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A major goal in the control of complex power svstems such as advanced aircraft,
spacecraft, and electric power planis is to achieve high performance with increased
reliability, availability. component durability, and maintainability. The state of the art in
the svnthesis of control svstems for complex mechanical processes focuses on improving
performance and diagnostic capabilities under constraints that do not often adequately
represent the dynarnic properties of the inaterials. The reason is that the traditional
design is based upon the assumption of conventional materials with invariant
characteristics. In view of high performance requirements and availability of improved
materials, the lack of appropriate knowledge about the properties of these materials will
lead 1o cither less than achievable performance due to overly conservative design, or
overstraining of the structure leading to unexpected failures and drastic reduction of the
service life. The key idea of the research work reported in this paper is that a significant
improvement in service life can be achieved by a small reduction in the svstem dvnamic
performance. The concept of damage mitigation is introduced and, to this effect, a
continuous-time model of fatigue damage dynamics is formulated. Finally, the results of
simulation experiments are presented for transient operations of a reusable rocket

engine.

1 Introduction

A major goal in the control of complex mechanical systems
such as advanced aircraft, spacecraft, and electric power
plants is to achieve high performance with increased reliabil-
ity, availability, component durability, and maintainability
(Lorenzo and Merrill, 1991; Ray et al., 1994a, 1994b). The
specific requirements are:

 Extension of the service life of the controlled plant;

e Increase of the mean time between major maintenance
actions;

» Reduction of risk in the design of integrated control-struc-
ture-materials systems.

Therefore, control systems need to be synthesized by tak-
ing performance, mission objectives, service life, and mainte-
nance and operational costs into consideration. The state of
the art in the synthesis of decision and control systems for
complex power systems focuses on improving dynamic per-
formance and diagnostic capabilities under the constraints
that often do not adequately represent the material proper-
ties of the critical plant components. The reason is that the
traditional design is based upon the assumption of conven-
tional materials with invariant characteristics. In view of high
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performance requirements and availability of improved mate-
rials that may have significantly different damage characteris-
tics relative to conventional materials, the lack of appropriate
knowledge about the properties of these materials wiil lead
to cither of the following:

e Less than achievable performance due to overly conserva-
tive design; or

o Overstraining of the structure leading to unexpected fail-
ures and drastic reduction of the useful life span.

As the science and technology of materials continue to
evolve, the design methodologies for damage-mitigating con-
trol must have the capability of easily incorporating an ap-
propriate representation of material properties. This requires
augmentation of the system-theoretic techniques for synthe-
sis of decision and control laws with governing equations and
incquality constraints that would model the mechanical prop-
erties of the materials for the purpose of damage representa-
tion and failure prognosis. The major challenge in this re-
search is to characterize the damage generation process, and
then utilize this information in a mathematical form for
synthesizing algorithms of robust control, diagnostics, and
risk assessment in complex mechanical systems.

2 The Damage-Mitigating Control System

The goal of the damage-mitigating control system (DCS) is
to optimize the plant dynamic performance while simultane-
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Fig. 1 A conceptual view of the damage-mitigating control system

ously maintaining the accumulated damage and the damage
rate of the critical plant component(s) within prescribed
limits. Figure 1 shows a conceptual view of the DCS, in which
the plant model is a finite-dimensional state-space represen-
tation of the power system dynamics. The plant states are
inputs to the structural model, which, in turn, generaies the
necessary information for the damage model. The output of
the structural model is the load vecior, which may consist of
(time-dependent) stress, strain, temperature, wear, level of
corrosion in gaseous and agqueous environments, and other
physicochemical process variables at the critical point(s) of
the structure. The damage model is a continuous-time (in-
stead of being a cycle-based) representation of life prediction
such that it can be incorporated within the DCS model. The
objective is to mitigate the damage rate and accumulaied
damage at the critical point(s) of the structure, which may be
subjecied 1o time-dependent load. The damage state vector
v(r) could indicate the level of microcracking, macroscopic
crack length, wear, creep, density of slip bands, etc., at one
or more critical points, and its time derivative 0(1) indicates
how the instantancous load is affecting the structural compo-
nents. The overall damage D(r) is a scalar measure of the
combined damage at the critical point(s} resulting from (pos-
sibly) different sources (e.g., fatigue, creep, corrosion, or
wear) relative to the preassigned allowable level v, of the
damage vector. Although D(7) may not directly enter the
feedback or fecdforward control of the plant, it can provide
useful information for decision-making such as damage prog-
nosis and risk analysis (Ray and Wu, 1994a).

