MATLAB Aircraft ECS model simulates 

the regulation of air pressure, temperature, humidity, and 

oxygen levels to ensure passenger comfort and safetyThe 

system starts with engine bleed air, which is purified and 

conditioned before being directed into the cabin. The 

model incorporates critical components such as a catalytic 

converter, heat exchangers, an air cycle machine (ACM), 

bypass flow systems, and an outflow valve. These 

components are modeled using Simscape's physical 

libraries, allowing dynamic simulation of thermodynamic 

and fluid interactions under various operational scenarios 

such as hot ground, cruise, and cold ground conditions 

[12]. 

 

Figure 2. Aircraft Environmental Control System 

• Bypass Flow Subsystem 

The Bypass Flow Subsystem is responsible for regulating 

the flow of air that bypasses the Air Cycle Machine 

(ACM). This subsystem is designed to manage situations 

where excessive cooling might occur, such as during 

high-altitude cruise or cold ground conditions. The bypass 

air stream ensures that the turbine outlet air does not 

become too cold, maintaining a comfortable cabin 

environment. Dynamically controlled valves adjust the 

bypass flow based on real-time feedback from 

temperature and environmental sensors. The bypassed air 

is later combined with conditioned air and trim air in the 

mixing chamber to achieve the desired cabin conditions. 

 

Figure 3. Bypass Flow Subsystem 

• Catalytic Converter Subsystem 

The Catalytic Converter Subsystem is designed to purify 

the engine bleed air before it enters the cabin conditioning 

process. This subsystem removes harmful contaminants, 

particularly ozone (O₃), which can be found at high 

altitudes. The catalytic converter breaks down ozone into 

oxygen, ensuring the air supplied to the cabin meets safety 

and health standards. By ensuring clean air enters the 

ECS, this subsystem protects passengers from exposure to 

high ozone concentrations while also improving air 

quality in the cabin. 



 

Figure 4. Catalytic Converter Subsystem 

• Controllers Subsystem 

The Controller Subsystem is the control center of the 

ECS, managing the operation of various components 

based on feedback from sensors. This subsystem 

dynamically adjusts the flow rates, valve positions, and 

system parameters to maintain desired cabin conditions, 

such as temperature, pressure, and humidity. It uses input 

from cabin sensors and environmental data to regulate 

subsystems like bypass flow, trim air, and outflow valves. 

The controllers ensure that the ECS operates efficiently 

and responds appropriately to changing flight conditions. 

• Engine Bleed Air Subsystem 

The Engine Bleed Air Subsystem provides the primary 

source of pressurized and hot air for the ECS. Bleed air, 

drawn from the aircraft engines during operation, serves 

as the principal source for cabin air conditioning. This 

subsystem directs the extracted air to various downstream 

components, such as the catalytic converter, heat 

exchangers, and Air Cycle Machine (ACM), enabling the 

necessary conditioning processes. Despite the bleed air’s 

elevated temperature and pressure, it undergoes rigorous 

cooling, dehumidification, and purification prior to being 

distributed into the cabin. 

 

Figure 6. Engine Bleed Air Subsystem 

• Outflow Subsystem 

The Outflow Subsystem is responsible for maintaining 

and regulating cabin pressure. It consists of an outflow 

valve that controls the amount of air released from the 

cabin to the atmosphere. By adjusting the outflow rate, 

this subsystem ensures that cabin pressure remains within 

safe and comfortable limits, regardless of external 

environmental conditions. The outflow valve is primarily 

governed by the controller subsystem, which employs 

real-time pressure measurements from cabin sensors to 

adapt its operation dynamically. 

 
Figure 6. Outflow Subsystem 

 

• Thermal & Moisture Loads Subsystem 

The Thermal & Moisture Loads Subsystem models the 

heat and moisture generated within the cabin. It accounts 

for various sources, such as passenger heat, electronic 

devices, and external environmental influences. This 

subsystem provides critical data to the ECS about the 

cabin's current thermal and moisture conditions, helping 

the system balance temperature and humidity effectively. 

By simulating these loads, the subsystem ensures that the 

ECS can adjust its operations to maintain a comfortable 

cabin environment. 

Figure 5. Controllers Subsystem 



 

 

• Trim Air Flow Subsystem 

The Trim Air Flow Subsystem adjusts the temperature of 

the conditioned air supplied to the cabin. It introduces a 

controlled amount of hot bleed air into the air mixture 

after it has passed through the ACM and mixing chamber. 

