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Introduction

I N recent years the development of relaxed static stability air-
planes has required that � ight control systems provide higher

levels of augmentationfor rapid and precise response.Providingac-
ceptable pilot-in-the-loophandling qualities is a critical design cri-
teria for thesehighly augmentingcontrol systems.1¡3 Many modern
� ghter aircraft utilize pilot pre� lters, which compensate the pilot’s
command to improve handlingqualities to a satisfactorylevel while
maintaining the excellent stability properties provided by feedback
controller design. The idea of separating feedback design from pre-
� lter design, which has been around for more than a decade, is
to simultaneouslyachieve excellent stability properties and desired
pilot-in-the-loopbehavior.4;5

A conventional optimization approach to pilot pre� lter design
employs a quadraticoptimizationtechnique to minimize the model-
matching error between the ideal pilot-aircraft dynamics and the
actual dynamics. Techniques other than optimization approaches
also have been used in the past for the design of the pre� lter.6 The
purpose of this Note is to propose an H1 model-matching method
to design a pilot pre� lter with feedforward compensation capabil-
ity. Model-matchingvia H1 criterion is a worst-casedesign,which
considers the maximum error between the ideal model and the ac-
tual model, while for quadratic criterion, the mean-square error is
considered. In addition to the numerous successful applications of
the H1 control theory to feedback controller design for � ight con-
trol systems, it is shown here that the standard H1 framework also
provides a very simple and ef� cient approach to pilot pre� lter de-
sign.

Problem Formulation
An experimentalaircraftdevelopedby AeronauticalIndustryDe-

velopmentCenter (AIDC) is consideredhere. The longitudinalmo-
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tion of the aircraft at the � ight condition of 0.8 Mach number and
10,000-ft altitude is described by the following state-space model:
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and the measurement equation is2
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where ®, u, µ , q, and NZ are the angle of attack (degrees), velocity
along the longitudinal axis (feet per second), pitch angle (degrees),
pitch rate (degrees per second), and normal acceleration (feet per
second squared), respectively. The proposed control con� guration
is depicted in Fig. 1. There are three control surfaces used in the
longitudinalmotion, namely, elevator(±H ), leading-edge� ap (±LEF ),
and trailing-edge � ap (±TEF ). The bandwidth of the three surface
actuators is 4 Hz. The elevator de� ection signal comes from the
output of the H1 feedback controller K .s/, which was described in
Ref. 7. The LEF/TEF de� ectionsare trim controlsand are scheduled
with Mach number M and angle of attack ®, providing the optimal
lift/drag ratio. In the form of transfer function, the aircraft dynamics
can be expressed alternatively as
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The feedback controller K .s/ D [K1.s/ K2.s/] that employs the
measurements

µ
Nz

q

¶

to generate the elevator de� ection ±H D K1.s/Nz C K2.s/q has
been designed7 to compensate for the effect of c.g. shift and to sat-
isfy the following speci� cations. 1) Short-period damping ratio ³sp

Fig. 1 Longitudinal control con� guration.
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should lie between 0.5 and 0.7. 2) Short-period natural frequency
should lie between 10 and 12 rad/s. 3) Gain/phase margins should
be 6 dB and 45 deg, respectively.4) The feedback loop gain should
be below the loop-gain limit producing the structural coupling
effect.

Although the restriction of the feedback loop gain helps avoid
structural coupling effects, it may also cause insuf� cient control
energy and degrade the handling qualities of the aircraft. For the
present aircraft, we have recognized that feedback control design
alone cannot satisfy the � ying qualities and the handling qualities,
simultaneously. To remedy this defect, pilot pre� lter Q.s/ is de-
signed separately to enhance handling qualities, while at the same
time, keeping the � ying qualities 1–4 satis� ed by the feedback con-
troller. Handling qualities will be evaluated by 1) the bandwidth
of the pitch control loop,8 2) Gibson’s frequency domain tracking
criteria,1 and 3) Neal–Smith3 pilot-in-the-loopcriteria.

