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I. Introduction

ROCKET engine has a number of critical components that

operate close to mechanical design limits. These components
often typify behavior of the remaining components and hence are
indicators of the effective service life of a reusable rocket engine.
Fatigue damage in the turbine blades is one of the most serious
causes for engine failure. This Note focuses on the conceptual de-
velopment of a nonlinear life-extending control system for rocket
engines via damage mitigation in both the fuel (H,) and oxidizer
(0O,) turbine blades.

The fundamental concept of life-extending control (LEC) was
introduced by Lorenzo and Merrill.! Subsequently,a growing body
of literature has emerged for feedforward> and feedback* control
of rocket engines for life extension. Whereas the LEC technology
was developedinitially for rocket engines, it has broad applications
for other systems such as fossil-fueled power plants® and mechan-
ical structures® where both dynamic performance and structural
durability are critical issues.

The designapproachpresentedin this Note is differentfrom previ-
ous work in the sense that this approachallows adaptationof the LEC
feature to augmenta conventionalperformancecontrollerof a rocket
engine. Unlike the previously reported design approaches?>*3 the
proposed technique does not require an optimal feedforward con-
trol sequence, which is sensitive to plant modeling uncertainties
and variations in the initial conditions. Furthermore, for other con-
trol applications such as military aircraft, the life extension feature
of the control system can be activated or deactivatedat the operator’s
discretion.

II. Structure of the Life-Extending
Control (LEC) System

The reusable rocket engine under consideration is functionally
similar to the space shuttle main engine. A thermo-fluid-dynamic
model’ of the rocketengine has been formulated for control systems
synthesisbased on its functionalcharacteristics.The plantmodel has
18 state variables, 2 control inputs, and 2 controlled outputs. The
oxygen flow into the two preburners is independently controlled
by the respective servo-valves. The plant outputs of interest are the
main thrustchamberhot gas pressure and oxygen/hydrogen (O,/H,)
mixture ratio that are closely related to engine performancein terms
of specific impulse, thrust, and combustion temperature.’

Figure 1 shows the architectureof the proposed two-tier LEC sys-
tem consisting of two loops: (linear robust) performance control as
the innerloop and (nonlinear) damage control as the outerloop. Both
inner-loop and outer-loop controllers are designed in discrete time
for direct implementationon the control computer(s). For rocketen-
gine control the inner-loop controller is designed using H,, -based
u synthesis to ensure stability and performancerobustnessindepen-
dent of the outer-loop damage controller. The combination of plant
dynamics and the performance controllerin the inner loop becomes
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Fig.2 Generalized plant model for linear robust controller synthesis.

the augmented plant for designing the outer-loopdamage controller
thatincludesthe nonlineardamage characteristicsof structuralmate-
rials. Optimization of the outer-loop controller parameters includes
this augmented model. This is an alternative approach to the fuzzy
damage controller design proposed by Holmes and Ray.*

The essential elements of the damage controllerin the outer loop
are the following: 1) a structural model? that uses appropriate plant
outputs to estimate the load conditions (e.g., stresses at the critical
locations of turbine blades); 2) a nonlinear model of damage rate
and accumulation that is excited by the load conditions; and 3) the
damage controller, which is designed to reduce the damage rate
and accumulation at the critical points, specifically under transient
operations when the time-dependent load on the stressed structure
is controllable. Whereas the inner-loop performance controller is
valid in response to any exogenous inputs within allowable bounds,
the outer-loop damage controller is designed for specific operating
conditions. The rationale for this restriction is that the damage pro-
cess is highly nonlinear, and it may not be possible to achieve a
damage controller for arbitrary inputs without a significant loss of
performance.

