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NASA has outlined plans to transition from the Low Earth Orbit toward Earth 

independent exploration, evolving habitat capacity to support a trip to Mars, and return 

home three years later. The Environmental Control and Life Support Systems (ECLSS) are 

being developed to enable this vision. UTC Aerospace Systems (UTAS) completed the first 

phase of this advancement, or NextSTEP, in September 2016, and is currently working on 

the second phase designing a universal ELCSS Module to support the different habitats 

currently being developed. With focus on the final exploration configuration the team is 

developing elements that can be used to support future ECLS hardware. The areas of 

development included transition from the cislunar design to an exploratory ECLS, the 

development of a Universal ECLSS Pallet design that enhances in-flight maintenance, an 

Integrated ECLSS Hierarchical Control Architecture, and the development of an Intelligent 

System intended to aide in isolating the cause of any fault. The overarching design activities 

included in this effort define a time dependent strategy enabling deep space exploration. 

Nomenclature 

ARS  = Air Revitalization System 

ATCO = Ambient Temperature Catalytic oxidizer 

ATCS = Active Thermal Control Subsystem 

BPA = Brine Processing Assembly 

CAC = Condensing Air Cooling 

CDRA  = Carbon Dioxide Removal Assembly 

CHC = CO2 and Humidity Control 

COTS =  Commercial Off-The-Shelf 

CPU = Central Processing Unit 

DDS = Data Distribution Services 

DFMR = Design for Minimum Risk 

ECLS =  Environmental Control and Life Support 

ECLSS = Environmental Control and Life Support System 

EM = Exploration Module 

EVA = Extravehicular Activity 

FDS = Fault Detection System 

FPGA = Field Programable Gate Array  

GFE = Government Furnished Equipment 

HEPA = High Efficiency Particulate Air 

HIMA =   Hierarchical Integrated Module Architecture 
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HTCO = High Temperature Catalytic Oxidizer 

HPOGA = High Pressure Oxygen Generation Assembly 

HX  = Heat Exchanger 

IPDU = Intelligent Power Distrubution Unit 

ISS  = International Space Station 

LiOH = Lithium hydroxide 

OGA = Oxygen Generation Assembly 

ORU = Orbital Replacement Units 

PCS = Pressure Control System 

PFE = Portable Fire Extinguisher 

PHM = Prognostic Health Management 

NextSTEP = Next Space Technologies for Exploration Partnerships  

SAM = Spacecraft Atmosphere Monitor 

SMAC = Spacecraft Maximum Allowable Concentrations 

TCCS = Trace Contaminant Control System 

THC = Temperature Humidity Control 

TMS = Thermal Management System 

UPA = Urine Processing Assembly 

UTAS  = UTC Aerospace Systems 

UWMS = Universal Waste Management System 

WPA = Water Processing Assembly 

I. Introduction 

ASA has initiated a public-private partnership to develop deep space capabilities, known as Next Space 

Technologies for Exploration Partnerships (NextSTEP).1 UTAS completed NextSTEP Phase 1 efforts to study 

the development of a universal Environmental Control and Life Support System (ECLSS), intended to support 

multiple platforms and missions, ranging from transit to and terrestrial habitation on Mars. This paper is the second 

installment of the progress of this development. Please refer to ICES-2016-450 for NextSTEP Phase 1 review.2    

 The purpose of NextSTEP phase 2, began in September 2017, is to develop supporting technologies intended to 

enable the design of a universal ECLSS. The effort begins by stepping backward from the final exploration ECLS 

design to the initial Lunar Orbiting Platform-Gateway ECLSS. It is currently thought that habitats will initially 

reside in cislunar orbit and over time the ECLSS will be developed toward the final closed-loop system intended for 

exploration. The team is developing an integrated digital, hierarchical, Control Architecture that will treat the ECLS 

as an internet of things. A Universal Pallet was developed, in conjunction with the different habitat teams, to 

translate through the Standard Hatch, support all the ECLS hardware and enhance hardware acceiblity required for 

effecteve in-flight maintenance. An intelligence technology system is being developed to enable preventive 

maintenance and quick fault isolation of failed components with the ECLSS. Included in this initiative, but not 

discussed here, are the development methods that will allow individual components to be removed and repaired or 

replaced while in flight. 

