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The objective of damage-mitigating control introduced in the first part of this two-
part paper is to achieve high performance without overstraining the mechanical
structures. The major benefit is an increase in the functional life of critical plant
components along with enhanced safety, operational reliability, and availability.
Specifically, a methodology for modeling fatigue damage has been developed as
an augmentation to control and diagnostics of complex dynamic processes such
as advanced aircraft, spacecraft, and power plants. In this paper which is the
second part, an optimal control policy is formulated via nonlinear programming

- _under specified constraints of the damage rate and accumulated damage. The

results of simulation experiments for upthrust transient operations of a reusable
rocket engine are presented to demonstrate efficacy of the damage-mitigating

control concept.

1 Imtroduction

The motivation and concept of damage-mitigating control
(DMC) have been introduced in the first part (Ray et al.,
1993) of this two-part paper. The objective of DMC is to
achieve high performance without overstraining the mechan-
jcal structures in complex dynamic systems such as advanced
aircraft, spacecraft, and power plants; and the major benefit
is an increase in the functional life of critical plant compo-
nents along with enhanced safety, operational reliability, and
availability. In the first part, a structure for the damage-
mitigating control system is, proposed, and a methodology
is formulated to model fatigue damage in the continuous-
time setting instead of the standard practice of cycle-based
damage representation. This damage model can be conve-
niently concatenated with the plant dynamic model, and is
specifically suited to synthesis of a control policy where the
damage rate and accumulated damage are constrained or
embedded within the cost functional.

In many applications such as start-up of the space shuttle
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main engine (Sutton, 1992), take-off and landing of aircraft,
and start-up and scheduled shutdown of power plants, the
control system may consist of an open-loop (feedforward)
policy to steer the plant along a nominal trajectory and a
closed loop (feedback) policy to compensate for deviations
from the normal trajectory. In that case, the active controller,
as proposed in Fig. 1 of the first part, is to be synthesized
using the principles of mathematical programming, optimal
state estimation and state feedback. At the same time, the
control system must satisfy the inequality constraints im-
posed by the continuous-time damage model such that the
prescribed limits of damage rate and accumulated damage
are not exceeded. This paper, which is the second part,
presents the synthesis of an optimal policy for open-loop
control based on the nominal plant model and damage con-
straints. Synthesis of a closed-loop control policy for robust
compensation of modeling uncertainties and disturbances is
a subject of current research, and the basic concept is outlined
in Appendix A. The benefits of damage mitigation and effi-
cacy of the proposed damage-mitigating control are demon-
strated via simulation of a reusable rocket engine. The results
of simulation experiments reveal that, during upthrust tran-
sients, a substantial gain in the service life of the turbopump
can be achieved without any appreciable loss of engine
dynamic performance.
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Fig. 1 Nonlinear programming procedure for generating the open-loop
control policy

In addition to the improvement in service life, on-line
damage prediction could be utilized for prognosis of im-
pending failures of critical plant components to enhance
plant and personnel safety, improve availability and opera-
bility, and reduce operational cost. Therefore, the damage-
mitigating control and failure prognosis system can be made
to be an integral part of the (hierarchically structured) intelli-
gent decision and control system (Shoureshi and Wormley,
1990; Lorenzo and Merrill, 1991) that must be tolerant of
the following:

e A variety of errors resulting from parametric and non-
parametric uncertainties in plant modeling, and continu-
ously varying or discrete-event disturbances;

e The accumulated damage over the period between con-
secutive maintenance actions.

Failure prognosis and risk assessment based on on-line dam-
age prediction requires stochastic modeling of the damage
dynamics, which is an extension of the work reported in the
first part. This is also a subject of current research, and
the basic issues in failure prognosis and probabilistic risk
assessment are outlined in Appendix B.

