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  The Advanced Life Support (ALS) systems are one of the key enablers of long-duration 
human space exploration. These systems are complex, often involving interactions between 
biological and physicochemical systems. Each of these systems is made out of multiple, 
coupled loops (for example fluid flow, energy management, thermal control, gas transfer, bio-
regeneration and chemical production loops). In the case of long duration missions, given the 
limited resupply capability, it is desirable that consumables (oxygen, water) are recycled as 
much as possible with minimum losses, leading to the fact that these loops should be closed. 
Furthermore, since these life support systems perform different functions, they operate at 
different rates; in order to have the whole system performing properly, buffers need to be 
introduced between these sub-systems to accommodate different flow rates. Models of ALS 
behavior must capture system dynamics at appropriate time scales and at multiple physical 
domains, giving rise to complex simulations. This paper describes a framework for analyzing 
ALS in terms of three main design variables: loop closure rate, buffer size and system control 
complexity. Efforts to date have focused on point designs for ALS – selecting an architecture 
based on a set of system combinations and analyzing its performance. We believe that more 
progress can be achieved in the ALS field if a methodology was devised for rapid system 
assessment based on key system parameters, then studying the tradespace formed with 
different architecture combinations to identify a few promising candidates, which will then be 
subjected to in-depth, higher fidelity simulations. After describing this framework and the 
variables and parameters it is based on, this paper proceeds to examine a selection of case 
studies. Lastly, we investigate the effect of low-level control on systems and show that simple 
control can result in an improvement of the endurance of 46%. 

Nomenclature 
ALS = Advanced Life Support  
ARES = Air Revitalization System 
ATV = Automated Transfer Vehicle 
ECLSS = Environmental Control and Life Support Systems 
EMU = Extravehicular Mobility Unit 
ESM = Equivalent System Mass 
ISS = International Space Station 
MPLM = Multipurpose Logistics Module 
NLP = Nonlinear Programming 
TRL = Technology Readiness Level 
𝑚!!  = mass flow rate from system 1 to the buffer [kg/day] 
𝑚!!  = mass flow rate from the buffer to system 2 [kg/day] 
𝑛 = the number of days of redundancy [days] 
𝑚!"!#!$%= initial mass in the loop [kg] 
𝑚!"#$!= final mass in the loop [kg] 
x = design variables vector 
p = parameters vector 
J = objectives vector 
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g = constraints vector 
𝜂 = recycling efficiency for a resource [-] 

I. Introduction 
 
 The Environmental Control and Life Support Systems (ECLSS) play a vital role in human spaceflight. In 

search for answers about the Universe and our own solar system neighborhood, humans have to travel increasing 
distances and explore new worlds. In these travels beyond low-Earth orbit, astronauts have to maximize their self-
sufficiency and minimize the resupply of vital consumables1. NASA’s vision of expanding human presence in space 
includes humans exploring Mars2,3 or building deep space habitats4. This is where Advanced Life Support (ALS) 
technologies make a significant contribution: they focus on recycling the onboard resources and on increasing the 
mission endurance time (defined as the time between resupplies).  

These ALS systems are complex, because they involve multiple coupled subsystems of physico-chemical and 
biological type, which can function either in continuous or in batch mode. When these are put together, new 
interactions start to form and determine the state of the overall system. If we also add to this problem the fact that 
resources need to be recycled, we start to understand why the simulations of these systems are costly both in time 
and financial resources. The control of ALS is as complex, since the loops share resources and are highly coupled, 
and the systems that drive these loops exhibit behaviors that are easily predicted when the systems are isolated and 
difficult to predict when the system is completed. Early studies5 indicate the importance of automated ECLSS 
operation, since the monitoring and recording of data, life support equipment operation and maintenance are very 
time-consuming tasks for the crew members. Finn5 also notes that it is a challenge to develop control systems for 
ECLSS due to their complexity and high interaction rate. Since then, the majority of work has focused on the control 
of specific systems, such as the water recovery system or the air revitalization system and these control algorithms 
are specific to these systems6, on the creation and implementation of a three-tiered control architecture7 or on 
exploring intelligent ALS control options8–11. 

Today’s state-of-the-art life support systems are flying aboard the International Space Station (ISS) and, while 
some functions like temperature and pressure control, are performed autonomously, astronauts still coordinate with 
the ground when to turn on or off certain systems, for example the oxygen production system or the Sabatier carbon 
reduction system. If we look at ECLSS flight-ready hardware configurations, we notice that these have little 
architecture variability (are mostly point designs) and rely on frequent resupply from Earth. In the future, these 
architectures should be autonomously controlled, with the human playing at most a supervisory role so that the crew 
science time is extended. Additionally, these architectures should be result of a comprehensive architectural 
exploration of a variety of system combinations and they should have a reduced resupply requirement. From these 
facts, we can conclude that the control and resource management at present time is not as good as needed for long-
duration missions and new architectural combinations should be explored.  

Along these lines, Wieland12 identifies two main areas of improvement in the ECLSS field for future space 
missions: system development targeted to increase the loop closure rate and finding new methods for automated 
control and monitoring of ECLSS processes.  