 

II. Cislunar System Design and ECLSS Evolution 

NASA has identified those ECLSS functions that will be provided as GFE for the open-loop initial Gateway 

configuration and the more closed-loop, more permanently crewed platforms.  They have also defined the ECLSS 

functions that will be provided by the platform providers.  The intent is to develop an ECLSS architecture for the 

NASA GFE hardware needed for the Cislunar Module that is evolvable to support closed-loop, earth independent 

applications. Each phase of the ECLSS evolution will be defined. The evolution was developed from the final 

configuration,  regressing in development to the Cislunar Module. The required upgrades for each phase will be 

indentified.  

During NextSTEP Phase 1 ECLS functions were assembled into four Functional Groups (FG) to enhance control 

logistics and reduce habitat management of plumbing and avionics. The defined functional groups are: 

 

• Air Revitalization  • Water Processor 

• O2 Generation / CO2 Reduction • Human Waste Management 

 

N 
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Only three of the NASA GFE functions were not assigned to a functional group as they were better packaged or 

stowed in the Habitat independently and had no direct interface with the other functions.  A closed-loop ECLSS for 

a longer term, earth independent habitat or deep space transport would be composed of the ECLSS functions and 

functional groups shown in Figure 1. 
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Figure 1: Universal ECLSS Model 

 

The nearer-term open-loop ECLSS that would support a Deep Space Gateway that is crewed only when an Orion 

Module is docked to it, would look the simpler block diagram in Figure 2. 
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Figure 2: Open-Loop ECLSS for the Initial Deep Space Gateway Configuration 

 

Only air cooling, dehumidification, carbon dioxide removal and some trace contaminant control are needed in 

addition to the platform-provided potable water and oxygen and nitrogen make-up.  A commode is shown as the 

commode in the Orion may not be available.  Waste carbon dioxide, condensate and urine can be vented 

overboard.The open-loop Gateway ECLSS can be evolved into the closed-loop in four steps.  The first adds a water 

processor that can recover potable water from the humidity condensate and waste hygiene waters.  No other closed 

loop functions can work without the ability to process the waste condensate water.  The second step adds a urine 

processor and brine processor to recover most of the water from the crew urine.  The third step is adding oxygen 

generation and carbon dioxide reduction.  This allows recovery of oxygen from the waste carbon dioxide and the 

generation of most of the needed oxygen from water.  At this point, all the desired loop closure technologies have 

been added.  The only step needed to allow independent operation from the Orion is to add a redundant Air 

Revitalization Functional Group.  Most of the ECLSS functions can be inoperable for days before a hazardous 

condition occurs.  This is not true for humidity control and carbon dioxide removal.  Loss of those functions can 

result in a hazardous condition in less than a day.  Therefore, there is time to repair the three loop closing functions, 

but the not the air revitalization functions, so they must have built-in redundancy to meet the safety fault tolerance.  

The evolution steps are shown in Figure 3. 

 

 
Figure 3.  Potential Evolution Steps from Gateway to Closed-Loop, Earth-Independent ECLSS 

 

III. Integrated ECLSS Control Architecture 

NASA’s NextSTEP vision calls for a resilient architecture featuring re-use/multi-use, evolvable space 

infrastructure, minimizing unique major developments, with each mission leaving something behind to support 

subsequent missions. In order to support this vision a control architecture has be developed. This architecture is a 

complete departure from traditional federated control schemes in which it takes advantage of state-of-the-art 

network communication, computational hardware and software engineering techniques to deliver an unprecedented 

level of resilience. In order to demonstrate the virtues of this architecture, a detailed control system is under design 



 

International Conference on Environmental Systems 
 

 

5 

that implements the capabilities of this new architecture into a Deep Space Exploration ECLSS and shows how it 

can support a step evolution from cislunar to advanced exploration.  A COTS-based prototype is also currently 

under development to understand how these new technologies can further improve crew safety and reliability and to 

determine technology gaps leading to further research and development.The control architecture presented herein 

borrows many of its characteristics from concepts put forward in current and anticipated avionics architecture. These 

characteristics emerge from the steady use of Integrated Modular Avionics, IMA architectural principles instead of 

the more classical federated architecture.  This leads to more and more functions being integrated yet physically 

distributed in computational nodes resulting in an ECLSS with increased levels of complexity and becoming a real 

information system. 

