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Rolling Maneuver Load Alleviation Using Active Controls
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Rolling maneuver load alleviation (RMLA) has been demonstrated on the Active Flexible Wing wind-tunnel
model in the NASA Langley Transonic Dynamics Tunnel (TDT). The objective was to develop a systematic
approach for designing active control laws to alleviate wing loads generated during rolling maneuvers. Two
RMLA control laws were developed that utilized outboard control surface pairs (leading and trailing edge) to
counteract the loads and used inboard trailing-edge control surface pairs to maintain roll performance. Rolling
maneuver load tests were performed in the TDT at several dynamic pressures including two below and one
11% above the open-loop flutter dynamic pressure. Above open-loop flutter, the RMLA system was operated
simultaneously with an active Flutter Suppression System. At all dynamic pressures for which baseline results
were obtained, torsion moment loads were reduced for both RMLA control laws. Results for bending moment
load reductions were mixed; however, design equations developed in this study provided conservative estimates
of load reduction in all cases.
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/ = distance between model e.g.
and roll axis, in.

M = moment, in.-lb
M0 = steady-state moment at 0-deg

roll angle, in.-lb
M90 = steady-state moment at

90-degree roll angle, in.-lb
m = model mass, Ib-s2/in.
u = input vector
jc, x = vector of state variables and

its time derivative
y = output vector
8 = vector of control surface

deflections, deg
</>, </>, (j> = roll angle and its time

derivatives

Introduction

W ITHOUT the use of active controls, it is necessary to
provide passive solutions to the suppression of unfa-

vorable aeroelastic response that result in increased structural
stiffness of the wing and, thus, in increased weight. In the
past 20 yr, the use of active controls has been investigated
extensively as a means to control the aeroelastic response of
aircraft. During this time, gust load alleviation using active
controls has been successfully implemented on aircraft such
as the Eockheed E10111 and the AIRBUS A320.2 Flutter
suppression has been demonstrated through wind-tunnel test-
ing of a variety of aircraft,3 4 and validated in flight testing on
such aircraft as the B-525 and the F-4F.6 Until recently, how-
ever, the use of active controls has not been successfully de-
veloped to alleviate wing loads generated during rolling ma-
neuvers. Consequently, aircraft wings are still designed to
support the increased loads generated during rolling maneu-
vers through added structural stiffness. The resultant increase
in wing weight of the designed aircraft may be unnecessary
if active controls technology is available to alleviate loads.
Some past research has indicated the feasibility of rolling
maneuver load alleviation (RMEA) using active controls.

During early testing of the Active Flexible Wing (AFW)
wind-tunnel model in 1987,7 maneuver load control systems
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were demonstrated for longitudinal motion of AFW. The con-
cepts involved reducing a wing-root bending moment during
pitch maneuvers through the use of angle-of-attack feedback,
scheduled wing cambering using control surface deflections,
and bending-moment strain gauge feedback. Significant re-
ductions in bending moment were achieved. Based on this
success, the possibility of designing a control law to actively
reduce wing loads during rolling maneuvers was considered
feasible. During the same 1987 test, an active roll control
system (ARC) was developed to maneuver the model to a
commanded roll angle position at a specified roll rate. During
evaluation of this control law, the potential for using active
controls to redistribute wing loads during rolling maneuvers
was recognized. However, a systematic approach for design-
ing control laws to reduce wing loads during rolling maneuvers
was not developed.

The intent of the current research was to develop RMLA
control laws that would reduce dynamic wing loads dur-
ing fast rolling maneuvers using digitally implemented
active controls. A systematic synthesis approach is defined
for developing RMLA control laws. Using this approach,
two RMLA control laws were developed for the AFW wind-
tunnel model, and results from controlled rolling maneuvers
performed in the Langley TDT, both below and above
(using a flutter suppression control law operating simul-
taneously with RMLA) the open-loop flutter boundary are
presented.

RMLA Design Concept
The original objective of the research presented in this

article was to develop an active RMLA control laws design
that would attempt to alleviate both bending and torsion mo-
ment wing loads during fast rolling maneuvers. Specifically,
the basic RMLA design concept employed herein involves
designing controls laws that minimize the peak deviation of
the wing loads during a rolling maneuver from their steady-
state value prior to the maneuver. Partial motivation for
choosing the peak deviation from the steady-state value as a
basis of load reduction is due to the large artificially induced
static loads that result from the model being constrained to
roll about a sting in the wind tunnel. This would not be the
same for a real aircraft in flight. The basis for RMLA design
in that case could be, e.g., the loads about the load point
induced by gravity. However, the systematic synthesis ap-
proach defined in this article for developing RMLA control
laws would still be the same. In addition to reducing peak
incremental loads, the control laws were designed to meet
specified "time-to-roir performance requirements and cer-
tain stability-margin requirements. Also included in the con-
trol law design was the requirement that the control laws be
implemented by a digital controller.