The governing equations of plant dynamic and damage
prediction models in Fig. 1 are constituted by nonlinear (and
possibly time-varying) diffcrential equations which must sat-
isfy the local Lipschitz condition (Vidvasagar, 1992) within
the domain of the plant operating range. The structural
model in Fig. 1 consists of solutions of structural dynamic
(typically finite element) equations representing the (mechan-
ical and thermal) load conditions. A general structure of the
plant and damage dynamics and their constraints is repre-
sented in the deterministic setting as follows:

Task period: Starting time ¢, to final time ¢,

Plant dynamics:

dx
'(;I"’f(x(’)'u(')"); x(1p) = x4 )]

Damage dynamics:
dv
i h(o(1). g(x.1)): v(1y) =vy; h>0 Vi (2)

Damage measure:

D(1) = £(v(1), ) and D(1) € [0.1]  (3)
Damage rate tolerance:
0 < h(v(t), g(x,1)) < B(1) Vi€ [r(,, 1,] 4)
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Accumulated damage tolerance:

[v(t) = o)) <T (5)
where
x € R" is the plant state vector,
u € R™ is the control input vector;
v € R’ is the damage state vector;
Uer € R™ is the preassigned limit for the damage state

vector;
B(1) € R" and T € R" are specified tolerances for the dam-
age rate and accumulated damage, respectively;
g € R” is the load vector; and
D €0, 1] is a scalar measurc of the accumulated damage,

The vector differential Egs. (1) and (2) become stochastic
if the initial plant and damage states, namely, x, and v, are
random vectors, or if uncertainties in the plant and material
characteristics are included in the models as random parame-
ters, or if the plant is excited by discrete events occurring at
random instants of time (Sobczyk and Spencer, 1992). The
stochastic aspect of damage-mitigating control is a subject of
future research, and is not addressed in this paper,

Given an initial condition, the open-loop control .policy is
obtained via nonlinear programming (Luenburger, 1984) by
minimizing a specified cost functiona) under the prescribed
constraints of damage rate and accumulated damage. The
objective is to minimize a specified cost functional J (which .
includes plant state, damage rate, and control input vectors)
without violating the prescribed upper bounds of the damage
rate and the accumulated damage. The cost functional J is to
be chosen in an appropriate form representing a trade-off
between the system performance and the damage. The opti-
mization problem is then formulated as follows:

N-1
Minimize: J = Y J(&. b, ;)
k=0
Subject to: 0 < h(v,, g(x,). k) < B(k) and
(oy—vg) <Tfork=1,2,3,...,N (7)

where X, = x, — x,, and &, = u, — u, are deviations of the
plant state vector and the control input vector from the
respective final steady-state values of x,, and u,; and B(r)
€ R" and I" € R" are specified tolerances for the damage
rate and accumulaled damage, respectively.

The open-loop control law was synthesized by minimizing
the cost functional in Eq. (6) under: (i) the inequality con-
straints in Eq. (7); and (ii) the condition that, starting from
the initial conditions x(1;) and u(z,), the state trajectory
must satisfy the plant dynamic model in Eq. (1). The design
variables to be identified are the control inputs, u,, k =0, 1,
2, .... N—1, and the goal is to search for an optimal
control sequence {u,]).

(6)

3 Modeling of Damage Dynamics

Damage of mechanical structures is usually a result of
fatigue, creep, corrosion, and their combinations (Suresh,
1991). The prime focus in this research is representation of
fatigue damage in the continuous-time setting. As discussed
carlier, a time-dependent model of damage dynamics, having
the structure of Eq. (2), is necessary for analysis and synthe-
sis of DCS. From this perspective, a dynamic model of
fatigue damage has been formulated in the continuous-time
setting. Although this damage model has a deterministic
structure, it can be recast in the stochastic setting to include
the effects of both unmodeled dynamics and parametric
uncertaintics.

