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Abstract

Three designs are discussed for controlling loads while rolling for the Active Flexible Wing
(AFW). The goal is to provide good roll control while simultaneously limiting the torsion and
bending loads experienced by the wing. Successful development will allow for lighter wing
structures to be used, with the control system insuring loads remain within allowable limits.
Each controller has been designed for testing in the NASA Langley Transonic Dynamics tunnel
on the Rockwell AFW wind tunnel model

The first design uses LQG/LTR techniques to develop a MIMO controller structure between the
control surfaces and roll rate and four separate torsion loads. The control system consisted of
two parts: The loop controller for stability and a pre-filter which generates load commands as a
function of roll command input to the loop controller for performance. Conversion of the
physical requirements to LQG/LTR design parameters is shown.

The second design uses a nonlinear gearing function imbedding implicit load control information
as an element of a modified SISO controller. While only roll rate has an explicit feedback
mechanism, torsion, bending, and hinge load are controlled through the a priory knowledge of
the model’s control surface to roll and load transfer functions. System stability and robustness
are shown by analysis and simulation.

The third design integrates the above RMLA controllers with a high frequency structural mode
controller. Using the same surfaces as the RMLA control, its object is to reduce high frequency
responses caused by the RMLA and to act as a flutter suppression system. The goal is to operate
the integrated controller beyond the model’s natural flutter boundary. Design issues of
integrating the RMLA and structural mode controllers are discussed.
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Introduction

The Advanced Flexible Wing (AFW) is an aeroservoelastically scaled model of a Rockwell
fighter design. By allowing the wings to be flexible, they may be lighter and the flexibility
exploited for such things as twist and camber control. Additional flexibility, however, reduces
the flutter envelope of the wing and active control schemes may be required to stabilize the wing
modal dynamics. Control systems discussed in this paper cover maneuver, load, and flutter
control systems. An integrated maneuver, load, and flutter controller is a goal of this test

program.

Two roll plus maneuver load control designs are discussed. The first design is based on
LQG/LTR modem control methods to control roll rate and torsion loads at four different wing
locations. The controller is a five input, five output system with 11 internal states. The
controller acts a command tracker, generating surface commands to drive the AFW to the state
requested by the command generator. The command generator works as a prefilter to provide
input signals to the controller corresponding to the desired roll rate and loads profile. With these
two things, the prefilter and the controller, a roll maneuver may be performed with a 40%
reduction in torsion loads on the wing.

The second design uses a nonlinear surface command function to produce surface position
commands as a function of current roll rate and commanded roll rate. It is designed to keep
specified wing loads below some specified value while permitting the greatest possible roll axis
performance. (A conventional control system design would attempt to control the wing loads
continuosly, even when they were well below structural limits. This method degrades roll
performance as some control power is used by the load controller.) This controller, in contrast,
only controls the loads when they reach some threshold, say 80% of structural limits, to permit
the control power to be used for aircraft maneuvers until it is necessary to perform load control.
The trade off for this design method is the controller becomes a nonlinear controller instead of a
linear one with the accompanying increase in design and analysis complexity.

The final design is a flutter suppression control system. This system stabilizes both symmetric
and antisymmetric flutter modes of the AFW. Due to the fact that accelerometers have an output
which is a function of the frequency, load sensors are used to provide the feedback signal. The
control system design is done using classical techniques. An integrated flutter and roll/loads
design is also being developed.

Slide 1 Description of Control Systems

For a top level design goal, Reducing wing loads while maintaining roll performance is the
objective of the roll controllers. There are two designs to meet this objective: 1) Linear
Feedback (RMLA) using roll rate and load feedback in the controller. This design uses
LQG/LTR modern control techniques as the synthesis method. 2) Feedforward Nonlinear
Optimal using only roll rate feedback for control and having surface command functions
providing load control.

Slide 2 Design Objectives

For both Roll Maneuver designs, similar design goals were used. The stability and time
response goals correspond to the MIL-STD parameters for fighter aircraft. The load control
criteria were chosen to represent a first step to prove the validity of the concept. Higher levels of
load control are achievable at a cost of reduced maneuverability. The robustness criteria is
derived from known measurement uncertainty; plant variations from the analytical models may
well be higher.