To evaluate load reduction, it is necessary to compare loads
sustained during a rolling maneuver employing an active RMLA
control law against those of a baseline rolling maneuver having
the same time-to-roll performance. Consequently, a baseline
control law had to be designed that met the same time-to-roll
performance and stability-margin requirements as the RMLA
control laws. The baseline control law, described in this ar-
ticle, served as a measuring stick against which to calculate
load reductions achieved by each of the RMLA control laws
for specified rolling maneuvers.

The AFW concept was developed at Rockwell International
Corporation in the mid!980s.7 This concept exploited, rather
than avoided, wing flexibility to provide weight savings and
improved aerodynamic performance. Details of the AFW model
including the model construction and rotatable sting mount
and tip ballasts are provided in an accompanying summary
paper and Refs. 7-9. The control laws described in this doc-
ument were implemented during wind-tunnel testing using the
digital controller system (DCS), and the details of the con-
troller are presented in Ref. 10.

Plant Equations
As stated earlier, the ARC system,11 designed to minimize

control surface deflections during rolling maneuvers, was ex-
perimentally evaluated during the 1987 AFW wind-tunnel test.
The assumption made in that study was that the frequency
content of the commanded input was well below the frequency
of the first flexible mode so that the flexible modes would not
be excited by the motion of the control surfaces designed for
rolling maneuver load control. Because only rigid-body mo-
tion was used in the design of the ARC system, and because
analytical and experimental results compared well in this pre-
vious study, it was considered sufficient to design RMLA
control laws in the present study using only the rigid-body
roll equation. Consequently, the RMLA control laws pre-
sented herein used only the rigid-body roll equation and load
equations in the design model.

The rigid-body roll equation of motion for the open-loop
wind-tunnel model used in both this study and that of Ref.
11 is described by Eq. (1):

mgl sin (/> = (1)

Many of the coefficients and variables used in the equation
were originally defined in Ref. 12; however, Eq. (1) differs
in two ways from those of Ref. 12: control-surface rate de-
rivatives have been neglected, and the quantity mgl sin </>,
referred to herein as the pendulum term, has been added.
This pendulum term quantity is necessary because the e.g. of
the wind-tunnel model is a distance / below the roll axis of
the model. This term is not representative of real aircraft,
and causes Eq. (1) to be nonlinear. The nonlinear term can
be linearized for small roll angles by the fact that sin 4> ~ </>
(</> in radians); however, for the large roll angles experienced
during wind-tunnel testing, the small angle assumption is vi-
olated. Nevertheless, this assumption was still considered rea-
sonable in order to obtain estimates of behavior using a lin-
earized model that includes the pendulum effect, and to simplify
the design of control laws, a linearized model of the plant
was desired. To this end, three sets of plant equations were
developed. The first was comprised of linearized state-space
equations with the nonlinear pendulum term included explic-
itly, the second included a linearized pendulum term in the
linearized state-space equations, and the third was a linearized
state-space design model that contained no pendulum term.
The first two were simulation models used for evaluation of
analytical results; the last was used for the actual RMLA
control law design. A discussion of the techniques used to
identify plant parameters for the plant equations from ex-
perimentally obtained data is presented in Ref. 13. A study
of the relative moment contribution of the pendulum term
with respect to the moment due to control surface deflections
was performed to justify the exclusion of the pendulum term
in the design model. The details of this study are also pre-
sented in Ref. 13.
Nonlinear Model

Equation (1) can be expressed in state-space form as

x = Ax + Bu + Bc sin c/> (2)
where

« =
_

{(L*/ixx) OK
for / - LEOL, TE(\, TEIL, LEO*, TEI*

Be = {-(mg///v,) OK (3)
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Linear Model
Equation (2) is linearized by assuming sin (/> —

in the following linearized model:

x = Ax + Bu + Be<t> = A,x + Bu

resulting

(4)

where

-[_ \(LPIIXX} -(mgl/IK
0 (5)

and x, u, and B are defined as in Eqs. (2) and (3).

Design-Model Plant Equations of Motion
Simulation studies performed13 showed that the contribu-

tion to total rolling moment of the pendulum term due to
mass eccentricity relative to control surface deflections was
not significant during faster rolling maneuvers. As a result,
the pendulum term was removed from Eq. (2) to form the
design-model linearized plant equations in state-space form:

= Ax + Bu (6)

Plant Output Equations
Besides defining the roll angle and roll rate as output quan-

tities in the equations of motion, additional outputs of interest
for RMLA control law design are the torsion and bending
moments. The load equations, along with roll angle and roll
rate, are expressed in linearized state-space output equations
describing the roll rate, roll angle, and model loads experi-
enced during rolling maneuvers by Eq. (7)

y =

where

JLOADJ I ^LOAD

(7)

C,

JLOAD = i

/-> =

faM7 SMt
LOAD ~ ;)</) dd>

0 - [0 0 0 0 0 0]

(8)

for

j = LEOL, TE(\, TEIL, LEO*, TEO*, or TEI*

Equations (7) and (8) define the plant-output equations for
both the evaluation and design models. The parameters for
these equations were derived experimentally.13 The terms in
£LOAD are either a steady-state torsion moment or bending
moment at one of the inboard or outboard locations of the
left or right wing. Inertial loads were not modeled.

