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Abstract: An integrated intelligent control approach is
proposed to design a high performance control system for aero-
propulsion systems based on advanced sensor processing, non-
linear control and neural fuzzy control integration. Our ap-
proach features the following innovations:

e The complexity and uncertainty issues are addressed via
the distributed parallel processing, learning, and online re-
optimization properties of neural networks;

e The nonlinear dynamics and the severe coupling can be
naturally incorporated into the design framework.

e The knowledge base and decision making logic furnished
by fuzzy systemns leads to a human intelligence enhanced
control scheme.

In addition, fault tolerance, health monitoring and reconfig-
urable control strategies will be accommodated by this approach
to ensure stability, graceful degradation and reoptimization in
the case of failures, mafunctions and darnage.

1 Introduction

Over the past two decades, modern control theory and tech-
nologies have made significant advancements. New design tech-
niques ranging from robust control (H.,, p-synthesis), nonlinear
control (inversion based control, nonlinear servomechanism, an-
alytic gain scheduling), to intelligent control (fuzzy logic, neural
networks) have successfully demonstrated their effectiveness in
the digital “flight-by-wire” aircraft control system, “drive-by-
wire” automobiles, bank-to-turn missile systems, high perfor-
mance robotics, and spacecraft. Nevertheless, relatively less
important progress has been made in jet engine control sys-
tem design. Despite the fact that today’s microprocessor tech-
niques enable almost any sophisticated controllers to be im-
plemented in real time, “the control modes used in today’s
high-performance engines haven't changed significantly since
the days of thehydromechanical control systems’ [] 1]. Indeed,
with some exceptions) the main jet engine control design tech-
niques have been the linear quadratic regulator (LQR) synthesis
and its variations [1], [8], (7].
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Studies and demonstrations do indicate that the technology

base for significant turbine engine control advancement may

be in hand. An early manifestation was the Highly Integrated
Digital Fungire Control (I[II)EC) project of the National Aero-
nautics and Space Administration (NASA) initiated in the mid
1980s [10]. In HIDEC, trim point displacements from the stall
line were automatically lessened when the F-135 aircraft was in
steady, low-risk flight conditions. (“Stall line€'may represent
a variety of fluid mechauical phenomena, including both surge
and rotating or deep stall, and both compressor and fan rotating
ruachinery). HIDEC’s schedules were precomputed, and limits
were not interrogated and readjusted. The program was of in-
terest not only to the aeropropulsion community but also to the
unmanned air vehicle community, in part because both onboard
and oftboard (telemetered) data processing were experimented
with. Propulsion efficiency improvements of the order of 10 %
were achieved.

It has been estimated that an additiona 10 % in fuel savings
could be available through more fully intelligent engine con-
trol systems, This would trandate to great cost savings for the
United States Army, which operates large fleets of both air and
land vehicles powered by turboshaft engines. Further, intelli-
gent control is clearly synergistic with diagnostics/safety and
engine life goals.

In this spirit, the Engineering Sciences Directorate of the
United States Army Research Office (ARO) has initiated an
Intelligen t Turbine Engines thrust. A 1994 Workshop [3] with
diverse participation assessed the current state of technology as
well as possibilities for advancement past the automatic opti-
mization of fuel flow plus air flow geometry gross variables (such
as nozzle exit areq, inlet and/or bypass configurations, and vane
angles), itself a challenging objective. Numerous other candi-
date parameters for inclusion in encompassing, general algo-
rithms were suggested. Other aspects were considered as well.
For one example, some variables might be appropriately elimi-

nated even in a powerful processing environment because their

sensor errors are compat able with their contributions to overall
optimization. For another, some issues might manifestly call
for separate processor loops, such as control of hot spots or
of local vibrations or of tip clearance, or restart actions. For
another, some phenome na might be very amenable to purely
aeromechanical control, Such as automatic suppression of rotat-
ing stall through a high pressure air valve reminiscent of a stub
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Figure 1. Integrated Robust, Intelligent Engine. Control

abreather.

