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Damage Mitigating Controller Design for Structural Durability

Ravindra Patankar and Asok Ray

Abstract—Synthesis of a damage-mitigating control law re- which induce structural damage in critical plant components
quires additional information on damage states beyond what is and 2) incorporation of these frequency-weighted variables as
needed for the design of a conventional output feedback con- o formance specifications along with traditional ones such

troller. In this context, this brief paper establishes the necessity . . . .
of a fatigue damage model that must account for the impact of 25 error-tracking of pertinent process variables. To realize

variable-amplitude stress excitation on crack growth rate (e.g., Performance/damage tradeoff for a reusable rocket engine, [4]
crack retardation and sequence effects). It is shown that predicted synthesized a performance controller (i.e., designed with no
structural durability and the damage-mitigating controller design  gnsideration to damage) and a family of damage-mitigating

could be grossly inaccurate if the fatigue crack damage model controllers by taking fatigue damage of turbine blades into
does not represent the effects of variable-amplitude cyclic stress.

A specific example is given based on the design of output_feedbackcons|derat|0n. The robust linear controllers were designed
damage-mitigating controllers for a reusable rocket engine that Via an induced L2-norm method applicable to sampled data
was reported in an earlier publication. Simulation results are systems. Reference [15] demonstrated the efficacy of a feedfor-
presented in this paper to compare the predicted structural \y5rqfeedback damage-mitigating controller on a laboratory

durability and closed-loop performance of the rocket engine test apparatus to simultaneously achieve life extension and
under the same controllers for two different damage models, with e PP simu eously eve lile € S

and without consideration of the effects of variable-amplitude €nhanced performance. Reference [5] proposed a two-tier

stress. DMC system in which a linear robust controller at the lower
Index Terms— Damage-mitigating control, fatigue crack tier followed a reference trajectory while a fuzzy controller at
growth, variable-amplitude stress excitation. the upper layer made decisions for tradeoff between system

performance and damage in critical components.
The fatigue crack damage model used in the above pub-
lications did not include the impact of variable-amplitude
The goal of damage-mitigating control (DMC) is to achievetresses on crack growth rate, i.e., crack retardation and
a tradeoff between structural durability of selected critica&equence effects [14], [1]. Consequently, predicted damage
components and overall dynamic performance of complexd the damage-mitigating controller design could be grossly
mechanical systems (e.g., aircraft, spacecraft, and energy d@accurate. As an example, we consider the damage-mitigating
version systems). Typically, a controller synthesis procedugentroller for a reusable rocket engine reported by [4]. In this
guarantees stability of a closed-loop system within specifiggidy, the beneficial effects of stress overload on structural
uncertainty bounds and, at the same time, ensures that if@grity of turbine blades are ignored based on the erroneous
performance specifications are satisfied. Performance is ugdsumption that the damage accumulation is monotonically
ally defined in terms of command signal tracking, disturbanggcreasing with peak stress, and thereby the damage caused
rejection, and/or control effort minimization. However, iy the performance controller was exaggerated. Unfortunately,
general, the dynamics of material degradation occurring {Ris notion has been followed in the design of other damage-
critical plant components that are vulnerable to excessik@tigating controllers even though it may not always be correct
structural stresses is not explicitly taken into account in thgder variable-amplitude stress excitation.
synthesis of control laws. The notion of DMC is to realize This brief paper establishes, for DMC design, the necessity
these two interrelated concepts in an integrated manner &y 5 damage model that must account for the impact of
synergistic combination of the disciplines of systems sciencggriaple-amplitude stress excitation on crack growth rate (e.g.,
and mechanics of materials. The earlier work reported by [Black retardation and sequence effects). Recently, [9] have
and [11] shows that, using optimized open-loop feedforwaghyeloped a state-space model of fatigue crack growth dynam-
control sequences, it is possible to substantially reduce §3g under cyclic stress excitation of variable amplitude. The
damage rate and accumulation in critical plant componenigie-space model is capable of capturing the effects of block
with no significant loss in the dynamic performance. loading, random loading, and irregular sequences including
The present state-of-the-art of DMC synthesis involVe§itterent combinations of single overload and underload. In
1) frequency-dependent weighting of selected plant variablgg, present paper, we use the state-space model of fatigue
crack growth to reexamine the damage-mitigating controllers
M’ccljnlésgriptA received I/E\é{gust Hl5,J 19k9_7: reT\;]i_Sed Alligust 22, 1998-d3800®f a rocket engine [4]. The difference in structural durability of
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rocket engine under consideration. Section Il presents #&acture mechanics [8]; anH is the correction factor for finite
overview of the state-variable-based model of fatigue crageometry of the specimen. A cycle ranges from a minimum
growth that has been used for quantitative evaluation sfress to the next immediate minimum stress. If the frequency
structural damage in the turbine blades. Section IV presemtsd shape effects are negligible, t#ta stress cycle is defined
the procedure for synthesis of damage-mitigating controlleby the maximum stress$;*** and the following minimum