 

A. Hierarchical Integrated Modular Architecture, HIMA: Mapping Function to Form 

The Integrated ECLSS Control Architecture is characterized by a set of system-level functions along with the 

mapping of these functions to tangible technologies and/or high TRL systems.  This section describes each function 

and how it’s mapped to specific technologies. At the end, a topology emerges that is best described as a modular 

architecture with a hierarchical command structure mirroring hardware interoperability.  An architecture that 

exhibits this topology is herein called a Hierarchical Integrated Modular Architecture or HIMA.  

 

Functions: 

1. Integrated Triple-Redundant Modular Communication Backbone: At the core of the control systems is a 

triple-redundant network that can communicate with any computational node in the system. Information is 

transferred in real-time to-and-from any node, anytime, anywhere. Triple redundancy enables a two-fault 

tolerance communication infrastructure. Computational resources are modular and distributed increasing 

reliability and evolution. Resources such as memory, CPU and data are shared thus minimizing weight, 

power and volume.  Technologies such as Gigabit Ethernet, Wi-Fi, DDS and others, make it easy to put 

together a prototype to evaluate how this type of network can help increase system resilience.  

2. Data Distribution Services, DDS: The DDS middleware is a mature, open-source communication protocol 

that guarantees interoperability, portability and quality of services. This system defines loosely-coupled 

interfaces thus increasing modularity and interface management as the system evolve. 

3. Modular Reconfigurable/Reusable Hardware, Software and Processes: Use of standard hardware 

modules such as single board computer, FPGA, I/O boards, motor controller, etc. in order to minimize 

complexity as functionally increases.  Object-Oriented reusable code with plug and play capabilities. 

4. Hierarchical Command Structure: Control functions are deployed in a hierarchical fashion so as to 

emulate hardware topology. This facilitates the management greater complexity while a centralized 

integrated function enables coordinated, inter-function operation, increase effectiveness, response and 

efficiency. For example, pallet integrated functions enable autonomous pallet operation to support rapid 

and safe hardware recommission. 

5. Autonomous Independent Redundant Safety Shutdown: Modular implementation of two-fault tolerance 

for components for which failure can result in catastrophic hazard.  

6. Information Management Systems: Observable (sensed) variables and parameters are accurately time-

stamped and recorded.  This database is then backed by powerful data analytic engines that generate 

standard reports, and respond to crew and ground queries in real time. Support of machine learning 

technologies enables fault detection and isolation, PHM. 

 

B. HIMA: A Top Level View 

Figure 4 depicts the HIMA architecture. As it applies to the integrated ECLSS, the architecture features a four-

layer function group. These are: 

1. Vehicle/ Habitat Level:  Provides habitat-level data and is responsible for mission-level information. 

2. Centralized (Common-To-All-Pallets) Level: This level is responsible hosting functions that are common 

to all pallets.  Example functions are: interaction with crew/ground/habitat, system-level coordination and 

optimization, data recording, provide support during service and recommission, etc.   

3. Functional Group Pallet Level: Control subsystem-level behavior, listen for failure, communication with 

centralized controller, etc. 

4. Sensor and Actuation Level: gather and package sensor data, un-package actuator commands, monitor 

power limits and override controller commands in responce to failure detection. 
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Figure 4: Schematic Depicting the HIMA Architecture 

 

Each Functional Group will be controlled by its own pallet-level controller. Each intelligent node; e.g., pallet 

controller, bridge, IPDU, etc., will communicate via a triple-redundant Ethernet using DDS middleware 

communication protocol. The Data Recorder and Historian node collects and stores information to support the 

machine-learning processes at the Intelligent System Node. By accurately recording time-stamped observable 

(sensed) variables and parameters. The system will be able to support powerful data analytic engines, generate 

standard reports, and respond to crew and ground queries.  The Intelligent Power Distribution System or IPDU, is 

another modular piece of the architecture and is responsible for providing clean/regulated power to every component 

in the pallet that consume electric energy.  In addition, the IPDU monitors power consumption data from each 

component and makes them available for recording. This data is fundamental for monitoring component health over 

the life of the mission.  Finally the IPDU has the authority to independently shut down power to any electric-power-

consuming component in the pallet based on current limits and other prescribed conditions.   