To complement the aforementioned thrust, the Research and
Technology Integration Directorate of AR() is funding a Small
Business Technology Transfer (SBTT) project on aeropropul-
sion control featuring a collaboration of American GNC Cor-
poration and the Jet Propulsion Laboratory of the California
Institute of Technology. SBTT is a program which aims to
meld expertise of the industry and academic spheres, and to
move noteworthy research results toward commercial applica-
tion. Aspects of this particular project include fuzzy logic anal-
ysis tools and the neural network approach to processing. It
should therefore be able to accommodate many variables, dif-
ficult norrlinearities and couplings, uncertainty, and repeated
reoptimization, and should be compatible with human thought
patterns and with diagnostic/prognostic goals. This paper has
been prepared to afford a summary of preliminary results of the
investigation.

2 Integrated Approach to Jet En-
gine Control System Design

The basic mode of control of each type of engine can be divided
into a large number of individual modes of control to meet the
requirements of the different operating regimes. It is convenient
to classify them by their basic objectives as follows [12]:

1. Physical limiting control modes which are required to pro-
tect the engine from damage or malfunctions which could
result in the loss of power.

2. Thrust control modes which provide the desired perfor-
mance at all expected operating conditions.

3. Transient control modes which provide the necessary dstart-
ing and power change capability.

Advanced propulsion control system design should address
the following four problems[11], [6], [13], [5], [2].

. significantly reduce control system weight through the ap-
plication of advanced, lightweight materials and through
systems integration;

¢ increase engine system performance through the develop
rnent of advanced engine control approaches;

¢ maintain or enhance the basic control system reliability
and tolerance to environmental effects.

. aCCOmmodate falure; health monitoring, and reconfigura-
tion.

Dueto the highly complicated nature of the jet engine control
system design problem, a single control approach has its limit
to achieve the above multiple objectives. We have adopted an
integrated approach to engine control system design as shown
in Figure 1. The heart of this scheme is a robust controller
which is airned to achieve an optimized balance between the
engin€'s performance with respect to a given mission segment
and robustness against environmental effects ( (temperature, vi-
bration, EMI, EMP, etc.). Issues such as sensor/actuator mod-
els, sensor/actuator placement, system validation, uncertainty
model, n~odel/controlled reduction, and digitization effects can
also be addressed iu the robust control design. The robust con-
troller can be designed using a variety of modern linear control
techniques such as-H.,f2, and robust eigenstructure assign-
ment, etc , or nonlinear control techniques such as analytic gain
schedulirg and inversionbased control.

The objective of healthmonitoring iS to maintain a regu-
lar operation in the presence of darnages and failures and, in
the case that the regular operation isnot possible, to achieve
agraceful degradation, ‘I’he health monitoring objective is




achieved through the distributed parallel processing and learn-
ing capabilities of the fuzzy necural networks. The monitoring
system can detect sensor anomaly or actuator malfunction, and,
accordingly, redirect the feedback control path or adjust the
control gain.

The health monitoring and reconfigurable control system can
be realized using either neural networks or fuzzy neural net-
works,. Two sets of faillures may be encountered in the control
system. Predictable failures are handled by calling upon pre-
stored action. Unpredictable failures are accommodated using
an on-board inference mechanism. A two-level arrangement of
fuzzy decision making logic is thus used. In the lower level,
a set of predictable failure patterns is stored in the associated
knowledge base. Once a failure is detected, the failure pat-
tern is correlated with the prestored knowledge base. When a
match is confirmed, the rule with the highest possibility (mem-
bership function) is triggered, the failure is declared, and the
corresponding control action which could he a gain adjustment,
feedback control path modification, or sensor/actuator shut-
down is taken. This layer is running at a higher sampling rate
since the fault patterns stored in this layer are typically hard
faults such as total actuator failure, structure break, or sensor
breakdown. A timely action is normally required. The fuzzy re-
configuration control also has the advantage that the detection,
isolation, and action can be implemented using homogeneous
reasoning logic. That is, the detection, isolation, and reconfig-
uration actions take place in one-shot.

