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Control Stick Logic in High-Angle-of-Attack Maneuvering

Wayne C. Durham*
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The relationships between pilot control stick inputs and control effector deflections are examined. Specifically, we
address multiply redundant control effector arrangements and command-driven control laws. During high-angle-
of-attack, low-dynamic-pressure maneuvering, there is both a control power and control coordination problem.
Control effector deflections are not one to one with pilot inputs, and the maximum capabilities of effectors to
respond to pilot inputs varies dynamically with the state of the airplane. The problem is analyzed in the context
of a generic control law that continuously regulates sideslip. A means is presented to relate the fixed control
effector limits to the dynamically varying control response limits. This information may be used to re-establish the
one-to-one correspondence of pilot inputs to control capabilities.

Nomenclature

= force

= gearing ratio

= moment of inertia

transformation matrix

aerodynamic lift, drag, and sideforce, wind axes
rolling, pitching, and yawing moments
mass

vector of moments (or moment coefficients)
rolling, pitching, and yawing rates

thrust

vector of control effectors

velocity

angle of attack

sideslip angle

pilot control input

= Euler angles
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Subscripts

= bare-airframe aerodynamic force or moment
= body axes

= control-generated force or moment
commanded

lower

principal axes

upper

= wind axes
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Introduction

N the past few years there has been an increased emphasis on ex-

ploiting the capabilities of high-performance tactical airplanes to
maneuver at high angles of attack and low dynamic pressure. This
emphasis has resulted in rapid advances in several areas of dynamics
and control, including the design of nonlinear flight control laws'~3
and the utilization of multiple control effectors.>6~?

There is seldom a problem with control power or control coordina-
tion when maneuvering at high speeds. Conventional aecrodynamic
control effectors are capable of creating angular accelerations in ex-
cess of the limitations of the pilot and in some cases of the airframe.
At the low angles of attack associated with high-speed flight, the air-
plane’s principal body axes and nearly aligned with the wind axes.
As aresult, the pilot’s control actions are very nearly kinematically
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decoupled in roll, pitch, and yaw, so that the control inputs required
to maneuver are intuitive.

Low-speed, high-angle-of-attack maneuvering places demands
on both control power and control coordination. At low dynamic
pressure, many of the controls are only marginally effective, and
maneuvering capability is determined by the physical limitations of
these controls. At high angles of attack, the wind and reference body
axis systems are far from coincident, so that lateral-directional con-
trol and response becomes highly coupled. The control coordination
must be provided either by the pilot or the flight control system.

The control law answer to the low-dynamic-pressure/high-angle-
of-attack coordination problem has been to translate the pilot’s stick
and rudder inputs into demands for angular accelerations in the ap-
propriate coordinate system and to drive the control effectors as
required. Multiaxis maneuvering at the limits of the airplane’s capa-
bilities using multiply redundant control effectors, usually requires
a complex control allocation scheme.

With the control law interpreting the pilot’s inputs and working
out the details of control allocation, correspondence between the
pilot’s control inputs and the actual control effector deflections be-
comes very complicated. To illustrate this, consider a simple full
lateral stick input at high angle of attack. The stick input may be
interpreted as a requirement for a first-order roll response about the
velocity vector, accompanied by no change in either angle of attack
or sideslip. This is the classic velocity vector roll. The angular ac-
celerations required to accomplish this maneuver are quite complex
and generally require moments about all three axes. This in turn
requires carefully blended combinations of the actual control effec-
tors, and the right combination will vary throughout the maneuver.
The actual deflections of the control effectors at any point in time
are clearly not one to one with the pilot’s inputs. »

