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Introduction

T HE goal of life-extending control is to achieve a tradeoff
between structural durability and dynamic performance of

complex mechanical systems such as aircraft, spacecraft, and en-
ergy conversionsystems.Typically,a controllersynthesisprocedure
guarantees the stability of a closed-loop system within speci� ed
uncertainty bounds and, at the same time, ensures that the perfor-
mance speci� cations are satis� ed. Performance is usually de� ned
in terms of command signal tracking, disturbance rejection, and/or
control effort minimization.However, in general, reductionof dam-
age occurring in critical plant components that are vulnerable to
structural stresses is not explicitly taken into account in synthesis
of the control law. Work reported by Ray et al.1 shows that, using
optimized open-loop feedforward control sequences, it is possible
to substantiallyreduce the damage rate and accumulation in critical
plant components with no signi� cant loss in dynamic performance.
However, such a damage-mitigation procedure is based on exten-
sive off-line optimization and is applicable only when the opera-
tional maneuver is known a priori. Tangirala2 presenteda combined
feedforward/feedback controller synthesis methodology applied to
a laboratory test bed that achieves life extension and enhanced per-
formance by using optimal open-loop input sequences along with a
damage-mitigatingoutput feedback controller.

This Engineering Note presents the results of ongoing research
in life-extending control and is a continuation of the results pre-
sented in previous publications. Speci� cally, this Note presents a
procedure for synthesis of life-extending feedback controllers and
explores the feasibilityof its application to a reusable rocket engine
such as the Space Shuttle main engine. However, for brevity, the
dynamic model of fatigue damage, discussed in detail in a previous
publication,1 is not presented.As an example of life-extendingcon-
trol synthesis, the results reported focus on 1) reduction of fatigue
damage in the blades of the oxidizer (O2) and fuel (H2) turbines
and 2) enhancementof engine performanceby simultaneouslymin-
imizing the turbine torques and the output tracking errors of the
thrust chamber pressure and the O2/ H2 mixture ratio. To realize
different levels of performance/damage tradeoff, one performance
controller and three damage-mitigating controllers are synthesized
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by using an induced L2-norm method3 applicable to sampled data
systems.

Synthesis of Life-Extending Feedback Controllers
This section summarizes a synthesis procedure for sampled-data

outputfeedbacklife-extendingcontrolsystemsbasedon a linearized
continuous-time model of a reusable rocket engine. A description
of the rocket engine and derivation of the plant model are reported
by Ray and Dai.4 The plant model has 20 states and the two control
inputs are the command signals to oxidizer valve actuators of the
oxidizer (O2) preburner and fuel (H2 ) preburner. The inputs to the
controllerare the error in the thrust chamber pressureand the O2/ H2

mixture ratio.
The main objectiveof the control synthesisis to achievea tradeoff

between high system performance and low fatigue damage rate and
accumulation in critical plant components. This is accomplished
by appropriate selection of the (frequency-dependent) weighting
functionsused for controller synthesis.This section presents the de-
sign of four different controller modules that yield different levels
of performance/damage tradeoff. The performance controller (PC)
is designed without taking damage into consideration. The three
damage-mitigatingcontrollers(DMC1,DMC2, andDMC3)demon-
strate three levels of tradeoff between performance and structural
damage.

The nominalplantmodelused for thecontrollerdesignis obtained
by linearizing the nonlinear model of a reusable rocket engine4

at a chamber pressure of 17.58 MPa (2550 psi), which represents
the midpoint of the pressure ramp-up range from 14.48 (2100 psi)
to 20.69 MPa (3000 psi) considered here. Referring to Fig. 1, the
design goal is to � nd a stabilizing discrete-time controller so that
the induced L2-norm of the transfer matrix from w to [z1 z2 z3]T

is minimized. We use the method of Bamieh and Pearson3 for L2-
induced synthesis for sampled-data systems, which makes use of a
lifting technique to take intersample behavior into account in the
controller synthesis procedure.The sampled-dataproblem is recast
in terms of an equivalent discrete-time H1 synthesis problem. The
scheme for the sampled-data controller design is shown in Fig. 1.
The sampling interval is chosen as 0.002 s, which is fast enough to
capturethe thermal-hydraulicdynamicsof the rocketenginewithout
any appreciablealiasing in the output signal.

The performance weighting functions for penalizing the devia-
tions of the actual thrust chamber pressure and O2/H2 mixture ratio
from their reference trajectories are selected as

Wpress(s) D
kp (s C a p )

s C b p
and WO2 / H2 (s) D k0 (1)

where forDMC1, kp D 2000.0, a p D 7.5, b p D 30.0, and k0 D 1.0 £
105; for DMC2, kp D 4000.0, a p D 7.5, b p D 30.0, and k0 D 1.0 £
106; for DMC3, kp D 8000.0, a p D 7.5, b p D 30.0, and k0 D 2.0 £
106; and for PC, kp D 500.0, a p D 0.5, b p D 1.0, and k0 D 2.0 £ 105.