ITII. Design of the Inner-Loop Linear
Performance Controller

This section presentsthe synthesisof a sampled-dataperformance
controller in the inner loop by using the Hs, (or induced L, norm
to L, norm) technique that minimizes the worst-case gain between
the energy of the exogenous inputs and the energy of the regulated
outputsof a generalized plant shownin Fig. 2. The performancecon-
troller needs to have very good low-frequency disturbancerejection
capabilities to prevent the damage controller output #*™ from caus-
ing a long settling time of the plant outputs. We have adopted the
sampled-data controller design procedure of Bamieh and Pearson®
that has subsequently been incorporated as the function sdhfsyn in
the MATLAB® mutools toolbox

Figure 2 shows the setup used for synthesis of an induced L,
norm controller based on the rocket engine model with two inputs,
fuel preburner oxidizer valve position and oxidizer preburner oxi-
dizer valve position, and two outputs, main thrust chamber hot-gas
pressure and O,/H, mixture ratio. The plant model is obtained by
first linearizing the 18-state nonlinear model of the rocket engine’
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at a combustion pressure of 2550 psi (0.370 MPa) and an O,/H,
ratio of 6.02. The nominal operating point at pressure 2550 psi
(0.370 MPa) and O,/H, mixture ratio 6.02 is chosen for lineariza-
tion because this controlleris designedto be functionalin the range
2100 psi (0.305MPa) to 3000 psi (0.370MPa) with a constantO,/H,
mixtureratio 6.02. After linearizationthe 18-state linearmodel is re-
ducedto a 13-statelinear model for the controllerdesign via Hankel
model order reduction.!® An examination of Bode plots reveals that
reducing the 18-state model to a 13-state model does not signifi-
cantly alter the input-output characteristics of the original model.
Because the induced L,-norm controller synthesis procedure being
used here requires a strictly proper generalized plant model, the
problem of a nonzero D matrix is circumventedby filtering the out-
puts of the controller by a first-order filter with a high-frequency
pole at 10* rad/s:

Witer(5) = 10%/(s + 10%) o))

The input multiplicative configuration is chosen to represent the
plant model uncertainties caused by parametric errors and unmod-
eled high-frequency dynamics. The sampler and zero-order hold
associated with the controller are implicit in the setup used for ro-
bust stability as shown in Fig. 2, where each of the two components
of the frequency-dependert disturbance weight Wy is chosen to be

W (s) = (s + 1)/(s + 10) (2)

which implies that the amount of plant uncertainty is estimated as
being approximately 10% at low frequencies and 100% at high fre-
quencies. The uncertaintymodel is constructedbased on the assump-
tions of the rocket engine design and operation and can be updated
as additional analytical or experimental data become available. Be-
cause the plant model is validated with steady-statedesign data, it is
more accuratein the low-frequencyrange. The plant modelis a finite
dimensional lumped-parameterrepresentationthat may not capture
the dynamics of high-frequency modes. This leads to the presence
of a larger amount of uncertainty in the high-frequency region of
the model as compared to the uncertainty at low frequencies.

The frequency-dependentperformance weight Wp..; consists of
two components: 1) Wy, which penalizes the tracking error of
combustion chamber pressure, and 2) Wo,u,, which penalizes the
tracking error of the O,/H, ratio. The frequency-dependentcontrol
signal weight W, consists of two components: 1) Wy, to penal-
ize the fuel preburner oxidizer valve motion, and 2) W, to penal-
ize the oxidizer preburner oxidizer valve motion. The objectives of
these frequency-dependentweights are the following: 1) prevention
of large oscillations in the feedback control signal to avoid valve
saturation and 2) reduction of valve wear and tear caused by high-
frequency movements.

The parameters of both performance weights and control weights
are initially selected based on the control system performance
requirements and the knowledge of the plant dynamics. Subse-
quently, these parameters are fine tuned using the time-domain re-
sponses of the simulation experiments. For this rocket engine con-
troller design the performance weights are

+ 1.75 + 0.5
Wpress(s) = 4<ST>, WOz/Hz (s) = 4000<S )
N

s+ 0.1
The control weight for both valves is

3)
Wi, (s) = Wo,(s) = 1200[(s + 10)/(s + 100)] )

Each of the two components of the frequency-dependentreference
signal weight W, in Fig. 2 is chosen to be

Wet(s) =0.5/(s + 0.5) (5)

Following the generalized plant model in Fig. 2, a sampled-data
controller is designed, which is optimal in the induced L,-norm
sense. As guaranteedby the design method employed, the controller
has 23 states, which is the same as the number of states in the gener-
alized plantmodel that consistsof the reduced-orderplantmodel (13
states), the control signal filters (2 states), the uncertainty weighting
matrix (2 states), the performance weighting matrix (2 states), the

reference-signal weighting matrix (2 states), and the control-signal
weighting matrix (2 states). Reducing the order of the sampled-data
controller from 23 states to 15 states causes no significant change
in the controller dynamics from an input/output point of view. Fur-
thermore, this reduction causes no noticeable difference in the sim-
ulation results.