Slide 3 Block Diagram of RMLA 5 6 3



This diagram describes the basic structure used in the RMLA controller. Roll and load
commands go through a pre-filter to provide tracking signals to the RMLA controller. The
controller is a 5 input (roll rate and wing torsion at four locations) 5 output (trailing edge inboard
surfaces together, trailing edge outboard left, trailing edge outboard right, leading edge outboard
left and leading edge outboard right) MIMO design with 11 internal dynamic states (the states do
not necessarily correspond to physical quantities).

Slide 4 Prefilter Design

An integral part of the RMLA controller is the prefilter. The pre-filter’s function is to output 5
tracking commands derived from a roll rate input command. The pre-filter output is based on the
open loop dynamics of the AFW. For this design, the roll rate signal was fed directly and the
torsion commands were gain scheduled to the roll rate command.

Slide 5 Linear Performance

A step response to a 1 rad/sec roll rate command shows the good roll rate tracking and load
control of the LQG/LTR RMLA. A command for torsion only shows the decoupling
performance of the controller.

Slide 6 Nonlinear Performance

The response of the AFW+ LQG/LTR RMLA in a complete nonlinear simulation shows the roll
tracking of the LQG/LTR RMLA. A simulation of a 40% load reduction with no change in roll
performance from the nominal case.

Slide 7 LQG/LTR RMLA Summary

The LQG/LTR RMLA controller has achieved the basic design goals. The LQG/LTR RMLA
shows good tracking, channel decoupling, and stability properties.

Slide 8 LQG/LTR RMLA Future Directions

The RMLA controller can be refined in its design by expanding the design to handle non-square
cases. This would allow for inputs to be any combination of control commands and outputs to
be the desired surfaces. The pre-filter may also be improved by designing it as a dynamic model
follower or command generator.

Slide 9 Feedforward Block Diagram

The RMLA Feedforward Nonlinear Optimal Controller block diagram shows how the roll rate
command is input to the control surface functions. The surface functions contain the load
information which provides the load control. The only inputs to this control system are the
commanded roll rate and the actual roll rate. From this information, the surface functions output
surface commands which will produce the desired acceleration about the current roll rate.

Slide 10 Design Method for Feedforward

The design method for the feedforward controller can be stated as ‘Control loads only when they
are near limits’. This is accomplished by developing surface control functions by optimization
methods. Using loads as constraints, surface deflections are found which will provide the
desired roll rate and roll acceleration without violating the constraints. The surface functions
will have a linear range where no load constraints have been encountered and a nonlinear range
where constraints are active.

Slide 11 Example of Surface Function

This plot are two views of the control surface functions. Notice the linear region around zero
and the nonlinearities as constraints are encountered. In the 2-d plot, the trailing edge outboard
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surface becomes the primary load control surface with the trailing edge inboard increasing in
gain to maintain roll performance. This follows our intuitive expectations as the trailing edge
outboard surfaces have high load authority but low roll power and the trailing edge inboard
surfaces have the highest roll power. Given we are trying to keep total surface deflections to a
minimum, this pattern makes sense.

Slide 12 Summary of Feedforward Optimal Design

The feedforward optimal controller is capable of maintaining roll performance while controlling
wing loads. An important consideration is the controller is a linear design in term of roll rate and
roll acceleration. A simulation of this controller is currently underway for test this winter.

Slide 13 Flutter Control Block Diagram

Flutter control is used on the AFW to expand the flight envelope while keeping the low weight,
flexible wings. The flutter control block diagram show how the flutter suppression system is an
integral part of the aircraft dynamics.

Slide 14 Flutter Suppression Control Law

The Rockwell method for flutter design is similar to that employed by NASA except load
sensors were used for feedback instead of accelerometers. This is because load sensors are also
used for the roll control laws and to eliminate the frequency gain of accelerometers.

Slide 15 Combined Maneuver, Flutter, and Load Control

A proposed design for integrated maneuver, flutter, and load control would exploit the frequency
separation between the maneuver dynamics and the flutter dynamics. The controllers will be
designed separately and combined to produce the total controller.

Slide 16 Combined Maneuver, Flutter, and Load Control Block Diagram

The block diagram indicates how each surface command signals would be combined into the
total controller design. Any combination of flutter controller and maneuver/loads controller
could be used in this scheme.

