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1. Introduction

This report investigates the transient phenomena due to run-time reconfigurations in controlled systems. It
is shown that in the case of dynamic systems these reconfiguration transients might be reduced to a
considerable extent using dedicated design-time and/or run-time methods. The methodology behind
applies the so-called mode-integrated approach [SK97], which tries to utilize the available knowledge
about the system and its environment by constructing “dynamically” consistent computer-based
representations. These representations integrate logic, dynamics and constraints [BeM099], and provide
hierarchical system descriptions for monitoring and control applications. Such descriptions can handle
evolution governed by on/off switches, if-then-else rules, system degradation due to faults, etc.

There are very many approaches that deal with such and similar systems, often called hybrid systems
[GNRR93], however, very few studies address the problem of transient phenomena due to the interactions
of the higher-level logical/discrete mechanisms and the lower-level continuous dynamics. Since these
transients might cause intolerable disturbances both in the value and the time domain, the reduction of
such side effects becomes an additional design issue.

Throughout this report the interactions causing transients are considered as reconfigurations
“implemented” as instantaneous parameter and/or structural changes, and the introduced additional
design considerations aim at reducing these transients. The actual course of the reconfiguration transients
depends on one hand on the structure of implementation, while on the other on the actual interactions
with the environment. For this very reason transient reduction can be achieved partly by selecting proper
structure for implementation and partly by techniques utilizing multi-objective, run-time optimization.
The term “transient management” tries to reflect the ssmple fact that to reduce the transients several
congtraints and control rules are to be applied simultaneously, and therefore a management-like activity is
needed.

The first part of Section 2 shows how and why transient phenomena might appear after reconfiguration.
The second part includes a literature survey covering studies related to different aspects of transient
behavior, summarizes the already available results concerning “transient management”, and outlines the
content and the structure of the report.

Section 3 is devoted to introduce the so-called passive transient management methods, which utilize the
fact that the different structures of implementation produce quite different transients in the case of
otherwise identical reconfigurations. These passive methods are design-time techniques, and do not
influence the transient phenomena directly. This section also contains some considerations concerning
multiple-step reconfigurations and provides examples illustrating the strength of the propositions both in
open-loop and closed-loop control applications.

Section 4 presents the so-called active transient management methods, which either directly influence the
controllable variables responsible for transients, or produce anti-transient signals/sequences to compensate
the disturbing side effects of the transients. These active methods are techniques evaluated in run-time.
The new methods areillustrated both in open-loop and closed-loop control applications.

Section 5 summarizes the most important open problems of transient management in reconfigurable
contral systems.



2. Reconfigurable systems

The problems considered in this report are related to such computer-controlled complex dynamic systems,
which, depending on their mode of operation, can be characterized by different configurations, and where
any mode change corresponds to a configuration change, i.e., reconfiguration. Typical examples are the
so-called hybrid systems [GNRR93], which are piece-wise continuous dynamic systems governed both by
continuous and discrete laws. The discrete control operates, e.g., on/off switches or valves, different
selectors, etc. within the physical system resulting in another configuration and piece of continuous
operation.

We usualy distinguish between intentional and non-intentional changes, mainly because different
transient management methods can be applied if the time and the nature of the reconfiguration are
predictable, or if both are unpredictable. A dedicated special case is the occurrence of faults, which can be
considered from modeling point of view as unpredictable reconfiguration.

In the first part of this section the transient phenomenain reconfigurable systems is described. The second
part incorporates a short literature survey including the preliminary results concerning transient
reduction. Finally the section concludes with a possible classification of transient management techniques.

2.1 Transient phenomena in reconfigurable systems

The transients investigated in this report arise at switching from one operational mode to ancther.
Switching is considered as instantaneous event, and results in sudden changes of conditions. Transients
appear usually as damped oscillatory motions, which persist for a relatively short time after the change
has occurred. These motions, however, can get an explicit interpretation only if the different operational
modes and domains can be characterized separately. Typically such integral descriptors, similarly to the
parameters, take a new value after switching. In a dynamic system such an integral descriptor is the state,
which takes after reconfiguration, in the majority of the cases, a different value. In systems where the
concept of steady-state is applicable, transients are defined as transitions between two steady-states. The
separation of the transients from the stationary values of the states is in general a complicated task.
Fortunately for the linear, time-invariant, lumped parameter systems this separation can be solved
explicitly: the reconfiguration transient is described as the solution of the homogeneous part of the
corresponding differential equation using the initial conditions valid at the time instant of the
reconfiguration.

This subsection serves as an introduction to the problem statement: what is the real reason of transients,
and what kinds of ideas are available to reduce or avoid these phenomena?

An introductory example: Let's consider a rather simple electrical system, which can serve also as a
simplified modd of several other physical problems. Here we suppose, that the concept of steady-state is
applicable.

Let’s consider a charge-free RC divider, (or equivalently a tube and an empty container modeled as an RC
divider) (see Fig. 2.1.a) having an input after t=0 consisting of a constant (dc) component and sinusoidal
"perturbation";

U,(t) =U,, +U,, sinw,t (2.2)

The output of the divider (which is proportional with the content of the capacitor or equivalently with that
of the container) for t > O:
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where T=RC; ¢ =arctgey,T - The transient signal components can be identified easily, since they can be

characterized by the exponential decay with time. It is important to note that both the dc and the
sinusoidal component of the input will cause a transient effect. For t >> T the transient response will
vanish, and the steady-state value of the output will be reached:

U,(t) =U, +U, sin(w,t - ¢) =U,, + U, cosgsin(wyt - @) (2.3)

where U,, =U,,; U,, =U,,cosg . Theresult is as it is expected: the output voltage of capacitor C will
vary around its average, which equals the dc component of the input.
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Fig.2.1: RC divider and its reconfiguration

If att =ty (Wherety >> T) this simple system is "reconfigured” by changing the value of R (R— Ry see
Fig. 2.1.b), and consequently the charging current of the capacitor is also changed, then at the output the

next responseis obtained
t—to

U,(t) =Uy +Uy cosgy sin(ept - 4;) + U11[COS¢Si n(caty — @)~ cosgy sinanty — ¢1)]e B
(2.4)

where t2t,, T,=RC; ¢, =arctgw,l;. Here the first two terms give the stationary (steady-state)
solution, while the transient component is provided by the third term.

Remarks:

1. Thedc component of the input voltage can not cause a transient signal component at reconfiguration
(see (2.4)), because the dc component of resistor's current already became zero at t = t,.



The transient is proportional to the magnitude difference due to the change in the phase-shift
(¢ - ¢1) of the ac component. If this magnitude difference is zero (see the last term of (2.4)) then
the reconfiguration will not cause a transient component.

Forcing the last term of (2.4) to be zero, we can calculate the time instants (t, values), where at
reconfiguration no transient component will appear. After some simple manipulations:
1 wplT, -1 (2.5)

t, =—arct
Ty V(T4

Thisresult shows that there are possible techniques to avoid or reduce intolerable transient effects.

It isimportant to note, that the functions described by (2.2) and (2.4) are continuous at t=0 and t = to,
respectively. This is simply due to the fact, that the capacitor in unable to change its voltage
abruptly.

If we consider the time function of the output voltage of the different configurations under steady-
state condition, we can realize, that if the output voltages differ at t = to, transients will unavoidably
appear. We can get rid of these transient phenomena only if this output voltage differenceis zero. It
is also true, that if we can keep this output voltage difference at a low level, then the size of the
transient effectswill also be smaller.

All the above developments and conclusions can be generalized for input signals with more
sinusoidal components.

Using frequency transposition techniques the transfer properties of the above simple circuit around
zero frequency can be moved to an arbitrary frequency or frequencies (for the simplest case see Fig.
2.1.¢). For such transposition the transient-free behavior of the dc component described above will
appear at the center frequency of the band-pass filter created by frequency transposition, if the
reconfiguration does not change the center frequency.

The idea to have the very same behavior at different frequencies is present also within a dedicated
signal processing structure, called resonator-based structure [PMP96], which can be reconfigured
transient-free if the frequency of the input signal components coincides with that of the resonators,
and the resonator frequencies are not changed.

The "reconfiguration” in this simple example can be performed also in such a way, that instead of
affecting resistor R the capacitance is changed (C - C;). While the steady-state response of the new system
will remain the same, we will face different alternatives and quite different transient phenomena. There
are several choices how to perform such a "reconfiguration”:

1.

The reconfiguration can be performed by a single switch (see Fig. 2.1.d): capacitor Cisreplaced by a
charge-free C;. In this case the course of the transient is the same as if the circuit were switched on
at t=0.

The reconfiguration can be performed in such a way, that the voltage of capacitor C; is set somehow
to the voltage of capacitor C. See Figs. 2.1.e and 2.1.f for possible solutions. In this case the
transient behavior will be the same as with changing the resistor R.

The transient behavior can be avoided if the voltage of capacitor C; is set to its steady- state value to

be reached after reconfiguration. This equals the sum of the first two terms of (2.4) at tg (tg stands

for the time instant after reconfiguration). In this case the output of the RC divider is typically
bumpy.

The reconfiguration can be performed in such a way, that we keep the charge of capacitor C, and
this charge isloaded on C;. This can be performed, e.g., by a sudden change of a variable capacitor.
Due to this change U,(t) will take the value:

~_C _
Uz(to) :EUZ(to) !
1



where t, stands for the time instant before reconfiguration. In this case we get bumpy output, and a
quite different transient behavior as before.

We can get a family of further alternatives if both resistor R and capacitor C are changed to get the
reconfigured RC divider (R- Ry, C— C;, RiC,=T;). By sdecting a proper ratio of R; and C;, while their
product remains unchanged, we can avoid transient behavior at arbitrary timeinstant t = t,. The only side-
effect of this approach isthat in the majority of the cases the output will be bumpy.

Based on this simple example we can conclude that

1. Transient phenomena are due to the fact that the calculated steady-state voltage of the capacitor after
reconfiguration (at t, ) will differ from that of at t, . and therefore a transient motion is unavoidable.

2. The systems before and after reconfiguration are related by the voltage of the capacitor at t; . This

voltage governs the transient motion and serves asinitial condition at solving the differential equation
of the system after reconfiguration.