RMLA Control Law Synthesis
The approach used in this study to develop RMLA control

laws was based on observations of how incremental loads
varied during simulated rolling maneuvers and how control
surface deflections affected these loads. The linear design-

model described by Eq. (6) above was used as the basis of
the RMLA design. Additionally, output equations described
by Eqs. (7) and (8) formed the basis of the load calculations;
however, for the design model, the steady-state loads M0/,
were assumed to be 0 (£LOAD = 0), meaning that the incre-
mental loads were assumed to equal to the output loads. For
other elements in the design model, the experimentally-de-
rived parameters were used.

The basic design objective for RMLA was to reduce incre-
mental loads generated during a rolling maneuver with no
roll performance penalty. As previously mentioned, this meant
developing active RMLA control laws that would attempt to
alleviate both bending and torsion moment wing loads during
fast rolling maneuvers. Some preliminary studies using results
of control surface roll and load effectiveness from earlier 1989
wind-tunnel tests showed that the trailing-edge inboard pair
of control surfaces generated the largest rolling moments;
however, the outboard control surfaces demonstrated a more
substantial ability to affect incremental loads during rolling
maneuvers. This implied that the outboard surfaces could be
deflected a limited amount during a maneuver in order to
alleviate loads, and any roll performance lost due to this ac-
tuation of outboard control surfaces could be regained by
increased deflections of the trailing-edge inboard (TEI) con-
trol surfaces. From initial simulation studies, it was found that
bending and torsion moment loads were highly coupled to
each other and to the angular deflections of the control sur-
faces. This inherent coupling of the loads indicated that sim-
plifying the control objective by targeting the reduction of a
single type of load was plausible. Another simulation study
showed that when using the inboard control surfaces to roll
the model, torsion-moment peak incremental loads were sig-
nificantly larger relative to their steady-state values than the
respective bending-moment loads. Based on these preliminary
results, the original RMLA objective was modified to target
reductions of only the peak incremental torsion moments rather
than those of both the torsion and bending moments, making
the design effort significantly simpler. This modification meets
much of the original research objective, although care must
be taken that the tradeoff (in this case, possible increases in
the peak incremental bending moments) is not too severe.

The RMLA control law synthesis procedure used herein
involves four steps that are outlined as follows:

Step 1. Evaluate Control Surface Load Effectiveness
Evaluate the ability of each control surface to effect change

loads during rolling maneuvers.
Right and left control surfaces were deflected differentially

with a positive deflection to a control surface pair being de-
fined so that the left control surface was deflected upward
(negative) and the right downward (positive). Using a prelim-
inary design model, negative (differential) deflections of both
outboard control surface pairs were found to cause decreases
in outboard incremental bending loads. Similar results were
obtained for the inboard incremental bending loads and in-
board incremental torsion loads; however, only negative de-
flections of the trailing-edge outboard (TEO) control surfaces
resulted in decreases in outboard incremental torsion loads.
This implied that the TEO control surfaces should be the most
effective in reducing all incremental loads. Uncertainty, how-
ever, of the preliminary math model for this study led to the
decision to design control laws that used both sets of outboard
control surfaces, independently, as a first attempt in RMLA
control.

Step 2. Determine Potential Control Law Form
Establish effective control surface combinations and a feed-

back control law form that can potentially reduce dynamic
loads.

Based on studies discussed previously, it was decided to
develop two RMLA control laws which 1) actuated the TEI
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control surfaces in the positive direction differentially to effect
roll, 2) actuated outboard control surface pairs (either leading
or trailing edge) in the negative direction differentially to
reduce peak incremental torsion-moment loads, and 3) ad-
justed the control surface deflections based on the roll rate.
The RMLA control law consisting of a gain-feedback struc-
ture with low-pass filters as illustrated in Fig. 1 was selected
as the basic RMLA control law structure to be used for this
study. As mentioned, the structure includes roll-rate feedback
to the TEI, leading-edge outboard (LEO), and TEI control
surface pairs. Left and right wing control surfaces in each pair
are deflected differentially. In addition to the roll-rate feed-
back, the roll-rate command, describing the desired roll-rate
performance, is sent to the TEI control surface pair to effect
roll.

Since the first flexible mode frequency was above 7 Hz, a
8.75-Hz low-pass filter was included in each loop of the system
in order to minimize the effect of the RMLA control laws on
the flexible modes that would be present while testing and to
smooth the input command. As indicated in the figure, there
were a command input gain, labeled Kcom, and feedback gains
to TEI, TEO, and LEO, control surfaces labeled KTEl, KTEO,
and KLEO, respectively.

Step 3. Determine Control Law Gains
Iterate control system gains for various control surface com-

binations to determine a set which effectively reduces targeted
dynamic loads during specified rolling maneuvers.