Because of the wide ranges in mechanical properties of
materials, extensive varieties of experiments have been con-
ducted for fatigue analysis, and many models have been
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Fig.2 Damage between two points on the same reversal

proposed for fatigue life prediction in acrospace and ground
vehicles (Newman, 1981; Tucker and Bussa, 1977). Each of
these models cxpresses the damage dynamics by an equation
with the number of cycles N as the independent variable. In
contrast, the damage dynamics in Eq. (2) are expressed as a
vector differential equation with respect to time, 7, as the
independent variable. The advantages of this approach are
that it allows the damage model to be incorporated within
the constrained optimization problem and that the damage
accumuiated between any two instants of time can be derived
even if the stress-strain hysteresis loop is not closed. This
concept is applicable to different models of damage dynamics
such as those resulting from cyclic strain or crack propaga-
tion. To this end, we propose to model the continuous-time
dynamics of fatigue damage based on the following two
approaches:

e Cyclic Strain Life: In this approach, the local
stress—strain behavior is analyzed at certain critical points
where failure is likely to occur. The local strain may be
directly measured from a strain gage, or computed via finite
element analysis. The local stress is estimated from the cyclic
stress—strain curve. A cycle-based approach is then used to
estimate the fatigue damage from the strain-life curves at
different levels of stress and strain in the load history. We
propose to determine the damage accumulation within a
‘cycle using the classical Palmgren-Miner rule and subse-
quently modify it via the damage curve approach of Bolotin
(1989).

® Linear Elastic Failure Mechanics (LEFM ). The LEFM
approach is built upon the concept of a physical measure of
damage in terms of the crack length and the size of the
plastic zone at the crack tip (Wheeler, 1972). The accumu-
lated damage is computed by integrating the crack growth
rate over the number of cycles. This is based on the crack
growth rate equation being approximated by an exponential
function of stress intensity factor range of the component
(Bannantine et al., 1990). The component is assumed to fail
when the crack reaches the critical length, which, in turn, is
determined from the fracture toughness of the component on
the basis of experimental data.

3.1 Damage Modeling via Cyclic Strain Life. The cyclic
strain-life approach recognizes that the fatigue life is primar-
ily controlled by the local strain at the critical point(s) of the
component. The first goal is to mode! linear damage accumu-
lation in the continuous-time setting. Referring to Fig. 2, let
point O be the starting (reference) point of a reversal, let A
and B be two consecutive points on the same rising reversal,
and let N, and N, represent the total number of cycles to
failure with constant load amplitudes, OA/2 and OB/2, re-
spectively. Then, the half-cycle increment of linear damage &
between points 4 and B is defined as:
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1 1
B8, = — — —
e ) ®)

In Eq. (8). it is assumed that the damage occurs only on
the rising reversal, i.c., if the stress is monotonically increas-
ing, and no damage occurs during unloading. i.e.. if the stress
is monotonically decreasing. This assumption is consistent
with the physical phenomena obscrved in the fatigue crack
propagation process. Given that A is the stress increment
between point A and point B, the average damage rate with
respect to this stress change is equal to A5/Ac¢. Let Ar be
the time interval from A to B, the average rate of linear
damage § in terms of the stress o can be transformed into
the time domain by A8/Ar = (A5/A¢) X (Aa/at). Making
At infinitesimally small, the instantaneous damage rate be-
comes d&/dt = (dé/da ) X (do/dt) where the instantaneous
stress rate do/dr can be gencrated from direct measure-
ments of strain rate or the finite element analysis, and dé/do
is derived from the existing cycle-based formulae (Bannan-
tine et al., 1990). The strain-life and the cyclic stress-strain
curves are used to cvaluate d8/do. Replacing the number of
cycles to failure, N/, by 1/A6 where A8 is the increment in
linear damage during one cycle, the strain life relationship
(Dowling, 1983) in terms of the clastic damage and plastic
damage modes is written as:

5 =-C
5] ©

‘e - e'l af’ - (r"l 5 b (Tm
= (-— + 6} 1= —
2 E 2 oy 2

TN

where b, ¢, of, and €/ are material constants; o, is the
mean stress: € is the total strain corresponding to the
reference stress o, at the starting point of a given reversal as
determined from the rainflow cycle counting method; and
le = €l/2 is the strain amplitude between the current point
and the reference point. This equation does not provide a
closed-form solution for the predicted damage §. The gen-
eral approach to solve this probiem is to scparate Eq. (9) into
two different modes. The first term on the right side is a
modification of the Basquin equation and corresponds to the
so-called elastic damage §,. The second term on the right
side of Eq. (9) is a modification of the Coffin-Manson
equation and corresponds to the so-cailed plastic damage 5.
These two damages, 6§, and 8,, can be derived separately in
an explicit form,

Ae

e 0 =0, (457" - , :
£ (—-—} (modified Basquin equation)