for the rocket engine. Results of simulation experiments as&essSi*®. The delayed crack opening streSg _ is used
presented and discussed in Section V. Finally, the papertds calculate the crack growth during thgh cycle where

summarized and concluded in Section VI. 7 is the delay in number of cycles before the applied load
actually becomes effective. When a cyclic loading is applied
Il. DESCRIPTION OF THEREUSABLE ROCKET ENGINE to a cracked specimen, cracked surfaces are farthest apart at

This section presents a brief functional description of t{8aximum load but they come in contact as the load is reduced

bipropellant reusable rocket engine under consideration; dgward the minimum value. Upon reloading, the applied stress
tails of operation and control of the rocket engine are report&i’eI at which the .crack surfaces become_fully open with
by [12]. The propellants, namely, cryogenic hydrogen)(H no surface contact_ is called th_e c_ra_ck opening sti¥s$3].

fuel and cryogenic oxygen (9, are individually pressurized AS the crack opening stres&” is difficult to measure, such

by separate closed-cycle turbopumps. Pressurized Cryogéﬁﬁasurements have b(_aen made on only a fe\_/v matenal_s under a
fuel and oxygen are pumped into two high-pressure preburnéfaited number of specimen geometry, material properties, and
that feed the respective hydrogen ojHand oxygen (Q) loading conditions. On the other hand, procedures available

turbines with fuel-rich hot gas. The fuel-rich exhaust gas frofr analytically calculatings® under variable amplitude cyclic

each turbine is injected into the main combustion chamber. TIR@d are complicated, computationally intensive, and possibly

oxygen/hydrogen (€/H.) mixture ratio of 6.02 is maintained inaccurate due to truncation of_the loading history. The_refore,
to make the most efficient use of the energy. The oxygen fidi{f have casti” as a state variable so that no truncation of
into each of the two preburners are independently controlled {3ding history is necessary for computations.

the respective servo-valves while the valve position for oxygenThe two state variables used n the crack growth model
flow into the main thrust chamber is held in a fixed positiofi'® Crack lengtfr and crack opening stress’. A first-order
to derive the maximum possible power from the engine. TtRguation has been proposed to closely describe the dynamics
plant outputs of interest are oxygen/hydrogen/t@) mixture °f 7 [9]. Some materials may show considerably delayed
ratio and main combustion chamber pressure that are clos%rl9°k _retardat|on after_ the appllcguon of an overload. For such
related to the rocket engine performance in terms of specifitterials, crack opening stress is delayed by a number of
impulse, thrust-to-weight ratio, and combustion temperatur@(CIes’T' as seen in (2).