3 Robust Non-
linear Aero-Propulsion Control
System

A turbine engine system can be described by a set of nonlinear
state equations as follows: The engine is modeled as [8]
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f(z, u, ALT, MN)
h(z, v, ALT, MN)

i

where u,z, y are the input, state, and output vectors, respec-
tively, and (ALT, MN) are scheduling variables, Engine in-
puts include fuel flows and variable geometries associated with
various engine components (for example, combustor fuel ffow
and variable compressor inlet guide vanes). Engine outputs
include component temperatures and pressures as well as the
angular velocities of the rotating components (rotor speeds).
‘I’he scheduling variables of the engineare determined by the
aircraft altitude and Mach number.

The control performance requirement can be described by
specifying engine thrust performance in response to a pilot com-
mand r. ‘I"he control law trandates the pilot command r into
the appropriate engine input vector u. .4 greatchallenge to the
engine control system design is to eliminatethe performance
degradation caused by the nonlinear nature of the engine dy-
namics. The previous approach to overcome this difficulty is to
resort to gain scheduling techniques. I’bough gain scheduling
has long been an effective design tool for engine control and
flight control, it also suffers some serious drawbacks including

. it iscomputationally expensive due to the necessity of de-
signing many linear controllers;

. it lacks a solid theoretic foundation except for some loose
guidelines such as that the scheduling variable should
change slowly and it should capture the plant’s nonlin-
earities;

« it fails to furnish a systematic mechanism to schedule gains
for the coupled multi-input, multi-output systems.

We have studied two modern nonlinear control approaches,
namely, inversion based control and analytic gain scheduling to
overcome the drawbacks of the conventional gain scheduling
approach. They will be briefly described below:

3.1 Analytic Gain Scheduling Approach

The analytical gain scheduling method is an analytical formu-
lationof the conventional gain scheduling technique [9], [4].
The analytical gain scheduling technique involves the follow-
ing steps. First, parameterize a set of equilibrium points of the
plant. Second, derive a family of Jacobian linearized systems
that are smoothly parameterized by the system's equilibrium
points. Third, on the basis of the parametrized linear Systems,
design a family of pararaeterized linear controllers to satisfy the
given specifications regardless of the equilibrium point. Finaly,
synthesize a single nonlinear controller in such a way that its
Jacobian linearization around the set of equilibrium points is
equal to the family” of the linear controllers. Clearly, the re-
sulting closed-loop system has the property that its Jacobian
linearization around any equilibrium point is a quaified design.
While this approach retains the advantages of the conventional
gain scheduling technique in that it can bring the weath of lin-
ear control methods, performance measures, design intuition,
and con, putation tools to bear on control design for very gen-
eral, multivariable nonlinear systems, it needs to synthesize only
one controller.

The design consists of the following steps:
Step 1. Find the engine's equilibrium manifold defined by

f(X(ALT, MN, 1), u(ALT,MN, r), ALT, MN) =0
R(x(ALT,MN, r), w(ALT, MN, 1), ALT, MN) = r

Along this manifold, we can define a parametrized linear model
as follows

i = A(ALT, MN, r)z +B(ALT, MN,v)u
= C(ALT MN,r)z -f D(ALT,M N,7)u

<
!

where
A(ALT, AN, 1)
gi(x(AIfJ', MN, 7, W(ALT, MN, 1), ALT,MN)
x

and so forth. The transfer function of the parametrized linear
system is given by

H(s, ALT,MN,r) = C(ALT,MN,r)(s — A(ALT, MN, 1))-

B(ALT,MN,r)+ D(ALT,MN,r)

Step 2: Design a parameterized control law. The parameter-
ized control laws canbe synthesized in either state space do-
main or frequency domain. In terms of the frequency domain,
the objcective of the analytic gain scheduling approach can be




described as follows. Given a desirable closed-loop transfer ma-
trix H.(s) independent of the scheduling variables ALT, M N,
and r, find a nonlinear control law of the form

2 = g(z, v, ALT, MN)
g(z, r, A[;rlx "‘{N)
such that the transfer function of the closed-loop system is given
by the desirable transfer function Ha(s). More precisely, write
the linearization of the control law as

z =G(ALT, MN, r)z 4 G2(ALT, MN, r)r
G (ALT, MN, r)z + K2(ALT, MN, 7)r

U es

u =

Let the transfer function of the closed-loop system from the
command r to the output y be #.(s, ALT,MN,r), Then the
design requirement is given by

He(s, ALT, MN, 1) = Ha(s)

Step 3: Integration of the parametrized control law. This
step generates a single nonlinear control law by integrating the
parameterized control law along the manifold. The details are
foundin [2].

