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Summary

This chapter explains methods for the automatic selection of a new control
configuration after some fault has changed the dynamical properties of the plant. An
automatic control system can use this method after severe faults have been detected in
the plant by a monitoring algorithm. It chooses new actuators, new sensors, a new
control law and possibly new set-points so as to stabilize the plant in the prescribed
operation point under the influence of the fault.

1. Introduction

Controller reconfiguration considers the problem of automatically changing the control
structure and the control law after a fault has occurred in the plant. The aim is to satisfy
the given requirements on the closed—loop system despite of the faulty plant behavior.
These requirements usually comprise

i) the stability,

ii) the set—point following property for predefined classes of command signals w
and disturbances d, which includes the tracking of a prespecified trajectory
w(k) and

iii) specifications on the dynamical behavior of the closed—loop system.

In the ideal case, the reconfigured controller maintains the performance of the
closed-loop system under the influence of the fault. Otherwise, it should
gracefully degrade the performance and hold it on an acceptable performance
level.
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Figure 1: Reconfiguration loop

The basic scheme of controller reconfiguration is depicted in Figure 1. On the
execution level, a feedback controller

u=Kk(y,w)

is used to attenuate the disturbance d and to ensure command tracking for the
command input w. The control law k is designed so that the closed—loop
system satisfies the requirements (i) — (iii) for the faultless plant. Before a fault
f occurs the supervision level shown in the figure is not active.

The reconfiguration task, which is solved on the supervision level, concerns the
situation, in which a fault f changes the availability of the actuators and sensors

or changes the plant dynamics severely:

iv) Sensor faults break the information link between the plant and the controller.
They make the plant partially unobservable. New sensors have to be selected
and used in order to solve the control task.

v) Actuator faults disturb the possibilities to influence the plant. They make the
plant partially uncontrollable. New actuators have to be used.

vi) Plant faults change the dynamic behavior of the process. Such changes cannot
be tolerated by the control law k . A redesign of the controller is necessary.
The controller has to be “reconfigured” in the sense that the whole process of
selecting a suitable control configuration and of choosing appropriate controller
parameters has to be repeated after the fault is present. It is not sufficient to
change some controller parameters. Instead, the control problem has to be
considered “from scratch” by appropriately choosing

vii)the signal vector y to be controlled and the input vector u to be used,

Viii) the control law k including the controller parameters,
iX) the set—point w .
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Control reconfiguration can be thought of as an “analytical repair” of the closed—loop
system where instead of repairing the plant the controller software is changed in order to
exploit the redundant measurement or control signals for satisfying the control
specifications for the faulty plant.

Whereas the usual control design task is solved off-line by iteratively searching for an
appropriate trade—off between different control specifications (cf. Part C: Analysis and
Design Methods for Control Systems), the reconfiguration problem has to be solved on-
line by selecting the mentioned items automatically. To solve this task, the discrete—
time model M

x(k+1) = g(x(k),u(k),d(k), f), x(0) = xo (1)

y(k) =h(x(k),u(k),d(k), f). (2)

m r

with state x €[R", input ue|R™ and output y |R" is assumed to be available which

also describes the dependence of the plant dynamics upon the fault f € F where the set
F includes all possible faults.

The reconfiguration loop shown in Figure 1 includes the following steps:

1. Fault diagnosis: The fault f affecting the plant has to be found as precisely as

possible. It is not only necessary to known that a fault has occurred (fault
detection), but also which fault is present (fault identification). A detailed
description of the fault is necessary to assess the effects of the fault on the
availability of the actuators and the sensors and the changes of the plant
dynamics (cf. fault identification in Fault Diagnosis of Linear Systems). The
fault has to be found quickly in order to prevent that the plant moves too far
from the required operation point.

2. Evaluation of the faulty system: The first step of the control reconfiguration
concerns the solvability of the control task under the influence of the fault. The
system is called reconfigurable for the given fault f if there exists a controller

that satisfies the control specifications (i) — (iii) for the faulty plant. A
prerequisite for reconfigurability is the fact that the plant is controllable and
observable through the still available inputs and outputs. It has to be investigated
whether the control aim (i) — (iii) can be satisfied by a new controller for the
faulty system. If necessary, the automatic reconfiguration logic must find a
tolerable but possibly degraded level of performance. This mainly requires the
specification (iii) on the dynamic loop behavior.