H 1 Pre� lter Design
According to MIL-STD-1797,8 the transfer function from the

stick input Fs to the pitch angle µ can be described by an equivalent
second-order system

µ
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¶
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The dynamics contained in this transfer function includes pilot pre-
� lter, feedback � ight control system, and the aircraft dynamics.
With the proper choice of the free parameters in Eq. (4), an ideal
µ.s/=Fs .s/ function can be found such that the pilot-in-the-loop
system can satisfy the handling quality criteria 1–3. On the other
hand, the actual transfer function from Fs.s/ to µ.s/ (see Fig. 1) is
described by
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where

T .s/ D [0 1]G21.s/K .s/[I C G21.s/K .s/]¡1
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is the transfer function from the pre� lter output to µ . Once the
feedback controller K .s/ has been designed, the design objective
is to determine the pilot pre� lter Q.s/ such that the actual trans-
fer function T .s/Q.s/ approximates the ideal function T1.s/ as
closely as possible. This approximation can be interpreted as a
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model-matching problem where T .s/Q.s/ is designed to match
the target model T1.s/. In the present case, however, perfect model
matching is not possible. For highly augmented unstable aircraft,
T .s/ is always nonminimum phase and the direct evaluation of
Q.s/ from T ¡1.s/T1.s/ will inevitably result in unstable pilot
pre� lter Q.s/.

A conventional approach to imperfect model-matching problem
employs a linear quadratic optimization technique (least-square
method) to minimize the model-matching error kT1 ¡ T Qk2. We
use the H1 criterion, instead of the quadraticcriterion,as a measure

of model-matchingerror. H1 criterion considers the maximum dis-
tance between T1.s/ and T .s/Q.s/, i.e., kT1.s/ ¡ T .s/Q.s/k1 D
sup! jT1. j!/ ¡ T . j!/Q. j!/j, and the role of the pilot pre� lter
Q.s/ is to minimize this maximum distance.Theoretically,we wish
to solve the following mathematical problem:

min
Q 2 RH 1

kW .s/[T1.s/ ¡ T .s/Q.s/]k1 (6)

where RH 1 is the functionspacecontainingall rationalstable func-
tions.The role of the weighting function W .s/ in Eq. (6) is to penal-
ize the model-matching error, indicating the frequency range over
which themodel-matchingerroris ofmostconcern.Recall that T1.s/
is the ideal transfer function satisfying the handling quality criteria
1–3. The possibility that the actual closed-loopresponse T .s/Q.s/
also satis� es the handling quality criteria relies on how small the
error between T1.s/ and T .s/Q.s/ can be made.

Solution of H 1 Model-Matching Problem
The � rst step in the H1 pre� lter design is to determine the ideal

transfer function T1.s/. The free parameters in Eq. (4) are estimated
by curve � tting to meet the threehandlingqualitycriteria1–3. There
are many sets of parameters satisfying these speci� cations. One of
the admissible ideal T1.s/ is

T1.s/ D
10.s C 12/

s2 C 2 £ 0:60 £ 11s C 112
e¡0:035s (7)

A minimum state-space realization of T1.s/ is given by
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where the exponential delay term e¡0:035s has been replaced by the
� rst-orderPadé approximation.T .s/Q.s/ is the actual transfer func-
tion from the stick command Fs.s/ to the aircraft’s pitch angle µ.s/,
where

T .s/ D [0 1]G21.s/K .s/[I C G21.s/K .s/]¡1

µ
1
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¶

can be evaluated using plant G21.s/ from Eq. (1) and using the H1
feedback controller K .s/ from Ref. 7. The state-space realization
of the resulting T .s/ is given by

The pre� lter Q.s/ is designed to minimize the distance between
T1.s/ and T .s/Q.s/ in the sense of the H1 norm. This distance
is actually a function of frequency and must be relatively small
over the frequency range from 0.1 to 20 rad/s for the present
aircraft. Hence, the problem is equivalent to minimizing the H1
normkW .s/[T1.s/¡T .s/Q.s/]k1 , where the frequency-dependent
weight W .s/ is chosen as

W .s/ D 0:01s C 1
0:1s C 1

(10)
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Following the standard H1 model-matching procedures in Ref. 9, we obtain the optimal pilot pre� lter Q.s/ as
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Fig. 2 Gibson’s frequency response.