IV. Design of the Outer-Loop Nonlinear
Damage Controller

Damage modeling is a critically important aspect of LEC design.
The damage model has a state-variable structure that is suitable for
controller design as well for implementation of the controlleritself.
Becausethe modelis embeddedin the damage controlloop,it should
be mathematically consistentand computationally simple while ad-
equately representingthe damage characteristicsfor the purposesof
optimization and control. The implication is that the absolute level
of the damage rate may not be so important as the structure of the
damage equation,i.e., the nonlinearitiesmust be properly described
to realize the relative gain or loss in damage under different control
actions. Details of the damage modeling method are reported by
Lorenzo'! and Ray et al.

As seen in Fig. 1, the outer damage control loop is a cascaded
combination of a structural model and a fatigue damage model of
the turbine blades and a linear dynamic filter acting as the dam-
age controller. The controller parameters are optimized to reduce
the damage rate and accumulation at the critical points (i.e., fuel
and oxidizer turbine blades) specifically under transient operations
where the time-dependentload on the stressed structure is control-
lable. The nonlinear damage model is a simplified representation
of the material behavior so that it can be incorporated in the outer
control loop for real-time execution.

The parameters of the linear part of the damage controller
are identified by minimizing a cost functional using nonlinear
programming.'”> The cost functional is numerically evaluated as a
function of the current values of damage controller parameters that
are chosen by the optimization routine at each iteration. Because
the design of damage controllersis directly based on the maneuver
used in the optimization process, such maneuvers should be chosen
to be representative of relevant plant operations. The resulting dam-
age controller is then validated by simulation experiments on other
maneuvers that the plant is expected to perform with this damage
controller. The controller design is largely application specific and
relieson a certain class of rocketengine operationsas discussednext.

The design of the damage controlleris based on a ramp-up oper-
ation of the main thrust chamber pressure from a level of 2700 psi
(0.392 MPa) to 3000 psi (0.435 MPa) at a rate of 3000 psi/s
(0.435 MPa/s), followed by a steady state at the final 3000 psi
(0.435 MPa) pressure for 500 ms. The O,/H, mixture ratio for this
operationis desired to be kept constantat a value of 6.02. The gen-
erated outputs of simulation experiments at sampling intervals of
T =2 ms are the chamber pressure, the O,/H, mixture ratio, and
the accumulated damage and damage rate in the O, and H, turbine
blades. Thus, a total of N + 1 samples are generated for each tra-
jectory over a duration of 2N ms. The data set for each trajectory is
used to calculate the total cost functional J that includes the effects
of both dynamic performance cost J, of reference signal tracking
and damage cost J;:

J=1,+J, 6)

where J,, is obtainedas a combinationof the penaltieson the tracking
errors of the main thrust chamber hot-gas pressure and the O,/H,
mixture ratio and J,; is obtained as a combination of the penalties
on fatigue damage rate and accumulation in the O, and H, turbine
blades. Details on construction of the cost functionals are reported
by Lorenzo et al.'?

The linear part of the nonlinear damage controller was initially
structured to have a canonical form with 15 states (n =15), 2 actu-
ator inputs (m =2), and 2 sensor outputs (p =2). It is found from
simulationresultsthat afterdesigningthe 15-statedamage controller
reducing the number of controllerstates to 5 via Hankel model order
reduction does not significantly change the input/output character-
istics of the controller.
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The inner control loop is guaranteed to be robustly stable with
respect to the specified uncertainty description. The damage control
signal u%™ in Fig. 1 acts as an exogenous disturbance to the inner
loop. However, outer-loop stability is not guaranteed by off-line op-
timization for parameter identification. If the outer-loop controller
is given limited authority, i.e., if bounds are imposed on u%™, it
will be unable to destabilize the inner control loop, and the system
response remains bounded although this does not establish stability
in the sense of Lyapunov. For example, there is no guarantee that
phenomena like limit cycling of the control signals will not occur.
Further research is needed to explore nonlinear controller synthesis
techniques'* to satisfy simultaneously the requirements of stabil-
ity and performance in nonlinear life-extending control systems.
However, from the perspectives of rocket engine control, outer-
loop stability is not problematic because the total flight time is very
limited (e.g., ~420 s). Extensive simulation experiments over this
finite-time horizon of active engine operation show that the two-tier
control system is stable without imposition of any bounds on the
damage control signal u%™,