This second part is organized in four sections including
the Introduction and two Appendices. Section 2 is devoted
to the development of an optimal policy for open-loop con-
trol of the plant under specified constraints of damage rate
and accumulated damage. Appendix A outlines a policy for
closed loop control to steer the plant along the nominal
trajectory of open-loop control. Appendix B discusses how
the predicted damage can be used for failure prognosis and
condition-based risk analysis. Section 3 presents the results
of simulation experiments for transient operations of a reus-
able rocket engine under open-loop control. This two-part
paper is concluded in Section 4.
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2 Open-Loop Control Policy Via Nonlinear
Programming

The dynamics of the plant under control and the fatigue
damage of the structural components are modeled, within
the domain of the plant operating range, by the nonlinear
(and possibly time-varying) differential equations as de-
picted in the first part. For ease of reference, the structures
of these models are presented below:

Task period: Starting time #, to final time £

dx
Plant dynamics: = = flx(0),u(),t); x(tg) = xo ey
Damage dynamics:

éd}t: = h(v(£),q(x.0)1); (tg) = vo; 20 Vi (2)

where x € R" is the plant state vector; ¥ € R™ is the control
input vector; v € R” is the damage state vector; g € R? is
the load vector as explained in the first part; and Eqs. (1) and
(2) must satisfy the local Lipschitz condition (Vidyasagar,
1992).

Given an initial condition, the open-loop control policy
is obtained via nonlinear programming (Luenburger, 1984)
by minimizing a specified cost functional under the pre-
scribed constraints of damage rate and accumulated damage
as discussed in the first part. The objective is to minimize
the cost functional J (which includes plant state, damage
rate, and control input vectors) without violating the upper
bounds of damage rate and accumulated damage. The cost
functional J is to be chosen in an appropriate form.

N-1
Minimize: J = 2, Ji(XeViobk) A3)
k=0
Subject to: (vy — vo)<I" and 0 < A(v,q(xi),k)<B(k)

fork=1,2,3,--,N (4)

where % = X — X5 and #; = w — ug, are deviations of
the plant state vector and the control input vector from the
respective final steady state values of x,; and ug; and p(f)e R’
and I'e R are specified tolerances for the damage rate and
accumulated damage, respectively.

The open-loop control law was synthesized by minimizing
the cost functional in Eq. (3) under: (i) the above inequality
constraints in Eq. (4); and (ii) the condition that, starting
from the initial conditions x(fy) and v(fy), the state trajectory
must satisfy the plant dynamic model in Eq. (1). The design
variables to be identified are the control inputs uy, k =
0,1,2,--, N-1 and the goal is to search for an optimal
control sequence {u;}. The flow chart shown in Fig. 1 de-
picts the procedure for open-loop control synthesis via non-
linear programming. The basic features of this optimization
procedure are described in the following.

A mathematical model of the plant dynamics is formulated
in the state space form of Eq. (1) with proper initial condi-
tions. Based on the responses of the plant at the normal
operating condition, the critical component (s) in which dam-
age is most likely to occur is (are) identified either by stress
analysis or from the history of plant operations. Upon identi-
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fication of the critical points for damage prediction, the
structural dynamic modeling and the continuous-time dam-
age modeling, as described in the first part, are used to
formulate the damage dynamics in Eq. (2). The resulting
damage rate and accumulated damage are to be constrained
in the optimization procedure. The upper bounds of the
constraints on damage rate and accumulated damage need
to be appropriately chosen by taking the mission objectives,
the time interval between maintenance actions, service life
and allowable risk into consideration. The initial damage is
important due to its significant effects on the dynamics of
damage accumulation. The cost functional in Eq. (3) is a
function of the plant state and damage rate vector, represent-
ing a trade-off between system performance and damage.
The weights are to be assigned to the plant states or selected
output variables reflecting their relative impact on the system
performance. If the damage constraints are appropriately
chosen, it may not be necessary to include the damage rate
in the cost functional.