Slide 17 Future of AFW Controls

A goal of this design/testing program is to demonstrate a snap-roll maneuver beyond the flutter
boundary with load reduction. This would open up new areas of performance for aircraft in such
things as weight reduction and improved agility. Additional work is also being done with new
nonlinear controllers to improve the aircraft performance while coping with conflicting control
requirements.

565



o - —— | LR A o YN N TR T O VAT I [ e

Yelolly uesuswy YLON
Jeuoljeulalu| |[9MYO0Y

Ajuo yoeqpaay jjoY -

‘speoj] Buim Buipasoxa

Inoyim asuewsouad [jo4 padisap ayl Buionpoid suonounj
puewwo? adepuns dojaasp 01 uolleziwiido paulellsuo? asq -

ubisaqg jewndoQ JeauljuoN piemioipaa (Z

SISOYIUAS H1 /D01 -
Buimo|jo4 puewwo?) -

Yoeqpaaj peo pue ||oY -
(VWY ‘uonelas)y peoT Jaanasuep jiod) ubisaq yoeqpea4 Jeaulq (1 :yoeouddy

sjuawopy abuiy -
Buipuag -
uoisioj -

‘Speo|
Buim Buionpai ajiym Aujiqedes jjos wnwixew uleluiew o] :9An93lqo

SINFLSAS TOHLNOD NOILVIAITIV AVO1SN1d 71104




7

Yeuolly ueoduswy YUoN
jeuoijeulaiu] [[9myooy

56

-slojoweed |spouw ay} jo
Ajuleliaoun umouy| ayl ajpuey isnw s19]|0JJU0YD :SSAUISNqOY

paj|01uo0) | pelionuod |
S~ Y c !
_mc_Sdz |[EUIWON

sy digy 1s91 8y} Jo %08> 0} sjuswouwl abuiH pue
‘Buipuag ‘uoisio] Huwi| ‘g ubisap lo4 "leAnauell [jol ay}
1noybBnoiyl %0z< AQ Sjuswow uoisio} adnpai ‘L ubisap 104 :|0JlU0D peo]

Bunjoes) puewwos poob pue Jooysiano [ewiuil Yyum (03ds
1IN Paleos) spuodas 0 ul sea1bap 06-01-aWll dASIYIY -asuodsay awil

-subisap ajqerieannw 10§ dooj A19As o} Aidde
asayl "uibrew aseyd jo saaibap gy pue uibiew uieb jo gp2 :Aljiqels

S3AAILO3rd0 NOIS3a



Yelolly uedsuswy YUoN
jeuoneulalu] [|aMyo0y

NOLLVIAZTIV avol
H3IANINVI TT0H

(sOv14) o"HIV AQVILSNN ©
(12) S3aon 3191314 @

SHAL I 14aon
SVITV-LLNY MY | SHOLVNLOV

(HOLvH3INITD
ANVWINOD ) |egt—ee

H311714-34Hd aNVININOD

NVHOVIA HO018 TOHLNOD VINY




Yelolly Ueouswy YHON
|euoneulau] [[om3o0Y

puewwo) uoisio] jeardA] puewwo,) 3ey ||oY

-asuodsal dooj uado ay} jo abejuasiod sawos se UaAIb
ale spuewwod peor "asuodsai (josjuod peoj Jo}) doo| uado au}
jo abpajmouy ay} buisn pajesausab ale SspuewWOd UOISIO0) dY L

*Ajoalip pasn s| ajey [1oY

*19]]01U09 Y INYH U} Ag paiinbal spuewwod
G ay)} sejelauab pue puewiwod ajel [|ol e sa)e) Jayy-aid ayl

NOILVLNIWNITdINI ANV NODIS3A H31114-34d




Jelolly uesuswy YLON
jeuoneulalu| ||dM¥O0YH

(SANOD3S) FWIL
81 9] vl 4 I 20 90 v 0

: . ' ) . . \ ) ’ ' ’ 1 80 90 ,ilim,@:i,:v,:.
[L0-8Zis8'Z 80-3]) b L : .
L0-80161'Z BO-80p5G | XVIN] i 1z0-
HEWL IEWL T8I T 31vY 110y

0

(SANODAS) HWIL

[Al]