Past research in relating the pilot’s demands to the control ef-
fector limits has treated maximum demands as invariant and then
attempted to find the combination of control effector deflections
that “best” satisfied that demand. This approach is reflected in the
design of modem tactical aircraft* in which, for example, lateral
control sensitivity is expressed as a number (Py,/8; 1., ) that is fixed
over quite large ranges of dynamic pressure. Thus full lateral stick
isinterpreted as a demand for a roll response that results (through an
artificially generated roll mode time constant) in the desired steady-
state roll rate. Half lateral deflection is interpreted as half the max-
imum steady-state roll rate. If a given demand is not attainable,
then various schemes may be used to best satisfy the demand. In
early control allocation research, we considered the control effec-
tors’ moment-generating capabilities and elected to scale the excess
moment demands to the maximum attainable moment in the same
direction (as a vector in moment space) as that demanded. There is
little justification for doing so, save that it is relatively easy to cal-
culate. More defensible is the notion of allocating the controls so as
to minimize the difference between the airplane’s actual trajectory
and that which would result if the controls were unconstrained.
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During any period of time in which a control law is making exces-
sive demands of the controls, the control law is invalid: The assump-
tions on which it is based are no longer true. The actual trajectory of
the airplane that results is not predicted by any simple theory, and to
minimize the difference between the actual and desired trajectories
may be a meaningless exercise. If the actual trajectory results in a de-
parture from controlled flight, then our minimization has only picked
the smallest elephant in a charging herd to be the one to trample us.

We propose to resolve this problem by relating the maximum de-
flections of the pilot’s controls to the maximum effects attainable at
the current flight condition. Any effect assigned to a particular pilot
input—sideslip to rudder deflection, for example—may be analyzed
at some level as a demand for the combinations of control-generated
moments required to achieve the effect. These demanded moments
must lie within the attainable moment-generating capabilities of the
control effectors. We determine the control effector coordination
required to generate a particular effect and the maximum effect that
the coordinated controls can physically attain. The results are the dy-
namically varying maximum capabilities of the control law/control
effectors. This information may then be used in the interpretation of
the pilot’s inputs to ensure that the full capabilities of the airplane
are available to the pilot and that the pilot never commands more
performance than the airplane is capable of delivering.

Analysis

Assumptions

We make the usual assumptions of a flat, nonrotating, inertial
Earth and a rigid body. The notation used below is that accord-
ing to Etkin in Ref. 10. Our analysis will be conducted in both the
wind-axis and a body-fixed-axis system. We assume for simplicity
that all necessary transformations have been made so that our ref-
erence body-axis system coincides with the principal axis system.
The airplane is assumed to have a plane of symmetry.

The major assumption below is that the desired and actual sideslip
B is zero. Nonzero sideslip could be accommodated in the analysis
with some increase in complexity, but it would not qualitatively
change the results. Our objective is to determine the conditions under
which anideal control law operating with limitations on the available
control effectors can achieve the goal of zero sideslip. We also take
the component of thrust in the y direction (wind or body axes) to
be zero. We assume that the aerodynamic side force is a function
only of sideslip and control deflections; with our assumption of zero
sideslip, the aerodynamic side force is therefore a function of control
deflection alone.

We assume that the aerodynamic moments may be affinely sep-
arated into bare-airframe moments (subscript A) plus contributions
from the controls (subscript C):

L=Ls+L¢
M=My=Ms+Mc (1)
N =N,+ N¢

We will require knowledge of the moment-generating capabilities
of the control effectors. From this we assume the moments that are
attainable within the constraints imposed on the effectors are known
and can be analyzed.

Equations of Motion
The force equations in the wind-axis system are given by

Fo,=mV
wa =mVr, (2)
sz =—m qu

where
Fow =Ty~ D~ mg sin 9w
wa = Tyw -C+ mg Cos 6y sin gy, )

Fopy =T, — L +mgcos, cosdy,

The body-axis pitching moment equation, with the assumption
of principal axes, is

M= ypq - (Izp - xp)rp 4)

The pilot’s lateral-directional inputs will be related to wind-axis
angular accelerations, for which the equations of motion are

LW = ixpW - ixer + prW - IxziW
+ (Iz - Iy)quW - IszwlZW (5)
Ny = ier - iszW + Izi'W - Ixsz

+ (Iy - Ix)pqu + IxqurW (6)

The body-axis forces, moment, and angular rates are related to
their counterparts in the wind axes by the transformation L zy . With
our assumption of zero sideslip, this transformation is

coseg 0 —sing
Lpw = 0 1 0 @)
sine 0 cosa

where « is measured from the reference (principal) body x axis to
the wind x axis.

