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ABSTRACT 

The development o f  an advanced, computerized method f o r  the analysis and 
evaluat ion o f  the aeroelast ic  s t a b i l i t y  and contro l  parameters o f  controls-  
f i x e d  and contro ls- f ree f l i g h t  vehicles i s  presented. Spec i f i ca l l y ,  the con- 
t rac tua l  l y  developed Level 2.01 FLEXSTAB Computer Program System i s  described. 
Technical areas i n  aerodynamics, dynamics, and contro l  system synthesis are 
defined i n  which f u r t h e r  research and development are planned t o  extend the 
analysis c a p a b i l i t y  o f  the System f o r  fu ture CCV appl icat ions.  

I NTRODUCT I ON 

The development o f  computer programs t o  analyze and evaluate the aero- 
e l a s t i c  character is t ics  o f  cont ro ls- f ixed a i r c r a f t  has i n t e n s i f i e d  i n  past 
years. This increase i n  i n t e r e s t  has been due t o  the design and construction 
of large transport  a i r c r a f t ,  such as the Boeing 747, McDonnell Douglas D C - I O ,  
and Lockheed L-1011, and of the h igh performance a i r c r a f t ,  such as the SST 
and the B-1. 
and Rowan and Burns (Reference 2) describe methods and capab i l i t i es  current ly  
avai lab le w i t h i n  the industry. This paper describes the Level 2.01 FLEXSTAB 
Computer Program System (Reference 3) that  has been developed by the Control 
C r i t e r i a  Branch f o r  the aeroelast ic  s t a b i l i t y  and contro l  analyses o f  both 
contro ls- f ixed and contro ls- f ree m i  li ta ry  a i r c r a f t .  This development included 
careful consideration o f  the a p p l i c a b i l i t y  o f  the method t o  m i l i t a r y  mission 
objectives, the va r ie t y  o f  po ten t i a l  m i l i t a r y  users o f  the method, the man- 
power and computer costs involved i n  using the method, and the c r i t e r i a  t h a t  
govern the app l i ca t i on  of the method. Th is  development has taken p a r t i c u l a r  
care t o  solve some o f  the problems tha t  are unique t o  the analysis and evalu- 
a t i on  o f  Control Configured Vehicle (CCV) a i r c r a f t  operat ing a t  reduced 
frequencies tha t  are small. 

Recent a r t i c l e s  by Stauffer,  Lewalt, and H o b l i t  (Reference 1) 

As noted, there are mission and user requirements placed upon any CCV- 
type a i r c r a f t  analysis and evaluat ion method developed f o r  the USAF. 
mission object ives o f  these a i r c r a f t  impose severe and complex requirements, 
requi r i n g  t h a t  the method analyze: 

The 
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The subsonic, transonic, supersonic, and hypersonic speed regimes. 

The complex, three-dimensional , aerodynamic interference f l o w  
f i e l d s  o f  transport,  bomber, and f i g h t e r  a i r c r a f t .  

The s t r u c t u r a l  dynamics o f  both low and the h igh s t r u c t u r a l  aspect 
r a t i o  l i f t i n g  surfaces o f  a i r c r a f t .  

The s t a t i c  and dynamic s t a b i l i t y  o f  a i r c r a f t  w i t h  both unusual 
i n e r t i a l  d i s t r i b u t i o n s  and large t rans la t i ona l  and ro ta t i ona l  
rates o f  motion. 

An examination o f  the major research and development organizations 
w i t h i n  the A i r  Force F l i g h t  Dynamics Laboratory (AFFDL) and the Aeronautical 
Systems Div is ion a t  Wright-Patterson AFB indicates tha t  there are three types 
o f  users who impose addi t ional  requi rements: 

Those concerned w i t h  conceptual design and development only. These 
users desire a fas t ,  inexpensive, and proven method t h a t  performs 
r e l i a b l e  design and evaluation o f  new and innovat ive a i r c r a f t .  

Those concerned w i t h  the responsibi li t i e s  o f  f o l  lowing and monitor- 
ing the development o f  a new a i r c r a f t  by the contractors, from 
the conceptual design t o  the f l i g h t  t e s t  phases. Again v e r s a t i l -  
i t y  and cost/effect iveness are imperative due t o  the l i m i t e d  
manpower t h a t  is avai lable.  

Those concerned w i th  developing new and advanced technologies f o r  
fu ture appl icat ions.  These users desi re a we1 1 documented and 
v e r s a t i l e  method tha t  can be e a s i l y  modif ied t o  prove t h e i r  ideas 
before major computer program development i s  i n i t i a t e d .  

As noted, each o f  these users has a unique problem tha t  the method must 
address. Fortunately, these user requirements f o r  h igh speed, l o w  cost, and 
v e r s a t i l i t y  are compatible and can be met  using the large d i g i t a l  computer 
and aerodynamic and s t r u c t u r a l  f i n i t e  element theory. 

The development o f  an analysis method t o  meet these requirements was 
begun i n  1971 by the Control C r i t e r i a  Branch o f  AFFDL. A 1973-1974 target  
date was set  f o r  the completion o f  the analysis method t o  ensure support 
f o r  the development o f  the Ride Control System o f  the B-1 a i r c r a f t  and the 
Reduced S t a t i c  S t a b i l i t y  systems proposed f o r  several Lightweight F ighter  
a i r c r a f t  configurations. A t  t h a t  time, descr ipt ions o f  the e x i s t i n g  analysis 
methods w i t h i n  the industry were meager and only a l i m i t e d  amount o f  f i nanc ia l  
resources were ava i l ab le  f o r  the planned contractual work. 

An obvious technique fo r  acquir ing a C C V  analysis and evaluat ion method 
would have been t o  purchase the most accurate and ve rsa t i l e ,  contractor-  
developed, design method avai lable.  Discussions w i t h  the aerospace contractors 
indicated tha t  t h e i r  e x i s t i n g  design methods i n  f l i g h t  controls,  aerodynamics, 
s t r u c t u r a l  analysis, and dynamics could s u f f i c e  i n  the shor t  term. However, 



due t o  the loose and of ten undocumented federation o f  computer programs used 
by each contractor, the AFFDL Control C r i t e r i a  Branch would have had t o  
purchase the "expert" who developed each program t o  implement t h i s  technique. 
Thus, i t  was impossible t o  make a d i r e c t  purchase t o  s a t i s f y  the i d e n t i f i e d  
needs. 

