
RECONFIGURABLE CONTROL SYSTEMS FOR

LIFE SUPPORT SYSTEM IN FUTURE

EXPLORATION MISSIONS

Haibei Jiang∗ and Luis F. Rodŕıguez∗
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A reconfigurable control system is an intelligent control system that detects faults within
the system and adjusts its performance automatically to avoid mission failure, save lives,
and reduce system maintenance costs. The concept was first successfully demonstrated by
NASA between December 1989 and March 1990 on the F-15 flight control system (SRFCS),
where software was integrated into the aircrafts digital flight control system to compensate
for component loss by reconfiguring the remaining control loop. This was later adopted in
the Boeing X-33. Other applications include modular robotics, reconfigurable computing
structure, and reconfigurable helicopters.

The motivation of this work is to test such control system designs for future long term
space missions, more explicitly, the automation of life support systems. Due to the com-
plexity of the system, a large amount of automation will be required and the corresponding
control system will need to perform normally even in the presence of drastic changes in
the system dynamics due to abrupt system component failures (sensors or actuators) or
rapid change in operating conditions (temperature or energy).

Utilization of such a technique is essential for systems expected to experience several
component failures during exceedingly long missions, tightly limited on resupply. Several
pre-programmed control laws, or contingency plans, will be stored onboard for immediate
adjustment when failure occurs for anticipated challenges; in addition, machine learning
techniques can also be utilized for unpredicted scenarios where an automated on-line failure
accommodation technique will help to ensure mission success and crew safety.

A conceptual example for a lunar outpost setting will be presented to determine the
benefits and costs of reconfigurable control utilizing the previously developed BioSim mod-
eling tool. The paper will focus on a literature review, problem formulation, and design
procedures. Future work will also be proposed.

I. Motivation

Space systems designed for long duration and multiple objectives are often accompanied with nonlinear
dynamics to be controlled and optimized. Conventional control methodologies usually suffer from dealing
with systems that are time-varying, ill-modeled, and with response delays. Unpredicted component failures
add another level of complication for the control systems and therefore affect their reliability and cost in those
applications. The need for developping a ‘smart’ control system that is adaptive, capable of intelligently
identify failures and seek for solutions, and maintain system functionalities, leads us to the pursuit of utilizing
reconfigurable control.

∗Department of Agriculture and Biological Engineering

1 of 11

American Institute of Aeronautics and Astronautics



A. Definition

1. What is recongfigurable control?

• Reconfigurable control is an adaptive control law that responses to operational condition changes or
abrupt system component failures, including the lose of actuator and sensor.

• Advantage of such a control system is that it doesn’t just stabilize the impaired system, when possible,
it also preserves as much of the system dynamics as possible.

• Moreover, given the complexity of the systems that the control architecture is designed for, previous
research has encountered bottleneck that requires a successful integration of some proper learning
abilities so as enable the control system to identify unknown failures as well as to find a solution for
the failure encountered.

• Therefore, the three major components of the proposed reconfigurable control system can be summa-
rized as follows:

– FDI - Fault Detection and Identification

– ARC - Adaptive Reconfigurable Control

– AI - Artificial Intelligence (Learning Algorithms to identify failure and find solution)

2. Benifits of reconfigurable control

Reconfigurable control system has the ability to approximate arbitrary control functions, such that the
system can adjust itself to a wide range of deficiencies, including component random failure, stochastic
input/output, or sensor and actuator failure.

Figure 1 illustrates the orginal concept for reconfigurable control system design initialized by NASA back
in 60s. The idea was to design a control system that is self-adjustable and quick enough in control response
so that even a situation like warcraft losing a wing occurs, the mission can still be completely safely. . .

The most significant benefit of such a reconfigurable system is to provide spatiotemporal robustness
(stability) and rapid adaptability (functionality) for the system. The consequence of these improvements is
essentially a considerable cost reduction due to the facts that reconfigurable control system can:

• reduce human intervention for operation and maintenance

• increase system reliability, and therefore, mission lifetime

• avoid loss of properties

More specifically, it has several system level objectives which make the design of such a control system an
interdisciplinary task.

• Maintain system stability in case of predicted/unpredicted failure

• Preserve as much original system’s performance as possible

– Equilibrium - Preserve the designed system equilibrium point(s)

– Output trajectory - preserve nominal y(t) (component outputs as a functions of time)

– State trajectory - preserve nominal x(t) (environmental states as functions of time)

• Optimize system redundancy design

• Increase system reliability with the reconfigurable control system

• Reduce system cost with the reconfigurable control system
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Figure 1: Computer illustrated reconfigurable control system
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B. Opportunity

What are the research opportunities related with reconfigurable control in the field of ECLSS? The realization
of reconfigurable control system faces some bottlenecks in expanding its applicablity. Some existing limitations
are listed below. They are essentially the drives that lead us to the explore the opportunities in this field.