3. Control reconfiguration: The reconfiguration step (in the narrow sense)
concerns the appropriate selection of the input vector u, the output vector vy,

the control law k and the set point w .
As the diagnostic problem can be solved by methods described in Fault Diagnosis for
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Linear Systems, Fault Diagnosis for Nonlinear Systems, Design Methods for Robust
Fault Diagnosis, Qualitative Methods for Fault Diagnosis, and Statistical Methods for
Change Detection, this chapter considers the steps 2 and 3 in which the reconfiguration
problem is solved. This problem can be summarized as follows:

Reconfiguration problem

Given: Model M of the continuous-variable system
Nominal controller
Fault f
Control specifications (i) — (iii)
Find: Control configuration and new control law k

This problem statement points to some important aspects of control reconfiguration:

(i) The plant is not repaired but a controller is chosen so as to circumvent the
effects of the fault. Hence the system remains in operation until a possible repair
of the plant is accomplished.

(if) The reconfiguration task is solved automatically by the automation equipment.
Reconfiguration necessitates the implementation of algorithms that use one of
the reconfiguration methods that are surveyed in this chapter.

Note that in contrast to the usual controller design problem, in the reconfiguration
problem also a nominal controller is given. A part of the reconfiguration methods
concentrates on replacing the existing controller by another controller such that the
closed-loop system behaves as similar to the nominal closed-loop system as possible.

2. Example

The idea and some practical circumstances of control reconfiguration is illustrated by
the following simple control problem. Consider the three coupled tanks depicted in
Figure 2. These tanks are connected by pipes which can be controlled by several valves.
Water can be filled into the left and right tank using two identical pumps. Measurements
available from the process are the continuous water levels h and discrete water levels:

low, medium or high from two proximity switches attached to each tank. For Tank Tj,
these qualitative values are low=[0,9] cm, medium=[9,11] cm and high=[11 60]
cm. For the nominal case, only the left (T;) and the middle tank (T;) are used, whereas
the right tank (T,) and pump (P,) act as redundant hardware. The main aim of the two
tanks used is to provide a continuous water flow Qy to a consumer. The water level in
Tank T, has, therefore, to be maintained at a level h, = medium. The reservoir-tank T
is filled by Pump P up to a nominal water level of h, .. above the two pipes. Water
flows between the tanks can be controlled by several valves (V,,V;3,V,,V;,). For the
nominal case, Valves V,3,V,,V,, are closed and not in use. Valve V, is used to control
the water level in Tank T;. Valve V,, , which can be used to simulate a leakage in Tank
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T,, is closed. The connection pipes between the tanks are placed at the bottom of the
tanks (pipes with Valves V,5,V,,) and at a height of 30 cm (pipes with Valves V,,V, ).
To control water levels in the reservoir-tank T, and supply-tank T,, a conventional PI-

controller and an discrete (on-off) controller are used (Figure 2). The control
specifications include the stability (i) and set-point following requirement (ii) as well as
the specification (iii) that the level h; has to remain at the medium level, i.e.

h, €[9,11] cm.
P | /ﬁ P 2
: Controller , T :@

vy

‘ P1
| Controller

V12

Redundant hardware

Y Outflow to
IL . 2
consumer  Qy

Figure 2: Three-tank system

For the reconfiguration problem, three different fault scenarios are given:

1. Valve V, is closed and blocked.
2. Valve V, is open and blocked.
3. Valve V,, is open simulating a leak in Tank T, .

The reconfiguration task is to find automatically a new control configuration of the
system such that

(iii)the water level h; remains medium for all scenarios and, hence, satisfies the
specifications (i) = (1ii)

(iv)for scenario 3, the loss of water is minimal, which is an additional specification
for the faulty situation.

The reconfiguration task consists in finding a new control structure by selecting
alternative actuators and sensors, new control laws and new set-points for the control
loops such that the control aims given above are satisfied. If needed, the use of
redundant hardware components is possible. Obviously, the idea of reconfiguration
cannot be satisfied by simply changing the parameters of the given controllers, but only
a structural change of the control configuration. For example, if the Valve V, is closed

and blocked, the control problem can be solved by using the Valve V,, instead. The

control system should find this solution automatically and adapt the control law to the
new actuator.