2
(10a)

N|
[

’ 2

Ay ,(,-&);(5&)"
9

(modified Coffin-Manson equation) (106)

where the elastic and plastic strain amplitudes, Ae,/2 and
A¢€,/2, are related to the state of stress following the cyclic
stress—strain characteristics:

de, o - g

Y (11a)
Ae, lo—al\=
2 T\ T (115)

where n’ is the cyclic strain hardening exponent, K’ is the
cyclic strength coefficient, and o, is the reference stress
obtained from the cycle counting under spectral loading.
From Egs. (10a), (10b), (11a), and (115). the closed-form
solutions for A, and 448, can be obtained in terms of stress
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instead of strain as given below:

88 =2 l7 - 12
= D X | —
‘ 2(0,’*0,") (124)
1
] 8 TY
86, =2x |- (lfr*m’"—, Y
= J X - X X T —
r € 2K’ ) ( af
(12b)

Step changes in the reference stress o, can occur only at
isolated points in the load Spectrum. Since the damage incre-
ment is zero at any isolated point, the damage accumulation
can be evaluated at all points, excluding these isolated points,
Wwhich constitute a set of zero Lebesgue measure (Royden,
1988). Exclusion of the points of step changes in o, does not
causc any error in the computation of damage, and da,/dr
can be set to zero hecause g, is piecewisc constant. Further,
since it is assumed that no damage occurs during unloading,
the damage ratc can be made cqual 10 zero if o < g,. When
the stress is increasing, ic., o > 0,, the clastic damage rate
dés./dr and the plastic damage rate d§, /dr are computed
from Eqgs. (12a) and (12b) in terms of the instantaneous
stress ralc do/dr as:

If ¢ 2 g, then

ds, d o—a \ 7k da 4 (3
—_— ) X — X —
dr do (\2(o/ = o) g9 (13a)
.
ds, . d 1 (r—-o;)l, ) o, \"% ‘
— ) X — — n X — —
dr do || ¢ ( 2K’ a/
i 13b
X —
o+ (13b)

cise d§,/dr = 0 and dé,/dr = (.
The damage rate d8/dr is then obtained as the weighted
average of the clastic and plastic damage rales as:

ds  ds, ] ., ]
— Y e— - Y} —— 4
a g TU ) — (14)

where the weighting function, w. iy selected on the basis of
the clastic and plastic strain amplitudes in Egs. (11a) and
(11b) as:

Ae,
de, + e,

Ae/,
de, + A €,

and ] — w =

W =

(15)

Equations (13) 10 (15) arc then used 10 obtain the damage
rate at any instant of time. The damage increment between
WO consccutive points 1, and Ix. ) on the same reversal can
be calculated by integrating the damage differcntial ¢8. This
continuous-time damage model has been venfied using the
experimental data generated in the SAE cumulative fatigue
lest program (Newman, 1981) for Man-Ten sicel. A compari-
son of the model results and experimental data is reported by
Rav and Wu (1994b) and wy (1993).

The continuous-lime damage model in Egs. (13) 10 (15) is
derived on the basis of lincar damage accumulation following
the Paimgren-Miner rule. Although this concept of lincar
damage accumulation has been widely used duc 10 its sim-
plicity in computation, the cumulative damage behavior is
actually nonlinear (Bolotin, 1989 Suresh, 1991). Experimen-
@l results show that, for variabje amplitude loading, the
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accumulated damage is dependent on the order in which the
load cycles are applied. This phenomenon is known as the
sequence effect, which is further explained in the next sec-
tion. Since the structural componcnts of compiex mechanical
Systems are subjected 1o loads of varying amplitude, the
linear rule of damage accumulation, which is commonly used
for fatigue life assessment, could lead 10 erroncous results
duc 1o this sequence effect. Therefore, a nonlinear damage
rule needs 10 be established for accuraie prediction of the
damage rate and damage accumulation in the critical compo-
nents,

3.2 Modeling of Nonlinear Cumulative Damage Using
the Damage Curve Approach. The concept of a nonlinear
damage curve 10 represent the damage was first conceived by
Marco and Starkey (1954). No mathematical representation
of damage curve ‘was Proposed at that time because the
physical process of damage accumulation was not adcquately
understood. Manson and Halford (1981) proposed the double
linear rule primarily based on the damage curve approach for
treating cumulative fatigue damage. In their paper, an effort
was made 10 represent the damage curve mathematically and
approximate it by two piccewise line segments. The total
fatigue life was then divided into wo phases so that the
linear damage rule can be applied in cach phase of the life,
A concept similar 1o the damage curve approach was pro-
posed by Bolotin (1989) with a mathematical representation,
which does not necessarily assess the damage on the basis of
cycles and is more appropriate for modeling in the continu-
ous-lime setting. Bolotin used the following analytical reja-
tionship between D and §:

(16)

In Eq. (12), the y parametcr describes the nonlinearity of
the damage curve and is usually assumed 1o be dependent
solely on the stress amplitude level (Manson and Halford,
1981). High-strength maicrials usually yicld very large values
of y especially under high-cycle fatigue. At the initial stage
of the fatigue life, a large y creates a very small damage,
which could lead 10 numerical and computational probiems,
This necessitates formulation of a computationally practical
mcthod of damage prediction. It follows from a crack propa-
gauon model such as the Paris model (Paris and Erdogan,
1963) that the crack growth rate is dependent not only on the
stress amplitude but also on the current crack length. Recog-
nizing the fact that the crack itself is an index of accumulated
damage. it is reasonable 10 assume the y parameter 10 be
dependent on both stress amplitude and the current level of
damage accumulation, i.c.. ¥ = ¥(a,. D). Therefore, we pro-
posc the following modification of Eq. (16):

D=(a)f

D= (6)7(41‘,.1)) (17)
where D and & are the current states of nonlinear and linear
damage accumulation, respectively. Although Eq. (13) has an
implicit structure, it can be solved via a recursive relation-
ship.

Ray and Wu (1994a) have developed a nonlinear damage
model in the continuous-time sewing. In this model. the
accumulated damage at any point within a reversal can be
obtained by solving the following noniinear equations:

Y=1v(o, D)yand D = (&5+ 15)" (18)
where 6 is the lincar damage at the reference point of a
reversal and A§ is the lincar damage increment for the stress
amplitude o, relative 10 the reference point. A noniterative
numerical approach that operates on a set of discrete points
in the load history has been developed for solving the set of
implicit Egs. (18).
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Fig. 3 Schematic diagram of a bipropeliant rocket engine

33 The y Parameter Fitting for the Nonlinear Cumula-
tive Damage Model. One major task in this approach is to
identify a mathematical representation for the y parameter
as a function of the stress amplitude and the current damage
state. It requires knowledge of the physical process of dam-
age accumulation, which may be obtained from either experi-
mental data or a combination of experimental data and
analysis, and an appropriate definition of damage. The y
parameters are different, in general, for different materials
and follow different structures of the governing equations.
Furthermore. because the mechanisms attributed to the dam-
age accumulation at various stages of fatigue lifc are differ-
ent, no single approach apparently provides a sufficiently
accurate prediction of damage throughout the fatigue life of
a component. It is difficult, if not impossible, to construct a
single structure for representation of y. An alternative ap-
proach is to evaluate y by interpolation. Once the damage is
appropriately defined, and an analytical method for damage

. prediction is selected, the information needed for the nonlin-

ear damage model can be gencrated via experimentation or
analysis for a set of constant stress amplitudes. The values of
y arc then computed by Eq. (17) for a given stress amplitude
and-the damage data ranging from the initial damage state
D, to the failure condition at D = 1. The generated data, vy
versus D, are then plotted for various amplitudes of stresses.
These curves can be either fiited by nonlinear equations, if
possible, or as linear piecewise representations. Since it is
not practical to perform experiments at infinitesimally small
increments of stress amplitude, y can be only experimentally
evaluated at selccted discrete levels of stress amplitude. The
values of y for other stress amplitudes can then be interpo-
lated. Since the characteristics of y may strongly depend on
the type of the material, availability of pertinent experimen-
tal data for the correct material is essential for the damage-
mitigating control synthesis. The y parameter has been fitted
based on the experimental data (Swain et al., 1990) for AISI
4340 steel. Details are reported by Ray and Wu (1994b).

