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Flight-Test Maneuver Modeling and Control
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The use of automated flight-test schemes decreases the aircraft flight testing time and pilot work load while
enhancing the data quality. Two major elements involved in developing such an automated technique are
maneuver modeling to generate command histories from maneuver specifications, and the synthesis of control
systems to track these command histories. This paper describes these two aspects of the automated flight-test
scheme for a high-peformance fighter aircraft. A suboptimal minimum error excitation linear-quadratic-
regulator approach is used for maneuver autopilot synthesis. Closed-loop simulation results are given.

Introduction

THE interest in automated flight-test trajectory control
arises from its demonstrated potential for decreasing the

flight test in time and pilot work load while enhancing the
quality of collected data. In Ref. 1, for instance, through
manned simulations it was shown that a trajectory guidance
scheme is particularly beneficial for those tasks that require
the pilot to integrate information from multiple sensors. In
that work an open-loop system with the pilot closing the con-
trol loop was used in the evaluations. An alternate strategy is
to synthesize a completely automatic closed-loop system with
the pilot in a supervisory role. Such an approach was adopted
in Ref. 2, wherein a closed-loop flight-test trajectory con-
troller was synthesized using full-state feedback linear-
quadratic-regulator theory.

In order to circumvent the difficulties in implementing a
full-state feedback regulator, an output feedback design with
constrained eigenstructure assignment technique was dis-
cussed in Ref. 3. The work reported in Refs. 2 and 3 has in-
cluded detailed modeling of all the aircraft subsystems for
control-law development. These investigations have identified
maneuver modeling as a significant aspect of the flight-test
trajectory control problem needing further clarification and
development. The maneuver modeling aspect of the trajectory
guidance problem will be emphasized in this paper. The
maneuvers described here are designed to generate aircraft
performance, and the engine data for subsequent analysis to
aid in refining the prediction methods. Some of these
maneuvers have never been discussed before in the literature.

There are at least two approaches for maneuver modeling.
First, one could iteratively simulate the nonlinear aircraft
model until the open-loop controls generate the desired output
histories. Or, second, one can trim the aircraft model at a
number of flight conditions close to the desired trajectory and
approximately compute the commanded trajectory using these
trim values. The second approach is followed in this paper
mainly because of the number of trajectories that had to be
flown. The former approach is practical only if a very limited
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number of trajectories are to be executed. In order to
characterize the aircraft nonlinearities, a table of straight and
level trim conditions and level turn trim conditions spanning
the aircraft flight envelope is first constructed. In the present
case, 64 straight and level trims, 51 level turn trims at a load
factor of 2, and 30 level turn trims at a load factor of 4 were
employed. The independent variables in this trim table are
Mach number, altitude, and the load factor. Using a three-
dimensional interpolation scheme, the lift, drag, engine
thrust, angle of attack, body attitudes and corresponding
rates, and the control surface settings at an intermediate flight
condition can be calculated. The maneuver commands are
then generated using this data in conjunction with simplified
aircraft modeling. Some maneuver modeling details will be
discussed in the next section.

In this paper, a closed-loop mechanization of the flight-test
trajectory controller will be considered, with the pilot in a
supervisory role. Using a numerical linearization program
such as the one described in Ref. 4, the aircraft model at a
given Mach altitude load-factor point can be generated. This
linear model can then be used to synthesize a controller to
maintain the aircraft close to the desired trajectory. Because
of the large parameter changes in the aircraft model as it
traverses throught the various trim points, a gain schedule
scheme is essential for satisfactory operation. In the present
case, the gains were scheduled as a function of Mach number,
altitude, and load factor. The details of the controller syn-
thesis will be given in one of the following sections. We note
here than an alternate control system design technique based
on nonlinear inverses5 is feasible for the flight-test trajectory
control problem. A brief discussion on the advantages and
disadvantages of the present work when compared to that in
Ref. 5 will be given in the section on maneuver autopilot
design.

Maneuver Modeling
The objective of maneuver modeling is to generate a consis-

tent set of state and control histories to serve as commands
and open-loop control settings for the maneuver autopilot, us-
ing a data base consisting of trim conditions. Two sets of trim
conditions have been found adequate for all the maneuers
considered in this paper: straight and level trims and level turn
trims. To the extent feasible, kinematic relationships are
employed to generate the commanded state histories.
Whenever this is not feasible, linearized aerodynamics and
engine models are employed. Note that the following develop-
ment is not restricted to any particular aircraft. In the present
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work, the commands and the open-loop controls consists of 1)
Commands: altitude, Mach number, angle of attack, flight-
path angle, roll altitude, roll-pitch-yaw body rates, and 2)
Open-loop controls: throttle, elevator, rudder, and differen-
tial tail.