The search was then d iver ted t o  the newly developing contro ls- f ixed 
a i r c r a f t  analysis and evaluat ion methods tha t  contained the necessary mathe- 
matical sophist icat ion.  The prime candidate i n  the 1971-1972 time per iod 
was the Level 1.01 FLEXSTAB Computer Program System being developed by the 
Boeing Company, Seatt le, Washington, under contract  t o  the NASA Ames Research 
Center (Reference 4). 
the transonic and hypersonic speed regimes, had a l im i ted  unsteady aero- 
dynamics computational capabi 1 i ty, had no turbulence analysis capabi li ty, and 
had a res t r i c ted  mathematical representation o f  h igh aspect r a t i o  structures 
v i a  e l a s t i c  axes and lumped masses. However, the programs were we l l  documented, 
were somewhat modularized, and w i t h  some modif icat ions could meet the major i ty 
o f  the requi rements o f  the USAF. O f  considerable benef i t  was the fac t  tha t  
NASA had a1 ready spent approximately $500,000 developing the aerodynamic and 
s t ruc tu ra l  modules o f  FLEXSTAB. Thus, wi th  1 i m i  ted  expendi tures by the 
Control C r i t e r i a  Branch, the modules f o r  f l i g h t  control  systems analysis 
could be added t o  meet both the time schedule and budget objectives. 

This program could not meet the USAF requirements i n  

The development plan t o  construct the control  system analysis modules 
was formulated and coordinated w i th  NASA Ames Research Center (ARC). It was 
deci ded tha t  NASA/ARC woul d concent ra te the i r i mmedi a te  resources i n  fu r the r  
checking the accuracy of the aerodynamics and structures modules o f  Level 1.01 
FLEXSTAB. Meanwhi le, the Control C r i t e r i a  Branch would implement Level 1.01 
a t  Wright-Patterson A i  r Force Base (WPAFB) t o  measure the accuracy and 
e f f i c i ency  o f  the programs using current m i  l i  tary bomber, transport,  and 
f i g h t e r  a i r c r a f t  as t e s t  cases. In  addi t ion,  the AFFDL would begin a con- 
t rac tua l  e f f o r t  t o  develop the contro l  system analysis modules. The combina- 
t i o n  o f  these aerodynamic, s t ruc tu ra l ,  and control  system analysis modules 
would then form the basis f o r  Level 2.01 FLEXSTAB t o  be used by NASA and 
USAF i n  the s t a b i l i t y  and contro l  analysis o f  conventional and CCV-type a i r -  
c ra f t .  

The Level 2.01 FLEXSTAB Computer Program System i s  i n  the f i n a l  check-out 
phase. The contracted work i s  scheduled f o r  completion i n  Noveher, 1974. 
The Control C r i t e r i a  Branch has been evaluating a pre-release version o f  
Level 2.01 since February, 1974 w i th  the primary appl icat ions being made t o  
the C-SA, B-52E, B-1, and F - I l l  TACT a i r c r a f t .  An o ra l  technical presentation 
i s  scheduled f o r  October, 1974 a t  the AFFDL. Several papers w i l l  be presented 
by the contractor i n  coming technical meetings t o  more f u l l y  describe Level 
2.01 and t o  i l l u s t r a t e  i t s  appl icat ion t o  the B-52E and other a i r c r a f t .  
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DESCRIPTION OF LEVEL 2.01 FLEXSTAB 

The development o f  the control  system analysis modules and the i n te r -  
facing o f  them t o  the Level 1.01 aerodynamic and s t ru tures modules has been 
done under an AFFDL research and development contract  w i th  the Boeing Company, 
Seatt le, Washington. As a f i r s t  step i n  the contract, the p r inc ipa l  inves t i -  
gators establ ished f i r m  guidel ines t o  meet the Statement o f  Work from the 
Control C r i t e r i a  Branch. 
summarized these guidel ines: 

Thei r i n i t i a l  report (Reference 5) on the contract 

No predetermination o f  "important motion parameters'' per previous 
short  cuts i n  analysis. The equations o f  motion should no t  be 
" ta i  lored" f o r  conventional a i r c r a f t ,  e.g. , the method would no t  
neglect the forward speed degree o f  freedom o f  the "body-fi xed" 
axis system as current ly  pract iced by most s t ruc tu ra l  dynamacists. 

The i n i t i a l  conditions o f  motion t o  be as general as possible. 
Only the i n i t i a l  conditions of  l i nea r  and angular accelerations 
were el iminated because o f  theoret ica l  aerodynamic problems. 

Reasonable r e s t r i c t i o n  o f  the number o f  feedback and p i  l o t  inputs 
and o f  the order o f  the control  system f i l t e r s .  

Hinge moment aerodynamic e f fec ts  represented as an option. 

Compatibi li t y  w i th  the Level 1.01 FLEXSTAB program t o  take advantage 
o f  NASA sponsored improvements. In  fact ,  the NASA coding require- 
ments f o r  the Level 1.01 FLEXSTAB were spec i f ied  by the Control 
C r i t e r i a  Branch. 

No higher user s k i l l  level  than the capab i l i t y  t o  create simple 
Fortran statements as taught t o  Freshmen engineering students. 

Independence from the speci a1 i zed math models o f  actuators, of 
control  surface/actuator coup1 ing, and o f  turbulence Power 
Spectra 1 Dens i ty  shapes. 

Capabi l i ty  f o r  the analysis o f  both the open and closed loop system 
responses due t o  determin is t ic  gusts and due t o  random turbulence. 

Input data formats tha t  minimize the preparatory work required by 
the user. 

Minimization o f  the complexity o f  modules w i t h i n  each program t o  
permit the user t o  understand the bas ic  calculat ions by the 
program. 

A program s t ruc ture  tha t  provides f o r  a maximum nunher o f  accurately 
determined complex number roots. 
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Computer overlay s t ruc tu re  tha t  minimize the computer cycle time 
i n  production runs. 

Above a l l  else, i t  was establ ished that  program r isks  must be i d e n t i f i e d  
and reported before the i n i t i a t i o n  o f  any deta i led engineering and coding. 
These high r i s k  areas were t o  be avoided u n t i l  a program ex is ted tha t  could 
numerically demonstrate the analysis and the evaluation problem i n  these 
areas and, a t  t h a t  point ,  USAF o r  NASA funding on s p e c i f i c  h igh r isk/high 
payoff  areas could be i n i t i a t e d .  The t e s t  case speci f ied t o  check Level 2.01 
FLEXSTAB i s  the 8-52 LAMS (Reference 6) a t  F l i g h t  Condition 1: 
A l t i t ude  = 4,000 ft, Weight = 350,000 Ibs., and Center o f  Mass = 0.298;. 