3. If wearein the position to adjust the voltage of the capacitor at to, then we can eliminate or reduce
transients; however, transient motions help to provide “smooth” transitions from steady-state to
steady-state. If the transients are eliminated or reduced by adjusting the voltage of the capacitor at to,
the output of the RC divider will be bumpy.

4. Itisimportant to emphasize that in this example the reconfiguration is performed at steady-state, i.e.,
after the previous transients are already over.

The majority of the alternatives and phenomena described within this ssmple example will appear in a
more detailed form in the subsequent chapters.

2.2 Literature survey

The second part of this introductory section gives a short literature survey about the most important
research activities related somehow to reconfigurations and transient phenomena.

Management of reconfiguration transients: There are various reconfiguration methods proposed in the
literature to realize the run-time configuration changes at mode transitions, see [S&al93], and [VL98] for
overviews. The typical approaches are as follows:

1. one-step reconfiguration;

2. multiple step reconfiguration (series of one-step reconfigurations);
3. input cross-fading methods;

4. output cross-fading methods;

5. signal smoothing;

6. state variable update methods.

The first approach can be considered as a simple switching from one configuration to another, the next
four are smoothing techniques that can reduce transient phenomena at the price of a (much) longer
transition interval, while the last approach proposes to change, whenever possible, the state variable
values, because the transients are due to the mismatch of these variables before and after reconfiguration.

The problem of reconfiguration transients is well understood by control and audio signal processing
communities, however, very few research reports exist on strategies for suppressing these transients in
time-varying and/or reconfigurable systems. The available results are valid mainly for tunable linear
systems, in which the parameters are abruptly changed [VL98], [2Z88]. The existing methods are based
on certain kind of redundancy, which help to “predict” the conditions and settings required to reduce
transients at reconfiguration.

The structure dependence of the reconfiguration transients (see Section 3) is, at least to our knowledge,



completedy unknown in the literature. A systematic approach to handle such transients in nonlinear
systemsis also missing.

Adaptive control using multiple models: The utilization of multiple models is a possible aternative to
implement intelligent control, where the ability to operate in multiple environments by recognizing which
environment is currently in existence is a fundamental requirement. In the control literature there are
studies, e.g., [NB97], offering general methodology for such adaptive control using multiple models,
switching and tuning. In these approaches, instead of having complicated controllers capable to operate
properly in a wide range of environmental conditions, there are multiple switched controllers running in
parallel, which are sdected by a higher-level mechanism. The stability problems of these schemes, see,
e.g., [LM99], are investigated in several papers, but none of the researchers have studied the transients
due to switching. In [BoMeQ9] it is emphasized, that the multiple model-based reconfigurable control
strategy was suggested, because single model-based adaptive controller may be too slow to bring the
closed-loop system close to the new operating regime, which may result in unacceptably large transients.
In [Mar00] a general theory of systems described by multiple modes is initiated, and a complete
characterization of the stability of such a system is given, based on the concept of stable motion between
two states. This article, and the literature behind can serve as a darting point of investigating
reconfigurations in nonlinear systems. Finally in our view the approach applied in gain-scheduling
contral, see, e.g., [AA98] might also be helpful in studying transient phenomena of nonlinear systems.

Fault detection, diagnosis and reconfigurable control: The control literature is very rich in studies
dealing with fault detection and isolation. Recently these research activities are combined with
reconfigurable control and address an integrated approach, see, e.g., [2J99]. Here the transients appear in
different contexts: (1) faults can be are detected due to signal changes, i.e., transients; (2) to minimize
fault induced transients and recover the performance of the system quickly, the reconfiguration should be
carried out as soon as possible after fault occurrence. However, the need for explicit transient control is
not mentioned. [MB99] develops monitoring, prediction, and fault isolation method for abrupt faults in
complex dynamic systems. Predicted transient effects of hypothesized faults are captured in the form of
signatures that specify future faulty behavior as higher order time-derivatives. [BG97], [LDC99],
[MGWD97] serve as characteristic examples how multivariable adaptive control techniques are applied to
flight control reconfigurations.

Trajectory sensitivity and tracking: The interpretation of transients is quite smple if they are motions
between steady state behaviors, which can be represented by ssmple models, like constant, or periodic
values. There are, however, applications, where the steady state is hard to define: the operation can be
characterized as a complex, continuous motion. These systems are permanently in “transient”, and are
represented and designed via tragjectories. Transients due to reconfiguration will modify these trajectories,
and only model-based approaches might help in separating and/or compensating such effects. In our
knowledge up till now there are no systematic methods available to perform such signal separations or
compensations. The studies concerning trajectory sensitivity analysis (see, e.g., [HPOQ]), transient stability
prediction (see, e.g., [LTO0]), and trajectory tracking (see, e.g., [TVSS98]) might help to find solutions for
the transient management problem, as well.

Convergence of learning algorithms. There are many papers (e.g., [CMS99], [Mou97], [MA9g],
[Sol097], and [Sun93]) that investigate the stability and convergence properties of adaptive algorithms.
The motion of adaptive systems from their initial states to their final (stationary) state can be considered
as a transient motion, therefore every method for the characterization of the convergence properties might
be useful in handling reconfiguration transients.

2.3 Approaches of transent management in reconfigurable systems

In the literature, several alternatives of run-time reconfiguration in controlled systems are reported. In the
majority of the cases these reconfigurations are followed by transient phenomena, which act as specia
disturbances and reduce the quality of the overall performance. Several authorsin the literature recognize
this fact, but very few results are available to counteract. It is a general opinion that transients persist only
for areatively short time after the change has occurred, therefore the best strategy is to wait, and continue



the operation under steady-state conditions. This study concerns applications, where this approach is not
acceptable: the speed and the performance of the operation requires management actions to avoid
disturbances both in the time and the value domain.

It is easy to redlize that the efficiency of transient reduction or dimination is highly dependent on the
actual perturbation signals at the input of the system. For this very reason transient management
techniques should consider the inputs, or at least amodd of the inputs.

The transient management techniques reported here are divided into two major groups. (1) passive and (2)
active transient management methods. This second classification is new, and it is a direct consegquence of
the discovery that it is possible to realize the structure dependence of the reconfiguration transients (see,
e.g., [PK99]). The passive transient management methods are design-time techniques, which offer
selection mechanisms to help the decision which structure would perform best. The structure here can be
considered as a model of computation, or equivalently as a signal-flow graph. Several alternative models
of computation suitable for implementation are taken into account, and the most insensitive to the actual
reconfiguration (planned for the application) will be selected. Unfortunately the decision here is merely a
gualitative one, because the run-time environment at design time is only partially known. The intensive
computer simulations have shown that the best structures provide considerably better performance as the
widely used direct-form family of implementations.

The active transient methods utilize on-line measurements to provide transient reduction. There are two
main approaches applied: (1) the initialization of the state-variables if possible, (2) anti-transient signal
injection. The first family of methods can be used in case of “artificial” engineering product, e.g., in case
of programmable controllers, while the second one is a universal approach, which can be implemented as
an auxiliary controller.

Somewhat different transient management techniques are required if (1) the controller, or (2) the plant, or
(3) both the controller and the plant are changed, and if the overall system operates in open-loop, or in
closed-loop.

The remaining part of this report follows the above classification and in Section 3 the passive, while in
Section 4 the active transient management methods are introduced. The aspects still open for further
investigation are summarized in Section 5.



3. Passive methods of transient management

This section is devoted to introduce the so-called passive transient management methods, which utilize the
fact that the different structures of implementation produce quite different transients in the case of
otherwise identical reconfigurations. The passive methods are design-time analysis techniques, and do not
influence the transient phenomena directly. On the other hand the selection of the proper structure
requires careful “run-time related” considerations as well, because the actual course of the transients is
highly influenced by the actual perturbation signals of the system. Investigation of the step-responses can
orientate this selection if the time-domain behavior of the signalsis critical, while the case of white noise
and sinusoidal inputs can help to characterize the “energy” required or to be dissipated by the transient
motions.

This section contains also some considerations concerning multiple-step reconfigurations and provides
examples illustrating the strength of the propositions both in open-loop and closed-loop contral
applications.

3.1 Structure dependence of reconfiguration transients

The step response of time-invariant linear systems is well understood and seems to be an appropriate tool
to characterize the transient properties of the system. It is aso well known that if the internal energy of
the system is originally zero, then the step response can be calculated from the corresponding differential
or difference equation. If we change the coefficients of an already operating discrete IR filter, then the
output can be considered as the sum of different components. One is the response to the input, while the
others are the responses due to the initial conditions, i.e., due to the stored values, which equal state-
variable values, if the state variable formulation is applied. These initial conditions generate an impulse
response from the output of the storage device to the output of thefilter.

Obvioudly, in the majority of the practical cases these state-variable values are not known. However, their
possible range can be estimated. It is well known from the literature of digital signal processing (see,
e.g., [RG75]) that different structures have quite different internal dynamic ranges. As an example,
consider the first-order direct structurein Fig. 3.1(a).
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Fig. 3.1. (a) First-order direct structure and (b) first-order resonator-based structure
The state-variable description of thisfirst-order system has the form of

X(n+1) =a;x(n) +u(n)
y(n) = box(n+1) +byx(n) (3.1)

If u(n) =1 for On, n=0, then x(n) - 1/(1-a;) asn -~ and can be alarge valueif a; (<1) iscloseto 1.
Note that the dynamic range of thisfilter is parameter dependent. As a counterexample, consider the



structure on Fig. 3.1(b). Its state-variable description is

x(n+1) = x(n) +rolu(n) = x(n)]
y(n) = wox(n) +dfu(n) = x(n)] . 32

If u(n) =1 for On, n=0, then x(n) - 1 asn oo, i.e, it is independent of the coefficients. These two
examples show that the nature and the value of the state variables can differ considerably. Obvioudly, the
coefficients of the two structures are different and the reconfiguration will change them differently.
Therefore, a complete characterization without knowing the input samples is not possible. Under mild
restrictions, however, a very interesting link can be established to structures having minimum round-off
noise [MR76], [Hwa77]. These structures can be characterized by relatively uniform energy distribution
among the state variables. As a consequence, the output sensitivity to the rounding errorsisrédatively low,
which results in a lower (or minimum) output noise level. In this model, the samples of the noise sources
for modeling round-off errors are directly added to the actual state-variable values. Concerning transients
we have a similar situation, since the initial conditions behave like additive impulses to the actual state
variables. In both cases, the additional energy introduced must be transferred from the state-variables to
the output, but in the second case, the time-domain behavior is emphasized more. The requirement for
relatively uniform energy distribution is met by the so-called orthogona structures (see [CP96],
[PMPO6]). These have very good internal dynamic range, low round-off noise, and can reduce zero-input
limit cycles. From the above reasoning, it turns out that they also are good candidates for implementing
reconfigurable lIR filters.