In the following, the maneuver modeling for three flight-
test trajectories will be discussed in detail. A few more
maneuver models are given in Ref. 6. Note that the open-loop
controls generated by the present maneuver modeling ap-
proach are approximate. The chief motivation in employing
these approximations is to minimize the amount of on-line
computer storage.

Zoom and Pushover Maneuver
The zoom and pushover trajectory is a wings-level thrust-

stabilized less than l-g maneuver. The flight-test trajectory is a
parabolic path with the target Mach-altitude angle-of-attack
point at the apex. The primary objective in this maneuver is to
generate aircraft performance data at angles of attack less
than the level flight trim values for validating wind-tunnel and
computational fluid dynamics predictions.

This is one of the more complex symmetric flight
maneuvers. The flight-test trajectory consists of three phases.
In the first phase, the aircraft is transferred from its straight
and level initial condition to the beginning of the parabolic
flight path. At this point, the throttle is fixed and the aircraft
executes the zoom and pushover maneuver. This is the second
phase. In the third phase, the aircraft is brought back to its in-
itial conditions using a transient trajectory. A schematic of
this flight-test maneuver is given in Fig. 1. The first and third
phases are essentially transient trajectories mechanized using a
cubic polynomial history for altitude, i.e.,

h = h0 tn<t<tf (1)

In this expression, h is the altitude at any time t, h0 the in-
itial altitude, and tf the final time. The requirement for a cubic
polynomial is clear, since one may attempt to meet four
boundary conditions on altitude, viz., the initial and final
altitudes and their rates may all be specified. To simplify the
development, constant acceleration, or deceleration along the
flight path is assumed next. However, if one desires to meet
additional boundary conditions on the airspeed rates, the use
of a higher-order polynomial in time may be considered. With
the assumption of constant acceleration, one has the following
expression for airspeed:

V=V0+Vt, (2)

Here, Vf is the specified final airspeed, V0 the initial
airspeed, and tf the final time. The flight-path angle 7 along
this maneuver is readily computed from

7 = sm~
l[- Vn+Vt (3)

Next, assuming that the lift is close to weight throughout
this maneuver, the angle-of-attack history can be generated by
interpolating between stored straight and level trim data at the

\
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Fig. 1 Zoom and pushover flight-test trajectory-

Mach-altitude pairs given by Eqs. (1) and (2). Approximate
open-loop control surface settings may similarly be obtained.
The open-loop throttle setting required to generate the desired
acceleration/deceleration, however, will have to be computed
using force balance, as follows. Assuming that the aero-
dynamic drag along this maneuver is close to the straight and
level trim values, the thrust required can be calculated as

(V+g siny)m + D
cosa (4)

In Eq. (4), Tis the thrust required to generate the desired ac-
celeration Vt a. the angle of attack, m the aircraft mass, and g
the acceleration due to gravity. The open-loop throttle setting
may be computed from the thrust T by assuming that the
thrust-throttle characteristic is linear. It is important to stress
here that this assumption is found to result in less than 3% er-
ror for the aircraft under consideration. First, the maximum
thrust at the current Mach-altitude condition is computed as

T =••*• max
T .•*• trim

^trim
(5)

In Eq. (5), the subscript max denotes the maximum value of
thrust, the subscript trim denotes the values at the straight and
level trim conditions, and the variable i\ is the throttle setting.
The open-loop throttle settings may be computed from

factual = " (6)

The roll-pitch-yaw body rates are expected to be small dur-
ing this maneuver and, consequently, the corresponding com-
mands are zero. If the throttle setting emerging from this
analysis is greater than the maximum or less than the
minimum, it indicates that the assumed time of flight for the
maneuver is unrealistic. In that case, this quantity has to be
changed appropriately to make the maneuver feasible.

The zoom and pushover phase of this flight-test trajectory
will use the three well-known properties of a parabolic flight
path: 1) horizontal acceleration is zero, 2) vertical acceleration
is constant, and 3) total energy is constant.

Since the apex speed is specified, say VT, one has

x = V COS7 = VT = const

Here, x is the downrange. From this,

(7)

The sign in Eq. (7) can be chosen based on whether the air-
craft is flying toward the apex or away from it.

