186 J. GUIDANCE, VOL. 20, NO. 1:

%Kopp, R. E., and Orford, R. J., “Linear Regression Applied to System
Identification and Adaptive Control Systems,” AIAA Journal, Vol. 1, No. 10,
1963, pp. 2300-2306.

7Cox, H., “On the Estimation of State Variables and Parameters for Noisy
Dynamic Systems,” IEEE Transactions on Automatic Control, Vol. AC-9,
1964, pp. 5-12.

8Hoshiya, M., and Saito, E., “Structural Identification by Extended
Kalman Filter,” Journal of Engineering Mechanics, Vol. 110, No. 12, 1984,
pp. 1757-1770.

9Bao, Z.-W., and Shi, W.-Y., “Parameter Identification of Structural Mod-
els by Means of Extended Kalman Filter Algorithm,” Proceedings of the 7th
International Modal Analysis Conference (Las Vegas, NV), Society for Ex-
perimental Mechanics, Bethel, CT, 1989, pp. 1554-1560.

Pilot Prefilter Design via H,
Model-Matching Approach

Ciann-Dong Yang*

National Cheng Kung University,
Tainan, 701 Taiwan, Republic of China
and
Jim Ouyang’ and Hann-Shing Ju*
Aeronautic Research Laboratory,
Taichung, 407 Taiwan, Republic of China

Introduction

N recent years the development of relaxed static stability air-

planes has required that flight control systems provide higher
levels of augmentation for rapid and precise response. Providing ac-
ceptable pilot-in-the-loophandling qualities is a critical design cri-
teria for these highly augmenting control systems.! ~> Many modern
fighter aircraft utilize pilot prefilters, which compensate the pilot’s
command to improve handling qualities to a satisfactorylevel while
maintaining the excellent stability properties provided by feedback
controller design. The idea of separating feedback design from pre-
filter design, which has been around for more than a decade, is
to simultaneously achieve excellent stability properties and desired
pilot-in-the-loopbehavior*

A conventional optimization approach to pilot prefilter design
employs a quadratic optimizationtechnique 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 prefilter. The
purpose of this Note is to propose an H,, model-matching method
to design a pilot prefilter with feedforward compensation capabil-
ity. Model-matching via H,, criterionis a worst-case design, 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 H,, control theory to feedback controller design for flight con-
trol systems, it is shown here that the standard H,, framework also
provides a very simple and efficient approach to pilot prefilter de-
sign.

Problem Formulation

An experimental aircraftdevelopedby Aeronautical Industry De-
velopment Center (AIDC) is considered here. The longitudinal mo-
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tion of the aircraft at the flight condition of 0.8 Mach number and
10,000-ft altitude is described by the following state-space model:

@ —2.191 —0.0005 0 0.9940 o
i —5.2400 —0.0218 —32.17 —0.0001 | | u
01 0 0 0 1 0
g 4.600 —0.0006 0  —1.0100 ] | ¢
—0.2611 —0.150 0.0397 5
L | 2320 1530 2490 5” 0
O O O 8LEF
—31.10 2154 —4.170 e
and the measurement equation is
N, 60.70 0.0010 0 —0.27707 [«
q 0 0 0 1 u
a || 1 0 0 0 )
) 0 0 1 0 q
—5.730 4.120 —2.770
Su
0 0 0
+ 0 0 0 SLEF )
O O O 8TEF

where a, u, 0, g, and N, 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 configuration
is depicted in Fig. 1. There are three control surfaces used in the
longitudinalmotion, namely, elevator (8 ), leading-edgeflap (8 gr),
and trailing-edge flap (81gr). The bandwidth of the three surface
actuators is 4 Hz. The elevator deflection signal comes from the
output of the H,, feedback controller K (s), which was describedin
Ref. 7. The LEF/TEF deflections are trim controls and 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) = [K(s) K,(s)] thatemploys the

measurements
N,
q

to generate the elevator deflection 6y = K;(s)N, + K,(s)g has
been designed’ to compensate for the effect of c.g. shift and to sat-
isfy the following specifications. 1) Short-period damping ratio &,
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Fig.1 Longitudinal control configuration.
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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 insufficient 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 flying qualities and the handling qualities,
simultaneously. To remedy this defect, pilot prefilter Q(s) is de-
signed separately to enhance handling qualities, while at the same
time, keeping the flying qualities 1-4 satisfied by the feedback con-
troller. Handling qualities will be evaluated by 1) the bandwidth
of the pitch control loop,® 2) Gibson’s frequency domain tracking
criteria,! and 3) Neal-Smith?® pilot-in-the-loopcriteria.