It is important to note that in the theory and practice of adaptive filters, this structure dependence is not
recognized properly. In the majority of the adaptation schemes the correction terms are based on direct
measurements of the output signal. Correction of the parameters can be considered as reconfiguration,
producing transients at the output. Since these transients may disturb the overall performance of the
adaptive filter, it is reasonable to apply DSP structures with low reconfiguration transients. Another
reconsideration is whether adaptation at lower rate results in better performance.

As a simple illustration the step responses of the direct and the resonator-based structures [PMP96] are
presented on Figures 3.2-3.7 for different filter orders. The idea behind this is the assumption that the
steady-state behavior can be reached faster if, as the first step, a filter with wider bandwidth is operated,
followed by a one-step bandwidth reduction. The coefficients for the first-order filters are given in
Table 3.1.

direct resonator-based
b0,0|d =0.1367 lo,0ld = 0.2735
b1,0|d =0.1367 Wo,old = 1.0000
g old = -0.7265 d0|d =0.1367
Bonew = 0.0155 Fonen= 0.0309
B new = 0.0155 Wo new = 1.0000
8 new = -0.9601 Gnew = 0.0155

Table 3.1: Coefficients for the first-order filters
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Fig. 3.2: Salid line: Step response of afirst-order direct structure reconfigured at step 16.
Dashed line: Step response of the narrow-band first-order direct structure.
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Fig. 3.3: Salid line: Step response of afirst-order resonator-based structure reconfigured at step 16.
Dashed line: Step response of the narrow-band first-order resonator-based structure.
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Fig. 3.4: Salid line: Step response of a second-order direct structure reconfigured at step 16.
Dashed line: Sten resnonse of the narrow-band second-order direct structure.
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Fig. 3.5: Salid line: Step response of a second-order resonator-based structure reconfigured at step 16.
Dashed line: Step response of the narrow-band second-order resonator-based structure.
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Fig. 3.6: Salid line: Step response of a sixth-order direct structure reconfigured at step 16.
Dashed line: Sten resnonse of the narrow-band sixth-order direct structure.
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Fig. 3.7: Saolid line: Step response of a sixth-order resonator-based structure reconfigured at step 16.

Dashed line: Step response of the narrow-band sixth-order resonator-based structure.
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As another simple example Table 3.2 summarizes the behavior of four different aternatives for the
realization of the very same first-order difference equation (transfer function). The first three are the most
widely used versions of the direct structure [RG75], while the fourth one is again the resonator-based
structure [PMP96]. The coefficients provide low-pass behavior, and again the step response is
investigated. The outputsy(n) -» 1 asn - oo, It isassumed, that at ng the outputs take the value of 0.5. At
Ny +1 with the “old” parameter-set each structure would reach 0.75, while switching to the “new” one
resultsin quite different values. The “new” parameter-set implements a narrower low-pass filter, therefore
the step-response will be slower. The most inconvenient behavior is that of the Direct |1 structure, which
produces a negative “jump” at its output. The Direct |, and the transposed Direct Il structures have the
very same response, while the resonator-based one gives the fastest solution.

Coefficients
direct resonator-based
b0,0|d =0.25 lo,0ld = 0.5
broig = 0.25 Woold = 1
A old = -0.5 d0|d =0.25
by new = 0.05 Fonew= 0.1
bl,new =0.05 Wo,new = 1
3y new = -0.9 Ohew = 0.05
Structures Output at ng Output at ng+1 | Output at ng+1
old system new system
. b, 1
Direct1. u(n) 1 y(n)
05 0.75 0.55
b, -a
. bO
Direct 1. u(n) y(n)
0.5 0.75 0.177
G Z b,
. bO
Direct 1. u(n) y(n)
transposed b & 0.5 0.75 0.55
1
-1
lo
Resonator-  u(n)
based 0.5 0.75 0.683
WO
y(n)

Table 3.2: Reconfiguration transients in different first-order systems during the rising-phase of their
step-response.
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To get more insight into the transient behavior let’s assume, that at ny the outputs take the value of almost
1, and we change the coefficients under such condition. In this case no significant change of the outputs
can be detected except at the output of the Direct Il structure, where the memory-cedll will contain avalue
of amost 2, and the drastic reduction of the output weights by a factor of five will suddenly reduce the
output to y(ny+1)=0.24. This phenomenon is due to the fact described above: the internal (state) variable
of the filter is not scaled; therefore it can take very different values for the two configurations. As a
conclusion it can be stated that if we apply scaling the size of the transients will be lower.

The ssimple examples above explicitly show that there is a wide variety of behaviors depending on the
implementation structure. It can be concluded that a proper selection from the possible alternatives at
design time can significantly reduce the intol erable consequences of the reconfigurations.

3.2  Multiple-step reconfiguration

The multiple-step strategy and the structure dependence are illustrated by a ssmple pole migration
example. The reason for this illustration is the observation that gradually changing the coefficients in
certain filter structures may move the poles temporarily out of the unit circle. Unstable temporary pole
positions can indicate possible large transients, though they do not cause loss of stability because the
proper interpretation of poles [OI01] for time invariant systems gives lighter stability criteria. An 8th
order Butterworth low-pass filter was reconfigured from a cut-off frequency of 0.1 fs to 0.01 fs, where fs
denotes the sampling frequency. In Figures 3.8-3.11 the pole-migration of four different structures are
recorded (the direct [RG75], the normalized lattice[CP96], the resonator-based [PMP96] and the
parallel [RG75]). The filter coefficients were linearly interpolated in 100 steps. The direct structure
temporarily has lost stability because its poles have migrated out of the unit circle. The paralldl structure
seems to provide rather good behavior.

A better behavior can be achieved if instead of linearly interpolating the coefficients, the filter design is
performed at every step, and in the multiple-step reconfiguration the corresponding coefficients are
applied. In this case, the "interpolation” is on the levd of the filter specification, i.e., we gradually change
the bandwidth and/or the center frequency. The optimal strategy of this "interpolation” is still an open
guestion. However, the considerations related to measurements with sweep generators help.
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Fig. 3.8: Pole migration of an eighth-order direct filter
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Fig. 3.9: Pole migration of an eighth-order paralld filter
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Fig. 3.10: Pale migration of an eighth-order normalized Lattice filter
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Fig. 3.11: Pole migration of an eighth-order resonator-based filter
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3.3 Analysis of reconfiguration transients: the white noise input case

The optimal transition after reconfiguration is highly dependent on the application; therefore, various
transient definitions and transient measures can be applied. However, usually the transient of a quantity in
the (discrete) time-domain is defined as

f, (0= ()= () (33)

where f;(n) is the transient part or component of the quantity, f(n) is the observed quantity in the
investigated reconfigurable system, and fi4(n) is the same quantity observed in an idea system
reconfigured without transients. In addition to the definition of the transient, a transient measure is also
required to compare the behavior of contending alternatives for transient reduction. For applications,
where characterization supposing white noise input seems to be appropriate, the average energy of the
transient, defined as

I = 3/t (o) (3.4)

n=-co

can be used as a measure of selection. Obvioudy there are several other possible alternatives, but sincein
case of (3.4) existing concepts and computational methods can be utilized, as a first attempt it may be an
acceptable choice.

The input-output mappings of (linear) dynamic systems defined by their impulse response in the time-
domain or by their transfer function in the frequency-domain do not specify how theinternal processing is
to be performed within the system. It is the state variable formulation, which provides an appropriate
framework to describe such situations, where the internal behavior considerably influences the overall
performance. Since this is the case with reconfiguration transients, we also try to utilize this approach.
With the usual notation

X(n+1) )+Bu(n)
y() = cx(n)+Du(n)

1
>
X

—
=]

(3.5)

where the state variable x(n) describes mations governed also by internal mechanisms of the system. From
now, we will consider only state-variable formulations, which are minimal in the sense of state variables
and have a nonsingular state transition matrix A with full eigenvector system. It is well known that the
transfer function of the represented system isinvariant to the so-called similarity transformations

(A, B, C,D) - (T1AT, T-1B, CT, D) (3.6)

where T is a nonsingular transformation matrix. Consequently there exist an infinite number of systems
that realize the very same transfer function. Various IIR filter structures [RM87], [PMP96] have been
developed that utilize this invariance of the realized transfer function and to achieve certain advantages,
e.g., better performance under finite word-length realizations.

In our investigations we consider the transients of a one-step reconfiguration at n=k. We compare the

transients produced by the tested systems to the outcome of the output switching method [S&al93]. The
experimental setup isshown in Fig. 3.12.
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Fig. 3.12: Experimental setup to compare the transient properties of the output switching and the one-step
reconfiguration.

We assume that before the reconfiguration all the examined components, i.e, the system to be
reconfigured, represented by a time-varying transfer function H(n,2), the “old” system, represented by
Haq(2), and the “new” system, represented by H,a(2), are in steady-state, or at least very close to that.
After reconfiguration, however, the state variables inherited from the old configuration [H(n,2) with Agg,
Boig,Coig» @nd Dgq] are not necessarily steady state values for the new configuration [H(n,2) with Anew
Brew,Crewy @nd Diey]. The transient of the state variable vector x;(K) is the difference of the state variable
vector of H.e(2) and the state variable vector of H(n,z), which is identical to the state variable vector of
Had(2). Therefore, the transient of the state variable vector in the system reconfigured by the one-step
reconfiguration can be expressed as

Xtr (k) = Xold (k)_ Xnew(k) (37)
and the output transient can be computed as

0, for0<n<k
ytr (n) = n-k
CraPranXy (K), forn=k

new” "new

(3.8)

Based on (3.7) and (3.8), it is possible to estimate the power of the internal state variables, and the output
transient for white noise inputs. Here we derive an estimate of the “energy” of the output transient, which
gives us a direct way how to select system structures with low transients. Equation (3.7) shows that the
state variables play a central role in generating reconfiguration transients. The covariance matrix K of the
state variables

K., = E[x, (k)x" (k)] (3.9)
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can be efficiently used in estimating the energy relationships of the system, because for it can be
computed from the state variable formulation as

k=3 (A'B)(A'B) =AKAT +BB (3.10)

(K is called also as the controllability Grammian (see, e.g., [RM87]).) Equation (3.8) shows how the
transient error after reconfiguration settles. This process of the settling in terms of signal energies is
characterized by the observability Grammian W, the dual of K. Matrix W is computed as

w=3(ca) ca')=AaTwA +cCT (3.11)
1=0
The matrices K and W play essential roles in the theory of finite world-length effects in infinite impulse

response (IIR) digital filters as shown in [RM87].
The expected value of the energy of the transient signal at the output can be expressed

E{Z A )} (312)

With direct substitutions of (3.7), and 3.8) into (3.12) and using (3.11)

£ S500)] = Sl o] Cniin o]

= EN (W, ()]

= E{iiwmuxr,i(k)&r,j(k)}

i=1i=1

(3.13)

N

= 3 S Bl (%, ()]

j=1i=1

can be derived because X, ' (K) W ew X (K) is @ quadratic form and W is areal symmetric matrix. The scalar
N stands for the order of the systems.