4 Simulation Results and Discussion

The damage mitigation concept is verified by simulation
experiments for open loop control of a reusable rocket
propulsion enginc such as one described by Sutton (1992)
and Duyar et al. (1991). The plant model under control is a
simplified representation of the dynamic characteristics of a
bipropellant rocket engine as shown in Fig. 3. The preburner
serves as a gas generator for driving the liquid hydrogen
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Fig.4 Upthrust transients of a bipropellant rocket engine

(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 dynamics in state-space form
where the plant state vector consists of eight state variables,
namely turbine shaft speed, pump (LH,-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 variables are combustor gas pres-
sure and the oxidant/fuel (O,/H,) ratio, and the control
inputs are commands for manipulation of the two oxidant
valves. The structural model (Ray and Wu, 1994b) 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 threc-node beam model with six degrees
of freedom at cach node while the first node is kept fixed.
The load on the blade is assumed to consist of two compo-
nents. 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
fatiguc at the root of the blade while the first component is
largely responsible for the mean stress. The fatigue damage
mode! formulated in Sections 2 and 3 was used to generate
the results in Fig. 4.

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 described 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. Following the
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Table 1 The constraints for the simulation experiment

Time Contrained case 1 Constramncd case 2
O msio2ms B=10x 1077 B=02x 10T
2msto3 ms B=25X10"%"! B=05Xx10"%""!
3 msto 50 ms B=50x10"%s"" B=10x 107!

structure in Eq. (6), the cost functional J for nonlinear
programming was selected as:

N-1

J= X

k=0

QR + 0]Si, + afRi, + W(O,/H,)} | (15)

where the deviations, £, and &, in the plant state vector and
the control input vecior are defined in Eq. (6); and the
diagonal matrices Q, R, and W, and the scalar S serve as
relative weights on the individual variables. Since the rocket
engine performance is very sensitive 10 the oxidant/fuel
(O,/H,) ratio, it was brought into the cost functional in Eq.
(15) to prevent any large deviations from the desired value of
6.02 through the transients. In the future research, if the
main combustion chamber is considered as one of the critical
components for damage mitigation, then the explicit de-
pendence of the cost functional on the O,/H, ratio may not
be necessary. The simulation results in the plates of Fig. 4
were obtained under the foliowing conditions:

Chamber pressure weight Qg = 12;
and all other weights @, = 1,1 = 5,
Control input weight R = ] where I is the identity matrix,
Damage rate weight § = 0; and O,/H, ratio weight W =
10.

The rocket engine model is initiated from an initial cquilib-
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 milliscconds. The control
commands to the two oxidant valves are updated at every one
millisecond. That is, N is cqual to 50 in Eq. (15). The
performance cost to be minimized is bascd on the deviations
from the final equilibrium condition at 3000 psi. Simulation
experiments were conducted with no constraints on the accu-
mulated damage. Assuming that the blade is already used or
minor manufacturing defects are present, the initial damage
of the turbine blade is set to D, = 0.01. Two constraincd
cases along with the unconstrained case arc simulated 10
examine the cffects of damage rate constraints on the dy-
namic responses of the system. These constraints arc listed in
Table 1.

The plates on the left side of Fig. 4 exhibit the cffects of
the varying oxygen inlct flow into the preburner and the main
combustor on the resulting transients of the process vari-
ables, namely, O,/H, ratio, and the pressure in the pre-
burner and main combustion chamber, for the given simula-
tion condition. For a given level of initial damage. pressure
dynamics tend to be slower as the constraint is made more
severe. The combustor pressurc is seen 10 rise monotonically
in all cases after a small dip at about 2.5 ms while the
preburner pressure keeps on increasing. These plots arc
largely similar except for the transients from 1 ms to 10 ms.
Virtually all fatigue damage accumulation in this transient
opecration takes place during this short interval, and this
results in a peak overshoot in the mean stress. This sharp
increase in stress, displaved in the top plate on the right side
of Fig. 4, is the cause of enhanced damage in the turbine
blades. Since the turbine blades are the critical components
for damage analysis in this study, the pressure ratio across
the turbine that directly influences the torque is very impor-
tant. For a given preburner pressure, a reduction in the
combustor pressure causcs an increase in the turbine torque.

312/ Vol. 117, APRIL 1995

It is the turbine 1orque and speed that set the cvclic stress
and fatigue damage on the turbine blades. Therefore, the dip
in the combustor pressure at about 2.5 ms is largely responsi-
ble for the pcak mcan stress. Both the mean stress and stress
amplitude are the basic inputs 10 the damage model.

The two plates on the botiom right side of Fig. 4 compare
the damage rate and the accumulated damage for the given
simulation condition. For the unconstrained case, the peak
stress causes the largest overshoot in the damage rate, which
is plotied on a logarithmic scale. The accumulated damage,
plotted on a lincar scale, is seen to be significantly influenced
by the constraints. This suggests that, for rcusable rocket
engines, the constraints nced to be appropriately specified.
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.