 
Taking a step back and looking at the literature to get a sense of what efforts have been done up to date in the 

ECLSS field, we learn that Drysdale13 identifies that two main ECLSS architectures are needed for human space 
exploration: for short and long term exploration missions. Currently, when hardware is selected for a mission, 
designers look at mature technologies, having a high Technology Readiness Level (TRL) value to narrow down the 
space of possible technological candidates for these two main architecture types. Swickrath14 suggests that lower 
TRL architectures should also be part of the systems chosen in these architectures as they have the potential to 
increase the loop closure of resources. Therefore, the process of exploring architectures for these two major life 
support systems architecture cases, combined with a rich space of systems to choose from, will result in a multitude 
of combinations that should be assessed in terms of multiple criteria. We consider that a tradespace would provide a 
structured way to do this. Rodriguez15 indicates that dynamic, automatic search tools can be used to explore this 
tradespace.  

The next step is devising metrics to quantify the performance of the architectures plotted in this tradespace. 
Papers in the field of ALS point to a wide variety of design variables that can be used to obtain these metrics: loop 
closure for the atmosphere and water loops16, TRL16, Equivalent System Mass (ESM)16, performance (quantity, 
quality, maintainability, reliability)17, safety, control type8,18, buffer sizes10, crew productivity10 etc. Due to the 
complexity of the simulations for ALS systems, considering all of these in the same time would be prohibitive in 
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terms of computational time, so only a few of these metrics should be considered. The problem of finding an 
optimum architecture or set of architectures would best be treated as a multi-variable, multi-objective optimization 
problem, in which all the design metrics are optimized in the same time. This will produce a result that is optimum 
in terms of all the design variables, which can very different from the result obtained by optimizing only one design 
variable at a time. 

 
For all of the reasons addressed above, we have selected three design variables that we believe incorporate the 

most relevant ALS characteristics: loop closure rate, buffer size and control complexity. Loop closure rate was 
chosen because the ALS main strength is resource recycling, therefore a system’s performance will increase 
proportionally to the loop closure rate of resources it can offer. The buffer size is directly related to the system 
endurance time and more buffer capacity would directly increase this time. However, due to the mass penalty 
associated with this, having exceptionally large storage tanks is not a feasible solution. A better option would be 
represented by intelligent resource management, which leads us to the third metric chosen, control complexity. 
These three design variables form a 3D space, in which architectures can be represented in terms of their loop 
closure rate, buffer size and control complexity. More details on these three metrics and their calculation methods 
are presented in section II. 

If we select several flown missions and conceptual life support architectures from the literature in the field and 
plot them on this 3D space, we will obtain the result illustrated in Figure 1 (the data table for the architectures is 
given in Appendix A). The points in this plot fall under two categories: 

1. Existing missions: ISS19, Skylab20, Orion20, Columbus without ARES (Air Revitalization System)21, 
Columbus with ARES21,22, ATV (Automated Transfer Vehicle)21, Apollo20, Shuttle20, Spacelab21, MPLM 
(Multipurpose logistics module)21, Altair20, EMU (Extravehicular Mobility Unit)23 

2. Conceptual missions taken from the literature:  
a. An architecture formed completely of physicochemical systems24 
b. An architecture formed completely of bioregenerative systems24 
c. A hybrid architecture containing both system types24 
d. An ISS-like architecture but all open loop24 
e. A deep space, flexible path architecture2 
f. A pressurized lunar rover25 
g. A pressurized lunar habitat25 
h. A pressurized lunar habitat and rover configuration25,26 
i. A multi-mission space exploration vehicle concept27 
j. A deep space habitat concept2 

For each one of these architectures, we studied the ECLSS functions that are accomplished and, based on ISS 
data19, found in the literature or estimated: 

1. The buffer sizes in the system 
2. The complexity of control – from the systems in the architectures, we estimated the necessary control 

type for each of them (low – quantified as A, medium – quantified as B, high – quantified as C, where 
A < B < C), then multiplied this to the number of controllers in the system to get an overall figure 
indicating the level of control in the system. In the plot, the control complexity is given as low, 
medium and high, so the tradespace would not be sensitive to the values of A, B and C. 

3. The loop closure rate for the architectures. 
 
There are two interesting things to be noticed in this figure: first, the architectures form groups according to their 

loop closure rate, buffer size and control complexity. Second, we can capture and display the effect of changing a 
technology (we see an increase of the loop closure rate when Columbus contains ARES than when it does not). 
 Plotting the architectures in the space of these three design variables helps visually identify the utopia direction, 
given by the points along the direction of maximum loop closure, high control and small buffer sizes. It is interesting 
to note that there are no points in the upper right corner of Figure 1. We expect that, in the future, ECLSS 
architectures will be closer to this utopia direction. The fact that, at the moment, there are no points in this area 
indicates that this is a less-explored field of research and that efforts need to be directed towards the creation and 
exploration of such architectures, which is exactly the topic that this research aims to address. A high closure rate 
indicates that resources will be recycled with minimum losses, the high control complexity indicates that astronauts 
will not spend their time monitoring or maintaining the life support systems and will be free to explore, and the 
small buffer size is a characteristic of ‘control goodness’ and of a balanced system in terms of resource generation 
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and consumption. Good control can also help designers size life support systems to have the optimum functioning 
rate. This fact, together with the small buffer size, leads to low system mass and low ESM. 

 
Figure 1. A 3D plot of existing (blue squares) and conceptual ECLSS architectures (red circles) in terms of 

the three design variables proposed in this paper. 
 