Let us define the covariance matrix of the state variables transient at n=k as
K, = Ex, (k) (k)] (3.14)
which can be converted by substitutions to
K = Bt (k)i (k)] = K i+ K = B ()] - B ) ()] (3.15)

The first two terms are the observability Grammians of the old (K g), and the new systems (K ). The
last two cross-terms are the covariance of the state variables of the new and the old systems showing how
similar the two systems are. Here we use the stationary property of x, defined in (3.7). The e ements of
matrix Ky are just exactly the E[xqixqj] terms in (3.13); therefore, a direct substitution is possible
and (3.13) can be rewritten in matrix form as

19



E{; Vel )} =Tr(W, K, ) (3.16)

Both the Wy, and the Ky, matrices depend only on the used system structure and the realized transfer
functions.

[llustrative example: Asan example, four filter structuresrealizing 10th order pass-band Butterworth
filters with the center frequency f.=0.1 f4/2, and bandwidth B,;s=0.1 f4/2 for the wide-band, and
Brarrow=0.01 f4/2 for the narrow-band filter are designed. Thefilter structures are the transposed Direct |1
structure, the parallel, the |, scaled orthogonal resonator-based structure [PMP96], and the |, scaled
orthogonal reverse normalized lattice structure [CP96].

Table 3.3 shows the theoretical estimates of the average output transient energy of the previoudy listed
filters. Table3.4 lists the average energy of the output transients observed in simulations using the
experimental setup of Fig. 3.12. The simulation consisted of 10000 experiments for an identical set of
filters.

Structure Decreasing Increasing
bandwidth bandwidth
Direct structure |1 transposed 8.5653 10° 2.6681
Paralle 2.5123 2.0047 10°
Resonator-based (orthogonal) 4.3685 4.5985
Normalized lattice 4.8686 4.9399
(orthogonal)
Table 3.3: Average energy of output transients based on our estimation [Tr(W e K )] for different filter
structures.
Structure Decreasing Increasing
bandwidth bandwidth
Direct structure |1 transposed 8.7510 10° 2.6987
Paralld 2.5268 2.2190 10°
Resonator-based (orthogonal) 4.3485 4.5829
Normalized lattice 4.8658 4.9413
(orthogonal)

Table 3.4: Average energy of the output transients from 10000 experiments.

As the theory predicts, the direct structure and the unscaled parallel structure produce very high-energy
transients in one of the mode-change directions. Mode changes are considered bi-directional; therefore,
the application of the direct and unscaled parallel structures is not suggested in reconfigurable systems
using the one-step reconfiguration method. The |, scaled orthogonal resonator-based and the reverse
normalized lattice structures produce the lowest transients overall, independently of the direction of the
mode change. Orthogonality of these structures assures that K=1 independently of the realized transfer
function limiting Ky, and Wy, has very good properties too. The transient of the direct and paralld
structures can be orders of magnitude higher than that of the filters realized by |, scaled orthogonal
structures.

3.4 Analysis of reconfiguration transients: the sinusoidal input case

In case of sinusoidal input again there are several alternatives to characterize the transient motions. For
linear systems well-known methods are available to provide analytical solutions to describe transient
responses as it was illustrated already in Section 2. Here the approach of the previous subsection is
followed: the energy of the output transient is calculated as measure for comparing different structures.

20



We consider a single sinusoid as input

u(n) =U cos(en + ¢) (3.17)
where U, © and ¢ stand for the amplitude, frequency and phase, respectively. Using the complex notation
u(n) = Re(Ue®), where U =Ue" isthe complex amplitude.

The steady-state behavior of linear, time-invariant and discrete-time systems can be examined using its
transfer characteristics H =He?and the complex amplitude U =Ue” of the input. The complex
amplitude of the output can be expressed as

Y = HU = He?Ue'’ (3.18)

H and p are functions of ©, however, this is indicated only in case of possible misunderstanding. The
output samples can be given as

n)= Re(\?e'o”) = HU cos(p + ¢ +©n) (3.19)

For the approach presented in Fig. 3.12 we can derive the transfer values from the input to the state
variables x; at the discrete frequency ©: H,, for the old and H,, for the new configuration. The
transfer value responsible for the transient from the input to the state variables x; at the discrete frequency
o: Hu. isexactly the difference of the difference of the two previous transfer values:

ﬁlr,xi = ﬁold,xI - ﬁna/v,x, (320)

Using (3.20) and (3.19) the transient state X, ; (k) can be expressed as.

X, (k) =H, U coslp,; +¢ +0Ok) (3.21)

The energy of the transient at the output can be calculated using (3.12) and (3.13), the only difference is
that the expectation operator can be neglected. By substituting (3.21) into (3.13) also for i and j we have:

N

o0 N
zytr( ) zzwn Htr |Htr jU Cos(ptr,i +¢ +@k)cos(ptr,j +¢ +@k) (322)
1=0 j=0i=0

Utilizing equality 2cos AcosB=cos(A-B)+cos(A+B), Where A=p  +g+0kand B=p,  +¢+06k
we get the form:

|i(;y'tzr(l) ZN:ZN:WH HtrlHtr 1U2 ;(COS( tr,i _Iotr,j)+cos(ptr,i +Iotr,j +2¢ +26k)) (323)

= j=0i=0

Equation (3.23) can be decomposed into two parts

N 1

an IJH'[I'IH'[I' JU2 (p'[l'l Iotr,j)+

j~0i~0 1 (3.24)
an Htr |Htr JU 2= (Iotr i + Iotr j + 2¢ + ZOk)

i=0

=51

>il)

il
o

The first part is independent of ¢, © and k, while second is not. Accordingly assuming sinusoidal input
with given frequency and phase, we might reduce transient energy by properly setting the time of the
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reconfiguration. Unfortunately, however, the determination of this time instant in practical applications
requires intensive run-time calculations. The problem here is rather similar to the switching problems of
electrical power distribution systems, but in our case the size of the problem space is larger, because the
number of components having different magnitude and phase equals the number of the state variables.

3.5 Transient reduction in reconfigurable control systems

If the operational conditions of a controlled plant change, then usually some modifications are to be
performed to keep the overall behavior of the within prescribed limits. Reconfigurable control systems are
designed to be able to react to failures, compensate the time-variant and/or nonlinear nature of plant, or
accommodate changes in the control objectives. Run-time controller reconfigurations, however, may cause
unacceptable transients in control loops. In this subsection, the issue of reducing transients due to
controller reconfiguration and/or plant changes is investigated. The proposed solutions are based on the
"management” of the state-variables of the controller by (1) selecting proper redlization structures for the
contraller and/or (2) by modifying the state-variables of the controller. The properties of the proposed
solutions are evaluated by simulation in a"test-bed" consisting of a plant with two modes (operational and
failure) and a PID controller.

A typical reconfigurable control system is a compound of a continuoustime plant, a discrete-time
contraller, a reconfiguration manager, and a supervisory sub-system. The block diagram of such a system
isshownin Fig. 3.13.

A

Supervisory
sub-system <
A
Y

Y

Reconfiguration

manager

Y
r > Reconfigurable 5 Plant 5
> controller v y

Fig. 3.13: Block diagram of a conceptual reconfigurable control system.

The supervisory system detects the changes and faults of the plant, the actuators, the sensors, the
contrallers, including the underlying computing infrastructure, and works out a new configuration of the
controller that assures proper operation under the given circumstances. In the majority of the cases, the
supervisory sub-system can be considered as discrete-event system issuing reconfiguration commands to
the controller through a reconfiguration manager. One of the primary tasks of the reconfiguration
manager is to minimize the reconfiguration transients caused by the reconfiguration of the controller.
Recent investigations ([S&al93], [AW97], [VL98], [PK99], [KPS01]) show that without any interaction,
reconfiguration transients might not be tolerated because of their possibly high amplitude and extreme
dynamics. For this very reason, it is necessary to address the transient problem by introducing methods
that guarantee acceptable transient behavior. But the problem here is far more complicated than in open-
loop systems, especially if the plant itself also changes; thisis demonstrated in the subsequent analysis.
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Let us assume that the plant changes due to a fault, which causes unavoidable transients. Fault Detection
and Isolation (FDI) algorithms use the difference of the nominal and observed system outputs, as defined
in (3.3), to work out possible fault hypotheses [MB99]. To diagnose faults from transient, the FDI system
must have a detailed built-in model of the plant that captures structural information, practically the
information required to back-propagate the observed transient to possible changes in the internal energy
flow in the physical system, to the actual fault. In essence, the FDI agorithms use the structure
dependence of reconfiguration transient.

An immediate effect of the transient due to plant failure is the perturbation of the control loop. The
contraller tries to compensate for the transient, but it is not designed for that task. The faulty plant
requires a different controller selected from stored controller alternatives to satisfy the control objectives.
If an appropriate new controller is available, the actual controller has to be reconfigured. This
reconfiguration may result in transients, which can be reduced to some extent, because we have full access
to the controller realization, i.e., we can modify the signal flow graph, the internal sates, and the
coefficients, as well. Here we must note, however, that we have very limited access to the plant, we can
possibly drive some of its inputs, we can measure some of its internal variables, and sometimes we can
make quite limited changes within the plant, therefore a complete elimination of transients within the
loop is hardly achievable.