M = 0.569, 

Physical Structure o f  Level 2.01 FLEXSTAB 

As mentioned, the Level 1.01 FLEXSTAB programs were intended f o r  the 
s t a b i l i t y  and control  analysis o f  cont ro ls- f ixed a i r c r a f t .  I n  order t o  
improve the e f f i c i ency  and s u i t a b i l i t y  o f  the Level 2.01 Systems f o r  both 
contro ls- f ixed and controls- f ree a i r c r a f t  analysis and i n  order t o  meet the 
s tated guidelines, the 16 computer programs o f  Level 1.01 (Figure 1) were 
overlayed and restructured. This meant modif icat ion o f  a l l  four sections o f  
FLEXSTAB: Airplane Def in i t ion ,  Airplane S t a b i l i t y  Evaluation, Graphical 
Display, and Auxi l iary  Program sections. The net resu l t  i n  Level 2.01 
FLEXSTAB i s  13 computer programs (Figure 2) that  are interconnected by cards 
and magneti c tapes. 

A more deta i led descr ipt ion o f  the physical s t ruc tu re  o f  the Level 2.01 
FLEXSTAB System can be accomplished by contrast ing Level 2.01 programs t o  
those o f  Level 1.01. Then, current government and indus t r i a l  users o f  
Level 1.01 can more eas i l y  v isua l i ze  Level 2.01 FLEXSTAB. To fu r ther  f a c i l i -  
t a te  th i s  contrast, Level 2.01 programs have been segmented i n t o  the same 
four analysis sections as before and ind iv idual  program acronyms o f  Level 
1.01 are maintained wherever possible. Since these program acronyms have 
been i n  ac t ive  use f o r  more than three years, i t  i s  hoped most readers w i l l  
have some f a m i l i a r i t y  w i th  the terminology o f  Level 2.01 FLEXSTAB. 

Spec i f i ca l l y  then i n  the Airplane De f in i t i on  sect ion o f  Level 2.01 
FLEXSTAB, the Geometry De f in i t i on  (GD) and the associated CALCOMP program 
(GDPLOT) o f  Level 1.01 have been combined i n  Level 2.01 t o  f a c i l i t a t e  the 
conversion o f  the scaled conf igurat ion drawings o f  the a i r c r a f t  i n t o  the 
spa t ia l  mathematical descript ions requi red by the subsequent downstream 
programs o f  Level 2.01. The Aerodynamic Influence Coef f ic ient  (AIC) program 
o f  the Level 2.01 System i s  s t ructured t o  include both the steady and 1m- 
frequency unsteady aerodynamic proqrams o f  Level 1.01. The Internal  
St ructura l  Influence Coeff ic ient  (ISIC) and Normal Modes (NM) programs and 
the External St ructura l  Inf luence Coef f ic ient  (ESIC) program o f  Level 1.01 
have been modi f ied  t o  provi  de s t ruc tu ra l  data t o  mathematical ly  represent 
15 types o f  f l i g h t  cont ro l  sensors. I n  the airplane S t a b i l i t y  Evaluation 
Section o f  Level 2.01, the S t a b i l i t y  Der ivat ive and S t a t i c  S t a b i l i t y  (SD+SS) 
and the Character ist ic Equation Rooting (CER) programs o f  Level 1.01 have 
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been combined t o  fac i  1 i t a t e  the contro ls- f ixed a i  r c r a f t  analysis. 
pos i t i on  previously occupied by the CER program o f  Level 1.01, a new Linear 
Systems Analysis (LSA) program f o r  cont ro ls- f ree a i  r c r a f t  analysis i s  included 
i n  Level 2.01. The Level 1.01 FLEXSTAB Time H is to r i es  (TH) program i s  
modif ied so  tha t  Level 2.01 may analyze the response o f  cont ro ls- f ixed and 
contro ls- f ree f l e x i b l e  a i r c r a f t  t h a t  are perturbed by de te rm in i s t i c  gusts 
o r  cont ro l  surface disturbances. The remaining Graphical Display programs 
of  Level 2.01, i.e., E l a s t i c  Axis P l o t  (EAPLOT), Normal Modes P l o t  (NMPLOT), 
and Pressure D i s t r i b u t i o n  P l o t  (PDPLOT), and the A u x i l i a r y  programs o f  Level 
2.01, i .e., Corrected Aerodynamic Inf luence Coef f ic ient  (CAIC), and Structura l  
Loads (SLOADS) are only s l  i g h t l y  a l t e red  from the i  r Level 1.01 FLEXSTAB form. 

I n  the 

The net  cost/effect iveness o f  these changes from the Level 1.01 t o  
Level 2.01 FLEXSTAB, as w e l l  as the contracted and the in-house modif icat ions 
t o  the CDC computers a t  WPAFB, i s  shown i n  Figure 3. I n i t i a l l y ,  the Level 
1.01 FLEXSTAB, as implemented a t  WPAFB i n  February 1973, required 17 workdays, 
72 manhours, and 18,000 computer resource seconds t o  perform a s i n g l e  design 
po in t  analysis o f  a high aspect r a t i o  a i r c r a f t  using a moderate s ized math 
model t h a t  consisted o f  200 aerodynamic inf luence coef f ic ients  ( A I C ' s ) .  A 
computer resource second i s  defined t o  be the t o t a l  o f  the Central Processor 
seconds added t o  one-half the Input/Output*seconds (CP + 1/2 IO). 

Presently, the Level 2.01 FLEXSTAB analyses requi re subs tan t i a l l y  less 
workdays, manhours, and computer seconds a t  WPAFB. As an example, the 
Control C r i t e r i a  Branch performed a conceptual design analysis (Reference 7) 
o f  a Spanloader a i r c r a f t ,  Figure 4, insp i red by the Lockheed Spanloader pre- 
sented i n  Reference 8. This in-house analysis requi red approximately 3 
workdays, 5.7 manhours, and 10,000 computer resource seconds. In  fac t ,  a 
subs tan t i a l l y  greater number o f  Level 2.01 FLEXSTAB analyses were performed, 
a t  approximately 1/2 the computer costs o f  the Level 1.01 FLEXSTAB analyses. 
An examination o f  the di f ferences i n  the workdays indicates tha t  10 days 
were removed due t o  the purchase o f  a second CDC 6600 computer f o r  WPAFB. 
remaining 8 days were reduced t o  3 v i a  the streamlining o f  the program and 
the spec ia l i za t i on  o f  the System t o  the computer software o f  the CDC computer 
system a t  WPAFB. The reduction i n  the expended manhours can be a t t r i b u t e d  
t o  several things. Approximately 20 hours o f  the reduction can be a t t r i b u t e d  
t o  experience gained i n  using the System over the past two years. The major 
manpower savings i s  accomplished i n  the operation o f  the l S l C  program due t o  
the creat ion o f  an i n te r face  program tha t  s i m p l i f i e s  the input o f  e l a s t i c  axis 
and lumped mass locat ions,  thus e l im ina t i ng  user-generated errors.  Manpower 
savings were a l so  accomplished i n  the GD and SD+SS programs by r e w r i t i n g  
the input data formats t o  h i g h l i g h t  redundant data inputs and t o  redefine 
the input data. 

