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Development of Control Laws for a Flight Test
Maneuver Autopilot

Gurbux S. Alag* and Eugene L; Dukef
NASA Ames Research Center, Edwards, California

An autopilot can be used to provide precise control to meet the demanding requirements of flight research
maneuvers with high-performance aircraft. This paper presents the development of control laws within the con-
text of flight test maneuver requirements. The control laws are developed using eigensystem assignment and
command-generator tracking. The eigenvalues and eigenvectors are chosen to provide the necessary handling
qualities, while the command-generator tracking enables the tracking of a specified state during the maneuver.
The effectiveness of the control laws is illustrated by their application to an F-15 aircraft to ensure acceptable
aircraft performance during a maneuver.

Introduction

CONVENTIONAL piloting techniques are often inade-
quate to meet the demanding requirements of flight

research maneuvers with high-performance aircraft. These
maneuvers often require precise control of onset rates in ex-
treme flight conditions. Thus the pilot may be trying to con-
trol an aircraft at high kngles of attack and high g's while at-
tempting to increase normal acceleration at a prescribed rate
through a maneuver specified at the very limits of accuracy
of the cockpit instruments;

A new flight-test technique1 was developed at the Dryderi
Flight Research Facility of the NASA Ames Research Center
(Ames-Dryden) to aid the pilot during these maneuvers. The
essence of this technique is the application of an autopilot to
provide precise control during the required flight-test
maneuvers. The flight-test maneuver autopilot (FTMAP) is
designed to provide precise, repeatable ebntrol of a high-
performance aircraft during certain prescribed maneuvers so
that a large quantity of data can be obtained in a minimum
of flight time.

The FTMAP can be used for Various maneuvers * including
straight-and-level flight, level accelerations and decelera-
tions, pushover pullups, excess:thrust windup turns, thrust-
limited turns, and the "rockinghorse" maneuvers. Each of
these maneuvers involves tracking certain states of the air-
craft and holding certain states within prescribed values, as
well as placing constraints on the derivatives of the states
(for example, the excess-thrust windup turn is performed at
coh$tant altitude and Mach number, with angle of attack in-
creasing at a specified rate to achieve the final angle of
attack).

This paper discusses the development of the FTMAP con-
trol laws within the context of flight test maneuver re-
quirements. The FTMAP control laws are developed using
the eigensystem assignment2 and command generator track-
ing.3 The feedback gain obtained from eigensystem assign-
ment ensures the desirable performance of the aircraft. The
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feedforward methodology of command generator tracking
ensures the tracking of desired states during a particular
maneuver. MIL-F-8785-G4 gives the flying qualities
specification in frequency domain. It specifies acceptable
and satisfactory ranges of eigenvalues and, to.a lesser degree,
eigenvectors of five or six degrees of freedom of motion of
art aircraft. From the range specified in MIL-F-8785-C, the
desired closed-loop eigenvalues are taken, and each of these
eigenvalues is assigned an eigenvector that distributes the
modal response among the state variables and outputs of the
system. However, each eigenvector is constrained to lie in an
w-dimensional subspace5 (m is the number of independent
controls), and an element in this subspace is selected by find-
ing the best linear projection of an unconstrained desired
vector in this subspace. A feedback gain matrix, K, is com-
puted using the eigenvalues and achievable eigenvectors.

The feedforward gains are computed by using the
command-generator tracking of Broussard.3 This method
would ensure the tracking of a stat^ trajectory while the air-
craft is performing a particular maneuver. The tracking ob-
jective can be described in terms of the controlled variables
of the aircraft being able to follow the output of a model.
The input to the model, which is the pilot input, is assumed
to be constant, and the output of the model is the desired
state trajectory the aircraft will follow while undergoing a
maneuver.

The effectiveness of the developed control laws is il-
lustrated in this paper by application to an F-15 aircraft.

Eigensystem Synthesis
Two widely used synthesis techniques of modern control

theory are the linear quadratic regulator design and the
modal control theory involving pole placement or eigen-
value/eigenvector assignment. One purpose of feedback con-
trol of aircraft is to improve or enhance the flying qualities.
The difficulty in incorporating specifications such as damp-
ing, natural frequency, and decoupling within a quadratic
performance index makes the eigensystem synthesis pro-
cedure a promising design alternative. The performance
specifications can be interpreted in terms of desired closed-
loop eigenvalues and eigenvectors. Moore6 and others have
shown how feedback can be used to place closed-loop eigen-
values and shape closed-loop eigenvectors. Cunningham,7

Andry, Shapiro, and Chung,8 and Sobel and Shapiro9 have
successfully demonstrated the use of eigenstructure assign-
ment procedure for aircraft control-system design.