[llustrative example: The experimental simulated setup, shown in Fig. 3.14, consists a continuous time
plant and a discretetime PID controller.

C oo Xep(0)/Cos X4(0) Co/Ct

r —> Reconfigurable

controller v ZOH Plant y

SH
\

Fig. 3.14: The experimental setup.

The failure of the plant is modeled by the transition from the operational configuration Cy, to the failure
configuration Cy;, and the repair is modeled by the transition from Cy to Cy,. The controller is to be
reconfigured from its operational mode C, to its failure mode C to properly control the failed plant, and
from C to C,, when the plant is repaired. The state variables of the controller, X, and X, are accessible
as shown on Fig. 3.14, they can be read or written any time during operation. The properties of the used
system configurations (C, and C. pairs) are shown in Table 3.5.

Coo Cyt
Ceo no overshot over-compensated
large phase margin
Cy under-compensated no overshot
small phase margin

Table 3.5: Closed loop propertiesin case of plant and contraller configurations

The failure of the plant is identified by the supervisory sub-system, typically from the transient [MB99]
caused by the failure. In one scenario, this step is followed by the controller selection or design. In most of
the cases, it is reasonable to assume that the reconfiguration of the controller occurs after the settling of
the transient. The repair of the plant is done intentionally, which can be performed separately from the
controller reconfiguration, or a joint repair of the plant and the reconfiguration of the controller is aso
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possible. In the experimental setup, the changes of configuration are time driven. The control functions
governing the configurations in the experimental setup are shown in Fig. 3.15. Here we must note that the
supervisory sub-system should take reconfiguration transients into account, and it should not initiate new
reconfigurations resulting in an infinite repetitive sequence of reconfigurations.

Control function of the plant
T T T

r fault repair B

1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Control functions of the controllers
T T T T

T T T
—— Delayed reconfiguration
—— Immediate reconfiguration T B

r reconfiguration

I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500
Time (sec)

Fig. 3.15: Contral functions for the plant and the controllers.

For implementing discrete-time controller the so-called direct structure (see Fig. 3.16 (a) for signal flow
graph) is widely because as it can be derived directly from its transfer function. This structure, however,
has very bad reconfiguration transient properties as it was shown for |IR filters in [KPS01]. The input
scaled state-space structure, shown in Fig. 3.16 (b) and abbreviated as scaled SS in the figures, promises
low transient in |IR filters [KPS01]. The scaled state-space structure is used with minor modification as
PID redlization when the error signal and its derivative are both directly measured from the plant, but its
application ispossiblein all other cases.

Ancther approach to reduce transients is the modification of the state variables of the controller. The
simplest form of state variable modification isthe zeroing of the state variables during the reconfiguration.
More complex methods of computing new state variables for the new controller are possible, for example,
by setting the state variables of the new controller to their future steady states.

In the experiments the reconfigurations are done using the one-step reconfiguration in a direct and a
scaled state-space structure, and for reference a third experiment is included in which the state variables
of the direct-form controller are zeroed.

u(n) y(m)  u(n) y(n)

(a) (b)

Fig. 3.16: Filter structures for controller realization. (a) Direct structure (b) State-space structure
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Fig. 3.17: Reconfiguration transients. The fault occurs at 100 sec, the controller is reconfigured according
to the plant at 200 sec, at 300 sec the plant is repaired, and finally at 400 sec
the controller is reconfigured according to the repaired plant.

First the case of such a scenario is investigated, where the controller reconfiguration after the recovery or
repair of the plant is delayed. The contraller and plant outputs are shown in Fig. 3.17.

As expected, the failure and repair of the plant cause transients, the course of which is invariant to the
structure of the controller applied. On the other hand, the transients due to controller reconfiguration are
structure and method dependent. The one-step reconfiguration of the direct structure and the state zeroing
method produce large transients compared to the transients of the scaled state-space structure. If the
reconfiguration of the scaled state-space controller is performed under steady state conditions, practically
no transients are produced. This preferable property is due to the state-space structure, because in steady
state the input of the PID controller (the error signal) is practically zero, and the change of the coefficients
of al forward paths kg, k;, and k, do not effect the output of the controller. The same property does not
hold for the direct structure.

The joint repair of plant and controller reconfiguration is investigated as the next experiment. The
controller and plant outputs are shown in Fig. 3.18.

All experiments show large transients at 300 sec. Unfortunately, state variables of both the direct and
state-space contrallers inherited from the failure configuration are not appropriate for the new contrallers.
To reduce the transients even in the case of joint plant repair and controller reconfiguration the state
variables of the controller should be modified. By setting the state variables of the controllers in both the
direct and state-space structures to their operational steady state we may achieve reduction of transients.
The experiment is shown on Fig. 3.19. The system utilizing the state-space controller shows moderate
reduction of transients, while the transients of the direct structure controller are increased dightly. The
appropriate method of computing the new state variables is under development, but the limits of
modifying the state variables are identifiable, as we have no access to the state variables of the plant,
which produce transients on its own. At this point it isimportant to note that the calculation of new state-
variable valuesis considered as active transient management method (for the details see Section 4).

Structure dependence is identified as a key factor in transient management of reconfigurable control
systems. Using proper structure for controller realization guarantees no transient if the reconfiguration is
performed in steady state of the system, and assures smaller transients than other structures for small
disturbances. Transient property of the joint reconfiguration of the plant and the controller is an open
guestion, but proper initialization of the state-variables of the controller can reduce transients.
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Fig. 3.18: Reconfiguration transients. The fault occurs at 100 sec, the controller is reconfigured
according to the plant at 200 sec, and at 300 sec the plant isrepaired paralld with the
controller reconfiguration.
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Fig. 3.19: Reconfiguration transents with state modification. The fault occurs at 100 sec, the controller is
reconfigured according to the plant at 200 sec, at 300 sec the plant isrepaired paralld with the
controller reconfiguration. Theinternal states of the controllers are st to their final steady Sates at
300 sec.
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4. Active methods of transient management

Although the proper choice of the system’s structure helps to decrease transients caused by the system’s
reconfiguration, usually the passive methods do not give full protection against the undesired transients
effects (especialy in those cases when the system’s structure is given, and the designer has no free
choice). Active methods can be effective counterparts of the passive methods in every case when run-time
interaction is possible and the system has free computational power to run the transient management
algorithms. Unlike the passive methods, active methods manipulate the system run-time when the
reconfiguration happens in order to decrease the transient effects.

However, active transient management methods have serious drawbacks: additional (sometimes
remarkable) computational power isrequired, and their application field is much narrower than that of the
passive methods. Due to the model-based nature of the active methods, certain restrictions may apply to
the reconfigured system:

e Thereconfigured system must not be in transient state before reconfiguration;
e Thereconfigured system is supposed to be linear, and its linear model must be known;
» Thesystem isreconfigured abruptly, in one time instant;

e The input of the reconfigured system may be restricted to a narrow class of signals (slowly
changing or constant).

Two basic active transient management methods will be described: state initialization and anti-transient
signal injection. The state initialization methods can be effectively used when the inner states of the
reconfigured system are accessible and can be modified, which is the case in most software components
(e.g. digital filters and digital controllers). When the state variables of the reconfigured system component
cannot be modified, the anti-transient signal injection method till may be applied to reduce the transient
effects.

The transient management techniques can be used after the reconfiguration (or at the same time), or some
of them may be applied before the reconfiguration act, if it is know in advance.

Different versions of the transient management methods can be used in both the open loop (signa
processing chain) and closed loop (control) scenarios.

Section 4.1 describes the basic active transient management techniques in open loop scenarios, with
special emphasis on the applicability in closed loops. In Section 4.2 the described methods are generalized
for closed loops, and the necessary modifications are described. In both sections the applicability of the
methods are investigated. In Section 4.3 two examples illustrates the described methods in simulated
control environments.

4.1 Active anti-transient methodsin open loop systems

The effect of reconfiguration (e.g. change of parameters) of a system in a processing chain may affect the
elements connected to the reconfigured system; it may cause harm and degrade the system’s overall
performance. In the signal-processing framework successful techniques have been proposed to cancd or
suppress transients caused by the abrupt changes of filter coefficients (see [VL98] for an overview). In a
frequently used model the coefficients (and possibly the order of the filter as well) are changed abruptly.
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Fig. 4.1. Output switching method

In this context the transient is defined as the difference between the actual output and the ideal steady-
state output of the new filter. The so-called output-switching method uses the above definition and runs
filters in parald, as shown in Fig. 4.1. This solution provides transient-free output but the overhead is
high. More sophisticated methods use (usually simpler) transient eliminator filters to collect information
and to aid the initialization of the new filter. At the time instant of the change not only the filter
parameters, but also the filter states are updated using the information gathered by the transient eliminator
filter [VL98, ZZ88]. This elegant solution is part of a more general framework where the state variables
are updated so that the transient effects are minimized or cancelled.

The state variables of a system are often hidden, cannot be accessed or modified (typical examples are the
mechanical systems). During the reconfiguration of such systems transient management methods utilizing
state variable initialization cannot be used. In such cases the undesirable transient effects can still be
suppressed or cancdlled. The basic idea is the injection of an anti-transient signal in the signal processing
chain in order to decrease the undesired transient effect at a critical point of the processing chain. The
place of injection depends on the physical system. An obvious choice would be the injection after the
reconfigured system (see Fig. 4.2.8). In this case the injected signal is simply the inverse of the transient
caused by the reconfigured system. The calculation of the injected signal is straightforward in model-
based systems, where all the necessary information is available (measured or calculated), and
theoretically, the transient can perfectly suppressed. However, the intervention is hard or even impossible
after the reconfigured system in many practical cases, when the output of the changed system is not an
electrical quantity (typical examples are again mechanical systems). In such cases the injection must be
placed before the reconfigured system, usually at the actuator’s input (see Fig. 4.2.b). The latter situation
is harder to solve, in many cases perfect suppression cannot be achieved, but the reduction of the
transientsis usually till possible.

7gniignsient signal anti-;ransient a',gnal

Reéonfigured system Reéonfigured system
a b.