This paper illustrates a new approach to analyze ALS in terms of the design variables outlined above. We 
consider that, while the majority of ALS control studies to date have focused on specific control algorithms tailored 
for certain systems (such as the water recovery system or the air revitalization system6,21) or on the ECLSS of 
specific architectures (as seen in Figure 1 – the red circles), a significant contribution to the ALS control field can be 
made by taking a step back and designing a control strategy for the overall ALS system, while keeping in mind the 
loop closure rate of the system and the sizes of the buffers. It is such a strategy that this paper is exploring, as 
presented in the next section. 

 

II. Framework for Advanced Life Support Systems Control 
 
The objective of this framework is to analyze ALS in a novel way in function of a combination of three design 

variables: buffer size, loop closure rate and control complexity. Before we address the problem formulation and the 
approach it will take towards its solution, we will define these three design variables.  

A. Design variables definition 
 

1. Buffer size 
 
Buffers are needed in an ALS system to accomplish three functions: they provide resource storage, interface 

systems functioning at different rates and absorb the noise introduced by the systems and helps maintain ALS loop 
stability. A typical case in which a buffer would be used as an interface between two systems functioning at 
different rates is illustrated in Figure 2. This case is representative for all the cases in which buffers are used; in the 
case in which the buffer is a resupply tank, then in Figure 2 we would not contain System 1 and System 2 will take 
resources directly from the buffer. 
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Figure 2. An illustrative case for typical buffer usage as an interface between two systems. 

 
A quick analysis gives the formula for estimating the capacity of a buffer: 
 

𝑏𝑢𝑓𝑓𝑒𝑟  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
𝑛 ∙ 𝑚!! −𝑚!! ,            𝑖𝑓  𝑚!! > 𝑚!!
0,                                                                      𝑖𝑓  𝑚!! = 𝑚!!    
𝑛 ∙ 𝑚!! −𝑚!! ,            𝑖𝑓  𝑚!! < 𝑚!!

 

 (1) 
where n is the number of days of reserve we want the buffer to last in when system 1 breaks down and 𝑚!! and 

𝑚!!are the demand mass flow rates of the two systems, expressed in kg/day. 
 

2. Loop closure rate 
The loop closure rate is defined as the recovery of air and water from metabolic carbon dioxide and wastewater 

resources26, or as the recycling efficiency of the system (the amount of consumables the system can recycle). As a 
first order approximation, we have chosen to express it as one number for all the resources existent in the system and 
not differentiate between resource types. 

𝑙𝑜𝑜𝑝  𝑐𝑙𝑜𝑠𝑢𝑟𝑒  𝑟𝑎𝑡𝑒 = 1 −
𝑚!"#$%

𝑚!"!#!$%
 

(2) 
where mfinal is the mass [kg], of the resources that are not recyclable anymore at the end of the mission and exist 

in the virtual sink buffer shown in Figure 3 (ex. brine, tiles from the heat melt compactor etc.) and minitial [kg] is the 
sum of consumables mass for the mission, regardless of their state (liquid, gaseous, solid). Essentially, mfinal is the 
mass of the losses in the system: 

𝑚!"#$% = 𝑚!! −   𝑚!! + 𝑚!! −   𝑚!!   𝑑𝑡    
!"##"$%  !"#  !"#$

!

 

(3) 
 

 
Figure 3. A loop in which a resource is circulated to illustrate the calculation of loop closure rate (as per 

equations (2) and (3)). 
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3. Control complexity 
Since the mid-1990’s, ALS experimentation used a three-layer architecture, known as 3T, to design, organize 

and develop central control software for intelligent applications28,29. Figure 4 shows the three layers that compose 
this architecture, each of these completing the following tasks: 

- The highest level controller, called the planning/scheduling 
controller is in charge of balancing resource consumption with the 
available resource level 

- The medium level controller, the task level sequencer, converts 
goals from higher level to sequences of continuous activities 

- The low level controller handles sense and act processes and 
manages individual subsystems. 

The 3T architecture offers the advantage of combining low-level 
control of individual systems with automated planning and scheduling 
controllers. In order to evaluate the performance of these controllers, we 
have selected relevant metrics for each level; these are given in Table 1. 
For the planning/scheduling controller, the most important actions are to 
schedule tasks to keep the life support system in balance. This means that 
it must be a highly reliable controller; able to maximize the time the crew 
is available to do science by minimizing the time the crew spends on 
system repair and maintenance. It should also maintain a balance between 
resource consumption and production, with production greater with a 
certain amount than the consumption rate (as a safety measure), with the 
extra resources stored in buffers. Since the controller optimizes the 
resource consumption and production, it follows that the peak size of 
these buffers should not be too large.  

The second level controller’s job is to map the high-level commands 
from the scheduler to low level actions that the system controllers will 
perform. In this case, the command conversion time is of essence and 
should be minimized for the system to have a hard real time functionality, 

while also minimizing the amount of erroneous commands it generates. 
For the lowest level control, the metrics we consider of interest are the number of channels that the controller has 

available for sense and control actions, its bandwidth and its type (linear like minor or PID, or nonlinear). 
The quantification of the complexity for each control type is currently under investigation; this will probably be the 
result of a weighting between the metrics in Table 1 and a number indicating the performance of the controller in 
each of these metrics (a technique similar to the one applied in Figure 1). The control type is a choice made by the 
designer and the control complexity is a result of this choice, depending on the metrics in Table 1 and the 
performance of the controller in each of those metrics.  