©Encyclopedia of Life Support Systems (EOLSS)



CONTROL SYSTEMS, ROBOTICS AND AUTOMATION - Vol. XVI - Control Reconfiguration - Jan Lunze

TO ACCESS ALL THE 14 PAGES OF THIS CHAPTER,
Click here

Bibliography

Askari-Marnani, J.; Heiming, B.; Lunze, J.: Controller reconfiguration based on a qualitative model -
solution of the Three-Tank benchmark problem, European Control Conference, Karlsruhe
[Reconfigurable control based on qualitative models with application to the example presented at the
beginning of this article]

Astrom, K.; Albertos, P.; Blanke, M.; Isidori, A.; Schaufelberger, W.; Sanz, R. (eds) (2000): Control of
Complex Systems, Springer-Verlag, Berlin. [Chapter 12 gives a detailed solution of the tank configuration
problem described in Section 2]

Blanke, M.; Kinnaert, M.; Lunze, J.; Staroswiecki, M., (2003), Diagnosis and Fault-Tolerant Control,
Springer-Verlag, Heidelberg. [Survey of control reconfiguration methods]

Huang, C.Y.; Stangel, R.F. (1990), Restructurable control using proportional-integral implicit model
following, J. Guidance, Control and Dynamics, vol. 13, pp. 303-309. [One of the earliest papers on
control reconfiguration by model-matching]

Gao, Z.; Antsaklis, P.J. (1991), Stability of the pseudo-inverse method for reconfigurable control systems,
Intern. Journal of Control, vol. 53, pp. 717-729. [Description and improvement of the pseudo-inverse
method for ensuring of stability]

Gehin, A.-L.; Assas, M.; Staroswiecki, M. (2000), Structural analysis of system reconfigurability, 4th
IFAC Symposium on Fault Detection, Supervision and Safety for Technical Processes, Budapest, vol. 1,
pp. 292-297. [Analysis of the reconfigurability by means of structural controllability and observability
considerations]

Lunze, J.; Steffen, T. (2002), Hybrid reconfigurable control, in Engell, S.; Frehse, G.; Schnieder, E.
(Eds.), Modelling, Analysis, and Design of Hybrid Systems, Springer-Verlag, Berlin, pp. 267-284.
[Solution of the reconfiguration problem on two abstraction levels, where the reconfigurability analysis is
solved by a discrete-event model and the new controller is found by means of a continuous-variable
model of the plant]

Maciejowski, J.M. (1998): The implicit daisy-chaining property of constrained predictive control, Appl.
Math. and Comp. Sci, vol. 8, pp. 695-711. [Explanation of the reconfiguration capabilities of model-
predictive control for actuator faults]

Patton, R.J.: Fault-tolerant control: the 1997 situation, SAFEPROCESS, Hull 1997, pp. 1033-1055.
[Survey of the methods for fault accommodation]

Rauch, H.E.: Autonomous control reconfiguration, IEEE Control Systems Magazine, December 1995,
37-48. [Survey of the methods for fault accommodation]

Wu, N.E.; Zhou, K.; Salomon, G. (2000), Control reconfigurability of linear time-invariant systems,
Automatica, vol. 36, pp. 1767-1771. [Definition and investigation of reconfigurability by controllability
and observability investigations, investigation of the reconfigurability measure mentioned in Section 4]

Biographical Sketch

Jan Lunze was born in Dresden, Germany. He obtained the diploma in Automatic Control at the
Technical University llmenau in 1974. From 1974 until 1992 he was research associate and later

©Encyclopedia of Life Support Systems (EOLSS)


http://www.eolss.net/Eolss-sampleAllChapter.aspx
https://www.eolss.net/ebooklib/sc_cart.aspx?File=E6-43-31-13

CONTROL SYSTEMS, ROBOTICS AND AUTOMATION - Vol. XVI - Control Reconfiguration - Jan Lunze

Professor of Automatic Control at the Academy of Sciences in Dresden. 1980 and 1983 he obtained the
PhD and the DrSc. degrees (Habilitation) both from the Technical University llmenau. From 1992 until
2001 he was Professor of Control Engineering at the Technical University Hamburg—Harburg and since
2002 he is head of the Institute of Automation and Computer Control of the Ruhr-University Bochum,
where he teaches systems and control theory.

Professor Lunze’s research interests are in linear control theory, particularly in the fields of robust control
and large—scale systems, in hybrid systems, discrete—event systems and in applications of knowledge
processing to dynamical systems. Currently, his research is focused on qualitative modeling, fault
diagnosis and process control applications of robust and decentralized control. He is author and co-author
of numerous papers and of several books including Robust Multivariable Feedback Control (Prentice—
Hall 1988), Feedback Control of Large—Scale Systems (Prentice—Hall 1992), Kinstliche Intelligenz fiir
Ingenieure (Oldenbourg 1994) and Regelungstechnik (Springer 1996).

©Encyclopedia of Life Support Systems (EOLSS)