Fig. 4.2. Injection of anti-transient signals. a. after, b. before the reconfigured system

Although in the next sections the open loop transient management is considered, emphasis is made to
those methods, which are applicable (directly or in a modified version) to closed loop scenarios as well.

4.1.1 Statevariableinitialization

Reconfiguration transients depend significantly on the actual internal energy conditions of the
reconfigured systems. With a state-variable interpretation the internal energy of a dynamic system is
distributed among their state variables. At reconfiguration these state variable values serve as initia
conditions causing transients. These state variables also give the possibility to suppress reconfiguration
transients through proper initialization.
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In practical cases two simple state variable initialization techniques are used if reconfiguration is needed:
state zeroing and state preserving. Both methods can be considered as very smple state updating
algorithms.

State Zeroing M ethod: When the system’s parameters are changed, the state variables are set to zero.
This is a usual and ‘safe way of reconfiguration, since the new system starts from a zero-energy state,
thus its behavior is predictable. Another advantageous property of this simple method is that the structural
representation has no effect on the transient. However, apart from the rare case when the state variables
are all zeros, this method always produces transients.

State Preserving Method: This method preserves the old system’s state variables after the parameter
change. This method may be useful when the successive systems are similar (i.e. the successive parameter
sets are similar), and the old states are also ‘meaningful’ in the new system. The application of this
method is troublesome if the structure is also changed. A drawback of this solution is that the transient

1(K) 1(K)
|

|
K K
S, > S, >
»(K) 5(K)
K K
ke > N kRS2
a. b.

Fig. 4.3. Output Fitting strategies. The reconfiguration is made at time instant kz. a. The new system
(S,) isinitialized to continue the output of the old system (S;) smoothly, by fitting the
derivatives.

b. Thenew systemisinitialized asif it produced the past few samples of the old system.

behavior of the new system depends on the last state of the old system, thus it is unpredictable in design
time.

Both state zeroing and state preserving methods may have their field of application, but generally neither
of them provide satisfactory results. Hereinafter a more adequate solution will be described [ SKPOO].

Output Fitting Method: In  practical cases ‘smoothness or ‘bumplessness is often a useful
characterization of the output of a reconfigured system. Abrupt changes or large peaks are usually
undesirable, while a smooth transition is natural and often unobservable (e.g. in case of an audio system).
Based on this fact the transient management algorithm can be constructed, which tries to keep the output
signal of the system ‘smooth’ around the reconfiguration. A reasonable definition of smoothness is based
on Taylor-series. Let
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y1(2) (tR) = y§2) tr )' (4.1)

yl(N_l) (tR) = ygN_l) (tR )'

where y"(t;) is the Ith (Ieft-hand side) derivative of the old system’s output at the reconfiguration time

instant to, and y{’(kg) is the Ith (right-hand side) derivative of that of the reconfigured system. In case
of an equidistantly sampled discrete system the derivatives are replaced simply by differences
vy (ke) Oy(ke)- y(ks =1) and y© (k) Oy(ks +1)- y(kg) for the left-hand side and right-hand side,
respectively, where k; isthe discrete reconfiguration time.

The transient management algorithm using ‘equal derivatives' to provide smooth transition isillustrated
inFig. 4.3. a.

Assuming for awhile, that the new system operatesin paralld with the old one, and thus produces output
values before the reconfiguration, the right-hand side derivatives of the new output signal can be replaced
by the left-hand side derivatives. Having discrete samples, the equality of the left-hand side derivativesin
Equation (4.1) implies the equality of the samples preceding the reconfiguration:

y, (kg =1) =y, (kg —i),fori =0..N -1. (4.2)

Thus a possible way to ensure the smoothness of the system output is to run the old and new systems
virtually in paralld so that both systems produce the same outputs before reconfiguration, asillustrated in
Fig. 3. b. In this case the new system can continue the operation ‘smoothly’, or, in other words, its state
variables contain values which enable the smooth reconfiguration. Of course, instead of running the
systems in paralle (which would be impossible in closed loop, anyway), the state variables are computed
from the congtraint that the past N output samples of the new system are the same as that of the old one,
provided their inputs are the same.

Note that this method cannot ensure the complete rejection of transients, since the initial state variables
enforced to the new system are not really produced by it. These imperfect initial values change, and a new
stationary state is reached, which may also cause small transients. But the level of these secondary
transients is much smaller than that of the transients without proper management, according to practical
experiments.

Computation of the initial values. There are multiple ways for the calculation of the state variables if the
output fitting method is used, depending on the time and hardware resource congraints. If the
reconfiguration must be performed immediately, then the recal culation of the state variables must be made
in one time instant. In this case a linear equation system must be solved with N unknown variables (the
state variables) and N equations (the relationship between the input and output in the past N samples).
The form of the equations strongly depends on the reconfigured system’s structure, and can be solved
using difzferent well-known techniques, but in general for higher N it has high computational complexity
(order N°).

If the reconfiguration can be delayed by N samples, or the reconfiguration command is known at last N
samples before the required reconfiguration time instant, or it is possible to run an auxiliary filter in
parallel with the system to be reconfigured, then it is possible to solve the equationsin a recursive manner.
Thisrecursive method will briefly be described here.
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Let us consider the state-variabl e representation of the system after the reconfiguration:

X = AX +Bouy,
i =C X% + DU, (4.3)

where X is the state vector, u and y are the input and output of the system, respectively, A; is the state
transition matrix, and B,, C, are the input and output coupling matrices of the reconfigured system,
respectively. For this system a dead-beat observer [Lue71] can be designed with the following structure:

Za = Az +Byu, +9(Y, —C,z) - gDy, (4.4)

where z is the observed state vector and g is a parameter vector which has to be chosen adequatdly to
provide the dead-beat behavior. The congtraint is that all roots of the polynomial det(/ll -A+ gCZ) are

zeros. From this congtraint parameter vector g can be calculated off-line. The complexity of the above
observer is the same as that of the reconfigured system. When operated, the observer must be switched on
N sampl es before the reconfiguration.

Note that it is possible, that the order of the system is higher than the required number of fitted derivatives
(N). In this case the initialization can be made by different sets of parameters, all of them satisfying the
congtraint in Equation (4.2), but they may be different from the viewpoint of transient suppression. In
these cases, unfortunately, no general solution exists, the structure of the system must be taken into
account to decide which variables to update, and how. See Section 4.3 for an example.

4.1.2 Applicability of the state initialization methods

The state zeroing and state preserving methods — due to their ssmplicity — do not have limit in application.
It must be emphasized that the state zeroing method will always produce the same reconfiguration
transient, while the state preserving method is sensitive to the actual inner states as well as to the system
structure.

The output fitting method tries to modify the inner state so that the output is bumpless. To the
effectiveness of this method some care must be taken. As was mentioned, the goal of theinitialization isto
mimic a parallel operation of the new system before the reconfiguration, and the output of the new system
will be a ‘smooth’ sequel of the output of the old system. Smoothness was provided by the equality of the
derivatives of the output systems. However, the derivatives were approximated by differences in the
sampled system; and for N derivatives a sequence of length N was used in the approximation. For the
validity of this approximation it must be true that the output signal’s derivatives are (approximately)
constant during the time period of length N. For this the input signal must be slowly changing according
to the sampling period.

Also note that there is no sense using the output fitting technique if the system is aready in a transient
state during the reconfiguration.

Thus the assumptions and requirements for the usage of the output-fitting method can be summarized as
follows:

» Thesystem isreconfigured abruptly, in one time instant.
e Thereconfigured system islinear and its state variables can be read and arbitrarily initialized.

e The system’s input signal is sufficiently over-sampled (or simply speaking, the input signal is
‘dowly’ changing).
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 Thesystemisin steady state (or closeto it) beforeit isreconfigured.

4.1.3 Anti-transient signal injection

As shown in Fig. 4.2, the anti-transient signal injection can interfere with the transient signal either
applying it after or before the reconfigured system. In many practical cases (e.g. mechanical systems with
electrical input) the only reasonable solution is to inject the anti-transient signal before the reconfigured
system (Fig. 4.2.h). In this case the perfect anti-transient signal would be:

u(k)=H"(2)y, (), (4.5)

where u(k)is the anti-transient signal, v, (k)is the transient to be suppressed, and H(z) is the

reconfigured system’s transfer function. Unfortunately the inverse system can be sensitive to noise, and
usualy it is not causal. Using another approach, the design of the anti-transient signal can be considered
as an optimization problem [SPK01].

The goal isto minimize the output transients in some sense. A physically reasonable measure is the power
of the output transient. If the power of the transient is taken into consideration for very long time, then
this measure perfectly describes the transient’s effect in terms of its undesired power. Note that in
practical cases the calculation of the transient is usually made for a shorter time to save computational
power. In some cases it may be dangerous, since the system’s inner states may not contain the ideal values
by the end of the considered timeinterval, and thus the transient may continue.

Ancther measure can be the energy of the error in the inner states of the system, with respect to the true
energy values. If the state error is zero then the transients have decayed.

The two measures can be combined, and thus the measurement of a shorter period of the output error can
provide information on the caused transient during the measurement, and the state error is a reasonable
measure of the possible transients of the system after the measurement period.

The fallowing injection solution uses the simultaneous minimization of the state variable mismatch and
the plant output transients. The problem is formulated as a least-squares problem: The measure of the
transient error is a sum of two components. the output error power during the time of the injection, and
the state-mismatch power after the injection. The first component keeps the output error low during the
injection, while the second component tries to minimize the state error at the end of the injection, and thus
to provide low output error after the injection stopped.

The operation of the transient injection in time can be a priori or a posteriori, with respect to the
reconfiguration.

e A posgteriori transient signal. Typica example is when an unexpected, but quickly detected fault
occurs in the system. The anti-transient injection starts after the system'’s ‘reconfiguration’ (i.e. the
fault).

e Apriori transient control. If the system reconfiguration is known in advance (e.g. deliberate mode
change) then the transient injection can begin before the system itself is reconfigured.

Since the a posteriori case can be considered as a special case of the a priori control, in the following the
more general a priori anti-transient injection will be described. The number of injected samples after the
reconfiguration is N, (in both cases), while N; denotes the number of injected samples before the
reconfiguration (in case of a priori anti-transient injection).