The instantaneous values of the moments of inertia in the wind
axes are related to the principal moments of inertia by

I, 0 ~—I, L, 0 0
O Iy O = LWB 0 Iyp 0 LBW
-, 0 I 0 0 I

or

L =1, cos’ o + I, sin® o
Iy =1y,
@®

I, =1, sin? o -+ L, cos?
I, = (I — Ip) sina cos o

The inertia rates needed to Egs. (5) and (6) are found by differ-
entiating Egs. (8):

I = 2(I, — I,;,) sinar cos e
I, = =2(I, — Ip) sina cos auct ®

I, = (I, — I,)(cos* a — sin® @)a

Pilot Inputs
Rudder Pedals

Rudder pedal inputs are taken as commands for sideslip. The
means to effect the commands is through the application of appro-
priate wind-axis yawing moments. The primary aerodynamic effects
of sideslip occur in the rolling and yawing moments and in the side
force C.

The wind-axis yaw rate is given by the second of Egs. (2). The total
side force is Fy,, = Ty, — C + mg cos 6, sin ¢,,. For convenience
we neglect the component of thrust in the y direction and assume
the aerodynamic side force is a function only of the control effector
deflections # and the sideslip 8. We further assume that none of the
control effectors has the capability of generating pure side force and
that this effect is secondary to their moment-generating capabilities.

Further assume that the control law has done its job perfectly, and
the actual sideslip is equal to that desired, here assumed to be zero.
Denote by C* the aerodynamic side force that is present when the
sideslip is its commanded value S, = 0. Then, for arbitrary values
of thrust, orientation of the wind axes, and control effector positions,
there is a corresponding F);, and a yaw rate ry, that must be present
if these conditions are to hold:

ey (10)

*
rw =
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This exact value of ry, must be continuously generated by our
perfect control law, or the actual value of sideslip will not track
that which is desired. This is accomplished by the generation of
appropriate rolling and yawing moments, Egs. (5) and (6), for which
we require 1y

Pl —_—&_F;WV=F;W_F;WFXW (11
Y“mv  mv? mV mv?

Denote by L}, and Ny, the wind-axis rolling and yawing moments

that obtain when ry = ry, and fy = ry;:

L;V = ixpW - I.xzr;v + Lipw — Ixzi";/
+ (Iz - Iy)qu;V — Iz Pwqw (12)
N;V = jzr;, - -xsz + Izr;v - Ixsz

+ Uy = LYpwaw + Leqwry (13)

The moments L}, and N7, consist of bare-airframe aerodynamic
contributions and of control effector contributions. The control ef-
fector contributions are therefore those that our perfect control
law must have commanded in order to regulate the sideslip. Any
other lateral-directional control requirements must be satisfied in
such a manner that the required wind-axis yaw acceleration is
unaffected.

Lateral Stick

Lateral stick inputs are taken as commands for roll rates about
the instantaneous velocity vector. The velocity vector is not fixed
with respect to Earth nor with respect to the body axes, except that
(with our assumption of no sideslip) it always lies in the plane of
symmetry of the airplane.

The wind-axis roll rate is to be commanded by the pilot’s input,
according to a gearing ratio G , that relates maximum lateral stick to
some maximum wind-axis roll rate. Denote the commanded input
as pw,, so that

pw. = Gpé, (14)

We assume that our perfect control law shapes the rolling response
according to a first-order response,

pw, = 2, (pw — pw,) (15)

Longitudinal Stick

There are several choices for the interpretation of longitudinal
stick inputs. Here we consider longitudinal stick inputs as either
angle-of-attack or body-axis pitch rate commands. Neither interpre-
tation is without difficulties. For high-angle-of-attack maneuvering,
a body-axis pitch rate command system suffers since, with § = 0,
we have & = g — gqy. The commanded parameter is ¢, and gy is
determined by the third of Egs. (2). Thus the possibility exists for o
to attain unacceptable values. On the other hand, pilots (excluding
engineering test pilots trying to get a data point) are not particularly
interested in the specific value of angle of attack, only that it con-
tribute to the accomplishment of some task. Moreover, there may
be no logical choices for minimum and maximum desired angle of
attack that we can relate to full forward or aft stick. At high dy-
namic pressures, angle of attack has clear meaning to the pilot as
a load factor command, but there is no such simple relationship in
Lhe regions of highly nonlinear lift vs angle-of-attack of concern

ere.