The important observation in these simulation cxperi-
ments is the substantial reduction in the accumulated dam-
age, which will extend the service life of the turbopump. The
accumulated damage in the unconstrained case is scen (o be
about four to twelve times that of the constrained case. This
is a clcar message that the consideration of damage in the
control of transients to which a rocket enginc is exposed can
have a considerable impact on the life of critical components
(in this case, the turbine blades). It is noted that there is
practically insignificant penalty in the response times of the
chamber pressure, i.c., the engine thrust. between the uncon-
strained 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. Additional simulation results,
not presented in this paper but reporied by Wu (1993) and
Ray ct al. (1994b), show the effects of nonlinear damage
accumulation, which arc gencrated under three different
initial values of the accumulated damage, namely, D, =
(.001, 0.01, and 0.1 while the damage rate constraint is set
identical 10 that of the constrained Case 1 in Table 1. The
damage ratc and damage accumulation are found to be
strongly dependent on the initial damage D,,. This suggests
that. for reusable rocket cngines, the constraints must be
specificd based on the knowledge of the initial damage D,
which must be accurately assessed during the previous flight.
However, if D, cannot be accuratcly assessed. then it might
be safc 1o generate the control command sequences on the
assumption of a conservative, i.c., larger, value of the initial
damagc at the expense of the engine performance.

The graphs in Fig. 4 cxemplify the effects of upthrust
transients for a short period of 50 ms. Complete operations
of a rocket engine during a single flight include many such
upthrust transients. and the steady-staic operation may last
for scveral hundreds of scconds. Although the damage rate
during stcady state is much smaller than that during a tran-
sient operation, the 1otal damage accumulation during stcady
state may not be relatively insignificant. Thercfore, during
one flight of a (rcusablc) rocket engine, the cumulative
cffccts of the transient and stcady-state operations need to
be considered for estimation of 10tal 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.
Simultancous control of damage at several other critical
areas in the rocket engine. such as the nozzle lining, shall
render the damage vector to be multidimensional. The opti-
mization problem is then to generate control sequences that
will not only make a trade-off between the performance and
damage but aiso strike a balance between potentially conflict-
ing requirements of damage mitigation at these critical points.

5 Summary and Conclusions
The theme of the research in damage-mitigating control of
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power systems as reported in this paper is summarized as
follows:

* For control of complex power systems, on-line damage
prediction and damage mitigation are carried out based on
the available scnsory and operational information such that
the plant can be inexpensively maintained, and safely and
cfficiently steered under diverse operating conditions.

» High performance is achieved without overstraining the
mechanical structures such that the functional life of critical
componcents is incrcased resulting in enhanced safcty, opera-
tional reliability, and availability.

Extended life coupled with enhanced safety and high per-
formance will have a significant economic impact in diverse
industrial applications. Furthermore, as the science and tech-
nology of materials evolve, the damage characteristics of the
structural components can be incorporated within the frame-
work of the proposed damage-mitigating control system.

This ongoing research in damage-mitigating control ad-
dresses interdisciplinary work in the fields of active control
technology and structural integrity, as applicd to fatigue life
in particular. Efficacy of the proposed damage mitigation
concept is evaluated for life cxtension of the turbine blades
of a bipropellant rocket enginc via simulation experiments.

Applications of damage-mitigating control of power sys-
tems include a wide range of cngincering applications such as
reusable rocket engines for space propulsion, rotating and
fixed wing aircraft. clectric power generation plants, automo-
tive and truck cnginc/transmission systems, and large rolling
mills. In cach of these systems, damage-mitigating control
can cnhance safety and productivity accompanied by reduced
life cycle cost. A continuous-time damage model will allow
imely warnings of these failures, and the resulting decision
and control actions will not only avoid an carly shutdown but
also improve maintainability. Such incidents could be allevi-
ated by a relatively small reduction in plant performance if
the control system is structured with the capability of predict-
ing these impending failures and thereby cxcrcising authority
over the lower level control modules. A more complex appli-
cation of the damage mitigation concept is the startup and
scheduled shutdown of rocket engines and power plants, and
take-off and landing of aircraft, in which the damage infor-
mation 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 combination of extended life
and reduced drive-train mass with associated savings in the
fuel consumption.
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