The plant model consists of twenty state variables, two control 07 computation oi5” under constant amplitude stress in
inputs, and two measured variables. metallic materials, [7] has proposed an empirical relationship

as a function of maximum stres$™**, stress ratioR =
(§min/gmax) - constraint factore, specimen geometry, and

) ) ) ) flow stressSfov. Reference [9] have used the steady-state
This section briefly introduces the state-space model gdjye o5 to construct a forcing function [7] that is capable of

fa.tigue crack under cycl!c stress excitation of variable aMioducing and experimentally validating a dynamic response
plitude [9]. The model is formulated based on the crag, S¢ under variable-amplitude load

closure concept [3] and is verified with experimental data vss
[10], [13]. Unlike the existing crack growth models, the Sk
state-space model does not require a long history of stress O™
excitation to calculate the crack opening stress and, therefqfgere
savings in both computation time and memory requirement are mod QGmin y o, gmin
significant. The effects of the cyclic stress history are capturedr,, = “k__. gmed — 7k~ 7k1
by a fading memory model where the state equation for crack Sk o1
opening stress is a (piecewise) bilinear difference equation
excited by the peaks and valleys of the current stress cyclé4
and the previous stress cycle. This representation adequately < Sma F)

[ll. M ODELING OF FATIGUE DAMAGE DYNAMICS

= A} + AR Ry + AR (Ba)? + AR(B)® (3)

T Slxsw,x F l/a
2 Sﬂow

0 = (0.825 — 0.34x + 0.0502) [Cos <—

captures the phenomena of crack retardation and acceleratiod}, = (0.415 — 0.071a)
resulting from block loading, random loading, and irregular o . 5
sequences including different combinations of single overloadAz — { 1— Ay — Ay — 4y, if R>0

S flow

and underload. The fatigue crack growth process is modeled as 0, if f <0
0 1 :
cn = coot + RAKST), for h(0) = 0; k> 0andeo>0 4% = 4 Akt A1 i B >0
) 0, if R, <0
E, max o and « is the constraint factor (one for plane strain and three
AK{® =) JraiFony (0™ - S{_,) () ande ( P

for plane strain). Using5y** in (3) as the forcing function,
where the crack lengthc{) at the end of theith cycle is a we propose the following constitutive relation in the form
state variableh(-) is a function defined by a lookup table inof a (piecewise) bilinear first-order difference equation for
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recursive computation of the crack opening stre&y @t the
completion of the(k — 1)th cycle

o __ 1 o n 088 )\k
5= <1+77>Sk1 * <1+77>Sk * <1+77>

(5% = SR 0SS = Si-a)

WHz turb |

(4)

where the Heaviside functiod(z) := < :; zfg, and S¢°°
is the steady-state crack opening stress calculated from (3)
if a constant amplitude streg¢$"><, Smin) was applied; the
dimensionless decay parameteis dependent on the material
as well as on the specimen thickness; and:= (Sp** —
Smedy /(gmax _ gmin) s the dimensionless cycle-dependent
pulse scaling factor. For 4340 steel (somewhat similar to gas-
turbine blade materials), decay parameter 0.001 and delay
parameterr = 250.

Remark 1: The dynamic crack opening stress in (4) along
with the difference equation (1) for crack incrementi1 —cx)  Fig. 1. Synthesis of the sampled-data controller.
during the(k +1)th cycle constitutes the state-space model for