We assume the airplane has no direct lift control capability and
that any change in angle of attack will be commanded through con-
tro] of the body-axis pitch rate. With this assumption, both the angle-
of-attack and body-axis pitch rate command systems will command
some specific value of ¢. For simplicity, we assume a first-order
response similar to that used for lateral commands:

ge=G,8, (16)

46 = )‘q(q - qc) (17)

The commanded variables are therefore 8, pw, and q. We will
designate the pilot’s inputs as dg, §,, and §,, with stick and rudder
limits of &1 unit from centered positions.

Control Effector Requirements

The capabilities of the control effectors to generate moments
may be represented in any desired coordinate system, but such
data are normally available in the reference body-axis system. We
therefore incorporate the interpreted pilot inputs into the wind-axis
rolling and yawing moment equations, and project the requirements
back into the reference body axes. After some simplification, we
arrive at

. F,sina
L* = LA, cosa(pw — pw.) + —— (L = Lp)pw
F,cosa .
p = Lip)g + (I — Lyp) sina(pwq) (18)
mV
F,F,cosa F,F,sinax . Fy sina
m2Vy? Ty = L) + P A VA
. F,(I,, — I,,) cos 2«
M* = I,k (q — q.) + =2 m“,” 2%
1. F(l,p, — Lp) sin 2«
+ 5 sin 20(L, — Lp)py — == Ty (19)
. F,cosx
N* = LpAp s1“"‘(17W - PWC) + sz Uzp = Iyp) pw
F,sino
);nV (Izp - xp)q + (Izp - Iyp) COSOl(qu) (20)
F,F;sina F.F,cosa F, cosa
m?y? (B = Lp) = P e A

Recall that, built into these equations, are the yaw rates and ac-
celerations required to maintain zero sideslip. The moment contri-
butions of the control effectors that are required to maintain zero
sideslip are

L=L*—La(p,r, B) @1
M;=M"—Mu(q,a,a) (22)
NI =N*"—=Nu(p, 1. B) (23)

The control effector requirements are related to the pilot’s com-
mands as

L} = —I )k, cosapy, + fule, B, V, pw, ow, 6w) (24)
M: = _Iypxqqc + fM(ay ﬁs q, v, Pw, ¢W; GW) (25)
NI =L\, sinapy, + fnle, B, V, pw, dw,0w) (26)

The functions f;,, fu,and fy represent everything thatisleftover
in Egs. (21-23) after separating the commanded variables. These
functions are therefore the moments the controls have to generate to
satisfy the requirement 8 = 0, given the current values of pw and
q, and the other states listed as arguments.

We may use Egs. (24) and (26) to characterize the roll-yaw co-
ordination required of the control effectors in response to a lateral
stick command. At any instant, we must have

<L, sinaA I
AN. _ —lprpsineldpy, L @7
AL, —~ILpA, cOsSaApw, Ly

Pitch commands, of course, are orthogonal to the roll-yaw plane.
This fact, along with the requirement of Eq. (27), defines a plane
surface in three-dimensional space of the moment-generating capa-
bilities of the control effectors. This plane is affine to the origin of
the control effectors’ moment space and must pass through a point
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Fig.1 Attainable moment subset.

Cuc S

Fig.2 TII. plane of C,, = C;,.

defined by Egs. (24-26). We will denote this plane as IT. The pilot
may command any combination of wind-axis rolling and body-axis
pitching accelerations in this plane without creating unwanted yaw-
ing accelerations.

Attainable Moments

Associated with any configuration of multiply redundant control
effectors that are constrained to certain limits is a set of moments the
effectors may generate within those constraints. This is the attainable
moment subset (AMS) and has been fully described in Refs. 8 and 9.
Depending on the scheme used to allocate the control effectors, the
actual attainable moments may be less than the maximum AMS. To
avoid having to address the various control allocation schemes in
use, we assume that the maximum AMS is available.