Three control laws, referred to herein as A, B, and Base-
line, were developed using experimentally-derived equations
of motion and plant output equations. Each was designed to
meet test objectives at a design dynamic pressure of 150 psf
and corresponding Mach number of 0.33. The control laws
were then evaluated using the design model for q = 250 psf
and Mach of 0.44, and gains were iterated until torsion mo-
ments were effectively reduced. Control law A was defined
by roll-rate feedback to the TEO control surface pair and to
the TEO control surface pair with gains Kcom = 0.35, ATTEI
- -0.0625, KTEO = -0.0384, and KLEO = 0. Control law
B was defined by roll-rate feedback to the TEO control sur-
face pair and to the LEO control surface pair where Kcom =
0.30, Km = -0.0667, KTEO - 0, and KLEO = 0.0356. Finally,
the Baseline control law was defined by roll-rate feedback to
the TEI control surface pair only with Kcom = 0.35, KTm =
-0.0500, KTBO = 0, and KLEO - 0.

Step 4. Determine Control System Stability and Robustness
After iterating for a set of control system gains, check that

stability margins are adequate.
System stability was determined analytically for each closed-

loop system at the two design conditions, q = 150 and 250
psf, using each of the three control laws defined above. For
the stability analyses discussed herein, the parameters from
the experimentally defined models were used for the equa-
tions, and the roll-rate command, <£com was assumed to be 0.

Each of the three control laws presented was stable. Fur-
thermore, once system stability is established, stability mar-

gins can be determined using the method described in Ref.
14. With this method, the regions of guaranteed stability over
a system's operating frequency range can be predicted by
plotting the minimum singular value of the linear-system re-
turn-difference matrix on the universal gain and phase margin
diagram. Stability margins were considered adequate for these
control laws.13

Test Procedures for RMLA Performance Evaluation
Initially, control laws A and B and the Baseline control law

were tested at tunnel test conditions having dynamic pressures
of 150, 200, and 250 psf, and Mach numbers of 0.33, 0.39,
and 0.44, respectively. The model was configured for each of
these tests so that open-loop flutter would not be incurred.
Each RMLA-controlled rolling maneuver commenced with
the model positioned at 90-deg roll angle, and was terminated
shortly after the model rolled through 0-deg roll angle. Ma-
neuvers at q = 150 and 200 psf were performed with the tip
ballast coupled; however, those at q = 250 psf were per-
formed with the tip ballast decoupled in order to raise the
open-loop flutter dynamic pressure above the testing dynamic
pressure.

Rolling maneuvers were also performed above the open-
loop flutter dynamic pressure at q = 250 and 260 psf with the
tip ballast coupled. For these maneuvers, RMLA control law
B was implemented simultaneously with an active flutter
suppression system (FSS) using the control law described in
Ref. 15. During these multiple-function maneuvers, the roll-
ing maneuvers commenced with the model positioned at 70-
deg roll angle instead of 90 deg, and were terminated as the
model rolled through -20 deg. Because the steady-state plus
dynamic loads at 90 deg (prior to the rolling maneuver) were
too close to the preselected load limits of the trip system for
the wind-tunnel model, these changes were made to allow the
multifunction rolling maneuver tests to be conducted in a
dynamic load range where the loads were less likely to trigger
the trip system.

Figure 5 of Ref. 10 (also Fig. 16 of the accompanying paper
on the AFW digital controller) provides a description of how
the RMLA controllers were commanded during testing and
how the roll-rate commands were implemented on the digital
controller. It should be mentioned that in order to simplify
the control law design process, the rolling maneuver load
control laws were only designed to reduce loads for the por-
tion of the maneuver prior to the point where the roll-rate
commands were ramped off, identified as trin the figure, and
comparison of the results described herein are for this design
region only.

For both the single-function RMLA testing and the mul-
tiple-function testing, rolling maneuvers were repeated at each
test point for several different roll-rate commands to assure
that data obtained was in the performance range of interest.

Data Reduction for RMLA Performance Evaluation
Before describing the results obtained from wind-tunnel

testing, a brief discussion of the data reduction used to eval-
uate the RMLA performance is necessary. First, peak incre-
mental loads had to be extracted from test data for each rolling
maneuver performed. Four incremental loads were examined:
1) outboard incremental bending moment, AM,,0, 2) inboard
incremental bending moment AA//?/, 3) outboard incremental
torsion moment AM,0, and 4) inboard incremental torsion
moment AMr/. These incremental loads are defined for / =
O (outboard) or / (inboard) by

Fig. 1 RMLA control law structure.

. - MWhRj) - (Mhij ~ M9%/)](0 (9a)

±[(MtR. - M9%) - (Mtij - M9%.)](0
(9b)
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and peak incremental loads for all the rolling maneuvers were
computed from the experimental data using

AM/,. = max | AM*. (01

AM, = max | AM, (01

(lOa)

(lOb)

Controlled rolling maneuvers had different performance
times than the baseline maneuvers, and time did not permit
performing additional maneuvers to obtain the same perfor-
mance times. Because it was necessary to compare the RMLA
maneuvers with baseline maneuvers having the same perfor-
mance times, peak incremental loads obtained for baseline
maneuvers were interpolated as a function of perfor-
mance time to correspond to performance times equal to those
achieved during RMLA-controlled maneuvers.