• It has always been studied as a part of the general adaptive robust control or treated as an uncertainty
that enters the system or restricted to some specified classes of failures for which a corresponding control
law for the impaired system has been designed and stored.

• The objectives of achieving stability and maintaining original system dynamics should be included
explicitly at the same time.

• Most of the control systems under consideration has a tightly constrained time frame for the reconfig-
urable process which limited its applicability.

• Fault diagnosis methods must be applied prior to control reconfiguration, is it necessary to design the
reconfigurable control law in advance or it can be design progressively when failures occur?

More generally, flexible space systems are often time varying and the existing models are usually ill-
conditioned. These facts create great challenges for conventional control methodologies (classic, contemporary
approaches). All these limitations were overlooked for systems that can be simplified but can hardly be tolerated
for designing extremely complex system with long mission durations and high reliability requirements.

On the other hand, the reasons why reconfigurable control system is especially applicable to ECLSS are
summarized as follows:

• Buffering capability (response delay, reference to the validation paper) in the presence of biological or
environmental control component failures. This is regarded as the most significant factor that allows
reconfigurable control to be applied on ECLSS since it provides the opportunity to ‘train’ artificial neural
networks or other learning algorithms to allocate malfunctions and progressively find a solution.

• Needs and existence of system flexibility -¿ time varying/ill conditioned models

• Strong need for reliability and cost optimization for life support system in long term space missions

• Optimization for contingency planning and redundancy allocation

– Adjustable components operational capacity

– Storage overcapacity

– Online/Offline redundant components

C. Challenge

What are challenges for reconfigurable control system? Regenerative life support system is not a simple
integration of subsystems, sensors and actuators. It is a complex system with numerous amount of inputs
and outputs that depend on how components are integrated and what are the components’ operational needs.

The following challenges have been foreseen by the authors as the major roadblocks.

• Expert opinion based fault prediction/identification system (for both predefined faults and the learning
algorithmsa )

This is regarded as the most significant bottleneck for implementing reconfigurable control system effectively.
The reasons can be concluded as:

• Lack of experimental data

• System complexity poses serious problems for deriving equations of motion to represent system dy-
namics

aNeed to determine the ‘correct’ learning algorithm, previously, ANN is the one that has been studied most extensively for
reconfigurable control purpose.
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– Dimensionality

– Multiple Inputs and Multiple Outputs (MIMO)

– Lack of widely accepted system state space representations

– Undefined system performance index, especially crew performance index

– Biological components can increase the chance of occurrence of unpredicted failures(random failure
and stochastic performance)

II. Literature Review

The literature review focuses on reconfigurable control as a whole rather than specific approaches such
as Artificial Neural Networks.

Previous applications in war aircrafts design do not feasibly allow learning algorithms to be applied when
unknown faults occur. This fact strictly limits the control system only to solve problems that have been
foreseen and solved prior to the mission. Figure 2 shows the structure diagram of a typical reconfigurable
control system. ’Plant’ is the facility or system that we desire to control; ’Controller’ is the control mechanism
that performs under nominal conditions; ’FDI’ stands for Fault Detection and Identification, this module
is responisble for warning the system of failure and locate the malfunctioning component; ’Reconfiguration’
block is basically the adjustment to the controller when failure occurs. Its settings are determined by the
information fed by FDI and a lookup table that contains all the possible failures and the corresponding
responses for the reconfiguration block.

Figure 2: Structure diagram of a typical reconfigurable control system

NASA initiated research on reconfigurable systems as early as 1960s, the original purpose was to solve
aircraft malfunctions caused by battle or natural damage as it affects reliability and longevity.

• Avizienis was funded by NASA, the concept he raised was actually simple: Turning off an unneeded
redundancy then turn it on during critical mission phases - offline redundancy. This approach was
widely accepted so that the system needs to carry more than sufficient for what it needs for the
mission just in case for any occurrence of malfunction.

• John von Neumann and IBM suggested that: constructing unreliable components with redundant wires.
This proposed method are for computer design and it was rejected since such redundancies require
continuously power consumption.

During 1980s, some interesting thoughts appeared in this area
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• P. Howell proposed multiprocessor reconfigurable control and an adaptive learning network for moni-
toring control surface, control law synthesis and system attribute learning

• D.D. Moerder suggested using linear quadratic optimization based stabilization algorithm to stabilize
a collection of plant models that represent the aircraft in various control failure modes.

Research in this field continued during the 1990s,

• D.P.Looze presented an LQ based approach which attempts to maximize a measure of feedback system
performance. However, the approach does not guarantee the recovery of original system performance.
It also suffers from the assumption that all states are available for measurement.