The task is now to formulate an optimal control sequence
{u} from time £y to #r based on the cost functional, the
models of plant and damage dynamics, and the damage
constraints. This optimal control sequence is then tested via
system simulation and structural analysis to verify the plant
performance and damage. If the results are satisfactory, the
synthesis of an optimal policy for open-loop control is com-
pleted. Otherwise, the damage constraints should be revised
and the optimization procedure is repeated to find another
control sequence {u;}. It is possible that an optimal solution
may not exist due to overly stringent damage constraints.
In that case, modifications of the constraints B or I" or the
cost functional J are needed. If none of these modifications
are advisable, revision of the damage model or plant model
should be considered. For example, an alternative approach
such as fatigue crack growth model may be adopted in
lieu of the cyclic strain approach for damage modeling (see
Appendix B of the first part, Ray et al. (1993)).

In this research, a general purpose nonlinear programming
package, namely the IMSL subroutine DNCONF, has been
adopted to solve the nonlinear optimization problem. Other
packages such as NPSOL (Gill et al., 1991) of Stanford
University are being considered for improving the computa-
tional efficiency. Following the optimization procedure in
Fig. 1, simulation experiments were carried out to evaluate
the efficacy of the proposed damage-mitigating control as
presented in the next section.

3 Simulation Results and Discussion

The damage mitigation concept, described in the first part,
is verified by simulation experiments for open-loop control
of a reusable rocket propulsion engine such as one described
in (Sutton, 1992; Duyar et al., 1991). The plant model under
control is a simplified representation of the dynamic charac-
teristics of a bipropellant rocket engine as shown schemati-
cally in Fig. 2. The preburner serves as a gas generator for
driving the liquid hydrogen (LH,)-fuel turbopump. In this
model, oxidant is separately supplied to the preburner and
the main combustor chamber. Standard lumped parameter
methods have been used to model the nonlinear plant dynam-
ics in state-space form where the plant state vector consists
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Fig. 2 Schematic diagram of a bipropellant rocket engine

of turbine shaft speed, pump (LHj-fuel) mass flow rate,
preburner gas pressure, preburner gas density, combustor
gas pressure, combustor gas density, and the positions of
the two oxidant flow valves. The critical plant output vari-
ables are combustor gas pressure and the oxidant/fuel (O,/
H,) ratio, and the control inputs are commands for manipula-
tion of the two oxidant valves. The structural model, as
shown in Fig. 1 of the first part (Ray et al., 1993) and Fig.
A.1 of Appendix A, represents the cyclic mechanical stresses
at the root of a typical turbine blade that is presumed to be
a critical component. The blade is represented by a three-
node beam model with six degrees of freedom at each node
while the first node is kept fixed. The load on the blade is
assumed to consist of two components. The first component
is due to the (time-dependent) drive torque which is derived
as an output of the plant model. The second component is
a dynamic term which represents the oscillatory load on the
blade as it passes each stator. It is the second component
that causes high cycle fatigue at the root of the blade while
the first component is largely responsible for the mean stress.
The fatigue damage model formulated in the first part was
used to generate the results in Figs. 3 to 7.

The purpose of this simulation study is to examine the
dynamic performance and damage of the nominal plant when
the oxidant valves are manipulated to vary the engine thrust
according to the open-loop control policy developed in Sec-
tion 2. To demonstrate the broad concepts of fatigue damage
mitigation, the nominal plant model was used in these simu-
lation experiments with exact initial conditions and no distur-
bances and noise. However, if these conditions are not met,
additional feedback control will be necessary because the
open-loop control alone would be inadequate as discussed
in Appendix A. Following the structure in Eq. (3), the cost
functional J for nonlinear programming was selected to gen-
erate the open-loop control policy as:

N-1
T =3 [%f Q%y + Vi SV + i} Rilg + W(O/HDKY 1 (5)
k=0
where the deviations, % and iz, in the plant state vector and
the control input vector are as defined in Eq. (3); and the
diagonal matrices Q,S,R, and the scalar W serve as relative
weights of the individual variables. Since the rocket engine
performance is very sensitive to the oxidant/fuel (O,/H;)
ratio, it was brought into the cost functional in Eq. (5) to
prevent any large deviations from the desired value of 6.02
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Table1 The constraints for the two cases under simula-
tion condition 1