V. Simulation Results and Discussion

Simulation experiments are based on the 18-state rocket engine
model coupled with the 15-state reduced-order performance con-
troller in the inner loop and 5-state reduced-orderdamage controller
in the outer loop. The damage controlleris designed based on tran-
sients that take the chamber pressure from 2700 psi (0.392 MPa)
to 3000 psi (0.435 MPa) at a rate of 3000 psi/s (0.435 MPa/s) as
shown in Figs. 3-6. Each plot displays two cases: 1) with damage
control,i.e., u(k) =u®(k) + u%m(k) and 2) withoutdamage control,
ie., u(k) =u®(k).

The chamber pressure trajectories for the two cases are compared
in Fig. 3. The damage controller causes a slightly slower rise time,
a longer settling time, and less overshoot in the chamber pressure
transient. The damage controller also causes the O,/H, ratio to de-
viate farther from the desired value of 6.02 than the case with no
damage control as seen in Fig. 4. However, the mixture ratio set-
tles to 6.02 at steady state and remains within acceptable bounds
throughout the duration of the simulation for both cases. The dam-
age accumulationplots for the first 1.0 s of the 2700 psi (0.392 MPa)
to 3000 psi (0.435 MPa) simulationare shown in Figs. 5 and 6. Also,
Table 1 summarizes the damage accumulationin O, and H, turbine
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Table 1 Accumulated damage (after 1.2 s)

for 2100-3000 psi
Without damage With damage
Description control control Ratio
H; turbine blades ~ 2.46 X 1073 9.61 X107 2.6
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Fig. 6 Accumulated damage in oxygen turbine blades.

bladesafter the interval of 1.2 s for the two cases (i.e., with and with-
out damage control) for the first 1.2 s of the 2100 psi (0.305 MPa)
to 3000 psi (0.435 MPa) simulation. The modest loss of dynamic
response of chamber pressure and the increased excursion in mix-
ture ratio is the cost incurred for the substantiallyimproved damage
performance.

VI. Conclusions

This Note presents the conceptual developmentof a LEC system,
where the objective is to achieve high performance and structural
durability of the plant. The LEC is designed for a reusable rocket
engine via damage mitigation in both the fuel (H,) and oxidizer(O,)
turbines while achieving high performance for transient responses
of the main thrust chamber pressure and the O,/H, mixture ratio.
The design procedure makes use of a combination of linear and
nonlineartechniquesandalso allows adaptationofthe life-extending
controllermodule to augmenta conventionalperformancecontroller
of the rocket engine.

The two-tier architecture of the LEC system consists of a linear
performance controller in the inner loop and a nonlinear damage
controllerin the outer loop. The high performancerobust controller
in the inner loop is designed using linear techniques (e.g., He -
based u synthesis) to achieve the required dynamic performance.
The combinationofrocketengine dynamicsand the linear controller
in the inner loop becomes the augmented plant for design of the
nonlineardamage controllerin the outerloop. The damage controller
isrealizedas a cascaded combinationof anonlinearcharacterization
of fatigue damage rate in the turbine blades and a linear dynamic
filter. Parameters of the filter are optimized to reduce the damage
rate and accumulation at the H, and O, turbine blades specifically
under transient operations in which the time-dependentload on the
stressed structure is controllable.
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Control for Uncertain Systems
with Input Nonlinearities
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Introduction

HE character of insensitivity to extraneous disturbanceand in-

ternal parameter variations on a switching surface makes vari-
able structurecontrol (VSC) an effectivemethod to controluncertain
nonlineardynamicsystems. In theory,any controlscheme that main-
tains its performance with the existence of uncertain factors should
have a loop gain high enough. However, the inputs of a system are
usually restricted by its physical structure and energy consumption,
which also give the system inputs such nonlinear characters as satu-
ration, deadzone,etc. The existenceof nonlinearinputsis a source of
degradation or, even worse, shows instability in the performance of
the system.! Therefore, it is important to study the stability, robust-
ness, and effective control of those systems with nonlinearinputs. In
addition to nonlinear inputs, there are still plant uncertainties, such
as identification inaccuracy, model truncation, plant parameter vari-
ation, etc. Therefore, more considerationis given to those systems
with nonlinear inputs and uncertainties.