By fine-tuning the temperature of the air entering the 

cabin, this subsystem ensures that specific temperature 

requirements are met. The trim airflow is especially useful 

during flight phases where additional heating is required, 

such as during high-altitude cruising or cold ground 

conditions 

 

These subsystems work together seamlessly within the 

MATLAB Aircraft ECS model to provide a highly 

efficient and accurate simulation of real-world ECS 

operations.  

 

Simulation and Results  

The simulation results illustrate the capability of the 

Aircraft Environmental Control System (ECS) to regulate 

cabin conditions, including pressure, temperature, relative 

humidity, and ozone mole fraction, throughout an entire 

flight cycle. The plots depict the dynamic response of 

these parameters as the aircraft progresses from hot 

ground conditions to cruise altitude and subsequently 

returns to cold ground conditions [13-15]. 

a. Pressure (kPa) 

Cabin Pressure (Yellow Line): 
The cabin pressure is maintained at approximately 100 

kPa during the initial ground phase and gradually 

decreases during ascent to a target pressure that mimics 

the conditions at cruising altitude (typically equivalent to 

6,000-8,000 feet above sea level). During descent, the 

cabin pressure is smoothly adjusted to match atmospheric 

pressure as the aircraft reaches the ground. 

 

Atmospheric Pressure (Blue Line): 
The atmospheric pressure drops significantly during 

ascent as the aircraft climbs to higher altitudes. During 

descent, it increases back to the ground level. This sharp 

contrast highlights the ECS's role in regulating cabin 

pressure independently of external conditions. 

 

 

b. Temperature (°C) 

Cabin Temperature (Yellow Line): 
The cabin temperature is maintained around a constant 

comfortable range (approximately 20-24°C) throughout 

the flight, regardless of external temperature fluctuations. 

This is achieved through the combined operation of the 

air cycle machine (ACM), heat exchangers, and trim air 

subsystem. 

 

Atmospheric Temperature (Blue Line): 
The atmospheric temperature decreases significantly 

during ascent, reaching extremely low values (below -

50°C) at cruising altitude. It gradually increases again 

during descent as the aircraft nears ground level. 

 

c. Relative Humidity 

Cabin Relative Humidity (Yellow Line): 
The cabin relative humidity starts at a moderate level 

(approximately 50%) and fluctuates slightly as the ECS 

manages moisture levels. The ECS ensures that humidity 

Figure 7. Thermal & Moisture Loads Subsystem 

Figure 8. Trim Air Flow Subsystem 



remains within acceptable limits for passenger comfort by 

dehumidifying or adding moisture as needed, especially 

during cruise conditions. 

Atmospheric Relative Humidity (Blue Line): 

The atmospheric relative humidity remains relatively 

constant or increases slightly during the simulation. 

However, the cabin ECS operates independently of 

external humidity, ensuring optimal conditions inside the 

aircraft. 

d. Ozone Mole Fraction (ppm) 

Cabin Ozone Mole Fraction (Yellow Line): 
The cabin ozone mole fraction is kept consistently low 

(below 0.05 ppm) throughout the flight. This is due to the 

catalytic converter subsystem, which removes ozone from 

the engine bleed air before it enters the cabin. 

Atmospheric Ozone Mole Fraction (Blue Line): 

The atmospheric ozone concentration increases 

significantly at higher altitudes (up to 0.1 ppm) as the 

aircraft ascends into the stratosphere. The catalytic 

converter ensures that the high ozone levels present in the 

bleed air do not affect cabin air quality. 

Figure 9. Simulation 

Conclusion 

This study developed a numerical model of an Aircraft 

Environmental Control System (ECS) to simulate its 

performance across flight conditions. The model, built 

using Simscape, incorporates key subsystems such as the 

air cycle machine (ACM), catalytic converter, bypass 

flow, and outflow valve. Simulation results demonstrated 

the ECS's ability to regulate cabin pressure, temperature, 

humidity, and ozone levels, ensuring passenger comfort 

and safety. The ACM efficiently dehumidified and cooled 

the air, while the catalytic converter reduced ozone 

concentration. The dynamic coordination of subsystems 

showcased the ECS's adaptability to varying conditions. 

This work highlights the potential of advanced modeling 

to optimize ECS performance, laying the groundwork for 

more efficient and sustainable designs in modern aviation. 
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