Time Constrained Case 1 Constrained Case 2
0 ms to 2 ms 1.0 x 106 57! 0.2 x 107¢ 57!
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s B
i Eooss 3/ /
H s . <6
; 080 Initial Damage (Do )1 0.01 3 om0 Constraint : 5.0x 10
8 Unconstrained Case s Initial Damage : 0.001
E oy .. Constrained Case 1: 5.0x 106 OIS F e Iniial Damage : 0.01
a0 ====- ComsnincdCaw2:10x10° 070 —=—-Initial Damage : 0.1
g * &
0.65 3 t t + t | 0.65 U t + + |
000 001 0 0m 004 005 000 001 002 003 004 005
Time (sec) Time ( sec )
Initial Daznage ( D ) : 001 Consmaint: 5.0x 10"
Unconstrained Cass s Initial Damage : 0.001
(1311 J— Constrained Case 1:5.0x 107 L Initisl Damage : 0.01
3 == Constrained Case2: 10X 10 3 s s Initial Damage: 0.1
< <0
2 >
3 K
s g o
] i
g 3

0.65 1 + + t + |
000 001 002 003 004 005
Time (sec)

Fig. 3 Transient responses of the oxidant valve areas

through the transients. The simulation results in Figs. 3 to
7 were obtained under the following conditions:

Chamber Pressure Weight Oss = 12; and all other weights
Oui=1,i#5,

Control input weight R = I where I is the identity matrix,

Damage Rate Weight S=0; and O,/H, ratio weight

w=10,
The rocket engine model is initiated from an initial equilib-
rium condition at 2700 psi chamber pressure and O,/H; ratio
of 6.02. From this condition the optimization procedure
steers the plant to a new equilibrium position at 3000 psi
and the same O,/H, ratio of 6.02 in 50 milliseconds. The
control commands to the two oxidant valves, are updated at
every one millisecond. That is, N is equal to 50 in Eq.
(5). The performance cost to be minimized is based on the
deviations from the final equilibrium condition at 3000 psi.
The results of simulation experiments for the two following
conditions are presented as series of curves in the plates of
Figs.3to 7:

Simulation Condition 1: Initial damage is set to D, =
0.01; and unconstrained case; and two constrained cases in
which the damage rate is constrained are listed in Table 1.

Simulation Condition 2: To examine the effects of nonlin-
ear damage accumulation, simulation results are generated
under three different initial values of the accumulated dam-
age, namely, D, = 0.001, 0.01 and 0.1 while the damage rate
constraint is set identical to that of the constrained Case 1
in Table 1.

The transient responses in Figs. 3 to 7 examine the various
engine variables under the above two simulation conditions.
The plate in Fig. 3 shows the transient responses of the two
oxygen valves resulting from the optimization over the time
frame of 0 to 50 ms where the control action is updated at
every millisecond. The corresponding changes in the oxidant
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Fig. 4 Transient responses of oxidant and fuel flow rates

flows are seen in Fig. 4 which also shows the transients of
the fuel flow (i.e., liquid hydrogen). The responses of both
control valves (and therefore the oxidant flows) become
more restricted and sluggish as the damage rate constraint
is made stronger. Similar effects are observed when the
initial damage is increased. The rationale for this behavior
is that, for a given stress amplitude, the damage rate increases
with an increase in the initial damage. This dependence
on the initial damage results from the y-parameter in the
nonlinear damage model (see Section 3.2 of the first part,
Ray et al. (1993) ), and does not occur in the linear damage
model where v is equal to 1. It is important to note that y
is greater than 1 in this study because the AISI 4340 steel
used here is a high strength material.