In the subsequent discussion, we will deal with the moment coef-
ficients rather than the moments themselves. Figure 1 shows a typi-
cal AMS intersected by the plane IT defined by Eq. (27). Although
the AMS depicted is based on actual data for a seven-control F-18
fighter configuration, we will treat it as representative of multiply re-
dundant control configured tactical airplanes. The moments shown
in Fig. 1 are, of course, deltas to be applied to the bare-airframe
C;, Cy,, and C,, to yield the total moments.

The plane IT must intersect the AMS or the airplane is instan-
taneously out of control. If this plane does not intersect the AMS,
then the moments required to satisfy the pilot’s commands and to
regulate the sideslip are not available, and for some finite time these
variables will evolve according to whatever moments are available.
The position and orientation of IT are dynamically varying, so it is
possible that the states of the airplane will evolve in such a man-
ner that the airplane returns to a controlled condition. The ultimate
consequences of such a condition are not predictable, but for some
finite time the airplane has departed.

Denote the intersection of IT with the AMS as TI1,, and assume
Il # @. Figure 2 shows IT and I1, in the plane C,, = C}. The
orientation of IT with respect to the C;.—C,,. axes is determined by
Eq. (27) and here is representative of an airplane with I, : [, = 1:7,
o = 30 deg. Also shown in the figure is a notional point C}, C}
from Egs. (18) and (20). At the instant at which Fig. 2 is valid,

Crme =0

Crme

*
Cl.Cm. Cy

Fig. 3 In-plane view of IT,.

the pilot may command wind-axis roll rates that correspond to any
point on IT,.
Figure 3 is a notional view of Il from a normal to its surface.

Interpreting the Pilot’s Inputs

At first glance it appears we must evaluate the functions fi, fy,
and fy in Eqgs. (24-26) before we can determine the location of
(C}, Cy, C) and hence the moment-generating capabilities that are
left over to satisfy the pilot’s inputs. Indeed, many of the terms
in these functions are routinely assumed known in the design of
dynamic inversion and model-following control laws.

Rather than evaluate the functions, we can infer the location of
(Ct, Cy,, Cr) by returning to the assumption of a near-perfect con-
trol law. This control law correctly calculates the control effector
deflections required to maintain zero sideslip, but it does not “know”
the minimum and maximum values of py and g that it is allowed to
command within the constraints imposed on the control effectors.

If the control law assumes too great a value for these extremes,
then the control effectors will be saturated before the pilot’s stick
inputs have reached their maximum deflections. In other words,
a small nose-down pitch command could exhaust the nose-down
pitching moment capabilities of the airplane. A large nose-down
pitch command would produce exactly the same response as a small
one. Pilots naturally expect that more stick will yield more response
and are likely to find this characteristic unsatisfactory in terms of
flying qualities.

A more insidious condition arises if the control law assumes too
small a value for the extremes of py and g that it may command. The
control law would then not be utilizing the maximum capabilities
of the control effectors. The unused capabilities translate directly
into unnecessary extra weight on the airplane: smaller or fewer con-
trol effectors, properly utilized, could obtain the same performance
as the existing ones. Seen another way, the pilot executing a de-
fensive maneuver against a surface-to-air missile wants maximum
performance from the airplane, not just that which was convenient
to design and still meet specifications.

Let us then assume the control law has some fixed values in mind
for the maximum values of py and g that it is allowed to command,
say G,8, and G,4,. The actual value is not important, since it is
bound to be wrong anyway. To avoid cluttering the discussion, let us
take a pure right lateral stick input (longitudinal stick fixed) of arbi-
trary magnitude for consideration, or pw, =xG,8,,0 <x < 1. The
control law calculates the control effector deflections necessary, ac-
cording to pw, = A,(pw — pw,). Since the control law is also
regulating the sideslip, this combination of controls lies in ITby defi-
nition. If we know the effectiveness of the control effectors (loosely,
the B matrix) at the current flight condition, then C},, C,. ., and C;;.
are known. The orientation of I is completely determined by spec-
ifying I, I, and & in Eq. (27), here presumed known. We therefore
know the position and orientation of IT relative to the original of the
AMS, and that is sufficient for our purposes. Thus Fig. 2 is deter-
mined, and the point C;, C% is the point our control law has selected
based on a maximum py, of G 8.