 

D. COTS-Based Prototype 

A COTS-based prototype is under development aimed at better understanding how these new technologies can 

further improve crew safety and reliability and to determine technology gaps leading further research and 

development. The prototype is designed based on the following set of axiomatic rules: 

1. Modularity and Module Interface Standardization.  Encapsulate functions in modules with a well-defined 

set of interfaces.  This minimizes the effort of replacing current COTS components with flight-certified 

counterparts as the prototype evolves and matures.   

2. Standard Components/Modules/Subsystems.  Components/modules/subsystems are designed to fit a wide 

range of performance requirements, as opposed to those that are optimally designed to fit particular narrow 

set of requirements and performance points. This is a contrasting departure from component design in 

which minimizing weight, power and volume are paramount. 

3. Add Intelligence Whenever Possible. In this context, “intelligence” is defined as a set of sensors, CPU, 

algorithms, memory and network communication to provide information about the 

component/module/subsystem aiming at gathering data for PHM.   Example: A heat exchanger can be 

design with embedded sensors and enough computational resources to communicate its state (instantaneous 

hear transfer, pressure drop, etc.) to a PHM system that can predict the next replacement schedule. 

 

E. Prototype Schematic  

A simplified schematic of the COTS-based prototype is depicted in Figure 5 below. A technology demonstrator 

will first be developed as a breadboard and then will be further developed to control the working ARS. Note that the 

prototype consists of a hardware-implementation of the ARS functional group and the rest of the ECLSS functions 

are implemented in dynamic models that run in real-time in their own individual computational nodes. Assuming 
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interfaces remain constant throughout system development, adding hardware to this prototype should as simple as 

replacing the corresponding dynamic model with the hardware model.  

 

 
Figure 5: Schematic of COTS-based Prototype 

 

IV. Intelligence System 

The Hazard Time Line concept was developed during NextSTEP phase 1. It outlined that corrective action, after a 
fault has occurred (e.g. resuming the critical life sustaining function), must take less time than it takes to reach the 
hazardous condition.  Isolating the fault was identified as the most unpredictable element within the Hazard Time 
Line and was considered to potentially require more time to complete than the repair and recommission of the 
system itself. In efforts to reduce the fault isolation time, NASA initiated a focus, during phase 2, to develop and 
embed advanced Health Monitoring and Diagnostics System within the ECLS System. It is intended to increase 
crew and ground-support awareness of ECLSS behavior, enhance ECLSS performance, increase predictability, and 
minimize the time needed to detect and isolate the cause of a system failure. 

Embedding the Intelligence System included three steps. Performing an Intelligent Technology Study that 
prioritized a list of intelligent technologies most suitable for a deep space ECLSS advanced health monitoring 
system. This was followed by developing an Intelligent Technology Gap Analysis aimed at determining what 
resources are needed to maximize performance of the intelligent systems identified. With this completed the team 
will develop and demonstrate the identified intelligence system technology within an operable ARS prototype. 
Seven (7) established and emerging technologies intended to increase performance, safety, reliability, and resilience 
of an ECLSS system where evaluated during the Intelligent Technology Study. The list included: 
 

Bayesian Networks Neural Networks 
Kalman Filters Kernel Methods – Support Vector Machines  
Decision Trees Kernel Methods –Gaussian Processes  
Random Forests  

A set of features, to be used during the Intelligence System down select, were developed and ranked in order of 
importance (weight). They are listed below with a brief description: 