3.2 Inversion Based Control

A natura idea for handling the nonlinear dynamics is to design
the control system on the basis of the more accurate nonlin-
ear model, thus leading to a realistic way to account for the
nonlinearity. One of such strategies is the well-known inver-
sion based control which includes the well known input-output
feedback linearization and sliding mode control. To date, in-
version based control has become a most widely used nonlinear
design technique and its application to a variety of fixed-wing
aircraft and rotorcraft guidance and control problems has been
reported, Basically, inversion based control is able to achieve

the following:
. cancellation of the nonlinearities between the input-output
channels,
. decoupling of the interactions among different input out-
put pairs.

As a result, it is able to transform a mwlti-input, multi-output
nonlinear design problem to a single-input, single-output linear
design problem. In the following, we focus on the input-output
feedback linearization approach. We consider the system de-
scribed by

(1) = f(=(1) + g(=(t))u(t)

y(t) = h(z(t)) )
where z(t) is the n-dimensional plant state, uiS m-dimensional
plant input, y is m-dimensional plant output, and f: R"—R",
g:R*— R"xR",and h: R" -~ R™ are smooth functions.
The input-output feedback linearization controller for system
(2.1) can be designed by the following steps.

1. Performing input-output feedback Ilinearization.
System (2.1 ) is said to be input-output feedback linearizable if
there exist constantsp;, ..., pm and input-output mapping of
the form

yi™(1)
)

ul(t)
Uz(l)
= Bx(t) + A=) | . 2)

yem (1) um(t)
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Figure 2: Input-output Feedback Linearization

where u;, y;,1=1,---, m are components of u and y,B: R"—
R™and A: R" -+ R™x R™ are smooth with A(z) inevitable.
For if this is the case, the following feedback control

u(t) = AN (z())(-B(=(1) + v(t)) ©)
where v(t)=[v1(),.... v, (1)]7 ER, yields
dF () = wit), i =1, @

which clearly exhibits a decoupled linear input-output struc-
ture. The integers p1,. ., pm are caled relative degree of (2.1).

2. Outer loop design. The purpose of outer loop design
is to achieve desired performance on the basis of the decoupled
and linearized plant dynamics. For example, suppose we re-
quire each component of the output ¥i(f) asymptotically tracks

a scalar reference input ri(t), then applying the following con-
trol law
wlt) = P - el T +
ki) + kioer (0)yi=1, - --;m  (5)

where e = ¥i{t) — ri(t) gives
eep‘)(i) + RigpionyelP oD+
ki e (1) 4 kioes () =0 6)

Thus e, t) will asymptotically go to zero provided the parame-
ters ki, are such that (6) is stable. Note that due to the partic-
ular Si“‘ple gtructure of the input-output relation rendered by
the inversion coutrollaw, a variety of linear control techniques
such as LQG/LTR, H.., etc, can be utilized to optimally de-
sign parameters k;;. The above described control strategy can
be best demonstrated in the block diagram shown in Figure 2

4 1 ntelligent Engine Control Sys-
tem

Fault tolerant operation is of extreme importance for jet engine
systerns Commonly, failures in jet system can be classified as

. Sensor failures.
. Actuator breakdowus.

Therefnre, the objective of a health monitoring and reconfig-
urable control system iSto permit graceful degradation in sys-
tem performanceinthe presence of failure conditions mentioned
above. Presently, there is agreat demand in improving system
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survivability, maintainability, reliability, availability, andlife-
cycle cost effectiveness through failure detection, isolation, and
accommodation schemes.

A health monitoring and reconfigurable control system es-
sentially performs fault detection and isolation (¥FDI) to de-
tect, identify, and assess failures and reconfiguration control to
achieve reoptimization and graceful degradation of system per-
formance.

For a successful and reliable fault detection scheme, tire pri-
mary reguirements arc:

1. low false alarm/dismissal rates,
2. robustness against disturbances and maneuvers,
3. minima time delay in fault detection/ isolation.