Fig. 1 Scheme for synthesis of the sampled-data controller.
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A uniform scaling across the frequency spectrum is chosen for the
O2/H2 ratio performance weight because deviations from the nom-
inal value of 6.02 are undesirable at all frequencies. These weights
and all the ones that follow were � ne-tuned by trial and error to
achieve the desired performance/damage characteristics.

To prevent the control valve actuators from saturating and chat-
tering, each of the two control inputs is weighted by

Wcont(s) D 50,000
s C 0.02
s C 0.1

(2)

and each of the two reference signals is modeled as a disturbance
input with weight

Wdist(s) D 0.001
s C 0.001

(3)

The torquesgeneratedby the oxidizer(O2) and fuel (H2 ) turbinesare
also weighted in syntheses of the damage-mitigating controllers in
an effort to reduce high-frequencytransients that may cause exces-
sive fatigue damage in the turbine blades. In theory, speci� cation of
these weights along with the performance weights determines the
tradeoff between dynamic performance and structural durability.
These weights are

WH2 turb(s) D 5
(s C 2 £ 10¡4)

s C 0.1
(4)

WO2 turb(s) D 50
(s C 2 £ 10¡5)

s C 0.1

To achieve ideal performance of the O2/H2 ratio, the O2 turbine
must have a larger bandwidth and therefore is subjected to more
severe high-frequency vibrations than the H2 turbine. Further, the
O2 turbine blades are longer than the H2 turbine blades, leading to
more damage accumulation even with a lower torque. To account
for these factors, the weight on the O2 turbine is made larger than
that for the H2 turbine at higher frequencies.

For the PC, the weights on the turbine torques in Eq. (4) are not
used; however, the weights on the control inputs in Eq. (2) are in-
cluded to avoidactuatorsaturation.For the threedamage-mitigating
controllers, DMC1, DMC2, and DMC3, the torque weights act to
decrease control inputs and therefore prevent actuator saturation.
High-frequencycontrol inputs are needed to generate instantaneous
torques from the turbines for driving the pumps, which must meet
the large bandwidth transients of O2 and H2 mass � ow rates. If the
torques at high frequenciesare heavily attenuated, control efforts at
highfrequenciesare reducedandconsequentlycontrolinputweight-
ing may not be necessary. In syntheses of the damage-mitigating
controllers presented here, the torque weights are not changed and
the tradeoffis achievedby tuningtheperformanceweights in Eq. (1).

Results and Discussion
Figure 2 compares the thrust chamber pressure transients of

the four controllers, DMC1, DMC2, DMC3, and PC, described
in the preceding section. Figures 3 and 4 exhibit the fatigue dam-
age accumulation of the four closed-loop systems in the O2 and

Fig. 2 Combustion chamber pressure pro� le.

Fig. 3 Oxygen turbine blade damage pro� le.

Fig. 4 Hydrogen turbine blade damage pro� le.

H2 turbines, respectively.The three damage-mitigatingcontrollers,
DMC1, DMC2, and DMC3, achieve performance/damage tradeoff
at different levels, with increasing chamber pressure performance
causing larger amounts of damage accumulation. The PC yields
the best tracking error of chamber pressure at the expenseof largest
damageaccumulation.The transientresponseof the O2/H2 ratio, not
shown in this Note, is within the acceptable limits of 6.02 § 0.08
in all four cases.

Conclusions
This Note presents a procedure for synthesis of life-extending

controllers to achieve a desired level of tradeoff between structural
durability and dynamic performance of complex mechanical sys-
tems such as aircraft, spacecraft, and energy conversion systems.
Knowledge of damage-inducing variables is incorporated into the
control synthesis procedure to mitigate structural damage regard-
less of the actual performance trajectory. As an example, a bank of
controllers is synthesized for a rocket engine, similar to the Space
Shuttle main engine, to achieve different levels of tradeoff between
fatiguedamage in the turbinebladesand engineperformanceduring
upthrust transients.

Once a bank of damage-mitigating controllers is designed, the
appropriate one can be selected based on the performance require-
ments of the mission and the allowable amount of damage accumu-
lation in the rocket engine. For instance, if the engine is relatively
new, the maximum PC can be used because the amount of damage
accumulated over the course of the mission is unlikely to cause a
catastrophic failure; however, if the engine has been used for a few
missions and the damage accumulation has increased to a moder-
ate level, one of the damage-mitigating controllers should be used
depending on the performance requirements.The most logical � rst
step is DMC3 because a considerableincrease in structuraldurabil-
ity is achieved for only a small decrease in performance relative to
the PC. However, if the performancerequirementsfor the particular
missionarenotverystringent,DMC2 or DMC1 may be more appro-
priate. As damage accumulates, DMC2 and � nally DMC1 should
be used to ensure safe operation.

The concept of life-extendingcontrol is potentially applicable to
any system in which structuraldurabilityand dynamic performance
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are important issues and is capable of providingboth � nancial ben-
e� ts and enhancement of safety in many engineering applications.
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