• R.A.Eslinger suggested the use of on-board artificial intelligence methods to detect failure and recon-
figure the control systems.

Aircraft flight control problems have always been a major focus

• Dryden Flight Research Center used an F-15 to test the HIDEC which enable the engine control system
to share information with flight control computers as well as the inlet controller.

• N. E. Wu presented an alternative approach where failures enter the system as uncertainties and and
H∞ controller is designed to provide robust stability in the presence of some prescribed failures.

Other interesting thoughts include:

• A.J. Ostroff and K.S. Rattan both suggested PIM method to compute the control law for the impaired
system. This method relies on the new feedback gain which assumes optimality according to Pseudo-
inverse theory. The main drawback is its lack of proof for impaired system’s stability.

• Z. Gao and P.J.Antsklis found a way to overcome the stability problem using a MPIM. However, in
spite of the guarantee of stability, the assumption of full state-feedback and unrealistic stability bounds
limited its wider applications.

Most recently,

• J. Jiang developed the eigen-structure assignment approach which managed to provide a sufficient
stability condition with relaxed full-state feedback.

– A sufficient condition for stability at time t has no guarantee for its future stability

– The input matrix Bf of the impaired model is restrictively assumed to be full rank. (consider a
common case of actuator loss which corresponds to zeros a whole column of the input matrix)

• Steffen proposed Fault Hiding approach which places the reconfigurable controller in between the faulty
plant and the nominal plant to create a “fault-less” plant.

To summarize the literature review, due to the fact that the methods by which reconfiguration is achieved
differ considerably, a summary of proposed reconfigurable controller design/optimization methods are listed
below,

• Adaptive control (AC)

• Eigenstructure assignment (EA)

• Gain scheduling (GS)/linear parameter varying (LPV)

• Generalized internal model control (GIMC)

• Linear matrix inequality (LMI)

• Linear-quadratic regulator (LQR)

• Model following (MF)

• Model predictive control (MPC)

6 of 11

American Institute of Aeronautics and Astronautics



• Pseudo-inverse method (PIM)

• Robust control techniques (Hinfcontroller)

The major achievements of the previous work include:

• Established a solid ground for FDI/ARC research

– Utilized classical control theories

– Developed new methods to accommodate the idea of reconfigurable control systems

• Discuss the possibility and necessity of developing intelligent reconfigurable systems

– Intelligent reconfigurable control system is thus called reconfigurable control system

– Neural networks and genetic algorithms have been discussed for reconfigurable control system.

In addition to what have been done in control theory and aerospace applications, reconfigurable system
have been considered for a wide range of applications in various fields in the past decade. One of the fastest
growing fields is reconfigurable computing systems which configure some general-purpose hardwares in a
certain way to carry out a specific task while remain capable of performing on-demand tasks that requires
a completely different system configuration. The other field is flexible structure control, which has been
frequently utilized in space applications nowadays.

III. Problem Formulation

In this section, the authors will attempt to fomulate two types of problems. One is to consider a
simplified system for which only predicted failures will occur. The other is the same exact system but
allowing unpredicted failures to happen. The objective of this section to demonstrate how reconfigurable
control system carries out its responsibilities and how the unpredicted failures can be addressed by employing
artificial intelligence.

A. Reconfiguration for Predicted Failures

Several system level assumptions and definitions are determined as follows,

• Assume linear multi-variable continuous time variant system with known state-space description which
represents physical systems as a set of input, output and state variables related by first-order differential
equations

• Assume the original system is asymptotically stable, meaning that, if given a finite input, the system
will not ”blow up” and give an unbounded output

• Assume failure types are limited to sensor failure and actuator failure

• Assume system has operational boundaries, which are equivalent to functional and failed modes

• The original system’s state space description is:

ẋ(t) = A(t)x(t) + B(t)u(t)
y(t) = C(t)x(t)

(1)

where A(−) is the ‘state matrix’, B(−) is the ‘input matrix’, C(−) is the ‘output matrix’.

• The corresponding static output feedback control is designed to be of the form

u(t) = K(t)y(t) = K(t)C(t)x(t) (2)

Correspondingly, we can let the impaired system be represented as follows,
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• The impaired system’s state space description is:

ẋ(t) = Af (t)x(t) + Bf (t)u(t)
y(t) = Cf (t)x(t)

(3)

where the Af , Bf , Cf matrices represent the modication of the system dynamics caused by malfunc-
tions.