H., Prefilter Design

According to MIL-STD-17978 the transfer function from the
stick input F; to the pitch angle 6 can be described by an equivalent
second-order system

k(s +1/Tp)e™™
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of model-matchingerror. H,, criterion considers the maximum dis-
tance between T (s) and T (s) Q(s), i.e., [T1(s) = T(s) ()|l =
sup, |Ti(jw) — T (jw) Q(jw)|, and the role of the pilot prefilter
Q(s) is to minimize this maximum distance. Theoretically, we wish
to solve the following mathematical problem:

min [W()[Ti(s) — T(s) Q($)]llo (©6)
Q€RHx
where RH , is the functionspace containingall rational stable 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 the model-matchingerroris of mostconcern.Recall that 7' (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 satisfies the handling quality criteria relies on how small the
error between 7 (s) and 7 (s) Q(s) can be made.

Solution of H,, Model-Matching Problem

The first step in the H, prefilter design is to determine the ideal
transfer function 7} (s). The free parametersin Eq. (4) are estimated
by curvefitting to meet the three handling quality criteria 1-3. There
are many sets of parameters satisfying these specifications. One of
the admissible ideal 7} (s) is

0(s)
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The dynamics contained in this transfer function includes pilot pre- $*+2x060x 11s+11
filter, feedback flight control system, and the aircraft dynamics. A minimum state-spacerealization of T; (s) is given b
With the proper choice of the free parameters in Eq. (4), an ideal p e & y
0(s)/F,(s) function can be found such that the pilot-in-the-loop
system can satisfy the handling quality criteria 1-3. On the other —70.343 —875.29 —6914.3 |1
hand, the actual transfer function from F(s) to (s) (see Fig. 1) is 1 0 0 0
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where
1
T(s) =[0 1]1Gu()K($)I + Gy (s)K(s)]™ [1}

is the transfer function from the prefilter output to 6. Once the
feedback controller K (s) has been designed, the design objective
is to determine the pilot prefilter Q(s) such that the actual trans-
fer function 7' (s)Q(s) approximates the ideal function T;(s) as
closely as possible. This approximation can be interpreted as a

where the exponential delay term e~%%% has been replaced by the
first-orderPadé approximation. 7 (s) Q (s) is the actual transfer func-
tion from the stick command F; (s) to the aircraft’s pitch angle 6 (s),
where

1
T(s) =10 1Gu)KE)I + Gau(s)K ()] [1}

can be evaluated using plant G, (s) from Eq. (1) and using the H,
feedback controller K (s) from Ref. 7. The state-space realization
of the resulting 7' (s) is given by
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model-matching problem where 7' (s)Q(s) is designed to match
the target model T (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!(s)T,(s) will inevitably result in unstable pilot
prefilter 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 |7} — T Q||,. We
use the H, criterion, instead of the quadratic criterion, as a measure

The prefilter Q(s) is designed to minimize the distance between
Ti(s) and T (s)Q(s) in the sense of the H,, 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 H,,
norm | W (s)[T1(s)—T (s) Q(5)]ll, where the frequency-dependent
weight W (s) is chosen as

0.01s + 1

Wi(s) =
®) =511

(10)
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Following the standard H,, model-matching proceduresin Ref. 9, we obtain the optimal pilot prefilter Q(s) as
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Fig.3 Time response of pitch angle and elevator angle.
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Performance degradationdue to order reduction of the optimal pre-
filter is also evaluated here. Three-order approximantof the optimal
six-order prefilter has been obtained by the weighted Hankel-norm
model reduction technique as

1.34553 + 18.14s2 + 76.93s — 8.599
Qsin(s) = (12)

§3 4+ 15.27s2 4+ 119.0s — 17.75

Figure 2 shows the Gibson’s frequency responses for the reduced-
order prefilter and for the optimal prefilter. T O, matches the ideal
model 7 very well and renders the integrated pilot-aircraftbehavior
to satisfy the handling quality criteria 1-3. The resulting equivalent
second-order pilot-aircraftdynamics has damping ratio 0.7, natural
frequency 11.0 rad/s, and gain/phase margin = oo/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-order prefilter, although the actual
0(s)/F,(s) response does not track the ideal function 7 (s) well, the
gain-phase response still meets the military level-1 requirements.
The time responses of pitch angle, elevator deflection, 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 deflection and surface rate.