In isolation, the characteristics associated with the fault com-
ponents such as location, extent, and consequence of the mal-
functions need to be determined. 1o an extensive isolation sys-
tem, the mechanism for similar force/moment generation is aso
provided. After fault detection’ and isolation, reconfigurable
control actions can be invoked to accommodate the faulty con-
ditions. Accommodations for the failures can be made by either
a redistribution of remaining control, an invocation of a backup
control, or an on-line redesign.

After the detection and isolation of failures, reconfigurations
are needed to accommodate the failures. Various approaches
to reconfiguration can be used. One of them is to change the
parameters to existing control laws. The advantage of this ap-
preach is the low computational load on the reconfiguration pro-
cessor. The pilot may perceive little change in vehicle response
when the jet control system switches from nominal (undam-
aged) to reconfigured control law. Robust control laws can be
derived from (1) conventional frequency domain approach (pole
and zero distribution), (2)H°,H?, or frequency-dependent
shaping, (3) intelligent control methods such as fuzzy logic and
neural networks.

Previous detection and reconfigurable control concepts in-
clude hardware redundancy, analytic redundancy, hypothesis
test, etc. These concepts have been applied to aircraft flight
control, jet engine, industrial plant, and many other systems
with certain success. However, it is noted that the above meth-
ods suffer from certain potential limitations such as their inca
pability of accounting for the modeling errors and tremendous
computational complexity. As a result, the design requirements
in jet engine reconfigurable control may not be completely ful-
filled.

Fuzzy logic and neural networks can be used to avoid the
shove limitations. Since the 1980s, artificial neural networks
(ANNs) have been developed as a powerful, intelligent design
paradigm in pattern recognition, data association, and control.
Fuzzy logic and neura networks arc two of the potential tools
for intelligent control design paradigm that can mimic the in-
telligence level of human beings due to their specia features as
follows:

. Learning and adapting property through a prescribed
training algorithm.

. Massively parallel structure and distributed processing of
information.

. Data association capability.

e Simulatinghumanth inking by incorporating the impreci-
sion inherent inall physical systems.

¢ Converting the linguistic control strategy, based on expert
knowledge, into an automatic control strategy.

Asa result, fuzzy logic and neural networks can significantly
enhance the design of the failure detection, accommodation and
reconfigurable control. Figure 3 shows a neural-fuzzy based en-
gine health monitoring system. The sensor failures may cause
the closed-loop system performance degradation or unstable.
T'he purpose of the neural-fuzzy detector is to detect this kind
of falure with certain confidence. This neural-fuzzy detec-
tion/isolation system has n outputs to indicate the health status
of these sensors. During operation, the neural-fuzzy network re-
ceives the input/output mieasurements from the closed-loop en-
gine system (with the feedback linearization controller in place).
Figure 4 shows a multiple model approach to reconfigurable en-
gine control where a neural fuzzy fault detection and isolation is
employed. Due to the universal approximation theorem, neura
network can be trained to learn complicated dynamics associ-
ated wit], an engine system. On the other hand, the knowledge
base furnished by fuzzy logic system provides an approximate
reasoning and heuristic on the cause and action taken with re-
spect to failures. As a result, intelligent failure detection, iso-
lation and reconfigurable control can be implemented in the
presence of parameter drifts, and unknown disturbances.

The advantages/benefits from this neural fuzzy FDI scheme
are in the follows:

. The training time of the neural network is much more de-
sirable than that of the feedforward multi-layer ANN.

« This FDI scheme is shown to exhibit robust and rapid
characteristics in health monitoring for the engine system.

. Precision, no false alarm/dismissal rates of this FDI
scheme can provide vital information in management of
reconfigurable control in the engine system

. Generalization and associative ability of this FDI scheme
show great potential in accounting for unanticipated fail-
ures in the engine system.

5 Conclusion

This paper sumimarizes the preliminary results of our investiga-
tion on an integrated approach to aeropropulsion control system
design. This approach tekes advantage of newly emerged tech-
niques in advanced sensor processing, robust control, nonlinear
control, fuzzy-neural based intelligent control and aims to fur-
nish a systematic engine control system design that can meet
the ever stringent mission requirements of the future jet engine
systems.
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