In Ref. 1, a new sliding mode control law based on the measur-
ability of all of the system states is presented to ensure the global
reaching condition of the sliding mode for uncertain systems with
a series of nonlinearities. However, there often exist immeasurable
statesin areal system. Thus, we suggesta new law thatrequiresonly
output information for output feedback VSC based on Ref. 1. An
example is given to verify the sliding mode controller developed.

Problem Formulation

AsinRef. 1, anuncertainsystem withnonlinearinputis described
as

X(1) = Ax(1) + BO[u()] + f(x,p. 1) 6y

where x(¢) € R", u(t) € R™, p(t) € R4, and f(t) € R® are the state
variable, control input, uncertain parameter, and uncertain part of
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the system, respectively. A € R" *" is the state matrix, B € R"*"™
the input matrix, and ®(u) € ¥ the nonlinear input function. It is
also assumed that, for any initial conditionx(#) =x, € R", param-
eter p(t) € RY, and control input u(t) € R™, there exists a unique
x(t; x, p, u) that satisfies the system described in Eq. (1).

To delineate the nonlinear input function ®(u), some of the def-
initions in Ref. 1 are given here.

Definition 1: Let diagonal matrix I =diag[r, ..., r,]€ R™*"
be positive definite.

Definition 2: The allowed series nonlinearities ®(u) belong to
the set

¥ ={®:R" > R"; ru’ <u,®;(w),u; € R,

i=1,...,m,u€Rm} (2)
For the nonlinearity ®(u) € ¥, ®(u) satisfies
W ®w) =u"Tu =ru"u 3)
where r =min{ry, ..., r, }. For system (1) the following assump-
tions are made throughout.
Assumption 1: Foralli =1, ..., m, if u; =0, then ®;(u) =0.

Assumption 2: For the uncertain system (1), matrix pair (A, B) is
controllable, and the system is observable.

Assumption 3: For the uncertain part of the system, f(x,p,t)
meets the following matching condition:

fx,p.t) =B&(x,p, 1), 15Ce, p. DIl < k(y, 1)
Mx,p,t) E R" XR? XR (4)

Design of Output Feedback Variable
Structure Controller
Define the output of the system as y =Cx, y € R". Assume that
the system is observable and controllable, CB is full rank, and the
open-loop system is minimum phase > Define the linear switching
surface as

S =Gy (5)

where G € R™ *". The sliding mode found from the equivalentcon-
trol method is given by

x =[A — B(GCB)™'GCAlx (6)

Switching surface G is assumed to have already been chosen such
that GCB is invertible and Eq. (6) has desired characteristics (see
Ref. 3). The equivalentcontrol @ in the slidingmode canbe derived
from § =0:

®., = —(GCB)'GC(AX + f) 7)

Note that the equivalent control @4 is a mathematical tool derived
for the analysis of sliding motion rather than a real control law
that can be generated in practical systems. The equivalent control
generates an ideal sliding motion on the switching surface. It can be
seenthatuncertainsystems possessthe same propertiesin the sliding
mode irrespective of whether or not there are input nonlinearities.
Thereby, the switching surface can be selected in the same way as
the design for systems with linear input.!

Once a proper switching plane has been chosen, it is necessary
to choose a discontinuous control law to guarantee the reaching
conditionof the sliding mode. The lemma in Ref. 1 is adopted here.

Lemma 1: For all allowable nonlinearities ®; belongingto set ¥
inEq. (2), thereexistsaknown continuousfunctionp(+) : Ry — R,
p(0) =0, p(n) =0 for n =0, such that, for allu € R™,

plul) <u’® ) ®)

and there also exists a continuousfunctiond(+) : Ry — R4, ¢(0) =
0, ¢(n) =0, for n =0, such that, for all ¢ =0,

plo ()] =q¢(q) 9
Proof: Choose p(n) =r1?, r > 0, then
pdlul) =rllull* =ru"u <u” ®) (10)