Conclusions

The H,, model-matchingtechniquehas beenintroducedto design
pilot prefilter to enhance handling qualities for highly augmented
unstable aircraft. The H,, pilot prefilter has the capability to mini-
mize the worst-case model-matchingerror between the actual pilot-
aircraft response, and the ideal pilot-aircraftresponse, which satis-
fies the desired handling qualities. This design philosophy has been
realized in an experimental aircraft developed by AIDC in Taiwan,
and promising results are achieved.
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Introduction

UZZY logiccontrolhas been provento be a powerful tool when

it is applied to various control problems.!~* 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
efficient control cannot be expected. To tackle this problem, self-
organizing fuzzy logic controllers have been proposed ¢ 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 modification 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 modification. Also,
the convergent time of the control action is tedious because only
the fired rule is modified each time, and finally, 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 flight
systemcontrol. The proposed model 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 modification instead of a set point,
and so incorrect modification 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 fixed 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 flight control system,
the simulations illustrate that this MR-SOFC can achieve satisfac-
tory performance and robustness when the flight system is subjected
to plant variations arising from different flight conditions.

Fuzzy Logic Control

In Fig. 1, the fuzzy controller produces an output by using the
fuzzy controlrules as well as the system outputerror and its deriva-
tive (e and é). The rules define the control strategy and correspond
to linguistic statements implemented by using fuzzy sets. The rules
of a fuzzy controller take the following form:

R: Ifeis Ay, andeé is By, thenu isr(1)

Ry: Ife is A5, andé is B,, thenu isr(2) M

R : Ife is Ay, andeé is By, thenu isr (k)
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Fig.1 Block diagram of MR-SOFC.

wherer(i),i = 1,2, ..., k are the singleton control actions, which
are learned from the fuzzy modifier, and & is the number of the fuzzy
rules of the fuzzy controller.

The defuzzification of the controller output is accomplished by
the method of center of gravity:

L X v xrl) o
> wd)

where w (i) is the fired weight of the ith rule. The defuzzified value
u in Eq. (2) represents the desired control force.

Self-Organizing Learning Algorithm
The fuzzy modifier is the essential part of the process of learning.
InFig. 1, the MR-SOFC modifies the controlrules with the reference
model output error e,, and its derivative ¢,,. The rule modifier is a
fuzzy system, and the fuzzy modification rules are as follows:

R,1: Ife, isCy, ande,, is D, thendu is p(1)

R,2: Ife,, isC,, ande,, is D,, thendu is p(2) 3)
. . . . 3

R,n: Ife, isC,, andé,, is D,, thendu is p(n)

where the inference outputs p(j), j = 1,2, ..., n are singletons.
The defuzzification output §u is also accomplished by the method
of center of gravity.

For the modification of the control rules in Eq. (1), the modifica-
tion credit value Ar (i) of each rule must be appropriate. In Refs. 5
and 6, only the fired rule is modified each time. Here we propose
the rules modification criterion by fuzzy inference values, i.e., the
modification credit value Ar (i) of each rule is based on its fired
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-organizing modification algorithm is pro-
posed as follows:

. w(i)
Ar(i) = fu X ———— “)
Yo wi)
r@i) = r@) + Ar(i) (5)

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

The fuzzy sets A; and B; in Eq. (1) are given with 11 triangular
membership functions, and C; and D; in Eq. (3) are given with 7
triangular membership functions.

Flight Control System Design Example

In the following, the short period longitudinal mode of the F-4E
flight control system is considered as the design example.” Using
Ref. 8, the transfer functionforms of ¢ (s) /8. (s) (pitchrate/deviation
of elevator deflection) for four typical flight conditions, where s is
the Laplace operator, are given as follows.

Flight condition 1:

Py = L0V _ 132396 +0.884 ©
T80 [, (5 +3.068)(s — 1.228)