fatigue crack growth. % The linear nominal plant model used for the controller-
Remark 2: The variableS®**, generated from (3), is usedyesijgn is obtained by linearization of the nonlinear model of
to construct the (piecewise bilinear) forcing function in thgye reysable rocket engine at a chamber pressure of 17.58 MPa
dynamic (4). Under constant amplitude stress excitai; (2550 |bf/irz) which represents the midpoint of the pressure
is the steady-state solution &°. However, under variable- ramp-up range from 14.48 MPa (2100 Ib®jrto 20.69 Mpa
amplitude stress ex.citatiob?,"” is different from the instar!-. (3000 Ibf/ir?). Referring to Fig. 1, the design goal is to find
taneous crack opening stresgand does not have any specificy stapilizing discrete-time controller such that the induced
physical significance. _ Lo-norm of the transfer matrix fronV to [z1 2o z3]% is
Remark 3: F_ollov_vmg an overload cycle, the d_uratlo_n Ofminimized. We use the method of [2] fako-induced syn-
crack retardation is represented by the dynamicsSofin  hegjs for sampled-data systems which makes use of a lifting
the state-space model and hence controlied by the strgggnnique which takes intersample behavior into account in
independent decay parametgin (4). Physically, this duration he controller synthesis procedure. The sampled-data problem
depends on the ductility of the material which is controlled by racast in terms of an equivalent discrete-tiffie -synthesis
heat treatment [13]. For example, a lower yield strength M&Y¥oblem.
produce a longer duration. Thereforgis possibly a function *|gentical to the rocket engine controller design reported
of material ductility. S by [4], frequency-dependent performance weighting functions
Remark 4:1t is desirable that) be identified from ex- {hat penalize deviations of the actual thrust chamber pressure

perimental data under single-cycle overload stress excitatigp O/H, mixture ratio from their reference trajectories are
However, in the absence of available experimental dat@, ggjected as

Plant

Sampled-Data »3

i
Hold 11 Controller

could be evaluated from the data generated by a predictive

model such as FASTRAN-II [8] under variable-amplitude =~ Wpress(s) = Fols + o) and Wo, m,(s) = ko
stress excitation. s+ 65
where
IV. SYNTHESIS OF DAMAGE-MITIGATING a,=17.5; B, =30.0; Fk,=2000.0
OuTPUT FEEDBACK CONTROLLERS k, =1.0 x 10%; for the damage-mitigating
The main objective of damage-mitigating controller (DMC) controllert1 (DMC1)
synthesis is to achieve a tradeoff between system dynamic a, =75 B,=300: k,=4000.0
performance and structural durability. In the context of the P e P o
rocket engine control, the dynamic performance is imple- ko =1.0x10% for the damage-mitigating
mented as small tracking errors of the thrust chamber pressure controlles#2 (DMC2)
and the oxygen/hydrogen {{H,) mixture ratio, and structural ap =75 B, =2300; k,==8000.0
durability as low fatigue damage rate and accumulation in k, = 2.0 x 10° for the damage-mitigating
the O, and H turbine blades. These objectives are accom- o= ’
plished by appropriate selection of the (frequency-dependent) controlles#3 (DMC3)
weighting functions for the controller synthesis. This section  «, =0.5; f,=1.0; &k, = 5000.0
presents the design of a performance controller and a family k, = 2.0 x 10°; for the performance controller

of damage controllers. The performance controller is designed
without taking damage into consideration. In essence, it is a
conventional performance controller (PC).

(PC) and the Laplace transform variable

sis in units ofsecond L.
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Fig. 2. Simulation block diagram.
A uniform scaling across the frequency spectrum is chosen for _ 22
the Oy/H, ratio performance weight because deviations from E& o1 . }
the nominal value of 6.02 are undesirable at all frequencies, 2, Y 550%
i.e., during both transient and steady-state operations. Also, 2 1 I/,’.""
each of the two reference signals is modeled as a disturbance & /j/:
input with the frequency-dependent weight 58 e Reference]
0.001 E 17] / : pc |
3 [ACNE R [ DMC 3
Wais(s) = 50001 (6) § 1 //_,n" w=== DMC2
: T /X N R TR DMC1 |
Shaft torques generated by the oxidizer)@nd fuel () “-U
turbines are weighted in the syntheses of damage-mitigating 0 0z 04 06 (sec?"’ ! 12

controllers in an effort to reduce high-frequency transients that
may cause excessive fatigue damage in the turbine bladég,3- Combustion chamber pressure performance.
In theory, specifications of these weights along with the
performance weights determine the tradeoff between dynamic V. RESULTS AND DISCUSSION
performance and structural durability. For the damage con-
troller design in this paper, these weights are selected as