From the given apex speed, the angle of attack, and
altitude, the lift and drag can be computed using the linearized
aerodynamic coefficients from the straight and level trim data
table. From the constant energy property, at the apex of the
parabola, one has

Tcosot=D (8)

The thrust required at the apex can be calculated since the
angle of attack and drag are known. Using this value of thrust,
the throttle setting is calculated by invoking the linear thrust-
throttle relationship and using Eqs. (5) and (6). This throttle
setting will be maintained constant throughout the second
phase. With known values of lift and thrust, the vertical ac-
celeration at the apex can be computed as

Tsina + L
m (9)
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The quantity ga is negative, numerically less than the ac-
celeration due to gravity g. The vertical acceleration ga has to
remain constant throughout the parabolic path. The total
energy of the aircraft along the trajectory is given by

- = const (10)

As the total energy is to remain constant during the zoom
and pushover maneuver, Eq. (10) may be used to compute the
speed along the parabolic path, given the altitude.

Next, given the altitude at which the parabolic trajectory is
to begin, and perhaps end, one can write

(11)

Fig. 2 Negative Mach rate, constant dynamic pressure: constant load
factor flight-test trajectory.

The initial altitude rate ti0 can be computed from

(12)

The time of flight on the parabola is next calculated as

2
(13)

The angle-of-attack command along the parabolic path can
then be calculated using

a=[m(ga+gcosy)-L0]/(T+La) (14)

Equation (14) used small-angle approximation for a to
simplify the computations. Along the zoom and pushover
maneuver, the open-loop control surface settings used are the
interpolated values from the straight and level trim data table.

Constant Dynamic Pressure, Constant Load Factor Trajectory
This maneuver is initiated at a predetermined load factor,

Mach number, and dynamic pressure. It can either be an
ascending or descending maneuver at a specified Mach rate.
The dynamic pressure and load factor are held constant
throughout this maneuver. Altitude is gained or lost to main-
tain the dynamic pressure with changing Mach number. The
primary motivation in flying this maneuver is to generate data
for validating wind-tunnel predictions.

This trajectory is executed in three phases. Beginning at a
straight and level flight condition at the desired dynamic
pressure, the aircraft is first placed in a steady level turn at the
required load factor. During the second phase, the desired
Mach rate is achieved along with an altitude rate to maintain
the dynamic pressure-load factor conditions. In the third
phase, the aircraft is returned to straight and level conditions.
A typical negative Mach-rate trajectory is illustrated in Fig. 2.
In the following, the constant dynamic pressure-constatnt
load factor maneuver will be discussed, since the first and the
third phases can be constructed by mere interpolation of the
level turn trim data table.

Differentiating the expression for dynamic pressure Q with
respect to time, and using the altitude rate equation, with
Q = 0, one has

2p dh (15)

Next, differentiating the expression for Mach number
M= V/C with respect to time, and substituting for altitude
rate,

. . V2 dC
F=MC+-^^/Tsin7

Equating Eqs. (15) and (16), the flight-path angle required
to maintain the dynamic pressure constant while generating a
desired Mach rate turns out to be

- 07,

There are two conclusions that can be drawn from Eq. (17):
1) Because dp/ph and dC/dh are negative, a positive M will

result in a climbing trajectory, while a negative M will yield a
descending path.

2) This maneuver cannot be flown at atitudes where dp/dh
and dC/dh are nearly zero unless the desired Mach rate is also
zero.

The flight-path angle given by Eq. (17) may be substituted
in the altitude rate equation and numerically integrated to ob-
tain the commanded state variable histories. The open-loop
throttle setting is computed from the level turn trim thrust and
throttle setting at the current Mach-altitude load factor as
follows:

2P

m
cosa

D
cost* (18)

The throttle setting corresponding to this thrust at the cur-
rent flight conditions can be computed using Eqs. (5) and (6).
The angle of attack and drag in Eq. (18) are the interpolated
values from the trim data table at the current Mach-altitude
load factor condition. The Mach number as a function of time
is obtained from

M=M0+Mt (19)

In Eq. (19), M0 is the initial Mach number, A/the desired
Mach rate, and t the time. The commanded values of body
rates and open-loop control surface deflections are again the
interpolated values from the level turn trim data table.