The handling-qualities data base may be used to obtain
desired pole locations directly. The additional design objec-
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tive of obtaining augmented dynamics similar to those ob-
tained in flight leads to specifications on eigenvectors or
desired mode shapes. For example, pitch attitude must be
dominant for the short-period mode, and speed must be
dominant for the phugoid mode.

Detailed discussions on eigenspace can be found in Ref. 8,
but some basic results for controllable and observable
systems are summarized in the following discussion.10

Consider the system

x-Ax+Bu (1)

(2)

where x$Rn, utR™, and y$Rr. A, B, and C are matrices of
appropriate dimensions. If the system is controllable and
observable, and the matrices B and C are of full rank, the
following results hold.

1) The positions of maximum (m,r) closed-loop eigen-
values can be assigned arbitrarily with the stipulation that if
X, is a complex closed-loop eigenvalue, its complex conjugate
X? must also be a closed-loop eigenvalue.

2) The shape of maximum (m,r) eigenvectors can be
altered. If the shape of a complex eigenvector vf is altered, its
complex conjugate, vf, must be altered in the same way.

3) For each eigenvector whose shape is altered, minimum
(m,r) eigenvector elements can be chosen arbitrarily.

4) Attainable eigenvectors must lie in the subspace spanned
by the columns of (X/7—A) ~1B of dimension m, which is the
number of independent control variables. A desired eigenvec-
tor, vf, will, in general, not reside in the prescribed subspace
and cannot be achieved. The achievable eigenvector, t>f, is ob-
tained by orthogonal projection of vf onto the subspace
spanned by (\iI-A)~lB. Generally, only a few of the com-
ponents in vt are actually specified. The rest can be arbitrary.
To account for this, we reorder and partition vf as follows:

(3)

where v* is the specified subvector, dt is the vector of
unspecified components, arid [.».]*' is the reordering
operation.

The rows of (\I—A)~1B are also reordered to conform to
the reordered components of vi9 then

If we let

(4)

(5)

then, as shown in Ref. 5, we can select Z, to best approximate
vf with VQI and by method of orthogonal projections obtain

where L' — con jugate transpose of L. As shown by Moore,6
the feedback gain K is given by

where w/ is obtained from the relation

(7)

(8)

model specifying the desired behavior of an aircraft is defined
by

(10)

and the variables of the aircraft to be tracked are described by

yt=Hx (11)

a control law must be found such that yt -ym. If** and u* are
the ideal aircraft state and input, respectively, that allow
perfect tracking, then

(12)

(13)

The results in Eqs. (11) and (12) assume that the input to the
model, t/mi is a step input. However, it does not mean that
only a constant command input is being tracked. Any com-
mand signal that can be described as a solution of the differen-
tial equation forced by a step input (or zero) can be used, pro-
vided it is augmented to the model state and not to the model
input.11 The matrices Sn, S12, S2i, and S22 are given by

21 =!221S1H4W+ Q22Cm

and

0 =
On A \ A "i -1

—f—
H\ 0

(14)

(15)

To incorporate the state feedback into the design, if we let

then

and

or

x-x—x*

x=Ax+Bu

u = w* + u = S2lxm +$221^ +K(x-x*)

= S2ixm + S22um + Kx-K(Snxm + Sl2u

(16)

(17)

(18)

(19)

(20)

Equation (19) gives the control to be applied to the aircraft,
depending on the maneuver of the aircraft. For example > for
constant-level acceleration, the command velocity is to in-
crease linearly while the command altitude is held constant.
The input to the model is constant, while the outputs of veloc-
ity and altitude are a ramp function and zero, respectively. In
this case

Command Generator Tracking
The development of control laws based on command

generator tracking is discussed by Broussard.3 Briefly, if a (21)
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and

priate value for wm. In addition,

Sn=(212

"•Sl2=Ml2

S21=Q22
B =

522 = «21Q12 (22)

x* = ftl2xm+'QiiQi2um (23)

u*=Q22xm + Q2lVl2um (24)

^2-^l2)xm^(^l2-mn^2)um
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Example
The feedback and feedforward control technique developed

by eigensystem and command-generator tracking synthesis
technique is applied for the control of an F-15 aircraft. Ames-
Dryden's detailed nonlinear aerodynamic model of the F-15,
linearized by trimming the aircraft at the desired flight condi-
tion and deriving linear models by numerical perturbation, is
used. The linear model is represented in the state equation
form as