The 

Analysis and Evaluation Capabi l i ty  o f  Level 2.01 FLEXSTAB 

I 

The basic  analysis and evaluation c a p a b i l i t y  o f  the Level 2.01 System 
i s  substant ia l ,  being best i l l u s t r a t e d  by de ta i l ed  descr ipt ions o f  what each 
major program i n  the System w i  1 1  do. I n  general, the Level 2.01 System 
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estimates the s t a t i c  and dynamic s t a b i l i t y  and contro l  parameters o f  controls-  
f ixed and contro ls- f ree f l e x i b l e  a i r c r a f t  over a Mach nurtlber range of 0.0 
t o  approximately 3.5. The System i s  appl icable t o  complex, three-dimensional 
a i r c r a f t  conf igurat ions,  e.g., v e r t i c a l  t a i  1s located on the outboard port ions 
o f  the wing, T - t a i l s ,  nacel les suspended from s t r u t s ,  and close-coupled 
canards and wings. The steady aerodynamic theory o f  the System i s  an advanced 
version o f  the method developed by Woodward, Tinoco, and Larsen (Reference 91, 
i n  which constant pressure vortex panels, constant strength source panels, 
l i n e  doublets, and l i n e  sources represent the l i n e a r  po ten t i a l  f l o w  aero- 
dynamics about the f l i g h t  vehicle. I n  addi t ion,  the aerodynamic program o f  
the System contains a recently-developed (Reference IO), low-frequency unsteady 
aerodynamic approximation tha t  extends the bas ic  steady aerQdynamjc T t h y d  t o  
{he ca lcu lat ion o f  unsteady aerodynamic der ivat ives,  e.g., a, q, 6s, 8 ,  r and 
6 der ivat ives,  as we1 1 as the "generalized modal aerodynamics." The l w - f r e -  
quency approximation i s  unique i n  tha t  i t  has the same general, three-dimen- 
s ional  capab i l i t y  o f  the steady aerodynamics method a t  both subsonic and super- 
sonic speeds. This feature el iminates the r e d e f i n i t i o n  o f  the inf luence coef- 
f i c i e n t  geometry w i th  Mach number and a l so  the "diaphragm region'' o f  the e x i s t -  
i ng  Mach Box supersonic method. 

* c  

There are two s t r u c t u r a l  inf luence c o e f f i c i e n t  methods w i t h i n  the System. 
One method i s  based upon the e l a s t i c  axis/lumped mass approximation usual ly 
employed on high aspect r a t i o  a i r c r a f t .  
o f  Figure 2),  the s t ruc tu re  o f  the a i r c r a f t  i s  replaced by a connected con- 
f i g u r a t i o n  o f  beams w i t h  spec i f i ed  bending and to rs iona l  s t i f f n e s s  propert ies. 
T h i s  math model i s  used t o  ca lcu late the s t i f f n e s s  and the f l e x i b i l i t y  
matrices, the a i r c r a f t  i n e r t i a l  character is t ics ,  and the invacuum v ib ra t i on  
eigenvalues and eigenvectors o f  the f ree-free s t ructure.  The s t r u c t u r a l  ,and 
i n e r t i a l  matr ix  coe f f i c i en ts  are transformed i n t o  a mathematical format tha t  
i s  compatible w i t h  the steady and unsteady aerodynamic inf luence coe f f i c i en ts .  
Once the aerodynamic and s t r u c t u r a l  inf luence coe f f i c i en ts  e x i s t  i n  a compat- 
i b l e  numerical format, the subsequent programs i n  the System can ca lcu late the 
s t a b i l i t y  and contro l  parameters o f  the r i g i d  and f l e x i b l e  a i r c r a f t .  

I n  t h i s  method ( I S I C  and NM programs 

The second s t r u c t u r a l  inf luence c o e f f i c i e n t  method i n  the System (ESIC 
program o f  Figure 2) contains numerical routines t h a t  accept inf luence coef- 
f i c i e n t s  from an "external" f i n i t e  elements programs, such as NASTRAN, and 
then converts them t o  a form compatible w i th  the aerodynamic inf luence coef- 
f i c i e n t s .  Thus, E S I C  provides the System user w i t h  an accurate s t r u c t u r a l  
inf luence c o e f f i c i e n t  representation o f  the a i r c r a f t  t h a t  i s  most useful i n  
the advanced design cycle o f  a i r c r a f t  development. 

As noted before, the aerodynamic and s t r u c t u r a l  inf luence coe f f i c i en ts  
are summed f o r  the s t a t i c  and dynamic aeroelast ic  s t a b i l i t y  and contro l  
calculat ions by the other programs i n  the System. These System programs 
(SD+SS, LSA, and TH programs o f  Figure 2) ca lcu late the s t a b i l i t y  and contro l  
der ivat ives,  the s t a t i c  and dynamic s tab i  1 i ty,  the aerodynamic loads on the 
maneuvering a i r c r a f t ,  and the deformed shape of the f l e x i b l e  a i r c r a f t .  The 
SM-SS program o f  the System (Reference 11)  allows f o r  i n i t i a l  condi t ionscof 
non-accelerating dynamic motions consist ing o f  constant-magni tude, angular 
p i t ch ,  r o l l ,  and yaw rates and l i n e a r  t rans la t i ona l  rates, s ingu la r l y  o r  i n  
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combination. 
Once the i n i t i a l  condit ions of motion are defined i n  SD+SS and the t r i m  or 
speci f ied shape o f  the a i r c r a f t  defined, the analyses o f  symmetric, asym- 
metric, o r  coupled perturbat ion dynamic motions i s  possible using (1) a char- 
a c t e r i s t i c  equation root ing method, i f  the perturbat ion equations are 1 inear 
ordinary d i f f e r e n t i a l  equations, o r  (2) a Runge-Kutta in tegra t ion  method o f  
the TH program, i f  the d i f f e r e n t i a l  equations are nonl inear or the system 
i s  exc i ted by determin is t ic  gust and control  disturbances. 

The engine gyroscopic e f fec ts  are included a t  the user's option. 

The S t a b i l i t y  Der ivat ive and S t a t i c  S t a b i l i t y  ( S M S S )  program also 
contains numerous options that  connect the Level 2.01 FLEXSTAB t o  the ex i s t -  
ing experimental and semi-empirical methods o f  analysis. As an example, the 
s t a b i l i t y  and control  data measured during wind tunnel tests  o f  r i g i d  force 
and hinge moment models o f  a i r c r a f t  may be incorporated as tables o f  data, 
e.g., C L ( ~ ,  6s) and Cn(a, B ) ,  o r  as der ivat ives a t  the t r i m  point ,  e.g., 
CL and Cne. 
cay method such as Datcom (Reference 12) may be used instead. 