 
 

Table 1. The metrics associated with each control level in the 3T architecture. 
Controller level Metrics 
Planning / Scheduling Crew time, peak buffer size, reliability10 
Task level sequencing Conversion time from high level to low level commands 
Low-level control Controller complexity (product of number of channels, 

bandwidth and controller type) 
 

B. Problem formulation 
 
We formulated the ALS architecture design problem as a multi-objective optimization problem: given a set of 

design variables, we seek to maximize certain objectives while minimizing others. It is essential to optimize for a set 
of objectives and not just for one at a time, because the optimum design for a combination of objectives is usually 
extremely different from the sum of the optimum design in terms of single combinations.  

In order to define the optimization problem, we first to establish the design vector x, the objective function J, the 
constraints g and parameters p:  

 
Figure 4. The 3T intelligent control 
architecture control layers. 
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𝐱 =
𝐵𝑢𝑓𝑓𝑒𝑟  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦  (𝑘𝑔)

𝐶𝑜𝑛𝑡𝑟𝑜𝑙  𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦  (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)
𝐿𝑜𝑜𝑝  𝑐𝑙𝑜𝑠𝑢𝑟𝑒  𝑟𝑎𝑡𝑒  (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

     

(4) 
 

𝐉(𝐱,𝐩) =
𝐸𝑛𝑑𝑢𝑟𝑎𝑛𝑐𝑒  𝑡𝑖𝑚𝑒  (𝑑𝑎𝑦𝑠)
𝐶𝑟𝑒𝑤  𝑡𝑖𝑚𝑒  (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠)

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑆𝑦𝑠𝑡𝑒𝑚  𝑀𝑎𝑠𝑠  (𝑘𝑔)
    
!"#$%$&'(

      
𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒
𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒

 

(5) 
 

𝒈(𝒙,𝒑) =       
𝑃𝑜𝑤𝑒𝑟  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  (𝑊)

𝑀𝑎𝑠𝑠  𝑜𝑓  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑  𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠  (𝑘𝑔)    

(6) 
 

The vector that contains the maximum constraints values is gmax, defined as:  

𝒈𝒎𝒂𝒙(𝒙,𝒑) =       
𝑀𝑎𝑥𝑖𝑚𝑢𝑚  𝑝𝑜𝑤𝑒𝑟  𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒  (𝑊)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑚𝑎𝑠𝑠  𝑜𝑓  𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠  𝑖𝑛  𝑡ℎ𝑒  𝑠𝑦𝑠𝑡𝑒𝑚  (𝑘𝑔)    

(7) 
 

𝒑 =
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑐𝑟𝑒𝑤        
𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡        
𝑀𝑖𝑠𝑠𝑖𝑜𝑛  𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

 

(8) 
We can then formulate the NLP problem as follows: 

𝑚𝑎𝑥/min 𝑱 𝒙,𝒑   𝑠𝑢𝑏𝑗𝑒𝑐𝑡  𝑡𝑜  𝒈 𝒙,𝒑 ≤   𝒈𝒎𝒂𝒙 𝒙,𝒑    
(9) 

Our objectives are to maximize the mission endurance time and crew time and minimize the equivalent system 
mass by changing the capacity of the buffers in the system, the control complexity and loop closure rate while 
satisfying the given power level and mass of consumables in the system for a given number of crew, environment 
and mission duration. For instance, when we have an architecture with a certain endurance for a loop closure rate 
values and buffer sizes, we can add intelligent control techniques to increase the endurance and, as a consequence, 
lower the buffer sizes. Alternatively, if the intelligent control technique is expensive in terms of complexity and 
computational time, we can choose to implement a simpler control technique and increase the buffer sizes in the 
system in order to achieve the same endurance. 
 

C. Framework description 
 
The decomposition of the ALS framework into a succession of processes is presented in Figure 5. The starting 

point is a system selector block. This block has knowledge about the high-level structure of the ALS system and will 
choose from an ECLSS database a combination of systems that can perform the functions required by the 
architecture. It will also determine if, where and what capacity buffers need to be introduced in the system and 
output different architectures. The next block receives these architectures and applies the 3T framework28 to them, 
determining what systems require a special control strategy and implementing controllers at the three levels from a 
database of different controller types. Having determined the systems in the architecture, the buffer sizes and the 
control of this architecture, we can then proceed and simulate this architecture with a custom simulator or with 
BioSim10. From the simulation output we will calculate the objective values for the optimization problem. These 
will then be fed into the optimizer, which, based on the previous design vector values, will make the necessary 
changes to these so that, after several runs, the objectives in J are satisfied. The optimizer has the option of feeding 
back into the previous loop blocks at two points: it can modify the control selection or the systems that compose the 
ALS architecture. This can be done automatically by the optimizer or manually to generate architectural 
combinations of interest. 