Results and Discussion
Experimental results obtained using Eqs. (9) and (10) were

calculated for all RMLA-controlled rolling maneuvers and
the baseline-rolling maneuvers. Discussion and comparisons
of each of the resulting incremental loads and peak incre-
mental loads are too numerous to present in this article for
all maneuvers and test conditions; however, the resulting load
alleviation achieved using RMLA control laws A and B are
presented and the performance of the two control laws are

compared. Finally, an evaluation of the multiple-function per-
formance of RMLA control law B implemented with a flutter
suppression control law is presented.

Time History Comparisons of Incremental Loads
Some typical time-history results obtained during wind-tun-

nel evaluation for RMLA control law B are shown in Fig. 2
comparing incremental loads during a rolling maneuver con-
trolled by control law B with those from a corresponding
baseline maneuver having nearly the same performance time-
to-roll 90 deg. Since the performance times are nearly the
same, comparison can be made between the actual RMLA
and baseline load time histories rather than with only inter-
polated peak incremental loads. The rolling maneuver was a
90- to 0-deg roll at a dynamic pressure of 200 psf having
performance times of 0.645 s for control law B, and 0.65 s
for the Baseline control law. Roll-rate and roll-angle time
histories are shown in Figs. 2a and 2b, respectively. A vertical
dashed line indicates the approximate point in time at which
the RMLA-controlled rolling maneuver was considered ter-
minated, and the roll-rate command ramped off.

Decreases in incremental torsion moments are observed in
Figs. 2c and 2d for most of the rolling maneuver from 90 to
0 deg. In fact, there is a substantial decrease in peak incre-
mental outboard and inboard torsion moments from 495.1
and 1565 in.-lb, respectively, at 0.49 s for the baseline control
law to 265.6 and 885.8 in.-lb, respectively, at 0.4 s for control
law B. This substantial reduction in peak incremental torsion

Baseline controlled ——
RMLA controlled ——

Fig. 2 RMLA control law B controlled maneuver loads compared to baseline loads at q = 200 psf having performance times equal to 0.645
and 0.65, respectively: a) roll rate, b) roll angle, and the incremental c) outboard torsion, d) inboard torsion, e) outboard bending, and f) inboard
bending moments.
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moments using leading-edge controls was not predicted with
a preliminary design study; however, this reduction with re-
spect to the baseline rolling maneuver is typical of all the
RMLA-controlled rolling maneuvers for both control laws.

Similar comparisons for the incremental bending moments
(Figs. 2e and 2f) indicate increases in the peak incremental
load for the outboard and inboard bending moments, but all
peak incremental loads are nearly the same for the RMLA-
controlled maneuver. In fact, one incremental load which is
significantly larger than all the others for the baseline ma-
neuver, namely the inboard torsion moment, is brought within
the same level of load as all the others. Since the design criteria
did not include the peak incremental bending moments, it is
not surprising to see an increase in these as a result of lowering
the peak incremental torsion moments.

Similar decreases and increases in incremental loads were
observed for control law A, except there were more substan-
tial increases in incremental outboard bending moment for A
than B. The significance of the load increases in order to
evaluate the severity of tradeoff between decreases and in-
creases in incremental loads is addressed in the next two sec-
tions.

Typical Load Alleviation Results
The bar graphs shown in Fig. 3 summarize the percent

changes in peak incremental loads relative to the baseline for
both control law B, shown in Fig. 2, and a corresponding
maneuver for control law A. The first bar in each group
presents the baseline results; the second and third, the changes
corresponding to control law A and B, respectively. The figure
shows that the peak outboard incremental torsion moment is
reduced by 27.4% relative to the baseline case and peak in-
board incremental torsion moment is reduced by 52.3% for
control law A. There are corresponding decreases of 46.4 and
43.4% for control law B. However, there are increases in
bending moments for each control law. Specifically, there are
increases of 14.7 and 16.0% in the peak value of inboard
incremental bending moment. Peak outboard incremental
bending moment for control law A, however, is shown to
increase by approximately two and half times with respect to
the baseline, whereas that of control law B is 39.7%.

In order to gauge the significance of these results for each
load, a comparison can made between changes in peak in-
cremental loads and the static-load limits. It can be deter-
mined that the percentage increase of 16.0% in peak inboard
incremental bending moment shown in the figure for control
law B is less than 0.3% of the minimum inboard bending-
moment static-load limit. Similarly, the percentage increase
in peak outboard incremental bending moment represents less
than 2.1% of the minimum outboard bending moment static
load limit. On the contrary, the percentage decreases in peak
outboard and inboard incremental torsion moments represent

20001

§ 1000-

TMO TMI BMO BMI
Fig. 3 Change in peak incremental loads for two RMLA-controlled
maneuvers having performance times nearly the same as the baseline
control law at q = 200 psf.

larger percentages, namely, 16.1 and 7.6% of their respective
torsion moment static-load limits.