Figures 5 and 6 exhibit the effects of the varying oxygen
inlet flow to the preburner and the main combustor on the
engine dynamics. The resulting transients of the process
variables, namely, O,/H; ratio, and the pressure and tempera-
ture in the preburner and main combustion chamber, are
shown for the two simulation conditions. As expected, for
a given level of initial damage, both pressure and temperature
dynamics tend to be slower as the constraint is made more
severe. Similar effects are seen by increasing the initial
value, D,, of the accumulated damage. The combustor pres-
sure is seen to rise monotonically in all cases after a small
dip at about 2.5 ms while the preburner pressure keeps on
increasing. These plots are largely similar except for the
transients from 1 ms to 10 ms. Virtually all of fatigue damage
accumulation in this transient operation takes place during
this short interval as seen in the plate of Fig. 7. Furthermore,
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Fig. 5 Translent responses of preburner and combustor pressures
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Flg. 6 Translent responses of preburner and combustor gas
temperatures

the net excursion of the O,/Hj; ratio is in the range of 6.0
to 6.5 in all cases for the up-thrust transient of the rocket
engine. The peak value 6.5 of the mixture ratio is about the
limit that would be tolerated during a transient excursion.
The overshoot in the mixture ratio is caused by a drop in the
hydrogen flow as seen in Fig. 4. At this point the turbopump
demands more torque to increase its speed so that the pump
pressure can be elevated to generate a higher value of hydro-
gen flow for the desired mixture ratio. This results in a peak
overshoot in the mean stress as shown in Fig. 7. The sharp
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Fig. 7 Transient responses of damage rate and accumulated damage

increase in stress is the cause of enhanced damage in the
turbine blades.

Since the turbine blades are the critical components for
damage analysis is in this study, the pressure ratio across
the turbine, which directly influences the torque, is very
important. For a given preburner pressure, as shown in Fig.
5, a reduction in the combustor pressure causes an increase
in the turbine torque. It is the turbine torque and speed that
set the cyclic stress and fatigue damage on the turbine blades.
Therefore, the dip in the combustor pressure at about 2.5
ms is largely responsible for the peak mean stress displayed
in Fig. 7. Both the mean stress and stress amplitude are the
basic inputs to the damage model.

The graphs in Fig. 7 compare the damage rate and the
accumulated damage for the two simulation conditions along
with the transients responses of the mean stress. For the
unconstrained case, the peak stress causes the largest over-
shoot in the damage rate which is plotted on a logarithmic
scale. In contrast, for the initial damage of 0.001, the damage
rate is within the limit of the constraint even though the

‘peak of mean stress is the largest. This phenomenon is a

result of a relatively small slope of the damage curve at the
initial stages of the fatigue life. The accumulated damage,
plotted on a linear scale, is seen to be significantly influenced
by the constraints and also by the initial damage. This sug-
gests that, for reusable rocket engines, the constraints need
to be appropriately specified based on the knowledge of the
initial damage. The damage rate is dependent on the two
sequences of control commands, and the oxidant flows into
the preburner and combustor are changed in response. There-
fore, if the initial damage cannot be accurately assessed,
then it might be safe to generate the control command se-
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quences on the assumption of a conservative, i.e., larger,
value of the initial damage at the expense of the engine
performance.

. The important observation in these simulation experi-
ments is the substantial reduction in the accumulated dam-
age, thereby extending the service life of the turbopump.
The accumulated damage in the unconstrained case is seen
to be about four to twelve times that of the constrained case.
This is a clear message that the consideration of damage in
the control of transients to which a rocket engine is exposed
can have a considerable impact on the life of critical compo-
nents (in this case, the turbine blades). It is noted that there
is practically insignificant penalty in the response times of
the chamber pressure, i.e., the engine thrust, between the
unconstrained and the constrained cases. If one is willing
to pay a small price in response time, much larger gains on
damage accumulation can be achieved.

Figures 3 to 7 exemplify the effects of upthrust transients
during a short period of 50 ms. Complete operations of a
rocket engine during a single flight include many such up-
thrust transients, and the steady-state operation may last
for several hundreds of seconds. Although the damage rate
during the steady state is much smaller than that during a
transient operation, the total damage accumulation during the
steady state may not be relatively insignificant. Therefore,
during one flight of a (reusable) rocket engine, the cumula-
tive effects of the transient and steady state operations need
to be ¢onsidered for estimation of total accumulated damage.