The system to be reconfigured is supposed to be linear, so it's discrete state-space approximation is:

32



X1 = A%+ B, (4.6)
Y =Ci X% (4.7)

where x, u, y are the state variables, the input, and the output, respectively. The matrices A, B;, and C;
describe the system before (i=1) and after (i=2) the reconfiguration. The error system can be described
similarly:

%, = AX, +B, (4.8)
y. =CX, (4.9)

where X isthe state error (i.e. the difference between the ideal and the actual states), Y isthe output error

(i.e. the difference between the ideal steady-state output, and the actual output), and U istheinjected anti-
transient signal. The output error sequence can be expressed as a function of the injected input sequence:

=, 0 o, 07X
y=| o Z ut o (4.10)
oz, W o, | Ax,
where
W] ]
7 Uy
Y Uy -
y=| o] us| T (4.12)
yN1+1 uN1
yN1+2 uN1+1
L le‘sz i _JN1+NZ—1_
CB
Ci'A\Bi CiBi
= =| CA’B.  CAB, CB, (4.12)
CAY'B CA“"?B CA“°B - CB
®(j,k)=C,AJAM*B, j=1.N,, k=1..N, (4.13)
©,())=CA, j=1.N (4.14)
W(j)=C,AJA", j=1.N,. (4.15)

The initial error vector x,, contains the error of the state variables before the injection, while Ax,is the
difference between the ideal state variables in steady state before and after the reconfiguration of the
system:
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Xor = Xig1 %o (4.16)
DXy = Xig o = Xig1 (4.17)

where xq,and Xg4,are the ideal (steady tate) state values of the systems before and after the
reconfiguration, respectively.

The state error variables after N;+N, steps can be expressed as follows:

RNgN, :[A;“z rl‘rz}u +[A§z AM: AN }{Z}ZZ } (4.18)
where

r =|av8|AY?B|--|ABB] (4.19

The goal is to minimize the effect of the transient (i.e. the power of the output error), and the state error

after the injection. The power of the combined vector L y

XN1+ No

z, 0 © 0
=llo =, |u+| |V o,

AT, A AN A

} can be minimized by solving the following

equation in the least-squares sense;

oa{~ v

XN1+N2

{ o } (4.20)

id

The least-square solution is:

=, olTle, 017 _ _
u=l|o =, v o, LXM}ESLX‘”}, (4.21)
A£\12|—1||—2 Al AM | ANz Xid Xid

where X* denotes the pseudo-invert of X.
Notes:

» |f the reconfiguration is made deliberately (mode change), and both the old and new system models
are known a priori then the matrix S in (4.21) can be computed off-line. In this case the on-line
computational complexity is quite low and proportional to the number of states and the length of the
injected signal.

» The effect of the output error and state mismatch can be weighted to provide an unequally balanced
solution.

e The least-squares formulation is unable to set limits on the input signal; thus the amplitude of the
solution can be higher than a given physical limit. In this case other ‘guard-states are introduced
(e.g. delayed or filtered version of the input), the weighted power of which is also taken into
consideration in the solution. By the adjustment of this weight factor the amplitude of the solution can
be arbitrarily limited. Note that thisis not the optimal solution any more.

34



If the injection can be made after the reconfigured system, as shown in Fig. 4.2.a, the solution can be
calculated as follows:

Now the error system is an autonomous system, producing the transient signal
Xy = AX, (4.22)
Y. =C,X, (4.23)

with X, = X4, — X, at hereconfiguration time. Theinjected anti-transient issimply -y, .
4.1.4 Applicability of the anti-transient signal injection
Since the anti-transient signal method implicitly assumes the knowledge of the transient signal to be

suppressed, it's application field is narrower then that of the state initialization methods. During the
solution it was used that the system is in a constant steady-state ( x4,,%4, are constants). Observability

and controllability of the controlled system were also implicitly assumed (it is necessary for the existence
of theinverse in Eg. 4.21). So the assumptions and requirements for the usage of the anti-transient signal
can be summarized as follows:

e Thesystem isreconfigured abruptly, in one time instant.

 The system is in steady state before it is reconfigured, the input is constant (or owly changing,
relative to the sasmpling interval).

e Thelinear mode of the reconfigured system (before and after the reconfiguration) is available.

»  Thereconfigured system is observable and contrallable.

4.2 Active anti-transient methodsin closed loop systems

In the following transients in the classical series-compensation control loop (shown in Fig. 4.4) are
investigated. The discrete time controller gets the error signal e(k), (which is the difference of the
reference signal r(k) and the plant output y(k)) as input, and produces the contral input signal v(k).
Transientsin this control loop can occur dueto three different sources:

(@) changing the reference; perturbations,
(b) contraller (C) adaptation/reconfiguration,
(c) plant (P) “reconfiguration” (mode changes, faults, degradation, recovery, repair).

Case (@) is handled by the properly chosen controller. Cases (b) and (c), however, can be considered as
special disturbances that the designer may have information about, and the appropriate usage of this
additional information may enable the effective reduction of the caused transients in certain cases. From
now on only transients due to reconfigurations (cases (b) and (c)) are considered.

If the controller (C) is reconfigured, and steady-state state-variable values of the controller are different

! C—V>P—y‘

Fig. 4.4. The feedback contral loop system. C: controller, P: plant
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before and after the reconfiguration, then a transient phenomenon will appear, unless proper
counteractions are taken. For this scenario the initialization of the controller’s state variables can be a
good solution, especially in case of processor-based digital contrallers, where state variables are available
and can easily be modified.

A more difficult situation is the plant (P) reconfiguration, which can occur because the plant is changed
either deliberately (e.g., multi-modal operation), and thus the change is known a priori; or because of a
sudden system fault or external event, and the change is detected only after its occurrence. If no
counteractions are taken, the transient reduction depends completely on the properties of the closed loop.
Unfortunately, methods based on state variable initialization are not applicable, because usually the inner
states of the plant are not accessible and/or cannot be modified arbitrarily. However, anti-transient signal
injection can be a good alternative.

In athird scenario the plant (P) and controller (C) are changed simultaneoudly. A typical example is when
certain criteria require the reconfiguration of the plant and the controller. Thisisthe most important, and
of course, the most difficult situation, which will be handled by the mixture of methods used in the simple
contraller and simple plant reconfiguration cases. In conjunction with the controller reconfiguration, an
adequate initialization of the new controller’s state variables is carried out so that the reconfiguration of
the controller does not induce additional transients. The plant’s transients are suppressed by an extra anti-
transient signal.

Although the transient suppression usually cannot be perfect, the closed control loop cancels the rest of
the transients. The purpose of the anti-transient injection is to decrease the effect of the transients and
speed up the cancellation.

A typical history of a fault-adaptive control system is shown in Fig. 4.5. After normal operation the plant
is ‘reconfigured’ (fault). The new operational mode is recognized, and a new adequate controller is
designed and applied (controller reconfiguration). When the plant is repaired, both the plant and the
contraller are reconfigured. These three typical reconfiguration scenarios are discussed in the remainder
of this subsection.

The definition of the transient in the case of a closed loop control system is a straightforward
generalization of that of the open loop systems. The transient caused by the reconfiguration is the
difference between the actual plant output and the hypothetical steady-state plant output (i.e. assuming the
new controller or plant was used for along time).

4.2.1 Transient management in case of controller reconfiguration

The following assumptions are made when the controller is reconfigured in the control |oop:

e Thecontraller is changed abruptly, in one time instant.

e Thecontraller isalinear system of which the state variables can beread and arbitrarily initialized.

e Thecontroller'sinput signal is sufficiently over-sampled.

 Thesystemisin steady state (or closeto it) when the controller is reconfigured.

»  Thereconfiguration isindependent of the reference signal (the reference is not changed at

e reconfiguration).

These requirements are the same as those of the open loop case in Section 4.1.2, except for the last one,

which is a special case of the steady-state requirement: this is to emphasize that the change of the
reference signal may induce transients that make the bumpless fit worthless and meaningless.
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In the case of the controller initialization there are no restrictions concerning the plant’s behavior, so it
may be a nonlinear dynamic system, asillustrated in Section 4.3 through an example.

The solution is simply the bumpless fit described in Section 4.1.1. The controller is a linear system
described by its state space representation according to Equation (4.3), where x is the controller’s state
vector, A,B,C,D are the coupling matrices, and

v{k)= y(k).

k) = u(k)

The calculation of the initial state variables can be carried out by using the dead-beat observer defined by
Eq. (4.4).

(4.24)

C1 c2 C1
P1 P2 P1
" R
Normal Faulty Faulty operation Normal
operation operation with fitted controller operation

- ’ ’ _‘ Plant Controller Plant repair and Controller

fault reconfiguration reconfiguration

Fig. 4.5. A typical fault adaptive control system history

4.2.2 Transient management in case of plant reconfiguration

When the plant is reconfigured in the control system, the state variable initialization methods cannot be
used to decrease the transient effect since the inner states of a physical plant are usually cannot be
arbitrarily modified. However, the anti-transient signal injection still remains a possible solution. In the
open-loop case two typical scenarios were discussed (see Fig. 4.2). Considering areal control loop with a
mechanical plant, only case b has technical meaning, and the anti-transient signal can be added to the
contral input signal before the actuator (Fig. 4.6). To use the injection method, the following restrictions
and assumptions are made, similarly to the open-loop case, described in Section 4.1.4:

Controller models

Transent
Controller
Plant Models
u
r \%;

c | P—y‘

Fig. 4.6. Activetransient control with anti-transient signal injection
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e Theplant isreconfigured abruptly, in one time instant.

*  The states of the plant cannot be modified.

e Thecontrol system isin steady state when the reconfiguration happens.

e Thedesired signal is constant or lowly changing, relative to the sampling interval.

e The linear modd of the plant (before and after the reconfiguration) is available. Note that here the
discrete state-space representation (approximation) of the plant is used.

e Theplant and the controller are both observable and controllable.