1. Fault Detection and Identification – Detects and Identifies / Isolates faults 
2. Robustness – Handles data integrity issues (noisy, missing, etc.) 
3. Usability – Provides Rationale/Interpretation of results and confidence levels 
4. Prognostics – Makes predictions about potential future faults 
5. Scalability – Approach / process can scale (Qty. and type of inputs) with minimal cost 
6. Queries – Provides additional interactivity regarding information/status of system 
7. Additional Capabilities – Leverages basic knowledge about system but is not highly dependent on domain 

knowledge to increase performance 
8. Other Features – Provides relative ease of development. Handles diverse data types, reduced dependency on 

labeled data, generalizes well, tools are mature. 
9. Computational Cost – Performs efficiently relative to speed and memory usage during training and/or 

production 
10. Prerequisite Knowledge – Does not require deep knowledge or expertise to develop intelligent technology. 
11. Long Term Outlook – Performance increases with increased computing power and memory 
12. Hardware Cost – Can be implemented on platforms known to be robust in space environments 
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Upon review of the seven different intelligence technologies, the team determined that Bayesian Networks, 

followed by Random Forests, met the more important parameters best. A graphical summary of the Bayesian 
Networks evaluation is shown in Figure 6. Although future efforts may involve a fusion that combines Bayesian 
Networks and an additional intelligence technology, such as Random Forests, the team determined it was more 
prudent to establish a single technology at this stage and consider coupling different intelligence technologies in the 
future. 
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Figure 6: Bayesian Networks 

 
The Intelligent Technology diagnostic health monitoring system will be based on Bayesian Networks Technology 

as selected from the trade study. The system will be trained to detect failures using ARS software model generated 
data and actual data collected during normal operation of the ARS including failure injected events. The results of a 
fault detection event will be displayed on a simple touch screen graphical user interface.To train and test the 
Intelligence system prior to build of the ARS Unit, the ARS software model is going to be used to provide closed 
loop functional simulation of the ARS Demonstration Unit. Traditionally ECLS models are based on the state of the 
included components. To support the Intelligence System this model was built with sufficient detail to simulate ARS 
sub-functional processes and components. Access to all internal and external sensor signals, control status and 
commands will be provided to be representative of the signals available from the ARS hardware. Fault injection 
points, located at simulated sensor, effector and / or interfaces have been made available to the engineers developing 
the Intelligence System.Early intelligent system development will leverage data generated by the ARS software 
model to learn of any basic signal dependencies and flows within the ARS. Generated data will also be used to 
exercise the diagnostics to monitor known and / or easily conceived of fault conditions and to monitor unknown 
fault conditions generated via Worst Case and / or a Monte Carlo approach. A Gap Analysis will be developed to 
determine what resources (data, sensors, etc.) are needed to implement and fully utilize the intelligent systems 
selected during the technology assessment study. The study shall provide direction for the selection and 
development of intelligent technologies as ECLSS control architecture evolves. A report documenting the results of 
a gap analysis is aimed at determining what resources are needed to implement the intelligent systems surveyed on  
Part 1 of this study. 

By the end of NextSTEP Phase 2 the team will build and embed  an intelligent based health monitoring and 
diagnostic system using the intelligent technology selected from the study into the ARS Demonstration Unit. This 
system will be based on available physics based models and probabilistic graphical models (e.g., Bayesian 
Networks) capable of data fusion for fault detection, prognostics and fault isolation. A data analytics engine will be 
built off line and trained to detect failure using the data collected during normal operation and event-based data 
generated by a selection of failure injected events. The results of a fault detection event will be displayed on a 
simple touch screen graphical user interface.  
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V. Develop a Modularized Pallet Concept 

NASA instructed our team to develop a Universal Pallet that may be used by serveral exploration habitats 

supporting multiple missions. All Pallets must be able to translate through the NASA Standard Hatch. With a 

protective cover in place the hatch measures in diameter 30.19”, and was used to establish the maximum allowable 

cross sectional shape of the Pallet. Once the cross section shape was determined the team did a virtual translation 

across the Standard Hatch, through an assumed airlock node and into a habitat, shown in Figure 7. The assumed 

habitat geometry was based upon existing ISS structure. The virtual translation was coupled with handling 

considerations regarding the size and mass of the Pallet to determine an appropriate Pallet length of 72”. The team 

then reviewed different installed orientations within an assumed habitat, finding that longer Pallet versions would 

push the Pallet towards the habitat centerline and result in increasing loss of free cabin volume. The loss of volume 

was more notable in the smaller diameter habitats. The complete Universal Pallet shape was then forwarded for 

approval by the different habitat teams. The proposed size of the Universal Pallet was acceptable to the Habitat 