2x 10~
VVH2 turb(s) = 5% and

This section presents the results of simulation experiments
for rocket engine performance and structural durability un-
der different controllers and different damage models. Fig. 2

s+0.1 shows the block diagram of the configuration used to simulate
o (s+2x 107?) the closed-loop control system. The vector reference signal
Wo, tun(s) =5 s+0.1 y 7) y*! is composed of the reference signals of the thrust chamber

. . . . pressure and thefH, mixture ratio. The reference signal for
To atcrrl]leve the; ideal %H2dra_t(|j(:hperfgrn;§ncef, the ﬁturﬁ!nﬁ fthe chamber pressure is chosen such that the 6.21-MPa (900
mus av% at' arger alg \g” ¢ and, tﬁre otLe’ € I'?B y /in?) swing in pressure range from 14.48 MPa (2100 IB)in
?“rg?ncy ‘Q r? '3”3 W&“ \‘jibsr rt‘i’”r?er " a”W ioﬁf 0: tm: 0 20.69 MPa (3000 Ibf/i#) is realized in 1/3 s while that for
urbine. 10 reduce these ations, the weignt on he mixture ratio is held constant at 6.02. The feedforward
turbine is made larger than that for the kurbine at higher . e ; o
control signalw// is obtained at each sampling instant by

frequencies. interpolating the steady-state inputs corresponding to the initial
For the PC, the weights on the turbine torques in (7) are b 9 y P P 9
) ; . : aad final states of the thrust chamber pressure. (Note that,
not used; however, weights on the control inputs are included . .
) . unlike the previous work reported by [11], the feedforward
to circumvent actuator saturation : . . . . !
signal in this paper is not optimized. This approach does
LO'O? (8) not require computationally expensive nonlinear programming
s+0.1 because the feedback controller is capable of compensating
For the DMC, the weights on torques serve to mitigatdée tracking error.) The sampling interval is chosen as 0.002 s
control inputs and therefore helps prevent actuator satuvehich is fast enough to capture the thermal-hydraulic dynam-
tion. High-frequency control inputs are needed to generdts of the rocket engine without any appreciable aliasing in
instantaneous torques from the turbines for driving the pumise output signal.
which must meet the large bandwidth transients gfa@d H, Fig. 3 compares the performance of the four controllers, PC,
mass flow-rates. If the torque at high frequencies is heaviMC1, DMC2, and DMCS3, for thrust chamber pressure. The
attenuated, control efforts at these frequencies are redu€®dH. mixture ratio remains within the acceptable limits of
and consequently control input weighting are found to H®&02+ 0.08 for both cases. The PC is supposed to generate best
unnecessary. In general, different sets of the turbine torgperformance with no direct tradeoff with structural durability
weights and performance weights lead to different performanatile the three damage-mitigating controllers, DMC1, DMC2,

and structural durability tradeoffs. and DMCS3, represent performance-damage tradeoff at differ-

Weont(s) = 50000
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Fig. 4. Blade damage in hydrogen and oxygen turbines.