I f  the wind tunnel measurements are unavailable, a semi-emp,iri- 

The Linear Systems Analysis (LSA) program o f  Level 2.01 FLEXSTAB i s  o f  
pa r t i cu la r  i n te res t  to  analysts o f  CCV-type-ai r c r a f t .  
the computer mechanization o f  the rout ine engineering computations involved in  
CCV analyses improves the analysis cycle time and analysis accuracy, because 
the computer does not make mistakes due t o  fa t igue o r  boredom. The s p e c i f i c  
CCV-type calculat ions tha t  have been mechanized i n  LSA (Reference 13) are: 

As imp1 ied previously, 

The construction o f  an LSA precompiler, tha t  accepts user spec i f ied  
control  system t rans fer  functions as a r a t i o  o f  h igh order 
polynominals i n  the Laplacian variable, and then in te rna l l y  
rearranges these elements i n t o  a standard mat r ix  format f o r  
Root Locus, Bode, Nyquist, and Power Spectral Densi t y  analyses. 

The construct ion o f  accelerometer, ra te  gyro, angular pos i t ion,  a i r  
speed, and i n e r t i a l  ve loc i ty  sensor equations as an in tegra l  pa r t  
o f  the overa l l  LSA calculat ions.  

The construction o f  a Pade" polynomial approximation o f  the gust 
and the turbulence penetrat ion exponential, per  user spec i f ied  
tolerances. 

A b u i l t - i n  Von Karman Pwer  Spectral Density model t o  represent 
the turbulence exc i ta t i on  o f  the f l e x i b l e ,  cont ro ls- f ixed and 
controls- f ree a i r c r a f t .  The user may input h i s  own turbulence 
model i f he so des i res. 

Options tha t  permi t a user to "delete" o r  "reduce" selected invacuum 
modes v i a  the MODAL TRUNCATION o r  the RESIDUAL FLEXIBILITY formu- 
la t ions tha t  are discussed i n  the next sect ion o f  t h i s  paper. 

An opt ion t o  punch on cards, i n  a standard format, the mat r ix  
equations o f  motion o f  the a i r c r a f t  and the sensors f o r  the user 
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t o  input t o  f l i g h t  simulators and other in te r fac ing  s t a b i l i t y  
and control  computer programs. 

The input and output data o f  the programs are graphical ly presented by 
f i v e  CALCOMP programs that  are interconnected t o  the main analysis prqgrams 
o f  the System by overlay, cards, o r  magnetic tape (TAPE 99 i n  Figure 2) .  
These CALCOMP programs present the geometric o r ien ta t ion  o f  the aerodynamic 
and s t ruc tu ra l  elements o f  the math model o f  the a i r c r a f t ,  the invacuum 
eigenvectors, the aerodynamic load d is t r ibu t ions ,  and the time h i s to ry  
responses. 

Two programs i n  the Level 2.01 FLEXSTAB are intended pr imar i l y  f o r  
design. 
Figure 2) i s  used t o  correct  the aerodynamic inf luence coef f i c ien ts  f o r  non- 
l inear  e f fec ts  v i a  correct ion fac to r  matrices. The second, St ructura l  Loads 
(SLOADS program i n  Figure 2), calculates the aerodynamic and i n e r t i a l  compo- 
nent loads along the e l a s t i c  axes, i f  the beam s t ruc tu ra l  math model i s  
emp I oyed. 

One, Corrected Aerodynamic Influence Coef f ic ient  (CAIC program o f  

ESTABLISHMENT OF CRITERIA FOR THE APPLICATION OF LEVEL 2.01 FLEXSTAB 

The Level 2.01 FLEXSTAB contains numerous user options tha t  permit 
varied types o f  aeroelast ic  s t a b i l i t y  and control  analyses. A un i fy ing  
concept i n  the System is ,  tha t  no matter which of the options are selected, 
one o f  the major resul ts  i s  the creat ion o f  the equations o f  motion using 
the aerodynamic, s t ruc tu ra l ,  and i n e r t i a l  matrices. These equations o f  
motion, and the attendant sensor and loads equations, consist  o f  three i n te r -  
re lated formulations, QUASI STATIC, RESIDUAL FLEXIBILITY, and MODAL TRUNCATION, 
that  describe the dynamics o f  the contro ls- f ixed and controls- f ree a i r c r a f t .  

The industry surveys mentioned a t  the beginning o f  t h i s  paper indicated 
tha t  a l l  o f  the formulations were used t o  a degree, but  tha t  the QUASI STATIC 
and MODAL TRUNCATION formulations were the most common. As examples: 

The XB-70 GASDSAS, B-52E LAMS, B-52E CCV, C-SA ALDCS, F-4 Survivable 
F l i g h t  Controls, F-4 CCV, F-111, and F-15 a i r c r a f t  projects 
appl ied the QUASI STAT1 C and MODAL TRUNCATION formulations. 

The i n i t i a l  AFFDL sponsored studies o f  a CCV-type bomber, transport,  
and f i g h t e r  a i r c r a f t  appl ied the QUASI STATIC and a conhination 
o f  the MODAL TRUNCATION and RES1 DUAL STIFFNESS formulations. 

The SST design studies appl ied the QUASI STATIC, MODAL TRUNCATION, 
and RESIDUAL STIFFNESS formulations. The B-1 design studies 
appl ied the QUASI STATIC, MODAL TRUNCATION and RESIDUAL STIFFNESS 
formu 1 a t  i ons . 

The industry and government have developed c r i t e r i a  f o r  the se lect ion of 
the QUASI STATIC formulation. However, there are few c r i t e r i a  t o  guide the 
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select ion of the other formulations o f  the equations o f  motion. 
are necessary because they: 

The c r i t e r i a  

Force the f l i g h t  cont ro l  analysis t o  be consistent w i th  the f l u t t e r  
and s t ruc tu ra l  loads analyses o f  CCV-type a i  r c r a f t .  

Provide a qual i f i  cat ion for the associated hand1 ing qual i t y  and 
r i de  q u a l i t y  c r i t e r i a  studies. 

Provide a ra t iona l  t o  the USAF and the other government agencies 
t o  be used i n  the evaluation o f  competing CCV-type a i r c r a f t .  

I den t i f y  the conf igurat ion development problems created by the 
appl icat ion o f  each formulation. 

Place upper l i m i t s  on the complexity t o  be to lerated i n  CCV-type 
cogtro l  systems tha t  are designed using each o f  the approximate 
formulations. 

Determine the r i sks  associated w i th  the re laxat ion o f  c r i t e r i a .  