After each run of the optimizer, the J, x, p, g are recorded. The architectural combinations that are feasible can 
be plotted on the objective or the design variable space. The framework can be used to investigate a number of 
different research questions, such as: what do the design space and objective space look like, what are the 
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characteristics of the architectures on the Pareto front, is there any common design variable level that puts them 
there, are there groups of points or are they evenly spread out etc. This framework captures a number of approaches 
into a novel combination: an automatic architecture selector is combined with a multivariable, multi-objective 
optimization problem and with tradespace exploration. 

Up to present time, a preliminary study has been conducted by plotting flown missions and design points from 
the literature on a 3D space formed by buffer size, control requirement and loop closure rate. We aimed to see what 
the tradespace looks like and if there are any common areas in it. As presented in Figure 1, the architectures in this 
3D space start to form clusters; this is an interesting result and one that warrants further exploration.  

The preliminary results shown in the next section are focused on the simulator block in Figure 5: we have built 
and tested a generic system model, connected two such systems with buffers and studied the loop behavior, 
introduced noise in the loop and studied the benefits of resupply for the systems. Finally, we combined a batch 
processing system with a continuous time one and analyzed the resulting behavior.  

We are currently working on connecting several such loops, so that we can apply the multi-objective 
optimization problem to this research. 

 
 

 
 

Figure 5. Process flow of the framework for ALS control proposed in this paper. 
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III. Results 
 
This section presents preliminary system simulations (in Matlab) under different configurations. They serve as a 

proof of concept for different ALS scenarios and as building blocks for the simulator block shown in the process in 
Figure 5.  

The first thing we modeled is a generic ALS system. Our goal is to develop a process to analyze ALS 
architectures in terms of the three parameters of interest: loop closure rate, buffer size and control complexity. 
Therefore, the models presented in this section are developed such that these three parameters are clearly included in 
the model so that they can be easily modified and their influence can be observed. The starting point for such an 
architecture is shown in Figure 628. We downscoped from this architecture to simple, proof-of-concept simulations 
in which we could capture and observe the influence of the three design variables we are primarily interested in. 
Consequently, after modeling one ALS system, the next step was to connect two such systems with buffers and 
examine this architecture in terms of the three design variables. For these cases, we have considered that the systems 
simulated handle a generic resource, the same throughout the loop. We have introduced noise and also studied the 
effects of resupply in the loop. Finally, since ALS architectures include batch and continuous time processes, we 
have studied a simulation scenario in which the systems function in these two modes. 

 

 
Figure 6. An example of a lunar ALS architecture28. 

A. System model 
 
A system is modeled as having a recycling efficiency and an offset. In a real system, for example in a Sabatier 

CO2 carbon reduction system, these two parameters map to the following: the efficiency corresponds to the single-
pass efficiency, and the offset is represented by a constant leakage rate during the conversion of the inputs to outputs 
(Table 2). This offset would be caused, for example, by an unbalanced supply of one of the reactants to the system; 
if this is the case, the conversion result will be rich in that reactant and it will not be used in the conversion process, 
thus being ‘lost’; this process is simulated by directing this mass to the sink buffer in the system. The buffers 
themselves can also have leakage, we chose to model both these processes (the systems offset and the buffers 
leakage) in the same time, by putting the sum of the offset and the buffer leakage in the ‘sink’ buffers of the system 
(shown with a dotted line in Figure 8). The resources in the sink are not usable in the rest of the simulation and 
contribute to mfinal in equation (3). 

The schematic of our simulation is shown in Figure 7. The system under test is the plant, controlled by a PID 
controller whose purpose is to reduce the offset effects at the output. It does this by controlling the valves that feed 
the reactants to the system, to ensure that they are at the correct flow rate. Disturbances (ex. an increased 
temperature) can act on the system, and cause the ratio of reactants that the system needs to fluctuate. In this case, 
the controller senses this and adjusts the reactants mass flow rates accordingly. 
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Table 2. The correspondence between the simulated system parameters and a real system – the Sabatier 
carbon dioxide reduction system. 

Parameter Simulated system Sabatier CO2 reduction system 
Equation output = η × input - offset CO2 + 4H2 −> CH4 + 2H2O + heat 

η Recycling efficiency Single-pass efficiency = 99%
30

 
offset Loss in input for every conversion 

cycle 

1% lost mass in a conversion cycle 
or more if external temperature or 
reactants mixing ratio not nominal 

 
Figure 7. The schematic of the simulation. The system under simulation is the plant, and it is controlled by a 

PID controller to reduce the offset caused by incorrect flow rates of reactants into the plant or by outside 
temperature variations (disturbances). 

 

 
Figure 8. The offset of the systems – the amount of resource that is lost due to system non-ideality, is 

represented as going into a virtual sink. 

B. Systems and buffers model 
1. Scenario 1 – Systems without noise 

 
Figure 9. Two systems interconnected by two buffers. The simulation includes a virtual sink buffer for the 

losses of the systems. 
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The scenario simulated is illustrated in Figure 9. It contains two systems interconnected by two buffers and a virtual 
sink buffer to capture the systems losses. The systems handle the same generic resource (it can be air, water etc.). 
We have assumed that the systems are characterized by parameters as presented in  Table 3. 

For these simulations, resources are considered to be stored only in buffers, systems 1 and 2 and the piping 
connecting the systems to the buffers are considered massless. 