If the plant is reconfigured deliberately (e.g., repair after a fault, or mode change), a priori injection can
be used. If the reconfiguration is not known in advance (e.g., a fault) the a posteriori injection must be
used. The plant’s transients are suppressed by the anti-transient signal, which is produced by the
Transient Controller (ATC see Fig. 4.6). The ATC knows the plant and controller models and has
information on their actual states. The calculation of the injected signal can be carried out using the
results obtained in the open-loop case (see Section 4.1.2). However, in order to take into consideration the
closed loop's dynamics, the open-loop results must be generalized and the controller’s dynamic behavior
must also be described. Let us use the controller’ s linear state-space representation:

x) = AOK® + BOg, (4.25)
v, =COX (4.26)
where g, =r, — Y, . The plant’s state space representation is the following:
X7 = APX + By, +u,) (427
Y =COx, (4.28)

where lower index i in the coupling matrices represents the plant’s behavior before (i=1) and after (i=2)
the reconfiguration. The error systems can be described as follows:

) = AOF© +BOy, (4.29)
Vv, =COX© (4.30)
for the controller and
X = APXE +B (\7k + Uk) (4.31)
Vi =CO%P (4.32)

for the plant. The whole loop can be described by the unified state-space error system:

ik(fl) _ A(P) Bi(P)C(C) ik(P) N Bi(P) U (4.33)
ik(fl) B(C)Ci(P) A(C) ik(C) 0 k
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5=l o] % (434
k i —~X-k(c) .

Now using the following notations:

_ A(P) Bi(P)C(C)

A= {B(C’Cf"’ AC | (4.35)

B
B= " |, 4.36
o] s
C = [Ci(P) O], (4.37)

(P

S | %
X, = {ik(c)} (4.38)
U, =U, (4.39)
the problem can be formalized as follows:

X, = AX +B0, (4.40)
Y, =C.X,, (4.41)

which isthe same as in case of the open loop.

Using this notation, the solution is technically the same as in the case of open loop (Equations (4.10)—
(421)).

The dynamics of the closed loop make the computation more complex, especially if the controller is of
high order. To keep the computational cost lower, a simplified version can be used, where only the plant is
taken into consideration as if it wasin an open loop. This solution is not optimal, since it doesn't take into
consideration the effect of the remaining transients in the contral loop, but according to experiments,
together with the suppression of the closed loop, it also gives satisfactory results with a modest
computational cost (see examplein Section 4.3).

4.2.3 Transient management in case of joint controller-plant reconfiguration

The most complicated scenario is when the plant and controller are changed simultaneoudy. It may
happen in case of a deliberate mode change, when the change of the plant requires a new controller for the
optimal performance. The tools used in the simple controller and plant reconfiguration cases are
applicable here as well. The transients caused by the controller’s reconfiguration are effectively
suppressed by the proper initialization of the controller, while the transients of the plant reconfiguration
are handled by an injected anti-transient signal.

The following constraints are supposed to be valid when the combined state-initialization/transient
injection method is used:

* Thesystemisin steady state when the reconfiguration happens
e Thecontroller and the plant are reconfigured abruptly, in one time instant.
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e The desired signa is constant or slowly changing, and the control goal is to provide the smooth
steady-state output even if the controller and the plant are changed.

» Thecontroller's state variables can be modified, but the states of the plant cannot.

Themode of the controller and the plant (before and after the reconfiguration) is available.

e Theplant and the controller are observable and contrallable.

The proposed anti-transient design has the following main steps:

» Determine the state variables of the plant and the controller, and the values of v and y in steady state
in the closed-loop system, for the given reference input (r). Note that having the (observable and
controllable) models of the plant and the controller, the steady-state values can be cal culated [Shi88].

e Cadlculate the injected control signal to minimize the effect of the plant’s reconfiguration. The goal is
to minimize the power of the transient as well as the state mismatch after the injection. Use either
method described in Section 4.2.2.

e Cadlculate the controller’s states to provide smooth transition as described in Section 4.2.1, neglecting
the transients possibly caused by the plant’s reconfiguration.

» Reconfigure the plant and the controller with state initialization for the controller, and anti-transient
signal injection for the plant.

Notes:

e Since the output-fitting methods requires transient-free controller, for this combined method a priori
injection cannot be used.

e The proposed agorithm is not optimal in the sense that it handles the effects of the plant and
controller reconfiguration separately.

4.3 Examples

The transient management algorithms described in the previous sections are illustrated here with
simulation examples. The first example is the control of a nonlinear two-link planar robot arm, while the
second is the roll-control of a ssimple airplane. The robot example illustrates the controller reconfiguration
in the case of a continuously changing nonlinear plant, while the airplane example illustrates the
aggressive reconfiguration of the plant with anti-transient injection.

Twao-link planar robot arm: The controlled system is atwo-link planar robot arm (see Fig. 4.7), which is
a strongly nonlinear mechanical system [CraB89]. Two separate is digital controllers were used, one on
each joint. The robot arm is controlled so that the end position of the second arm (where the tool is
applied) moves on a triangle. To illustrate the reconfiguration effects, two modes are present in the
system. When the modes change, the joint contrallers are reconfigured. In the example, MODE 1 is the
lower part of the triangle, and MODE 2 is the upper part (see the upper right plot of Fig. 4.8). In MODE 1
controller set 1, whilein MODE 2 controller set 2 is used.

The joints are controlled by simple digital PID controllers. The input of each contraller is the appropriate
joint position error e, (the difference between the desired and measured joint angle). The simple control

algorithm is the following:

%, (K) = % (k =1) + Ts &k - 1), (4.42)
x, (k) =e(k -1), (4.43)
y(k) = P (k) + 1 0 (k) + D delk) - x, (k))/ T, (4.44)
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Fig. 4.7. The smulated two-link planar robot used in the example. The links are 0.6m and 0.8 m long,
their massis 1kg and 0.5 kg (concentrated in the joints), and the friction coefficients are 3 kgma/s.

where P, |, and D are the parameters of the controller, Tg is the sampling interval, and x(k) is the two-

element parameter vector of the controller. The structure of the contraller is a parallel representation, as
can be seen in Equations (4.42)—(4.44). In order to make the effects more eye-catching, the structure is not
scaled.

Thus the reconfiguration is made in time insant 10s (MODE 1 -~ MODE 2) and in time instant 14s
(MODE2 - MODE1). Four different transient management (TM) techniques were used to conduct
system transitions, as it's shown in Fig. 4.8. The left column in the figure shows the planned and
measured joint angles. The uppermost plot shows the planed joint angles for each joint (in radians). The
lower four plots show the measured joint errorsin mrad, for each reconfiguration techniques.

The upper-right plot shows the planned tool trajectory, showing MODE 1 (thin line) and MODE 2 (thick
line). The lower plots show the tool-trajectory error for each reconfiguration techniques. The thick line
shows the trajectory error caused by the reconfiguration, while the thin line isthe tracking error caused by
the not perfect controller.

Sate zeroing method: The state variables are set to zero when the controller’ s parameters are changed. As
the second row of Fig. 4.8 clearly shows, the reconfiguration caused large transients in the joint angles,
thus producing large tool position errors, too.

Sate preserving method: The state variables of the new controller are initialized to the values of the old
ones. This solution may be useful when the successive parameter sets are similar, but in the example, the
reconfiguration causes large transients (because the controllers are quite different), as shown in the third
row of Fig. 4.8.

Output fitting method 1: The state variables are initialized so that the new controller’s output and it’sfirst
derivative be the same as those of the old controller’s. The transients caused by the reconfiguration can be
seen in the fourth row of Fig. 4.8.

Output fitting method 2: The second state variable (x,) keeps the value of that of the old contraller, while
the first one (x;) is used to fit the output trgjectory of the controllers. Having one degree of freedom the
derivatives are not fitted in this case, but the results are very nice: the transient effects are low as shown in
thelast row of Fig. 4.8.

Airplaneroall control: As an illustration the roll control of an airplane has been simulated ([Shi8§],

P7.5). Only dynamics concerning the roll motion were smulated using a simple linear model. The
original aircraft has two identical poles at s=-4, while the reconfigured dynamics have poles at s=-3 and
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s=-5. The plant (airplane) changed at time instant 50s. The controller was not changed in the example.
Fig. 4.9 shows the transient behavior without transient control, and with the introduction of two different
anti-transient signals. The a posteriori control used N;=0 and N,=100, while the a priori signal was
designed with values N;=40 and N,=100. It is clearly visible that the anti-transient signal decreased both
the amplitude and the length of the undesired reconfiguration transient.

Table 4.1 contains additional information on different anti-transient signals. the output error power and
the computational times. Tey1 and Tear are the computational times with and without the calculation of

00

time(sec)

Fig. 4.8. Reconfiguration transients of the two-joint planar robot arm.

matrix Sin (4.21), respectively, measured on a Pentium I11 class computer in Matlab.

N; N, Qutput error power Teact Teaco

0 0 1.81 0 0

0 20 0.93 0.1s 0.08ms
0 40 0.48 0.2s 0.10ms
0 100 0.20 0.9s 0.12ms
10 20 0.64 0.1s 0.08ms
10 40 0.32 0.2s 0.11ms
20 100 0.08 1.1s 0.13ms
40 100 0.04 1.2s 0.14ms

Table 4.1: Properties of the Anti-Transient Control signals for
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5. Open problems of transient management

There are several research and implementation problems that deal with reconfigurations. What we can
offer by now to reduce or eliminate reconfiguration transients can be summarized as follows:

1. Linear models of computation and selection mechanisms supporting design-time activities.
2. Controller state estimation and initialization mechanismsto be implemented in run-time.
3. Anti-transient injection strategies based on on-line state observation.

In the majority of our developments we have considered situations, where reconfigurations are performed
while the overall system is in steady state, the “reconfiguration” appears as an abrupt change, and it is
assumed that the specification requires reaching a new steady state position. The structure dependence
was investigated only for linear models of computation, and also the illustrative examples deal with linear
systems. However, due to the inherently nonlinear nature of switching systems, the majority of the
proposed methods is not based on assumptions valid only for linear systems, and therefore can be
generalized for handling reconfiguration transients of nonlinear systems.

In our view the most important research problemsin thisfield are the followings:

1. Extension of the already existing techniques toward nonlinear control systems.

2. Investigationsto get more insight into joint plant and controller reconfigurations.

3. Investigation of reconfigurations, where, in addition to the parameters, the structure is also
to be changed (e.g., changing to a controller of different order).

4. Invegtigation of structure dependence in case of nonlinear models of computation (nonlinear
structures).

5. Elaboration of methods for separating and/or compensating trajectory componentsin case of
systems without steady states.

6. Extension of the available results for the case of multiple-step reconfigurations.

7. Analyss of the computational overhead of reconfiguration and transient management.
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