To continue, we must assume the AMS is known and that we
may calculate the intersections of arbitrary lines with the facets of
the AMS. Methods for determining the AMS and performing the
necessary calculations were developed in Ref. 9. We may therefore
calculate the boundaries of I, on the AMS. Figure 4 shows the two
points of interest, denoted m, and m;. For a right stick deflection,
m, is the moment of interest.
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(chz xGp bp )

7v£l(:

C}.Cn.Cn
Fig. 5 Conflicting roll-pitch requirements.
The rest is algebra. Since we know the moments at some percent-

age of our presumed maximum and at the actual (as yet unknown)
maximum, we may write

Lo = —Iyh, cosa(pw — pwc,max) + 11 (28)
Lt = —~Lphpcosa(pw — xGpdp) + fr 29)
so that
L*— L,
— te G.6 30
PWemax Lphpcosa + XG0 ©0

Here we have used the rolling moment equation to calculate the
actual maximum commandable roll rate py, . The yawing mo-
ment equation would do as well, unless « is very small and sin«
nears zero. The yawing moment should, of course, be used if o nears
90 deg.

Note that the minimum (maximum negative, or left) roll rate that
may be commanded is in general not the negative of the maximum
positive roll rate. This is caused by the irregular shape of the AMS
plus the overhead of maintaining zero sideslip.

We may obviously repeat the procedure described above for a lon-
gitudinal pilot input with the lateral command fixed. At any instant
we can calculate the minimum and maximum rolling and pitch-
ing rates that the pilot may command. We may elect to intercept the
control law’s commands and modify them to reflect this knowledge,
so that at each instant the pilot has the maximum of the airplane’s
capabilities at his fingertips. Alternatively, if the minima and max-
ima thus determined are slowly varying, we may simply update the
control stick gearing for use in the next iteration.

We have been careful to consider the lateral and longitudinal
inputs independently in the preceding discussion. The reason for
this is that there will almost always be a conflict between maximum
pitching and rolling requirements. This is obvious in view of the fact
that Fig. 3 is not a rectangle. The physical origin of this problem
lies in the use of opposing (left-right) control effectors both differ-
entially and symmetrically. Consider, for example, the horizontal
tail surfaces. If they are generating a maximum pitching moment,
then there is no possible differential movement for rolling. If they
are generating a maximum rolling moment, then their symmetric
contribution is their average deflection, which is now fixed.

Figure 5 shows the rolling—pitching conflict schematically. This
stick is assumed to be full aft and full right.

InFig. 5, the point m, represents the effect of satisfying the lateral
command first: There is nothing left over for the longitudinal com-
mand. Point m; represents the effect of satisfying the longitudinal

command first and using what is left over for the lateral command.
Point m, may be considered slightly preferable to m,, since there is
at least a small amount of roll response.

Along the boundary of I1, from m; to m; are other solutions, for
example m;. If the pilot is willing to give up some pitch command
to get more roll, or vice-versa, there may be some solution like m;
that the pilot prefers to all the other choices. The problem is stick
position alone does not signal such a preference: the stick is in the
corner. The pilot does not have a picture of Fig. 5, which at any rate
is dynamically varying.

We leave the question of roll-pitch conflict resolution with two
suggested remedies. Neither remedy is conventional, but we of-
fer them with a straight face to a community that has seen two-
position wings (F-8 Crusader) and telescoping control sticks (early
A-4 Skyhawks).

1) Since stick position, once at its limits, does not convey the
pilot’s intentions or desires, we suggest that the addition of stick
force measurements will. Thus, even though the stick is in the corner,
the pilot will presumably be trying to bend the stick more in one
direction than another. If this bending is in the direction of, say,
ms in Fig. 5, then mj is used to apportion the rolling and pitching
commands.