 
 Table 3. System parameters for scenario 1. 
 System 1 System 2 
System efficiency (unitless) 0.9 0.8 
Offset (kg/day) 0.2 0.2 
System demand rate (kg/day) 2 2 
Buffer initial state (kg) 20 20 

 

  
Figure 10. The results of scenario 1 simulation. Left: state of buffer 1 and system 1, right: state of buffer 2 

and system2. 
 
 The results of the simulation for the two buffers and two systems are shown in Figure 10. On the left part of this 
figure, we can see the state of buffer 1 decreases in time, as system 2 gets resources from it. Meanwhile, system 2 
input is kept to the nominal level of 2kg/day, its output is given by the multiplication of the input with the system 
efficiency, minus the offset. On the right side of Figure 10, we can see the state of buffer 2 in this simulation: it 
decreases with a smaller slope value while buffer 1 contains resources, once this buffer is empty the slope increases, 
showing that the increased consumption rate of resources in the loop once buffer 2 is the only one feeding the loop. 
System 1 input is kept at the nominal value of 2 kg/day as long as resources exist in the loop, then decreases to zero. 
The output value is determined similarly to the output of system 1: system input is multiplied by the system 
efficiency and the offset is subtracted. When buffer 1 is empty, we observe that the input of system 1 decreases, and 
the consumption rate of buffer 2 is increased (this is observable in the increased slope of buffer 2 from timestep 35 
to 40). Therefore, these simulations are capable of capturing mid-fidelity system dynamics. 
 If we introduce a controller to compensate the system offsets, we can reduce the system losses to the virtual sink 
buffer and increase the loop endurance: Figure 11 shows the impact of this low level control on the system: the 
buffer starts from its full state (assumed to be 20kg) and lasts for 47 days when the system feeding from it is 
controlled for offset compensation. If the system is not controlled, then the duration of the resources in the system is 
of 32 days – therefore we can achieve an improvement of 46% if we compensate for the offset of the systems. 
Buffer 2 (shown on the lower part of Figure 11), has resources lasting for 39 days without offset compensation, and 
64 days with offset compensation. We notice that its resources last longer than the resources in buffer 1, this is due 
to the fact that the consumption and replenishment flow rates are different (lower) for buffer 2 then they are for 
buffer 1. After buffer 1 is empty (day 47), we notice an increase in the slope of buffer 2 consumption trend, showing 
that it is supporting the entire loop resource demand.  
 In conclusion, while these numbers are highly dependent on the system characteristics and processing rates, they 
are used in this example as a proof of concept, to show that, if the systems are controlled (with a low level, PID type 
controller) to function at their nominal parameters, the lifetime of resources in the loop is increased. This fact gains 
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an extreme importance once humans explore farther away from our home planet and resources become increasingly 
valuable since resupply is prohibitively expensive and rare. 

 
Figure 11. Comparison between the states of buffer 1 (top) and buffer 2 (bottom) when the systems 

in the simulations are not offset compensated (blue) and when the offset is compensated (red).  
 
2. Scenario 2 – Systems with noise 

 
Figure 12. Two noisy systems connected by two buffers. The simulation scenario includes a virtual sink 

buffer, to capture system losses. 
 
 In the real world, systems are noisy and their efficiency is not a constant variable. The purpose of scenario 2 was 
to study the effects of noisy systems in the loop and examine how the buffers can absorb the noise in the loop, 
maintaining system stability. If the noise would not be absorbed, the loop may become unstable when the systems 
take as input a noisy variable and amplify it, adding noise on top of this already noisy variable. 
 In this scenario, we have modeled the systems to have a noisy efficiency value, following a uniform distribution 
between 70 – 99% of the original efficiency value. The impact of noise on both systems and buffers in the 
simulation is shown in Figure 13. We see that the outputs of system 1 and 2 are noisy, but that this noise is absorbed 
by the buffers and so the system inputs are clean values. Except the changed efficiency value, the rest of system 
parameters values are the ones from  Table 3.  
 We also notice a slight increase in endurance, which is due to the choice of the upper limit for efficiency, 99%. 
This translates to the fact that the systems may have a 99% efficiency, leading to a very low resource transition to 
the sink buffer, which prologues the resources lifetime in the loop by 5 days on average (this number is dependent 
on the selected mass flow rates for the systems and the buffers initial sizes). This is a side result of the simulation, 
the main point that we wanted to show is that buffers will absorb the noise in the loop and minimize the potential of 
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the loops becoming unstable due to noise amplification. Further frequency domain analysis is in progress to quantify 
this statement. 

  
Figure 13. The impacts of noise on the loop systems and buffers: we see that although the system outputs are 

noisy, the buffers in the loop absorb this noise and the system inputs are clean values. 
 
3. Scenario 3 – Resupply 

In the two scenarios studied above we assumed no resupply. If we do take into account this option, we can 
additionally extend the endurance of the systems. The resupply can be scheduled and arrive at certain points in the 
mission timeline, which is the most realistic scenario when we consider astrodynamic factors. For the purposes of 
this simulation, we have assumed that resupply is timed when the buffers approach their empty state, as shown in 
Figure 14. We observe that the frequency of resupply is different for the buffers in this simulation, this is due to the 
configuration simulated: buffer 1 is consumed at a higher rate than buffer 2 is, and it is replenished at a lower rate 
than buffer 2 is, which explains why it is emptied at a higher rate than buffer 2. 

The system parameter values are as shown in  Table 3. 