The corresponding changes in peak incremental loads for
control A are -9.5 and -9.2% in the peak incremental out-
board and inboard torsion moments, respectively, but in-
creases of 12.8 and 0.3% for outboard and inboard bending
moments. For both control laws, the decreases in the outboard
torsion moment are considered to be significant since the
amount of load alleviation represents a substantial portion of
each wing's capacity to support outboard torsion moments.
The small percentage increases in the bending moments due
to control law B are considered to be an inconsequential
tradeoff; however, the increase for control law A warrants
further investigation.

Overall Analysis of Experimental Results
This section provides an overall analysis of all the rolling

maneuvers performed in the TDT using two RMLA control
laws described herein and the baseline control law. The same
trends as indicated in the previous comparisons occurred be-
tween all the RMLA-controlled maneuvers and the baseline
maneuvers. The peak incremental loads were calculated from
the experimental data using Eq. (10) for all the rolling ma-
neuvers, and these results are presented in Table 1. As can
be seen in the table, RMLA-controlled rolling maneuvers had
different performance times than the baseline maneuvers, and
time did not permit performing additional maneuvers to ob-
tain exactly the same performance times. In order to compare
results, peak incremental loads for baseline maneuvers were
interpolated to correspond to performance times equal to
those for RMLA-controlled maneuvers. These calculations
are presented in Table 2, and interpolated values were used
for all subsequent discussions.

The results in Table 2 show that the peak incremental tor-
sion moments are decreased in every case for both control
laws. This is consistent with the control law design criteria.
Since the results for bending moments are mixed, and in some
cases, as indicated in the previous section, might represent
too great a tradeoff penalty, it is necessary to evaluate these
results further. Two ways to look at the relative importance
of the peak incremental change in load is to compare it with
initial steady-state loads at 90-deg roll angle and minimum
static load limits.

Figure 4 shows graphically percentage changes in the peak
incremental loads between all RMLA-controlled maneuvers
and the baseline maneuvers with respect to the average (left
and right) steady-state loads for a dynamic pressure of 200
psf. The percent changes are plotted with respect to perfor-
mance time-to-roll 90 deg. Each percentage shown in the
figure is in terms of its respective initial steady-state load value
so that relative importance of the change with respect to the
initial load can be assessed more easily. Increasing time im-
plies slower rolls and less incremental change. For both RMLA
control laws, the rolling maneuvers produced both positive
and negative percentage changes. A negative percentage in-
dicates a decrease in the incremental load from the peak
baseline incremental loads for either control law. Several ob-
servations can be made.

For both control laws A and B, Fig. 4 shows load reductions
of the inboard and outboard torsion moments. These reduc-
tions ranged from about 21% at a dynamic pressure of 150
psf for control law A. to as much as 140% at 250 psf for
control law B. In general, the reductions tend to increase with
increased dynamic pressure. In most cases, for all three dy-
namic pressures (150, 200, and 250 psf) rolling the model
slower resulted in less reduction in the peak incremental tor-
sion moments due to decreased overall loads. It can be seen
from both bar graphs that reductions for outboard torsion
moment are greater for control law B using the LEO control
surfaces for load reduction, and those for inboard torsion
moment were greater for control law A using the TEO control
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Table 1 Peak incremental loads from experimental data for baseline and two RMLA control laws

Dynamic Time-to- Peak incremental loads
pressure Control roll TMO,
q, psf law 90 deg, s in.-lb

150 Baseline
150 Baseline
150 Baseline
200 Baseline
200 Baseline
200 Baseline
250 Baseline
250 Baseline
250 Baseline
250 Baseline
150 A
150 A
150 A
200 A
200 A
200 A
250 A
250 A
250 A
150 B
150 B
150 B
200 B
200 B
200 B
250 B
250 B
250 B

Table 2 Comparison of peak

0.670 391.6
0.705 343.7
0.825 304.3
0.575 580.0
0.650 495.1
0.805 394.1
0.555 719.1
0.645 636.2
0.665 544.4
0.795 506.7
0.675 308.4
0.695 300.7
0.805 263.4
0.635 376.3
0.660 359.6
0.770 302.1
0.600 405.0
0.640 394.4
0.735 335.2
0.650 251.1
0.675 225.6
0.780 178.0
0.615 279.0
0.645 265.6
0.740 205.1
0.630 293.4
0.740 218.0
0.770 226.4

incremental loads for RMLA

TMI, BMO,
in.-lb in.-lb
1206.0 180.9
1102.0 164.9
988.9 118.1

1829.0 282.1
1565.0 185.7
1256.0 130.8
2239.0 312.5
1803.0 269.0
1617.0 244.8
1497.0 168.4
679.5 493.8
699.5 488.4
523.2 415.4
628.5 731.1
747.1 638.0
570.6 551.3
776.0 915.4
741.1 825.2
615.9 696.8
858.1 250.8
787.2 234.4
684.7 164.8