The simulation experiments, described above, only con-
sider a single point of critical stress, namely, the turbine
blades. In this case, the damage vector is one-dimensional.
Simultaneous control of damage at several other critical
areas in the rocket engine, such as the nozzle lining, shall
render the damage vector to be multi-dimensional. The opti-
mization problem is then to generate control sequences that
will not only make a trade-off between the performance
and damage but also strike a balance between potentially
conflicting requirements of damage mitigation at the individ-
ual critical points.

4 Summary, Conclusions, and Applications

The theme of the research in damage-mitigating control
of mechanical systems, as reported in this two-part paper,
is summarized as follows:

e For control of mechanical systems, on-line damage pre-
diction and damage mitigation are carried out based on
the available sensory and operational information such
that the plant can be inexpensively maintained, and
safely and efficiently steered under diverse operating
conditions.

e High performance is achieved without overstraining the
mechanical structures such that the functional life of
critical components is increased resulting in enhanced
safety, operational reliability, and availability.

In this paper we have developed a-continuous-time model
of fatigue damage that can be integrated with the plant
dynamic model for the purpose of control synthesis and
failure prognosis. A procedure for synthesizing an optimal
policy for open-loop control has been formulated. Finally,
efficacy of the proposed damage-mitigating control has been
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demonstrated via simulation to show how the durability of
a reusable rocket engine can be increased.

This ongoing research in damage-mitigating control ad-
dresses interdisciplinary work in the fields of active control
technology and structural integrity, particularly as applied
to fatigue life. Extended life coupled with enhanced safety
and high performance will have a significant economic im-
pact in diverse industrial applications. Furthermore, as the
science and technology of materials evolve, the damage
characteristics of the structural components can be systemat-
ically incorporated within the framework of the proposed
control system.

Applications of damage-mitigating control of mechanical
systems include a wide spectrum of engineering applications
such as reusable rocket engines for space propulsion, rotating
and fixed wing aircraft, fossil and nuclear plants for electric
power generation, automotive and truck engine/transmission
systems, and large rolling mills. In each of these systems,
damage-mitigating control can enhance safety and produc-
tivity accompanied by reduced life cycle cost. For example,
the availability of power plants often suffers from premature
failures of steam generator tubes (due to corrosion-fatigue
and creep), main steam and reheat steam pipelines (due to
creep and fatigue), condensor tubes (due to stress corrosion
cracking and flow-induced vibration) and low pressue tur-
bine blades (due to stress corrosion, erosion, and fatigue).
A continuous-time damage model will allow timely warn-
ings of these failures, and the resulting decision and control
actions will not only avoid an early shutdown but also im-
prove maintainability. In the load following mode of a fossil
power plant, excursions of the main steam and reheat steam
pressure and temperature must be regulated within pre-
scribed limits to ensure plant safety (e.g., protection of the
steam turbines). This is usually achieved by manipulating
the feed water flow and the fuel flow actuators. However,
following a command of load change (Ray and Berkowitz,
1979), an abrupt reduction of feed water flow or an abrupt
increase of the fuel flow could overheat the steam generator
tubes. Repeated occurrences of tube overheating could result
in creep-fatigue failures. Such incidents could be alleviated
by a relatively small reduction in plant performance if the
control system is structured with the capability of predicting
these impending failures and thereby exercising authority
over the lower level control modules. A more complex appli-
cation of the damage mitigation concept is the start-up and
scheduled shutdown of rocket engines and power plants,
and take-off and landing of commercial aircraft, in which
the damage information can be utilized for real-time plant
control either in the fully automated mode or with human
operator(s) in the loop. Another example is the control of
automotive engine and transmission systems to reduce
stresses in the drive-train components without comprising
driving performance and comfort. The result will be a combi-
nation of extended life and reduced drive-train mass with
associated savings in the fuel consumption.
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APPENDIX A