The AFFDL Control C r i t e r i a  Branch i n i t i a t e d  a study i n  1971-1972 t o  
supply these c r i t e r i a  as p a r t  o f  the Development plan f o r  Level 2.01 FLEXSTAB. 
As a f i r s t  step, the s i x  l i nea r  formulations o f  the equations o f  motion were 
i d e n t i f i e d  and mathematically re la ted using the notat ion o f  the FLEXSTAB 
documentation: 

EXACT - The motion o f  the s t ruc tu re  i s  determined by eigenvalue 
(root)  and eigenvector (mode shape) solut ions o f  the equations 
o f  motion f o r  the e l a s t i c  a i r c r a f t .  The mode shape coordinates 
contain complex numbers. The accuracy o f  the so lu t ion  i s  1 i m i  ted 
by the ex i s t i ng  computerized routines tha t  calculate the complex 
number eigenvalues and eigenvectors. 

MODAL SUBSTITUTION - The motions of the s t ruc tu re  are assumed t o  be 
- _*- re la ted t o  the orthogonal, invacuum eigenvectors (mode shapes). 

The eigenvectors contain only real  numbers. 

RESIDUAL STIFFNESS - The mode shapes representing the e l a s t i c  motion 
i n  the MODAL SUBSTITUTION formulation are separated i n t o  "retained" 
and "deleted" modes. The deleted modes are represented i n  the 
dynamic s t a b i l i t y  analysis as quasi s t a t i c  aeroelast ic corrections, 
using a correct ion fac to r  re la ted t o  the deleted modes and the 
s t i f f ness  matr ix  o f  the f ree- f ree s t ructure.  

RESIDUAL FLEXIBILITY - S imi la r  t o  the RESIDUAL STIFFNESS formulation, 
except the quasi s t a t i c  aeroelast ic  correct ion i s  re la ted t o  the 
retained modes and the f l e x i b i l i t y  matr ix  o f  the f ree-free 
structure.  

MODAL TRUNCATION - The deleted modes o f  the RESIDUAL STIFFNESS and 
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RESIDUAL FLEXlBl LlTY formulations are not represented by any 
correct ion factor.  This i s  the most common dynamic aeroelast ic  
formulation reported i n  the 1 i terature. 

QUASI STATIC - The motions o f  the s t ruc tu re  are assumed t o  be 
in-phase w i th  the r i g i d  body motions. The method i s  used 
pr imar i l y  f o r  the conceptual and prel iminary design o f  handling 
qua l i t y  and reduced s t a t i c  s t a b i l i t y  control  systems f o r  e l a s t i c  
a i r c r a f t  w i th  a wide frequency separation between the axis 
system motions and the s t ruc tu ra l  deformations. 

A contrast  o f  the computational d i f f i c u l t i e s  and the unique features 
o f  each o f  the formulations i s  found i n  Tables 1 and 2. As shown, the EXACT 
and MODAL SUBSTITUTION formulations consist o f  a large number o f  equations 
tha t  must be solved simultaneously and, i n  most cases, t h e i r  number precludes 
t h e i r  use i n  the design o f  f l i g h t  control  systems. The RESIDUAL STIFFNESS 
and RESIDUAL FLEXIBILITY formulations provide equivalent numerical resul ts,  
despite the dif ferences i n  matr ix  formulation. 

During the ana ly t i ca l  studies t o  mathematical l y  re la te  the various 
formulations, i t  became apparent tha t  a general. c r i  t e r i a  f o r  the se lect ion 
o f  each formulation could be s tated i n  terms o f  the major assumptions tha t  
are required t o  derive each formulation (Reference 14). 
t ions are presented i n  Figure 5. An examination o f  Figure 5 reemphasizes 
tha t  i t  is  r e l a t i v e l y  easy t o  decide when the QUASI STATIC formulation i s  
appropriate. However, the decision on the appropriateness o f  the RESIDUAL 
formulations o r  the MODAL TRUNCATION formulation i s  considerably more 
d i f f i c u l t .  
a te  the s ign i f icance o f  the "s t ructura l  spr ing forces,'' A8, and the "aero- 
dynamic forces o f  s t ruc tu ra l  deformation," A9 upon the performance o f  the 
f 1 i gh t control  sys tern. 

These major assump- 

The d i f f i c u l t y  ar ises due t o  the necessity t o  numerically evalu- 

Presently, most o f  the aeroelast ic  s t a b i l i t y  and contro l  design methods 
i n  use i n  the industry do not  possess the capab i l i t y  t o  evaluate these terms 
f o r  t h e i r  numerical s ign i f icance t o  the dynamics o f  the f l e x i b l e  a i r c r a f t .  
I n  contrast, the Level 2.01 FLEXSTAB i s  s p e c i f i c a l l y  engineered and coded 
to provide the USAF w i th  the capab i l i t y  t o  consider both formulations, and 
thus, t o  evaluate the numerical s ign i f icance o f  A8  and A9 when applied t o  
the design of any proposed a i r c r a f t .  This new capab i l i t y  i n  Level 2.01 
should provide addi t ional  information concerning the in te rac t ion  o f  modern 
f l i g h t  control  systems w i th  the s t ruc tu ra l  dynamics o f  a i r c r a f t .  

The aeroelast ic  s tab i  l i  t y  and control  parameters, t o  be calculated 
w i th  the Level 2.01 FLEXSTAB during the check-out using the a i r c r a f t  presented 
i n  Table 3,  w i l l  provide more s p e c i f i c  numerical c r i t e r i a  f o r  the se lect ion 
of e i the r the RES I DUAL FLEX I B I L I TY o r  MODAL TRUN CAT I ON fo  rmu 1 a t  i ons o f  
Level 2.01 FLEXSTAB. The boher / t ranspor t  a i r c r a f t  category i s  receiving 
f i r s t  a t ten t ion  due t o  t h e i r  s i g n i f i c a n t  aeroe las t ic i t y  a t  a l l  f l i g h t  condi- 
t ions. Once the numerical c r i t e r i a  are generated f o r  t h i s  category, the 
f i g h t e r  category o f  a i r c r a f t  w i l l  then be considered. Here, the emphasis 
w i  11 be placed upon the unique f i g h t e r  a i r c r a f t  maneuvers t h a t  are comprised 
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o f  large rates o f  ro ta t ion  and high load factors. 

FUTURE DEVELOPMENT OF LEVEL 2 .O 1 FLEXSTAB 

The Level 2.01 FLEXSTAB i s  nearing the completion o f  the f i r s t  cycle o f  
funding act ion tha t  was intended t o  provide AFFDL and the USAF w i th  the 
capab i l i t y  t o  perform basic  analysis and evaluation o f  conventional and CCV- 
type a i r c r a f t .  As mentioned previously, the contractor and the AFFDL Control 
C r i t e r i a  Branch decided ear ly  i n  the program that  the high r i s k  technical 
areas should be i d e n t i f i e d  p r i o r  t o  beginning the extensive engineering o r  
programming work i n  these high r i s k  areas o f  analysis. There are two areas 
o f  high r i sk  tha t  have been i d e n t i f i e d  f o r  AFFDL in-house and contractual 
studies i n  FY75-76: 

The appl icat ion o f  the law-frequency unsteady aerodynamics t o  the 
ca lcu lat ion o f  turbulence and gust induced aerodynamic forces. 