Constant Reynolds Number, Constant Load Factor Trajectory
The objective in this maneuver is to maintain the load factor

and Reynolds number constant while maintaining a desired
Mach rate. The data collected in this flight-test trajectory are
used for validating wind-tunnel predictions. This maneuver
model is different from the constant dynamic pressure-
constant load factor trajectory only in the way that one com-
putes the flight-path angle and the required thrust. Hence,
only these two aspects will be discussed in the following. The
Reynolds number Re is given by

Vdp (20)

Here, d is the characteristic length and ^ the absolute viscosity
of air specified as a function of altitude. Differentiating Eq.
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(20) with respect to time and using the altitude rate equation,
with Re = 0, one has

dh
1
p dh - V2si (21)

Equating Eq. (21) to Eq. (16)

- ___ —— . (22)l 'a* dh c dh
As in the constant dynamic presure-constant load factor

flight-test trajectory, this maneuver cannot be flown at the
altitude where du/dh, dp/dh, and dC/dh are close to zero
unless the desired Mach rate is also zero.

The open-loop throttle setting can be computed from the
level turn trim thrust drag and throttle setting at the current
Mach-altitude load factor, using the thrust required,
calculated using the expression

dh dh
m
cosa

D
cosce

(23)

in conjunction with Eqs. (5) and (6).

Maneuver Autopilot Design
The previous section described maneuver modeling that

generates the commands to be tracked by the maneuver
autopilot. This section will deal with the synthesis of the
maneuver autopilot for maintaining the aircraft close to the
commanded trajectories. A popular approach for designing
closed-loop controllers for flight vehicles consists of lineariz-
ing the vehicle model about the desired operating point and
applying one of the several linear synthesis techniques. In the
case where the flight vehicle is to follow a desired trajectory,
the linearization is carried out at several points on the desired
trajectory and controllers designed. The controllers are then
scheduled so that the overall closed-loop system response
meets the time response and accuracy specifications. Note that
this is a multivariable control problem and has to be treated as
such.

A nonlinear controller synthesis approach for the flight-test
trajectory control problem was discussed in Ref. 5. In the
present paper, the controller synthesis will be based on a more
traditional approach via the linear system theory. Before pro-
ceeding further, a brief comparison between the two will be
presented. The chief advantage of linear perturbation con-
trollers is that their implementation requires relatively minor
on-line calculations. The disadvantages are that they require
gain scheduling and storage of nominal control setting along
the desired trajectory. Additionally, they may demand mode
switching for handling various flight maneuvers. The
nonlinear controllers, on the other hand, demand complex on-
line calculations and a significant amount of data storage, but
do not required gain scheduling. Moreover, in this case, the
controller synthesis can be carried out using the single-input
single-output linear system theory. Note that both approaches
require the maneuver modeling to generate commanded
trajectories.

From an implementation point of view, the synthesis tech-
niques that produce output feedback controllers are preferable
over full state-feedback techniques. An earlier attempt in this
direction using the eigenstructure assignment,3'7 though suc-
cessful, was found too cumbersome for repeated use. The dif-
ficulty in using eigenstructure assignment in the present situa-
tion is primarily one of selecting a set of eigenvectors and
eigenvalues that would produce a stable output feedback
system. Although this approach is quite attractive for
unaugmented aircraft wherein the system modes are easily
recognizable, it is difficult to apply in the present case due to

the presence of an extremely complex 31-state command
augmentation system. The approach employed in this paper is
originally due to Kosut,8 and permits one to obtain an output
feedback controller from a full-state feedback controller
generated via the linear-quadratic regulator theory.9 Two
distinct approximation techniques have been outlined in Ref.
8: the minimum norm approximation and the minimum error
excitation approach. The latter was selected for the present ap-
plication due to the larger degree of freedom it offers. In the
following, an outline of this approach will be giyen.

Following Kosut's8 notation for the minimum error excita-
tion approach, for the linear system

x=Ax+Bu

y=Hx

(24)

(25)

with xeRn, ueRm, and A, B, //being real constant matrices of
compatible dimensions, one first designs a full-state regulator
minimizing the performance index

(26)

This process yields an optimal feedback control law of the
form

(27)

(28)

(29)

(30)

Next, a Lyapunov equation of the form

(A+BF*)P+P(A+BF*)T + I=Q

is solved to obtain the constrained feedback gain as

C=F*PHT(HPHT)~l

The output feedback controller is then of the form

u = Cy

In the foregoing and in all that follows, the superscript T
denotes the transpose operation.