Closed-Loop Control Policy

Nonlinear programming generates an open-loop control
policy to achieve optimal performance under the specified
constraints of damage rate and accumulated damage. How-
ever, because of plant modeling uncertainties (including un-
modeled dynamics), sensor noise, and disturbances, the ac-
tual plant response shall deviate from that of the modeled
system when the plant is excited by the sequence of open-
loop control commands. Therefore, a closed-loop control
system is necessary to compensate for these deviations, and
an output feedback controller may serve this purpose. A
block diagram of the closed-loop damage control and failure
pl;)?ﬂgnosis system is proposed in Fig. A.1 where {uf}, (7},
{vf} and {v7} represent the sequences of the plant input,
plant state, accumulated damage, and damage rate, respec-
tively, generated as an optimal solution of the open-loop
control problem via nonlinear programming, and (o} is
the resulting sequence of plant output, which is obtained as
a nonlinear function g(-) of the plant state vector x7. The
trajectory of the actual plant output y shouid be close to that
of the desired plant output y¥ which serves as the reference
trajectory. The resulting error in the plant output is an input
to the state estimator, and the feedback control signal u'®
compensates for errors resulting from plant disturbances and
sensor noise. The estimated state ¥ which is obtained as the
sum of the estimated state error and the reference state x7
is fed to the structural model. The output of the structural
model is the load vector ¢ which contains stress, strain and
other information necessary for damage assessment. Some
of the elements of the load vector g (e.g., strain and tempera-
ture at the critical points) may be directly measurable as
indicated in Fig. A.1 by additional measurements y.

The closed-loop control system is partitioned into two
modules. The state feedback control law in the first module
could be formulated by using the established techniques of
robust multi-input multi-output (MIMO) control synthesis,
which rely on approximation of the plant dynamics by a
linear time-invariant model (e.g., Hy-based LQG/LTR (Stein
and Athans, 1987), H,/H.. optimization (Doyle et al., 1989)
or p-synthesis (Packard and Doyle, 1993; Stein and Doyle,
1991; Skogestad et al., 1988). However, if the plant dynam-
ics cannot be approximated by piecewise linearization or
time-averaging of the varying parameters, then selection of
the control synthesis technique will depend upon the specific
application. The second module is a nonlinear controller
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which contributes to damage reduction in the critical plant
components under feedback control and also serves to gener-
ate early warnings and prognoses of impending failures of
the critical plant components. Since the damage rate v in
the closed-loop control system may violate the specified
constraints due to the additional compensation generated by
the feedback control effort 4/, a nonlinear controller is
incorporated into the system to reduce the damage rate v.
This is accomplished by corrections x*" in the reference
trajectory and »° in the control effort. The rationale for
modifying the reference trajectory {x7} is that, due to plant
disturbances and sensor noise, it may not be possible to
follow this trajectory without violating the damage con-
straints. The additional control effort " is intended to
provide a fast corrective action to the control input #;, when-
ever necessary. The nonlinear control system in the outer
loop, as shown in Fig. A.1, serves two purposes, namely,
(i) trimming of the linear feedback control signal to maintain
the damage rate or accumulated damage rate vector within
the limits, and (ii) modification of the tracking signal (i.e.,
the reference signal) to circumvent the problem of exceeding
the damage rate limits, which may result from plant modeling
errors, uncertainties and disturbances. A possible approach
to synthesis of the nonlinear damage controller is first to
postulate a mathematical structure of the controller and then
optimize the controller parameters relative to a cost func-
tional that would penalize:
e Plant state and damage rate over the task period;
e Final plant state and the accumulated damage.

The outputs of the damage controller, namely x°* and u**

in Fig. A.1, need to be constrained to be norm-bounded to
assure the system stability; x°°* and u°°" can also be consid-
ered as exogenous inputs to the linear robust control system
in the inner loop. Therefore, the bounds on x° and ucer
can be fine-tuned to satisfy the specified requirements of
performance and stability robustness in the w-synthesis pro-

cedure.