The i d e n t i f i c a t i o n  o f  a su i tab le  t e s t  case t o  v e r i f y  the engineer- 
ing and the coding o f  Level 2.01 FLEXSTAB. 

The t e s t  appl icat ion o f  the law  frequency unsteady aerodynamic method 
t o  the ca lcu la t ion  of unsgeady aerodynamic s t a b i l i t y  and control  der ivat ives 
such as CL;, Cmg, Cni, CgI;, and Cds and the low-frequency, generalized aero- 

dynamic forces has been "successful" t o  date. By successful i s  meant tha t  
"reasonable" cor re la t ion  has been achieved on most tes t  cases. The doublet 
l a t t i c e  and the unsteady aerodynamic s t r i p  theory methods provide p a r t i a l  
checks a t  subsonic speeds. A t  supersonic speeds there are no comparable 
theoret ica l  methods tha t  can represent the complex f l o w  f i e l d  around three 
dimensional a i r c r a f t  configurations. Ideal ly,  the Level 2.01 estimates 
should be compared t o  experimental data, as we l l  as e x i s t i n g  ana ly t i ca l  data. 
However, the comparison t o  the experimental data w i  1 1  requi re the development 
o f  the parameter est imation method f o r  f l e x i b l e  a i r c r a f t ,  t o  be discussed 
i n  the l a t t e r  paragraphs o f  t h i s  sect ion o f  the paper. 

The law frequency unsteady aerodynamics have proven t o  be marginal ly 
acceptable t o  unacceptable f o r  the ca lcu lat ion o f  atmospheric gust and 
turbulence induced aerodynamic forces. The problem i n  the Level 2.01 turbu- 
lence analyses i s  that  the ca lcu lat ion o f  the Power Spectral Density o f  a 
parameter such as ve r t i ca l  accelerat ion due t o  ve r t i ca l  gusts, az/wg, 
requires the in tegra t ion  o f  the square o f  the frequency domain representation 
o f  the aZ/wg t rans fer  function, mu l t i p l i ed  by the turbulence Power Spectral 
Density. This in tegra t ion  over a l l  frequencies does not converge due t o  
the neglect o f  the higher order unsteady aerodynamic e f fec ts  by the low 
frequency aerodynamics method. The contractor, A i r  Force O f f i ce  o f  S c i e n t i f i c  
Research, and the Control C r i t e r i a  Branch have studied the numerical problem 
i n  d e t a i l  and i d e n t i f i e d  the contr ibut ions o f  the ind iv idual  terms o f  the 
t ransfer  functions. There are four possible solut ions:  
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Incorporation o f  the Kussner-Wagner functions per conventional 
des i gn p r a c t  i ces . 

Addit ion o f  the doublet l a t t i c e  aerodynamic methods f o r  turbulence 
analysis a t  subsonic speeds. 

Retention o f  the next higher order frequency terms i n  
t o t  i c expans i on o f  the unsteady ae rodynami c potent i a 
equations. 

Expansion o f  the unsteady p o t e n t i a l  f lcw equations f o r  
frequencies" and then "matching" o f  the low and high 
so l  ut  ions f o r  intermediate frequencies. 

he asymp- 
f l o w  

" large 
frequency 

The f i r s t  opt ion i s  the obvious short  term so lu t i on  f o r  Level 2.01, 
s ince only a small increase i n  the computer costs i s  involved i n  using the 
System. The incorporat ion o f  the doublet l a t t i c e  method i n t o  the System i s  
a t t r a c t i v e ,  since i t  has become an accepted design method. Unfortunately, 
t h i s  so lu t i on  may require extensive modi f icat ion o f  the System, and thus 
e l iminate some o f  the unique C C V  analysis options cu r ren t l y  avai lable,  e.g., 
the inc lus ion o f  the forward speed degree o f  freedom i n  the dynamics, the 
mu1 t i p l e  equation o f  motion formulations discussed i n  the preceeding sect ion 
o f  t h i s  paper, and the very general i n i t i a l  condit ions o f  motion. NASA has 
contracted t o  study t h i s  problem i n  de ta i l .  I n  addi t ion,  the A i r  Force 
O f f i c e  o f  S c i e n t i f i c  Research has funded fundamental studies re la ted t o  the 
unsteady aerodynamics methods appl ied t o  s tab i  l i  t y  and contro l  analyses. 
The t h i r d  and four th  so lut ions are theo re t i ca l l y  in terest ing,  bu t  unproven 
mathematically. Regardless, the incorporat ion of the l a t t e r  3 solut ions i s  
a r e l a t i v e l y  long term process requi r ing several extensive program check 
cases. 
a t  AFFDL using the e x i s t i n g  Level 2.01 programs and w i  1 1  be avai lab le  f o r  
the fu tu re  unsteady aerodynamic improvements to  the Level 2.01 FLEXSTAB. The 
incorporat ion o f  the Kussner-Wagner functions and the co r re la t i on  of Level 
2.01 FLEXSTAB a n a l y t i c a l  estimates t o  the C-5A o r  the B-52E f l i g h t  t e s t  
data has been planned f o r  FY75. 

These check case data are present ly being co l lected during studies 

As mentioned, a new computer program requires extensive v e r i f i c a t i o n  
o f  the engineering equations and o f  the program coding. 
the 13 programs o f  Level 2.01 FLEXSTAB compounded the v e r i f i c a t i o n  problems, 
i n  t h a t  the check data on a i r c r a f t  technology i n teg ra t i on  and the check data 
on the co r re la t i on  o f  e x i s t i n g  design methods t o  f l i g h t  t e s t  data i s  prac- 
t i c a l l y  non-existent. Ample amounts o f  wind tunnel t e s t  data on r i g i d  a i r -  
c r a f t  models are avai lable,  along w i t h  comparisons t o  the other ana ly t i ca l  
methods. These data v e r i f y  only the steady aerodynamic methods. Some 
s t a t i c  and dynamic s t r u c t u r a l  data from ground v i b r a t i o n  tests are avai lable,  
b u t  t e s t  condit ions and parameters are no t  e n t i r e l y  su i ted  t o  computer 
program check-outs; often these ground tests  do no t  have a comparable f l i g h t  
t e s t  counterpart. The s t a t i c - e l a s t i c  a i r c r a f t  models, cant i  levered from 
st ings o r  s t r u t s  during wind tunnel tests,  provide excel lent  checks o f  bas ic  
s t a t i c  aeroelast ic  calculat ions,  b u t  again l i t t l e  data i s  present ly avai lable. 
The cable-mounted f l u t t e r  models provide some v e r i f i c a t i o n  o f  dynamic 

The development o f  
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aeroelast ic  calculat ions,  although cable f r i c t i o n  and u h i l i c a l  cord drag 
add i ncal cuab l e  factors. 