• Each malfunction recorded in the FDI has one unique reconfiguration setting to be applied to the
system. The static output feedback control is of the form

u(t) = Kf (t)y(t) = Kf (t)Cfx(t (4)

The first step is to solve an unconstrained problem where Af + BfKfCf captures the dynamics of the nom-
inal closed loop system A + BKC. This is essentially done by minimizing the Frobenious norm of the two
systems’ transition matrices, the distance is defined as:

J11 = ‖A + BKC −Af −BfKfCf‖F 2

However, we need to add constraints to guarantee stability.
Since A is an asymptotically stable matrix, for an arbitrary symmetric, positive definite matrix Q, there

exist a unique positive definite matrix P such that,

AT P + PA + Q = 0

The following Lyapunov equation can be applied

ÂT
f P + PÂf + Q = 0

A constrained minimization problem as stated above can be further derived to identify optimal design of the
new gain matrix Kf and redefine the closed-loop system as Af + BfKfCf .

B. Reconfiguration for Unpredicted Failures

Describe the steps mathematically (with diagram) to demonstrate how Artificial Neural Network (ANN b)
can help to identify failure and adjust the controller to regain nominal performance and stability.

There will be two major steps and a recursive feed back involved in this learning algorithm. The ba-
sic idea is to progressively access the cause of failure and adjust the controller so as to compensate for
the undesired system performance. The first step relies on a comparison between detected performance
states with known/predicted nominal states so as to generate the alarm for failure. To lead the inves-
tigation/reconfiguration in a right direction, the second step is match the detected failure with a similar
malfunction that has been predicted and solved prior to the mission. The recursive feedback is thus invoked
to change the system control law using the pre-programmed solution and continue to adjust the system
until it regains its nominal functionalities and control stability. A similar approach was taken in Nguyen &
Widrow(1990) and has been illustrated on the well known example of backing up a truck. Such a procedure
has been generally grouped as the Indirct neural adaptive control method since it learns based on identified
models and utilizes the error backpropagted through the plants. Some different procedures were proposed
in Psaltis et al. (1988), Saerens & Soquest (1991)and Schiniffmann & Geffers(1993). Those are called direct
neural adaptive control which doesn’t use a model but only errors for the derivation of the new controller.

A simple neural network is illustrated in Figure 3. In the case of controlling life support systems, the
inputs can possibly be the state variables(environmental conditions), and the outputs can be the control
variables(actuator settings).c

bQ and A for S and D
cneeds to be further discussed
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Figure 3: Simple neural network example
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IV. Anticipated Results

A. ECLSS Example

1. Design of ECLSS Scenario
d ECLSS control system in Lunar Outpost Mission settings. Need a state space representation for such a

system. Determine number of components to be included (including sensors and actuators)

2. Reconfigurable Control Law

Derivation of the reconfigurable control law assume without unpredicted failure. Derivation of the reconfig-
urable control law assume with unpredicted failure.

3. Simulation Settings

Describe how the simulation can be set up and what are the major experimental design parameters.

V. Conclusions and Future Work

The authors believe that,

• Reconfigurable control system can change system design process revolutionarily.

• The lack-of-data issue for designing such control systems can be solved by integrating the control
mechanisms into system level simulation programs.

• It’s highly anticipated that an initial attempt (a problem formulation has been presented) in the field
of ECLSS control system optimization can bring more attention to such control systems, especially in
the aerospace engineering community.

In addition, tests for system optimality for reliability, cost & control system design should be conducted.
BioSim simulation tool has been proposed to perform this test based on the following reasons.

• Heuristic optimization tools validated (GAs, ANNs, Ant Pheromone) with the simulation program

• A realistic ECLSS control scheme for lunar outpost mission has been designed in BioSim

• Stochastic performance and random failure functions are integrated with failure detectors for indepen-
dent component

• Preventive and corrective maintenance functions are currently under development

There are three major aspects need to be tested for proving optimality.

1. Measures of Performance

• Determine measurement of performance in ECLSS

– Atmospheric Composition
– Temperature and Humidity
– Water Quality
– Food Supply
– Crew Performance Index

• Everything can be controlled autonomously by the designed digital system which needs to be
prepared for failures and contingency.

2. Measures of Reliability

• To Determine measurement of ECLSS reliability
dQ and A for S and D
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– MTTF & MTBF
– Reliability/Hazard functions

• Testing methods for reliability are under development

– Sequential life testing
– Maximum likelihood estimation

3. Measures of Cost

• Initial cost (based on NASA’s database)

– Technology readiness
– Proposed building cost
– Equivalent System Mass (ESM)

• Life time cost

– Preventive maintenance cost
– Corrective maintenance cost

Other applications to be considered are:

• Nuclear Power Plants

• Manufactory/Production Lines

• Chemical Processing

• Computer and Electronics

• Other Agriculture & Biological Systems

In general, any system that has buffering capacity and needs to be carefully controlled should be consid-
ered.
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