Fig. 3 Time response of pitch angle and elevator angle.

Performance degradationdue to order reduction of the optimal pre-
� lter is also evaluatedhere. Three-orderapproximantof the optimal
six-order pre� lter has been obtained by the weighted Hankel-norm
model reduction technique as

Q3t h.s/ D 1:345s3 C 18:14s2 C 76:93s ¡ 8:599
s3 C 15:27s2 C 119:0s ¡ 17:75

(12)

Figure 2 shows the Gibson’s frequency responses for the reduced-
order pre� lter and for the optimal pre� lter. T Qopt matches the ideal
model T1 very well and renders the integratedpilot-aircraftbehavior
to satisfy the handling quality criteria 1–3. The resulting equivalent
second-orderpilot-aircraftdynamics has damping ratio 0.7, natural
frequency 11.0 rad/s, and gain/phase margin D 1=120 deg. The
bandwidth criterion of the pitch-control loop and the Neal–Smith
closed-loop requirement of integrated pilot-aircraft also have been
tested to yield promisingresults,but due to limited space, these tests
are not shown here. For the three-orderpre� lter, although the actual
µ.s/=Fs.s/ responsedoes not track the ideal function T1.s/ well, the
gain–phase response still meets the military level-1 requirements.
The time responses of pitch angle, elevator de� ection, and elevator
rate due to 1-g step command input are shown in Fig. 3. Since the
maximum allowable elevator position is §30 deg, and the rate limit
is 64 deg/s for the present aircraft, it can be deduced from Fig. 3
that the response to 9-g stick input is still safely under the limits of
surface de� ection and surface rate.

Conclusions
The H1 model-matchingtechniquehas beenintroducedto design

pilot pre� lter to enhance handling qualities for highly augmented
unstable aircraft. The H1 pilot pre� lter has the capability to mini-
mize the worst-case model-matchingerror between the actual pilot-
aircraft response, and the ideal pilot-aircraft response, which satis-
� es the desired handling qualities.This design philosophyhas been
realized in an experimental aircraft developed by AIDC in Taiwan,
and promising results are achieved.
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Introduction

F UZZY logiccontrolhas beenproven to be a powerful toolwhen
it is applied to various control problems.1¡4 In general, fuzzy

logic control needs to establish fuzzy inference rules, which are
preconstructedby an expert. When the rule base, which represents
the experience and intuition of human experts, is not available, an
ef� cient control cannot be expected. To tackle this problem, self-
organizing fuzzy logic controllershave been proposed.5;6 This kind
of controller has a learning algorithm and is capable of generat-
ing and modifying control rules based on an evaluation of the sys-
tem’s performance. The modi� cation of control rules is achieved
by assigning a credit to the control action based on the present per-
formance. However, the self-organizing fuzzy control proposed in
Refs. 5 and 6 has some problems. Its control rules are sensitive
to set-point changes. And the learning algorithm may generate un-
reliable credit value and lead to incorrect rule modi� cation. Also,
the convergent time of the control action is tedious because only
the � red rule is modi� ed each time, and � nally, the convergence
of the control action is not guaranteed.

This Note proposes a new type of design method of self-
organizing fuzzy controller and illustrates its application for � ight
systemcontrol.The proposedmodel referenceself-organizingfuzzy
controller (MR-SOFC) has two suites of fuzzy logic; one is for con-
trol and the other is for learning. The output of the reference model
is used as a reference for rule modi� cation instead of a set point,
and so incorrect modi� cation caused by change of set point can
be avoided. Also, the learning algorithm will modify the control
rules according to the fuzzy inference of the reference model out-
put error and its derivative instead of by the � xed value, so that the
learning algorithm can proceed more reasonably and the learned
rules can converge more quickly and accurately. The MR-SOFC
can start to work even from an empty rule base and can achieve
satisfactory control performance after several learning runs.