 
Figure 14. The impact of resupply in the simulated loop. The discharge rates for the two buffers 

are different due to the different consumption and replenishment rates of the systems in the loop. 
 
When the resupply is timed such that the systems are always fed with the nominal input rates, we will never see 

a discontinuity in the systems functionality. Once the resupply comes later, we can start seeing a linear decay in the 
system input and output values, that mirror the decrease of resources in the system. In real flight systems, the aim is 
to have the resupply arrive before the buffers discharge over a certain safety threshold.  
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4. Scenario 4 – Systems with different processes – batch and continuous combination 
One of the difficulties of ALS architectures is that they include batch and continuous time processes. Scenario 4 

aims to capture this effect: system 1 functions in batch mode: it accepts an input of 10kg/day at discrete times in the 
simulation. System 2 continuously demands resources at a rate of 2kg/day. We observe that the simulation is able to 
capture the effects of this scenario: system 1 input and output signals are formed by a burst of signals of amplitude 
10 kg/day. This process is uncontrolled, which is why we see this variation in input and output rates. It is obvious in 
this case that control is needed, since it is generally not advisable to shock systems in this manner both from a 
functionality and reliability point of view.  

  
Figure 15. The state of system 1 and 2 and their corresponding buffers when system 1 is functioning in batch 

mode and system 2 in continuous time mode. 

 

C. Loop model 
 After having studied the scenarios presented 
above, the next step was to incorporate two 
resource types (clean and dirty) in the loop and 
create a control system for the loop so that the 
systems function at nominal input values and 
the resource types do not mix. Starting from the 
ALS architecture concept shown in Figure 6, 
we have simplified it to a single loop, as 
presented in Figure 16.  

If the resource in this loop is water in its 
two states (clean and dirty), then we can 
consider system 1 to be the water cleaning 
system and system 2 to be the human, 
transforming clean water to dirty water.  

This scenario allows the study of the 
parameters of interest for our framework in the 
following ways: 

- the loop closure rate is determined by 
the conversion efficiencies of the systems and 
the amount of resources that accumulates in the 
virtual sink buffers 

- the control method can be studied by 
applying different types of control to the loop 
controller 

- the buffer sizes are directly accessible in 
the simulation and can be set to any desired 
value.  

 
Figure 16. Model of a loop in which we can capture the 
effects of loop closure rate (given by the efficiencies of the 
systems and the amount of resources in the sink buffers), 
control complexity and buffer sizes. 
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Additionally, the loop can function in different modes, analog of the ALS cases: 
1. open loop functionality – system 1 does not exist, system 2 feeds from the clean resources buffer until the 

resources have been consumed. No other loop elements are used. 
2. Closed loop functionality – system 2 takes clean resources from the buffer, transforms them into dirty 

resources. These are then stored in the dirty resource buffer until they are ready to be recycled by system 
1. There are variations of this scenario: 

a. System 1 functions in continuous mode, like system 2. 
b. System 1 functions in batch mode and system 2 in continuous mode. 
c. System 1 functions in continuous mode and system 2 in batch mode. 
d. Both systems function in batch mode. 

For this simulation scenario, we have considered the leakage of the systems to be compensated by a low level 
controller and only the buffer leakage is considered. This leads to a simplified analysis, in which the buffers contain 
either clean or dirty resources, but never a mix of them, as would be the result if system offset was considered. 

Through the simulations presented above, we have shown that we are capable of capturing the effects of all these 
functioning scenarios. Simulations of the loop shown in Figure 16 are currently in progress. Once simulations for 
this loop are complete, an entire ALS architecture can be built through the modular connection of several such 
loops, each handling a different resource type. The next then is to explore different architectural combinations and 
build the tradespace for the design variables and objectives of this multi-disciplinary optimization problem. 

 

IV. Conclusions  

A. Paper summary 
 
This paper presents a framework for ALS control. The problem we are focusing on is formulated as a multi-

objective optimization problem: given a set of design variables, we seek to maximize certain objectives while 
minimizing others. It is essential to optimize for a set of objectives and not just for one at a time, because the 
optimum design for one objective can be very different as the optimum one for a different objective. Our set design 
variables are loop closure rate, buffer size and ALS control complexity. The objectives are to maximize the 
endurance time of the mission, minimize the control complexity and maximize crew productivity. This paper 
presents this framework, formulates the problem and shows preliminary results of proof of concept simulations of 
buffers and systems with and without offset control, with and without noise and with systems functioning in batch 
and continuous modes. The primary focus for work up to date has been on system simulations and the study of the 
three main design variables used in this framework and their influence on the objectives J.  

B.  Paper contributions 
 
 This paper makes three main contributions: 

a) It defines the 3D tradespace of loop closure rate, buffer size and control complexity and populates it with 
data from existing and proposed ECLSS architectures (Figure 1, Appendix A). 
b) It provides a clear definition of the loop closure rate. Rather than it being an instantaneous metric, it is 
defined here as a cumulative metric, that requires integration over a finite time (mission time), as shown in 
equations (2) and (3). 
c) It illustrates a set of system simulations with and without offset control, with and without noise and with 
systems functioning in batch and continuous modes. These are proof of concept simulations, with the purpose of 
analyzing how the situations describe above impact the systems endurance given a certain combination of buffer 
size, loop closure rate and control complexity. 