1v0

asuodsay

190

180

WL J e 11
N/ .
S/ AP 171
I1vd 1104

s et

asuodsay

e AP, Py

PieOqU| 1§87 JUBWO uoISIO | aLl} | 01 8suodsay PUBWIWOY 8leYy |0y 08s/pel | o) 8suodsay

SAvOT1 dNV 31VvHd 7104 40 TOHLNOD
S3LVOIANI SISATYNY FONVINHO4HId HV3NIT




YeIodly uedLawy YLUoN
|euolleulaju] [[9MYO0Y

SBINTS - Ml

:aley
“lioy

®! pueLLIWOY
asi -
jiietal

IO\, PrEOAU]
. WO
UuoISIO |

(1)

NOILONA3d dvOoT1 HLIM
H3IANINVIAN 7704 40 NOILLVININIS MLV T11Nd




Jelolly Ueduswy YLON
|euoijeulaju] [[9MYO0Y

NIDHVIN 3SVHd ANV NIDHVYWN NIVD

IN3ISNVHL ONITdNOJ-SSOHD TIVIS -
HOHYH3 OH3Z -
SANVIWNOD TV TvNO3 SLNdLNO 11V -

ONINOVHL dO0D

d1vHd T70H LNOHLIM LNIJWOW NOISHOL JATIHOV -
INJWOW NOISHOL LNOHLIM JLVH 1704 IAIIHOYV -

ONITdNOD23a e

SNOILVAHISH0 AHVINNNS VINY




Yelolly uedLswy YLON
jeuoleusaju] [|omyo0y

"S90eBLINS YJeldJIe || UO SPeoj Hwi| / 9onpal
0} Yelolie 10} [OIJUO,) PEO | JOANIUEB SIXE-[[E -

poyiaw ayj puaix3

19)oel] 10jeiauadx) puewiwio) -
Buimojjo} |spow poydwy -

subisap J43)j13-04d puedxy

(se@oeIns [043U0D URY)
SUOI1e00] }oeqpas} |04}u0d peoj atow "6°3) -

Indino-jndul asenbs-uoN

SNOILO34HIa 34dnind VINY



Yeloldly ueduswy YUON
[eUOIBUIdIU]| [[SMYO0Y

puewwo) aiey [|oY

suonouny
aoeLINg [oNU0)

-1
-

10113 o1y |1oH SpUBWIWOYD 898LINS

eley l1oH 097 H
o8] H
o1 H
097 1
0o
1oL

savol @
(SOV1+) OHIV AQVILSNN @
(12) S3AOW 31dIX314 @

IR 300N
SVIV-LLNV MY | SHOLVNLOV

NVHOVIA X009 TOHLNOD TVINILAO HVINITNON AHVMHO410d334




575

yelolry ueouswy YUON
jeuonjeulaiu] |[oM)}00Y

ealy
uol}oun4 JeauljuonN

ealy
uoloun4 Jeaui

*paJaluNooU? e SjulelIsuod julj
peo| Bunoaiuod ajdnjn Usym sIndd0
adojoAua ajgeaalyoe ayl Jo Hwij dyL

ey 1oy /
1 T =(HuIN

-syndul aJe
uollela]329Y ||0H pue dleYy |joY

(uopjessjeooe) 101 [0

sywi ubisag > speo’

SNOILONNS TVINILHO
HVINITNON dH4VMH04a334 404 AOHLIW NOIS3d



D ) O TG L L0l i sl 111001

}Jelolly UBdLBWY YLON
|[euoneuldlu| [|oM3o0Y

UOIIE18|800Y pue 8)ey |joy SA uoids)aq pieoqui 86p3 Buye.) e

(08s/pERJ) 8ley |joy |80y |0y 0c - ajey

L] 1] v .