APPENDIX B

Failure Prognosis and Risk Analysis

Traditionally, the risk index and residual service life (Bo-
lotin, 1989) of mechanical structures and machine compo-
nents are calculated off-line on the basis of statistical models
of the mechanical properties of the material, operating condi-
tions, disrupting, and accidents (e.g., seismic and large atmo-
spheric disturbances). It follows from Eq. (2) that the service
life is finite as the damage accumulation is monotonic with
time. Furthermore, the plant operations and maintenance are
scheduled on the basis of the fact that the damage accumula-
tion is likely to be accelerated in the event of accidents or
disruptions. Therefore, on-line monitoring of the accumu-
lated damage will allow refinements of the risk index and
residual service life estimates (Bogdonoff and Kozin, 1985;
Sobczyk and Spencer, 1992) as time progresses. Specifically,
predictions of the accumulated damage and the current dam-
age rate will assist the plant engineer in making dynamic
decisions regarding the safety procedures, mission accom-
plishments, and the time interval between major maintenance
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actions. The concept of service life evaluation via on-line
monitoring is outlined below.

Let ¢;(¢), j=0,1,2,--,m represent predicted occurrences
of impending accidents or major disruptions after the current
instant of time, ¢, such that the set ¢q indicates the absence
of any accidents or disruptions, and the event sets &, j =
0,1,2,-+,m are exhaustive and mutually exclusive. Then,
in the absence of any accidents or disruptions, the service
life 8 at time ¢ is obtained in the deterministic setting in
terms of the plant state estimate x(f) and damage state
v(t) as:

0, (t,£(1),v(£)) = Sup{re [t,%) such that v(t) € (}

conditioned on occurrence of &,(1)} (B.1)

where Q is the set of the admissible damage vectors for the
plant to remain in service. Obviously, the service life may
be reduced if an accident or disruption occurs. That is, 8;<8¢
for j=1,2,~-,m . Hence, the service life 6; based on the
occurrence of the event ¢;(t) is obtained in the probabilistic
setting as:

0;( t,%(2),v( 1)) = Sup {7
€ [t,00] such that Pr{v(t)e Ql¢; (1)} 2(1 - P)},
j=12,--m (B.2)

where 0<P<1 is the threshold probability that the damage
vector may violate the admissible set {} during the service
period, i.e., while the plant is in operation. Then, the expected
service life at time, ¢, can be obtained as:

m
O(2,2( 1),v(t)) = X, 0;(2,%(1),v(t)) m;(t)
j=0
where w;(t), j=1,2,-,m are the a priori probabilities of
occurrence of the events ¢; over the interval [2,8¢].

In the absence of any accident or disruption during the
period remaining after the current time ¢, the service life 8
in Eq. (B.1) can be obtained by solving Egs. (1) and (2) in
Section 2. However, computation of 8; for j=1,2,--,m in
Eq. (B.2) is not straightforward because the damage accumu-
lation depends not only on the variations in the plant and
damage dynamics as a result of the accident or disruption
but also on the instant(s) of its occurrence. To predict the
service life from Eq. (B.2), probabilistic risk analysis is
necessary beyond those reported in literature (Bolotin, 1989;
Bogdonoff and Kozin, 1985; Sobczyk and Spencer, 1992).
This would require nonlinear stochastic modeling of the
plant and damage dynamics. Since analytical solutions of

(B.3)
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the nonlinear stochastic differential equations excited by
randomly occurring discrete events may not be achievable,
the idea is to generate approximate solutions from simplified
models supported by the available sensor data history. These
results, in turn, are to be verified by simulation.

The major implications of the proposed service life predic-
tion and risk analysis are: (1) generation of early warnings
resulting in diminished risk of loss of human life and plant
equipment; (ii) enhancement of plant availability by
avoiding an emergency shutdown; and (iii) reduction of
the plant operational cost by dynamic rescheduling of the
maintenance plan via on-line assessment of damage in the
critical components.
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