By applying the proposed MR-SOFC to a � ight control system,
the simulations illustrate that this MR-SOFC can achieve satisfac-
tory performanceand robustnesswhen the � ight system is subjected
to plant variations arising from different � ight conditions.

Fuzzy Logic Control
In Fig. 1, the fuzzy controller produces an output by using the

fuzzy control rules as well as the system output error and its deriva-
tive (e and Pe). The rules de� ne the control strategy and correspond
to linguistic statements implemented by using fuzzy sets. The rules
of a fuzzy controller take the following form:

R1 : If e is A1; and Pe is B1; then u is r .1/

R2 : If e is A2; and Pe is B2; then u is r .2/
:::

:::
:::

:::

Rk : If e is Ak; and Pe is Bk; then u is r .k/

(1)
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Fig. 1 Block diagram of MR-SOFC.

where r .i/; i D 1; 2; : : : ; k are the singleton control actions, which
are learnedfrom the fuzzy modi� er, and k is the numberof the fuzzy
rules of the fuzzy controller.

The defuzzi� cation of the controller output is accomplished by
the method of center of gravity:

u D
Pk

i D 1 w.i/ £ r.i/
Pk

i D 1 w.i/
(2)

where w.i/ is the � red weight of the i th rule. The defuzzi� ed value
u in Eq. (2) represents the desired control force.

Self-Organizing Learning Algorithm
The fuzzy modi� er is the essentialpart of the process of learning.

InFig. 1, the MR-SOFC modi� es the controlruleswith the reference
model output error em and its derivative Pem . The rule modi� er is a
fuzzy system, and the fuzzy modi� cation rules are as follows:

Rm1 : If em is C1; and Pem is D1; then ±u is p.1/

Rm2 : If em is C2; and Pem is D2; then ±u is p.2/
:::

:::
:::

:::

Rmn : If em is Cn ; and Pem is Dn; then ±u is p.n/

(3)

where the inference outputs p. j/; j D 1; 2; : : : ; n are singletons.
The defuzzi� cation output ±u is also accomplished by the method
of center of gravity.

For the modi� cation of the control rules in Eq. (1), the modi� ca-
tion credit value 1r .i/ of each rule must be appropriate. In Refs. 5
and 6, only the � red rule is modi� ed each time. Here we propose
the rules modi� cation criterion by fuzzy inference values, i.e., the
modi� cation credit value 1r.i/ of each rule is based on its � red
weight w.i/ in Eq. (2). Thus, the learning algorithm can proceed
more reasonably, and the learned rules can converge more quickly
and accurately. The self-organizingmodi� cation algorithm is pro-
posed as follows:

1r .i/ D ±u £
w.i/

Pk
i D 1 w.i/

(4)

r.i/ D r.i/ C 1r.i/ (5)

Equation (4) means that the credit value of each control rule is
proportional to its � red weight of fuzzy inference. The modi� ed
control action r.i/ in Eq. (5) is then used for the next step fuzzy
control in Eq. (1).

The fuzzy sets A j and B j in Eq. (1) are given with 11 triangular
membership functions, and Ci and Di in Eq. (3) are given with 7
triangular membership functions.

Flight Control System Design Example
In the following, the short period longitudinalmode of the F-4E

� ight control system is considered as the design example.7 Using
Ref. 8, the transfer functionformsofq.s/=±e.s/ (pitch rate/deviation
of elevator de� ection) for four typical � ight conditions, where s is
the Laplace operator, are given as follows.

Flight condition 1:

P1.s/ D
q.s/

±e.s/

­­­­
FC1

D
¡13:239.s C 0:884/

.s C 3:068/.s ¡ 1:228/
(6)