2) The problem with the surface I, is that its shape does not
match the rectangular shape of the control stick limits. It is unlikely
that any combination of multiply redundant control effectors could
make I, rectangular. We therefore propose that a stick feel sys-
tem impose artificial limits on the control stick travel such that it
is shaped like IT. If this can be done, then the one-to-one corre-
spondence between the pilot’s inputs and the airplane’s responses
will be established, and the airplane will have no surprises or hidden
capabilities for the pilot.

No-Sideslip Requirement

It is obvious that no control law can perfectly regulate sideslip at
all times. The equations derived above for the no-sideslip require-
ment do not constitute a contro! law but only state what moments a
perfect control law must be commanding if it is perfectly regulating
sideslip. A practical control law will not be able to anticipate those
moment requirements, but instead will be responding to measured
nonzero sideslip. .

The response of a control law to such errors in regulation will
generally be to command a wind-axis yaw acceleration to drive the
nonzero sideslip toward zero. Such an acceleration is orthogonal to
I1.. We may therefore think of IT, not as a mathematical plane, but
rather as having some thickness. The thickness of I, then represents
the potential control activity required to regulate the sideslip and
will depend upon how sideslip regulation is performed, i.e., what
the gains are and how much sideslip can be reasonably expected
during maneuvering.

Conclusions

We have presented an analysis of the interrelationships between
pilot’s inputs, the control law’s interpretation of those inputs, and
the control effectors’ ability to satisfy the control law’s demands.
The path from the stick to the control effector is convoluted indeed
and admits of no obvious generalizations or simplifications.

A method was presented to calculate the instantaneous inter-
pretation of stick inputs in terms of the maximum commendable
wind-axis roll rate and pitch rate. Clearly the most demanding
requirement of the calculation is the knowledge of the attainable
moment-generating capabilities of the control effectors. That such
knowledge is required should come as no surprise, however, since
the limitations of the control effectors lie at the heart of the problem.

Acknowledgment

This work was conducted under NASA Grant NAG-1-1449, su-
pervised by John V. Foster of the NASA Langley Research Center.

References

1 Azam, M., and Singh, S., “Invertibility and Trajectory Control for Non-
linear Maneuvers of Aircraft,” Journal of Guidance, Control, and Dynamics,
Vol. 17, No. 1, 1994, pp. 192-200.



DURHAM 1097

28nell, S. A., Enns, D. F., and Garrard, W. L., “Nonlinear Inversion Flight
Control for a Supermaneuverable Aircraft,” Journal of Guidance, Control,
and Dynamics, Vol. 15, No. 4, 1992, pp. 976-984.

3Bugajski, D., Enns, D., and Hendrick, R., “Nonlinear Control Law
Design for High Angle-of-Attack,” High-Angle-of-Attack Projects and
Technology Conference, NASA Dryden Flight Research Facility, April
1992.

4 Air Force Wright Aeronautical Laboratories, “Design Methods for Inte-
grated Control Systems,” AFWAL-TR-88-2061, June 1988.

SDurham, W., Lutze, F,, Barlas, M., and Munro, B., “Nonlinear Model-
Following Control Application to Airplane Control,” Journal of Guidance,

Control, and Dynamics, Vol. 17, No. 3, 1994, pp. 570-577.

SLallman, F. J., “Relative Control Effectiveness Technique with Applica-
tion to Airplane Control Coordination,” NASA TP 2416, April 1985.

"Lallman, F. J., “Preliminary Design Study of a Lateral-Directional Con-
trol System Using Thrust Vectoring,” NASA TM 86425, Nov. 1985.

8Durham, W., “Constrained Control Allocation,” Journal of Guidance,
Control, and Dynamics, Vol. 16, No. 4, 1993, pp. 717-725.

9Durham, W., “Constrained Control Allocation: Three-Moment Prob-
lem,” Journal of Guidance, Control, and Dynamics, Vol. 17, No. 2, 1994,
pp- 330-336.

10Etkin, B., Dynamics of Atmospheric Flight, Wiley, New York, 1972.