1064.0 294.3
885.8 259.5
772.9 217.7
909.1 328.0
821.1 230.1
700.4 240.5

controls laws with interpolated

BMI,
in.-lb

313.6
342.2
413.0
423.3
352.2
459.9
414.7
363.1
460.4
429.1
313.3
361.8
279.2
442.7
403.8
341.2
560.0
590.6
486.6
334.6
307.6
455.7
450.1
408.6
547.3
366.2
498.4
531.0

baseline maneuver loads

Peak incremental loads

Dynamic
pressure

9, psf

Time-to-
roll

90 deg, s

TMO

Baseline,
interpolated

Control
A

TMI
Baseline,

interpolated
Control

A

BMO
Baseline,

interpolated
Control

A

BMI
Baseline,

interpolated
Control

A

a) RMLA control law Aa

150
150
150
200
200
200
250
250
250

0.675
0.695
0.805
0.635
0.660
0.770
0.600
0.640
0.735

384.8
357.4
310.9
512.1
488.6
416.9
677.7
640.8
524.1

308.4
300.7
263.4
376.3
359.6
302.1
405.0
394.4
335.2

1191.1
1131.7
1007.8
1617.8
1545.1
1325.8
2021.0
1827.2
1552.4

679.5
699.5
523.2
628.5
747.1
570.6
776.0
741.0
615.9

178.6
169.5
125.9
205.0
182.2
143.2
290.8
271.4
203.7

493.8
488.4
415.4
731.1
638.0
551.3
915.4
825.2
696.8

317.7
334.0
401.2
366.4
359.1
435.6
388.9
366.0
443.5

313.3
361.8
279.2
442.7
403.8
341.2
560.0
590.6
486.6

Peak incremental loads

pressure
<?, psf

Time-to-
roll

90 deg, s

TMO

Baseline,
interpolated

Control
B

TMI

Baseline,
interpolated

Control
B

BMO
Baseline,

interpolated
Control

B

BMI
Baseline,

interpolated
Control

B
b) RMLA control law Ba

150
150
150
200
200
200
250
250
250

0.650
0.675
0.780
0.615
0.645
0.740
0.630
0.740
0.770

419.0
384.8
319.1
534.7
500.8
436.5
650.0
522.7
514.0

251.1
225.6
178.0
279.0
265.6
205.1
293.4
218.0
226.4

1265.4
1191.1
1031.3
1688.2
1582.6
1385.6
1875.7
1547.8
1520.1

858.1
787.2
684.7

1064.0
885.8
772.9
909.1
821.1
700.4

190.0
178.6
135.7
230.7
192.1
153.8
276.2
200.7
183.1

250.8
234.4
164.8
294.3
259.5
217.7
328.0
230.1
240.5

297.3
317.7
386.5
385.4
356.9
414.7
371.7
442.3
435.1

334.6
307.6
455.7
450.1
408.6
547.3
366.2
498.4
531.0

Percentages differ from corresponding results in Table 1 because interpolated values are used for the baseline.
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Fig. 4 Percent change in peak incremental load between baseline
loads and RMLA-controlled loads relative to steady-state loads at be-
ginning of maneuver: control law a) A, q = 200 psf and b) B, q —
200 psf.

60-1 U Control Law Peak Incremental Load
CH Baseline Peak Incremental Load

Steady Load

0.6L5 0,645 0.740

Performance time, sec

Fig. 5 Outboard bending moment comparison of steady plus peak
incremental load relative to static load limits for baseline control law
and control law A at q = 200 psf.

surfaces. These results are typical for all test points. Fur-
thermore, the reductions in peak incremental torsion mo-
ments combined outweigh the combined increase in peak in-
cremental bending moments in all cases for both control laws.

The only issue still to be resolved is whether the increase
in peak incremental outboard bending moment represents too
severe a tradeoff penalty. To answer this question, percent
changes relative to corresponding minimum static load limits
were also calculated. Results tend to indicate that in the case
of control law A, in which peak incremental bending moments
decidedly increase, the increase is not significantly large with
respect to the load limits. To verify this further, a comparison
of the peak incremental baseline load, peak incremental RMLA-
controlled load, and the initial steady-state load relative to
the static load limits was performed. The only increase in
incremental load due to RMLA control of significant interest
is that for outboard bending moment, and results for this load
at q = 200 psf are plotted in Fig. 5. This figure depicts the
relative percent difference between the RMLA-controlled load
and the baseline in terms of the load limit percentages using

an accumulative bar graph. The percentage of steady-state
load relative to the static load limit is shown as a dark vertical
bar of constant height for each load. The percentage change
in peak incremental load relative to the static load limit is
added to this. The RMLA-controlled load is plotted to the
right of the baseline load. It can be seen that even in this
case, the total load change is less than 50% of the static load
limit. In fact, total loads are less than 50% for all RMLA-
controlled loads (not shown) for this dynamic pressure. Fur-
thermore, very little change in inboard bending moment is
effected from the use of either LEO or TEO control surfaces.