Teams under contract at the time, but there became a demand for a second type configuration that allowed the 

Universal Pallet to wrap around the internal habitat diameter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Universal ECLSS, outlined in Figure 1, is based predominantly on the closed-loop technology established on 

the ISS and is being resized to support a four man crew for an expected three year mission and allow for in-flight 

maintenance. The Universal Pallet was designed to allow a front access opening to equal that of an ISS ½ Rack to 

support potential integration of existing ISS hardware. This opening will support in-flight maintenance which will 

be performed mostly at the component level, unlike aboard the ISS where subassemblies are removed and replaced. 

To address the challenge of gaining access to all needed components and subassemblies different concepts where 

developed ranging from pivoting or sliding shelves, to Pallets that slide out and finally to a pivoting Pallet similar to 

the ISS solution. Pivoting the  Pallet was selected for three main reasons. First, because it allowed the internal ECLS 

Systems fluid, power and signal to remain connected to the habitat during Pallet deployment, second, that the 

mechanism needed for deployment is much simpler than other concepts reviewed and thirdly, that the associated 

service loop was much more  manageable than the other options. 

Figure 7: Habitat Ingress 
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Once the Universal Pallet shape and maintenance 

concept was established the ECLSS Team presented both 

single and double Pallet deployment with the new Pallet 

configuration to the Habitat Teams for review. Although 

double Pallet deployment reduces Pallet/Habitat fluid and 

power communication (since they can communicate to 

each other directly) it was readily agreed that the single 

Pallet deployment resulted in increased Habitat packaging 

efficiency, and was thus selected. This configuration is 

shown in Figure 8.  

Structural Launch Load requirements historically take 

considerable time to develop. The team determined, for 

now, that it was safe to assume the loads experienced 

within the Orion spacecraft, minus the abort loads, since 

the cargo ship is not expected to have an abort system. 

These assumptions resulted in around a 55 G limit load, 

and allowed the team to determine the size of the frame 

elements using Aluminum 6061-T6 properties and also to 

determine the mounting pin and locking pin diameters, 

shown in Figure 9. This information was translated to the 

Habitat Teams, allowing them to size the support structure 

elements.   

 

The Habitat Design Teams have requested, for certain 

applications, a shorter Pallet Design. The ECLSS Team 

determined that housing the equipment within “half 

pallets” would introduce a notable penalty, mostly due to 

the increase in volume lost to interface geometry. The 

ECLSS Design Team is currently reviewing a concept of 

translating the Universal Pallet, or a derivative of that, as 

shown in Figure 10 through the NASA Universal Hatch 

and then being rotated to mount more closely to the habitat 

internal dimeter. Known as the Articulated Pallet, it would be mounted to the habitat and deployed in the shape 

shown in Figure 11. These images where developed by our team members at SEArch+ the space architecture firm 

associated with Pratt Institute from Brooklyn, NY. 

 

                                                        
 

 

 

Figure 8: Deployed Universal Pallet 

 

Figure 9: Stowed Universal 

Pallet 

 

Figure 10: Articulated Pallet in 

translation configuration 

 

Figure 11: Articulated Pallet in 

locked configuration 
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VI. Conclusion 

The goal of the NextSTEP phased approach is to secure technology that can be used to advance other system 

design needs in subsequent phases. Phase 2 focused on a number of different advances, including the four discussed 

herein, including developing the schematics a highly integrated ECLS System that can be incrementally built, 

evolving from an open loop configuration to the final, closed loop configuration. This approach enables the Habitat 

Design teams to develop their ship across multiple launches. The digital hierarchal control system also supports an 

incremental build, in that each Functional Group is autonomous and that the vision is to develop each component to 

publish digital information that assists in fault isolation. The Intelligence System, when fully developed should 

allow the crew valuable information to reduce the amount of time that it takes to isolate a failed condition.  The 

Universal Pallet configuration enables the Habitat Design Teams to develop ECLSS interface without hindering 

ECLS hardware design.  
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