O ML M : 0 : oy
0c—
0l -

)

. U0No8|eQ
8oelIng
seaubs(q 0

(Bap)
aoelNg

0Ol

e gy

LONBI8|e0DY |loY 0182 @ Ssuondeyeq soeuNg

NOILONNA TOHLNOD IJV4HNS 40 I31dINVXT




Yetolly uedLawy YUON
|euolleualu] [|oMYO0H

"a|qejleAe 3940} |01}U0D
WNWIXew S1aAljdp walsAs ay) se jonuod Anjibe o) suoneoiidde seH

‘uolelajesoe pue ajel Jo uonoduny Jeaul| e si Jamod [01U0D
‘|0J}UOD UOIlBIB]@dIR |04 PUR 3}kl [|0J JO SWId) Ul Jeauy| si ubisap ayl

‘swyjiobie
[0J}UOD PEO| UOU JO %,08> Speo| Buiaaiyae ajiym asuewlojiod
[JO4 Ulejulew ued Jajjosuo) jewndQ 1eaujjuoN piemiojpadd ayl

NDIS3d TVINILJO AHYMHO4a334 40 AHVINNNS




Yeuouly ueduaWwy YUON
Jeuonjeusaju] [jomyo0y

MV TOHLNOD

NOISS3HddNS H3LLNT4

SN I INL

ONSg SN IFoaio

ET

NAS
InE
_Mvsm " Moao

1310

savol ¢
(SOV1¥) OHIV AQVILSNN ©

(12) S3IAON 319IX314 ©

13dON
SI-ENNIE

SVITV-1LNV MY  SHOLVNLOV

WVYHOVIQ Y0018 TOHLNOD H3llNnTd




Yetolly uesuswy YLON
JeuoeUIdIU| [ISMYO0Y

"Spuewwo? indino adelns

10UIlSIp oM] djesauab pue Jndul 10} siosuas om) asn subisap
OWIN "Indino adepns jo1juod auo aAlb pue indul losuas

auo asn subisap QSIS subisap [041u0d ONIN Pue OSIS ulog

*$19]9W 0499998 O S109)d Aouanbal} Jeauljuou ay) PIOAR 0} pasn
ale SI0SUasS peoT °|041U0D XOeqpaa} 10} SIOSUAS peo| sas

solweuAp Ja)ny azijiqels 0} poyaw ubisap [esisse|)

MV TOHLNOD NOISS3HddNS "H311N14




JeJolly ueouswy YUoN
|euoljeutaju] [[amM3O0Y Kousnba.4

-4

JiweuAq onuny4 sOIWRUAQg 19ANG

‘poylaw ubisap siy} 10} smojje uouawousyd
Speoj + JoAnauewl pue Jaunj} ayy jo uonesedss Aouanbaig

"lJauuew Jeaul] e ul pauiquod pue Ajgjeledas paubisap
9 ued S.I3}j|0JJU0D Speo] + JSAN3UR pue SI13]j0JlU0d Jaun|d

TOHLNOD AVOT1 ANV NOISS3HddNS d311ind
"HIANINVIN AINIGINOD 40 AHdOSOTIHd NDIS3d




Jelolly uesuswy YHON
jeuoljeusaju] ||dM3o0y

J NOLLVIAZTIV avOl

- H3IAN3INVIN T10d
TONL »

HONL
TINL

HinL pUBIWIOD [10Y

MY TTOHLINOD

N | NOISS3HddNS H3LllNnid

(0310 |
Loa | 1319

WAS [ INL savol e WAS

| OWE | (SOV1+) OHIV AAQVILSNN @ 03Ld
(1) s3aow 314IX314 @ |_1310_

YEIRIE 300N
SVYIMV-11INY MY p————ed SHOLVYN LDV

WVYHOVIA Y2019 TOHLNOD H3LlNTd ANV VIANH Jd3INIEGWNOD




YeIolly ueduswy YUOoN
JeUOII_UIBIU| [IOMYO0Y

‘sulbtew A)ajes 19jealb pue adojaaua Jybiy 1ebiej e yelode
a|qixa|} aiow pue 131ybi] mojje ued sawayds [04UOD dAI}Oe
‘WybBram aonpai o)} sAem Bupjaas subisap yesaldie je Yum -

‘walsAs |o4juod by 8yl 10} poylaw ubisap aAnIMul ue

Buiurejurew ajiym sjulesisuod ubisap BuiloIUOd Buiajosal

10} @sjwold Moys Sawayds |04JU0D [eUOIIPPY *|041U0D
1a)nj} + peoj + 18Anauew sixe |je ajelbajul o) AMjiqIssod -

‘Alepunoq Jauny;
sy} puofaq uononpai peoj yum (93s g > 06 01 W)
laAnaueuw |joi-deus e ajeljsuowap o} si aAlda3lqo jeul -

140443 TOHLNOD M1V 40 34dN.LN4d