The open-loop eigenvalues of the aircraft are

-1.6433 + 1.7278/1
-1.6433-1.7278/J

-0.4088 + 3.2303/1

Dutch-roll mode

x=Ax+Bu

where

- 2.1413 - O.OOOO/ Roll-subsidence mode

-0.0054 + 0.0394/1 f1 Phugoid mode- 0.0054-0.0394/J
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The desired closed-loop eigenvalues are selected as follows

- 2.000 + 4.0000/ 1

rudder defletion
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For the flight condition corresponding to an altitude of
h = 20,000 ft and a Mach number (M) of 0.8, the values for A
and B matrices of Eq. (1) are as follows:
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Table 1 Achievable eigenvectors and eigenvalues8

0 0 .0003 0 -.0351 1 .0809 0 0
0 0 0 .0002 .0003 -.0001 .0001 0 0
0 0 .0006 0 .0002 0 .0001 0 0
0 0 -.0001 .0002 -.0003 .0013 .0014 0 0
0 0 .0117 .0170 1 -23.6966 1 0 0
. 9 9 2.71 0 0 0 0 0 -.0068 0

- .21 - .00 0 0 0 0 0 1 - .0034
12.35 1.09 0 0 0 0 0 .0019 .0388
-.35 . 0 9 0 0 0 0 0 -.25 1

Dutch roll Short period Alt Phugoid Roll Spiral
aAchieved eigenvalues: Dutch roll: -2±y4; Short period: - 1 ±y'3; Altitude: -0.5; Phugoid: -0.05±y'0.05

Table 2 Trim values of state and control vector, 0.8 Af, 20,000 ft 865
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Fig. 1 Variation of velocity with time. Mach = 0.8; desired 20,006
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Fig. 2 Variation of altitude with time. The desired eigenvectors based on desired decoupled aircraft

response are specified as follows, in the same order as the
preceding eigenvalues.5
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The desired eigenvectors are specified to have the decoupling in lateral and longitudinal axes. For example, the Dutch-roll mode
would not affect any longitudinal states. We also do not want any oscillatory Dutch roll content on roll rate and bank angle. This is
an important handling quality requirement for all well-behaved lateral-control laws. Table 1 gives the achieved eigenvectors. The
feedback gain, K, based on achievable eigenvectors and closed-loop eigenvalues, is given by

K= V
-0.0000 0.0000

0.0038 0.0192

0.0000 0.0000

-0.0204 4.1420

q
0.0000

h 13 p r $
0.0000 2.7167 -0.1422 -0.0147 -0.00460.0000

-0.0442 0.3850 0.0002 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000-2.0771-0.0483 0.7094-0.0329

-10.9580 -2.6343 -0.0010 0.0000 0.0000 0.0000 0.0000

Table 1 also gives the achieved eigenvalues of the closed
loop system, which are the same eigenvalues as those desired.

Two sets of trajectories are shown, giving the results of the
application of developed control laws to the aircraft. In the
first instance, it is necessary to maintain the aircraft at trim
conditions of the specified flight conditions. No feedforward
is required in this case. Figures 1 and 4 show the state and con-
trol trajectories of the aircraft. The lateral states and the
aileron and rudder inputs show no change from their trim
values. Table 2 gives the trim values for the state and control
vectors, corresponding to initial conditions for the trajectories
shown.

In the second case, it is necessary to accelerate the aircraft
from Mach 0.8 for 10 s, while maintaining aircraft altitude
at 20,000 ft. The velocity is held constant after 10 s. Figure 5
shows the variation of velocity of the aircraft when feedfor-
ward is also used. It shows an excellent tracking of the
velocity. Figure 6 shows the corresponding variation in the
altitude of the aircraft. It should be pointed out that the
velocity response in Fig. 5 is the same as the velocity com-
mand, owing to lack of engine dynamics.

For a more complex maneuver, suitable models to match
the state trajectories for the maneuver are required. It would
also involve significant variation in the A and B matrices
(associated with changing Mach number, airspeed, and angle
of attack).

Concluding Remarks
This paper has presented a synthesis technique that could be

extended for control of an aircraft undergoing a specified
maneuver. Eigenvalue/eigenvector assignment procedure pro-
vides the necessary decoupling in aircraft handling qualities,
while ensuring the location of eigenvalues to meet the
specifications. The command generator tracking ensures the
tracking of the controlled variables of the aircraft, as dictated
by the requirements of a particular maneuver. The problem of
developing suitable models to match the state trajectories of a
given maneuver is being investigated further. In some cases
this would involve gain scheduling and update of aircraft

parameters, while ensuring that the constraints on the control
surfaces are not violated.
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