Because this output feedback synthesis method does not
guarantee stability, and because of the presence of either
neutrally stable unobservable modes or other sluggish
phugoid-like or integral error modes, it is desirable to carry
out this design with a guaranteed eigenvalue margin.9 Specify-
ing an eigenvalue margin of K ensures that the real parts of all
the closed-loop poles are less than K. This is equivalent to .syn-
thesizing a full-state regulator with the modified performance
index

(31)

This can be accomplished by destabilizing the open-loop
plant by A =A + K! and solving for the optimal gains in the
standard linear-quadratic-regulator problem. It is interesting
to note that in Ref. 10 such an approach was used for the
design of an implicit model following control system for the
X-22A V/STOL aircraft. In the present problem, the matrices
Q and R in the performance index (31) were selected according
to Bryson's rule,11 i.e., the inverse of the squared deviation
desired on the controls and outputs with a scalar factor be-
tween Q and R to regulate the extent of high-gain solution
achieved. Since we are interested in the trajectory tracking
problem, the variables x and u in Eqs. (24-31) should be inter-
preted as the perturbations in the nominal state and control
variables, i.e.,

x=x-xa, = u-un (32)
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Disturbances

Linear Perturbation Controller

Fig. 3 Implementation of the linear perturbation controller.

where x and u are the state and control variables along the
nominal trajecotry, and xa and ua are the actual aircraft state
and control variables.

With the above methodology, maneuver autopilot design
could be accomplished in two or three iterations at any par-
ticular flight condition. The design specifications used in the
present case were that the real part of all the eigenvalues
should be less than or equal to - 0.2, and that the damping
ratio of the slowest complex conjugate root should be about
0.7. To realize adequate command tracking, integral error
feedback was introduced in the angle of attack, airspeed, and
roll attitude channels. About 20 controllers were synthesized
at various flight conditions within the aircraft flight envelope.
These controllers are then scheduled as a function of Mach
number, altitude, and load factor. A schematic of the con-
troller implementation is shown in Fig. 3. In the next section,
the performance of these controllers along one of the flight-
test trajectories will be presented.

Simulation Results
For the purposes of illustration, the controller performance

along a descending constant Reynold's number-constant load
factor trajectory will be given here. The aircraft, starting from
35,000 ft and Mach 1.2 straight and level flight conditions, is
first placed in a tightening level turn to achieve the desired
load factor. At this point the desired Mach rate is commanded
along with the altitude rate to maintain constant Reynolds
number. In the present case, the commanded Mach rate was
-0.0067/s and required the aircraft to descend to about
30,000 ft in 30 s. At the end of the constant Reynolds number-
constant load factor maneuver, the aircraft is returned to the
straight and level condition at the new Mach number-altitude
condition. Note that this is a relatively severe maneuver re-
quiring the aircraft to lose speed while descending in a 4-g turn
with about - 10 deg flight-path angle.

A linear time varying simulation of the aircraft and the
flight-test trajectory controller was set up to generate the
results given in this section. Figure 4 gives the commanded and
actual altitude and Mach number histories along the constant
Reynolds number-constant load factor maneuver. The
Reynolds number evolution along this trajectory is given in
Fig. 5. Throughout the trajectory, the Reynolds number is
maintained within 1.5% of the required value. Note that the
Reynolds number given in Fig. 5 has to be multiplied by the
characteristic length d to obtain the actual Reynolds number.
The throttle setting and the elevator deflection along this
maneuver are given in Fig. 6. The elevator deflection ap-
proaches saturation at the point where the Mach rate com-
mand is initiated, at about 30 s in Fig. 6. Though the con-
troller performance has been evaluated along several other
flight-test trajectories, they could not all be presented here.
However, these simulations revealed that the maneuver
autopilot synthesized in this work meets all the required
maneuver accuracy specifications.
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Conclusions
This paper described the development of an automated

flight-test scheme for aircraft that decreases the flight testing
time and pilot work load while enhancing the data quality.
Two major elements involved in developing such an
automated technique, the maneuver modeling to generate
command histories from the maneuver specifications and the
synthesis of control systems to track these command histories
were discussed in detail. Specifically, the maneuver modeling
for three flight-test trajectories using a table of straight and
level trim data and level turn trim data in conjunction with
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simplified aircraft models was outlined. This modeling
generates the commands and open-loop controls for the
maneuver autopilot. The maneuver autopilot synthesis with
Kosut's8 suboptimal minimum error excitation linear-
quadratic-regulator approach was given. Finally, the perfor-
mance of the controller along the constant Reynolds number-
constant load factor flight-test trajectory was evaluated in a
closed-loop simulation. The controller implementation in a
manned aircraft simulation and flight test is currently
underway.
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