ent levels. Fig. 4 compares the fatigue damage incremenmtgiable-amplitude stress. In fact, the results could often be
in Hy and G turbine blades for each of the four closedeontrary to the expectations. The DMC controllers do not seem
loop systems by the strain-life-based damage model usedtarbe effective if structural durability of the critical components
the earlier publication [5] and the state-space-based daméige., H; and G turbine blades) is measured in terms of fatigue
model currently used. The strain-life model predicts damagamage based on the state-space model since the effects of
as a dimensionless abstract quantity (in the range of zerostoess-amplitude variations have a major bearing on the crack
one) while the state-space-based model predicts the physg@wth rate. The reason for the apparent paradox, described
crack length. Hence the results from the two models are radtove, could be attributed to the dynamics of crack opening
comparable in an absolute sense. However, one can congtmrss that directly influences the fatigue crack growth rate. The
the physical crack length into a dimensionless quantity relatiggrain-life model does not adequately account for the dynamics
to a specified critical crack length at which the service lifef fatigue crack growth under variable-amplitude stress. In the
of the component is expended. The plots in the left hamrlier publication [4], the DMC controllers were designed
side of Fig. 4 show progressively larger reductions in bladmsed on the general notion that higher the peak stress, higher
damage increment predicted by the strain-life model as tleethe damage based on the strain-life model. This notion is
rocket engine is controlled by PC, DMC1, DMC2, and DMC3rue under constant-amplitude stress excitation but may not
In contrast, the plots in the right-hand side of Fig. 4 do natlways hold under variable-amplitude stress.
show such trends in blade damage increment predicted by théet us now carefully examine the fatigue crack growth,
state-space model under identical controllers. in Hy and G turbine blades, obtained from the state-space
The performance controller has the largest damage accurmedel for the closed-loop systems under PC and DMC's.
lation based on the strain-life model that does not adequat@lfter passing the peak load, the crack growth rate under
account for the effects of variable-amplitude stress. The thre€ is slowed down considerably as compared to those under
damage-mitigating controllers result in increasing amounBMC’s as seen in Fig. 4. This crack growth retardation in
of damage accumulation with increasing chamber pressi€ lasts for about 0.2 s and crack growth rate slowly starts
performance. The corresponding results are not as expedtetteasing again. Fig. 5(a) and (b) shows the variations in
according to the state-space model that does account &pplied minimum and maximum stresses and their effects on
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Fig. 5. Variations of crack opening stress in oxygen turbine blades.

S for the oxygen turbine blade as a function of time for PC The information on all state variables of the damage model
and DMC3, respectively. As both controllers display a sharust be incorporated into the control synthesis procedure to
rise in applied stress for the first 0.32 s, the peak stressnigtigate structural damage regardless of the actual perfor-
reached followed by a relaxation in stress. Then onwardsance trajectory. Simplistic damage models can only generate
a constant amplitude stress is applied until the end of tpartial information of the damage variables that may not
maneuver. This constant-amplitude stress at the final stagalisays be adequate for DMC design. As demonstrated by
the same for all the controllers. The crack length rises sharglpplication of the state-space damage model to rocket engine
with the initial abrupt increase in applied stress but, aftéurbine blades, expressing damage as a function of crack
passing the peak stress, there is a significant retardationlength alone is not sufficient under variable-amplitude stress. A
crack growth for about 0.2 s. This retardation effect is mo@amage measure needs to be defined in terms of both states of
prominent for the PC due to the stress overload [13]. Thkee damage model, viz., crack length and crack opening stress.
rationale for this phenomenon is attributed to the dynami&uich a measure should account for the effects of stress over-
of the state variableS°. After reaching the peak stressload on fatigue crack growth. Therefore, damage-mitigating
when the stress continues to decreasedoes not decreasecontrollers must be designed based on the dynamics of this
instantaneously. The rate of decreases6fis determined by damage measure under variable-amplitude stress excitation.
the decay parameterin (4). According to (2), sustained higherBecause of the highly nonlinear structure of the damage model,
values ofS° result in a lower value o\ K% which, in turn, it might not be possible to design a linear damage-mitigating
results in lower crack growth during this period. Later orgontroller that will be effective under all kinds of variable-
as .S° decays, the crack growth rate starts rising again. Sinamplitude stress excitations.

the peak stress reached under PC is higher than that unddfinally, we conclude that a reliable damage model is a
DMCS3, the state variabl§° reaches a higher value in PC angrerequisite for achieving tradeoffs between structural dura-
hence the crack growth retardation effect due to overloadhgity and dynamic performance. Specifically, several damage-
more prominent under PC. The critical observation for DM@itigating controllers may cause comparable damage in struc-
design is that the prolonged crack retardation effects of streasal components. Under these circumstances, it may not be
overload, normally ignored by the strain-life-based model, aneeaningful to choose a specific controller unless the damage
well captured by the state-space model. model is appropriately experimentally verified.

VI. SUMMARY AND CONCLUSIONS
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