Summary of Experimental Results
To summarize the results of the previous discussion, in

general, control law B, which used the LEO control surface
pair, resulted in higher reductions in outboard incremental
torsion moments than control law A. The reverse is true for
the inboard incremental torsion moments. This suggests that,
for the AFW wind-tunnel model, use of the LEO control
surface pair is more effective at reducing the outboard incre-
mental torsion moments, whereas the use of the TEO control
surface pair is more effective in decreasing inboard incre-
mental torsion moments. In both cases, the targeted design
goal, namely, reducing peak incremental torsion moments,
was substantially met. Control laws A and B differed more
significantly in how peak incremental bending moments were
affected during rolling maneuvers; however, in all test cases,
the RMLA-controlled load plus the corresponding initial steady-
state load did not exceed 57% of the static load limit.

In general, control law B demonstrated the better overall
RMLA characteristics relative to the limit loads for the com-
binations of Mach number and dynamic pressure tested. Sub-
stantially large reductions were achieved in both inboard and
outboard incremental torsion moments without significant in-
creases in incremental bending moments, confirming initial
perceptions that only torsion moment needs to be targeted
for load reduction in designing an RMLA control law. Since
reductions relative to static load limits are most significant for
outboard torsion moments and increases in bending moments
for this control law were not severe, control law B is consid-
ered to be the more effective of the two for rolling maneuver
load alleviation. At higher Mach numbers and dynamic pres-
sures, hinge-moment loads on the leading-edge surface could
become excessive using only roll-rate feedback, and the ac-
tuators might saturate. In this case, not explored with this
model, a control law using only the trailing-edge control sur-
faces or one using hinge-moment feedback might be prudent.
For good performance at all conditions, control laws using
combinations of both leading- and trailing-edge control sur-
face pairs with gain scheduling should be explored.

Multiple-Function Control Law Performance Results
Successful rolling maneuvers 6 and 11% above the open-

loop flutter dynamic pressure were achieved, experimentally,
using a flutter suppression control law15 implemented on the
digital controller in conjunction with RMLA control law B.
Flutter did not occur during these maneuvers, indicating the
flutter suppression control law was suppressing the instability
during roll without any significant interference. A qualitative
evaluation of load reduction above open-loop flutter cannot
be made because time did not permit corresponding baseline
data to be obtained. However, based on comparisons of in-
cremental loads with the FSS control law operating at sub-
critical dynamic pressures for which comparable baseline data
is available, namely at q = 150 and 200 psf, it is likely that
incremental load reduction also occurred for this test condi-
tion. Since trip limits were not incurred during these rolling
maneuvers, it can at least be stated that control law B did not
induce excessive incremental loads during rolling maneuvers
for which it was designed above the open-loop flutter dynamic
pressure.
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Concluding Remarks
This report provides a systematic synthesis methodology to

design RMLA feedback control laws. Using the methodology
presented, two relatively simple RMLA control laws, referred
to herein as A and B, were designed and implemented on a
digital control computer. The two control laws differed in
whether LEO or TEO control surfaces were used to alleviate
load. These control laws were experimentally evaluated and
shown to effectively and reliably reduce incremental torsion
loads on the AFW wind-tunnel model in Transonic Dynamics
Tunnel (TDT). In addition, it was demonstrated through wind-
tunnel tests that a digital control computer can be used with
great versatility to perform a multifunction task such as sup-
pressing flutter and reducing loads during rolling maneuvers.
The following is a list of the accomplishments achieved in this
research:

1) Load alleviation during controlled rolling maneuvers of
a model in the wind tunnel was demonstrated using actively
controlled (via digital control) leading- and trailing-edge con-
trol surfaces.

2) Torsion moment reduction was targeted as the design
objective, and experimental evaluation of two RMLA con-
trollers showed up to a 61.6% reduction in peak incremental
torsion moments as compared to those generated by corre-
sponding baseline rolling maneuvers at equivalent dynamic
pressures having the same time-to-roll performance. Incre-
mental bending moments, although not targeted for reduc-
tion, were evaluated and the resulting loads were well within
load limit margins for both RMLA controllers.

3) Control law B, using a pair of leading-edge control sur-
faces showed at least 14% greater reduction capability of the
outboard torsion moment than control law A using trailing-
edge surfaces, while achieving a minimum 31% reduction in
inboard incremental torsion moment relative to a baseline
rolling maneuver. This was achieved with less than a 2%
increase in peak incremental bending moments relative to
static load limits. These results show that LEO control sur-
faces may be more effective for reducing outboard torsion
loads during rolling maneuvers than TEO controls.

4) It was demonstrated by experiment that the RMLA and
flutter suppression control laws could operate effectively to-
gether during rolling maneuvers 11% above the critical open-
loop flutter dynamic pressure.
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