 

C. Future work 
 

 As part of our future work, we intend to add to the low level control other intelligent control types to recreate the 
3T architecture. We will then develop the framework blocks shown in Figure 5, which will enable us to analyze the 
optimization problem. We expect to see as a result of this process a spread of architectures, from which we can 
identify a Pareto front. The selection of any one architecture from this front will result in an architecture 
characterized by a certain loop closure rate, buffer size and control complexity. This architecture will have a certain 
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endurance; we can explore how modifying the control type and the buffer sizes can result in the same endurance 
value – that is, we can, starting from an architecture, adapt it to fit our needs: if we are limited in launch mass and 
consider that buffer sizes should be as small as possible, then we will increase the control complexity and decrease 
the buffer sizes. Otherwise, if our goal is to keep the control simple, we can choose to increase the buffer sizes. The 
framework shown in this paper provides the means to conduct such an analysis.  
 
 
 

Appendix A – Data Tables for Figure 1 

A. Existing architectures 
Name Definition Loop closure rate Buffer 

size 
Control complexity 

Altair20 Lander, responsible for transporting the crew from 
lunar orbit to lunar surface and back to orbit to 
rendezvous with Orion 

0 air, 0 water Small 2 major, 2 minor 

Apollo 20 Crew of 3, duration 12 days (Apollo 17) 0 air, 0 water Medium 2 major, 2 minor 
ATV (Automated 

Transfer Vehicle) 21 
Automated Transfer Vehicle 0 air, 0 water Small 1 medium control function, 2 

monitoring functions 
Columbus 21, 

(without ARES) 
Is the European research module of the ISS 0 air, 0 water (some 

functions 
performed by 
USOS ISS but not 
this module) 

Large 3 major control functions, 8 
monitoring functions (so assume 
minor type of control), 2 medium 
control functions 

Columbus with 
ARES 21,22 

Engineering model is being assembled, 
development ended in 2001 
Closed loop air revitalization system 

100% hydrogen and 
oxygen 

Medium 
(for 
water) 

3 major control functions, 1 bang 
bang 
 

EMU23 Extravehicular Mobility Unit 0 air, 0 water Small 1 medium, 2 minor 
ISS19  International space station 85% water, 50% 

oxygen 
Large 5 major functions, 5 minor 

MPLM (Multi 
purpose logistics 

module) 21 

Transfer of racks to and from ISS by Space Shuttle 0 air, 0 water Small 2 major functions, 2 medium 
control functions, 3 monitoring 
functions 

Orion 20 Crew transfer vehicle to ISS or lunar orbit; has to 
accommodate 6 months stays, 4 crew 

0 air, 0 water Large 3 major, 3 medium, 1 minor 

Shuttle20 Open loop system, 6-17 days missions, crew 6-7 0 air, 0 water Medium 3 major, 2 minor 
Skylab20 US first space station, 171 days, 3 crew 0 air, 0 water Large 3 major, 3 minor 

SpaceLab 21 European laboratory for science aboard the Shuttle 0 air, 0 water Medium  4 dedicated control functions, 4 
general control functions 

B. Conceptual architectures 
Name Definition Loop closure rate Buffer size Control complexity 

Bioregenerative 
systems 24 

Bioregenerative systems only 0.4 9 buffers 
Medium 

3 medium, 3 minor 

Deep space flexible 
path ECLSS2 

For Moon, Mars, asteroids and comets 90% air, 90% water Large 4 major, 4 medium 
functions 

Deep space habitat2 JSC concept study, non-planetary 
habitat, crew of 4, 388 days duration 

of mission to transit from LEO to 
NEO (asteroid 2008 EV5) 

85% water, 90% air 2 large 450kg water 
tanks, 1545kg oxygen, 

281 kg nitrogen  
Large 

6 major, 6 minor 

Hybrid systems24 Hybrid systems = combination 
physicochemical and bioregenerative 

0.9 11 buffers 
Large 

3 medium, 3 minor 

ISS open loop24 ISS-like but open loop 0 9 buffers 
Medium 

3 major, 3 minor 

Lunar outpost – 
includes habitat and 

rover25,26 

Pressurized habitat and rover 
configuration ECLSS 

 90% air and 90% water Large 7 major functions, 13 
medium functions, 7 
minor needs extra 
control for the habitat-
rover interface 

Multi-mission space 
exploration vehicle27 

Moon, Near Earth object (NEO) or 
deep space missions, crew of 2 for 7 
days or 4 for 72 hours (emergency) 

90% air, 90% water Medium 4 major, 7 medium,4 
minor 

Physicochemical 
systems24 

Physicochemical systems only 0.7 11 buffers 
Large 

3 medium, 3 minor 
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Pressurized lunar 
habitat 25 

Pressurized lunar habitat ECLSS 90% air and 90% water 
(has ISRU to generate 

oxygen and water) 

Large 5 major functions, 11 
medium functions, 5 
minor 

Pressurized lunar 
rover 25 

Pressurized rover ECLSS 0 air, 10% water (water 
save function, takes 
water vapor in CO2 

stream and returns it to 
cabin ventilation loop -> 

collected as liquid 
condensate 

Medium (oxygen, 
nitrogen, water, waste 

water, waste) 

3 major functions, 3 
medium and 2 minor 
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