The Level 2.01 contractual t es t  case consist ing o f  the B-52E LAMS a t  
F l i g h t  Condition NunkJer 1 has provided mixed resul ts.  This i s  because the 
LAMS data were not  intended f o r  check cases f o r  new computer programs and, 
thus, they were not q u a l i f i e d  and correlated i n  any great detai 1 t o  the 
resul ts  o f  the LAMS design methods. For example, the generalized s t ruc tu ra l  
damping added t o  each s t ruc tu ra l  mode was not  documented and has been 
assumed t o  be 5 = 0.03 i n  the Level 2.01 check case. Addi t ional ly,  typo- 
graphical er rors ,  such as s ign errors  i n  the summation o f  the LAMS feedback 
loops e x i s t  inadvertent ly i n  the formal AFFDL documentation. Numerous 
addi t ional  questions a r i se  i n  the correlat ions between the resul ts  o f  the 
Level 2.01 FLEXSTAB and the f 1 i ght t e s t  tha t  cannot be answered because the 
bas ic  LAMS calculat ions were not preserved. 

To date, the AFFDL Control C r i t e r i a  Branch has been unable to f i n d  a 
su i tab le  operational a i r c r a f t  tha t  can check the Level 2.01 program t o  the 
degree desired. As such, the Control C r i t e r i a  Branch has decided t o  se lect  
the best data from the a i r c r a f t  and a i r c r a f t  model wind tunnel tests tha t  
are presented i n  Table 3. Each a i r c r a f t - o r  model checks an area o f  major 
ca lcu lat ion w i t h i n  the System. To whatever extent possible, the experimental 
data and the Level 2.01 ana ly t i ca l  estimates w i  1 1  be compared t o  the e s t i -  
mates o f  the contemporary, parochial ana ly t i ca l  methods. The contrast  o f  
the Level 2.01 calculat ions t o  the calculat ions o f  parochial design methods 
o f  the aerospace industry is par t i cu la r l y  important, s ince i t  q u a l i f i e s  the 
inaccuracies o f  FLEXSTAB, wh i le  providing a h i s t o r i c a l  background t o  measure 
the progress o f  research and development. 
are w i th  the B-52E and the F-111 TACT a i r c r a f t  and f l e x i b l e  model; the 
remainder are in-house check cases. 
in-house e f f o r t ,  approximately 60,000 dol lars ,  i s  considerably less than 
the costs o f  a s ing le  wind tunnel t es t  o f  e i t h e r  a r i g i d  o r  a f l e x i b l e  model 
o f  an a i r c r a f t .  

The major contracted t e s t  cases 

The manpower and computer cost o f  the 

I t  should be noted tha t  the data co l lec ted  during these check case 
studies o f  Level 2.01 are extremely valuable. The data provide a mathe- 
matical representation o f  the current USAF vehicles f o r  AFFDL support t o  
the System Program 
i c a l  methods by AFFDL. 

Of f i ce  (SPO) and f o r  the development o f  fu tu re  analyt- 

I n  addi t ion t o  funding the unsteady aerodynamics improvement and the 
addi t ional  B-52E and F-111 TACT t e s t  cases, AFFDL Control C r i t e r i a  Branch 
has decided to begin studies i n  four  areas d i r e c t l y  o r  i n d i r e c t l y  re la ted 
t o  Level 2.01: 

Modif icat ion o f  the System t o  al low the analysis o f  s t ing-  and 
strut-mounted f l e x i b l e  models tha t  are tested i n  wind tunnels. 

Creation o f  a s t ruc tu ra l  loads analysis module tha t  interfaces 
w i th  the System and tha t  provides a numerical measure o f  the 
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effect iveness o f  the CCV control  system. This necessitates the 
study o f  the sensor equations tha t  are appropriate t o  each o f  
the math models o f  the dynamics o f  the a i r c r a f t .  

Creation o f  an optimal cont ro l  synthesis module t h a t  may be 
i n t e  rf aced w i t h  the Sys tem. 

Creation o f  a parameter est imation method f o r  f l e x i b l e  a i r c r a f t  
t o  provide experimental check data f o r  Level 2.01 from f l i g h t  
tests  o f  a i  r c r a f t .  

I n  FY75-76, the Control C r i t e r i a  Branch w i l l  study the d i f f i c u l t i e s  
involved i n  adding the c a p a b i l i t y  f o r  the analysis o f  s t a t i c  aeroelast ic  
models tha t  are tested i n  wind tunnels. Conceptually, t h i s  modi f icat ion 
t o  Level 2.01 requires r e l a t i v e l y  minor changes t o  the System: the el imina- 
t i o n  o f  the " i n e r t i a  r e l i e f "  and the " f ree-free f l e x i b i l i t y  matrix" calcula- 
t ions i n  I S I C / N M ,  E S I C ,  and SD+SS programs (Figure 2) t ha t  are required f o r  
a i r c r a f t ,  b u t  no t  f o r  s t a t i c  aeroelast ic  models. The F-111 TACT f l e x i b l e  
model serves as a check case f o r  t h i s  modif icat ion,  as w e l l  as an element 
i n  the ove ra l l  System v e r i f i c a t i o n  discussed previously,  Pressure data w i  11 
be incorporated i n t o  the analyses o f  the F - l l l ' T A C T  f l e x i b l e  model and a i r -  
c r a f t  t o  f u r t h e r  fac i  l i t a t e  the numerical checks o f  the coding. 

The FY75 studies w i l l  a lso invest igate and def ine the form o f  the loads 
analysis equations t h a t  r e f l e c t  the improvements o r  the degradations t o  the 
s t r u c t u r a l  loads due t o  the operat ion o f  the CCV-type contro l  systems. This 
study w i l l  include an invest igat ion i n t o  the e l a s t i c  correct ion factors on 
the accelerometer equations o f  motion found i n  the QUASI STATIC and the 
RESIDUAL FLEXIBILITY math models o f  f l e x i b l e  a i  r c r a f t  dynamics. 

The incorporat ion o f  the optimal cont ro l  synthesis methods as a feature 
o f  the Aux i l i a ry  Programs o f  the Level 2.01 FLEXSTAB i s  cu r ren t l y  being 
studied in-house by the Control C r i t e r i a  Branch (Reference 15). The aero- 
dynamic program (A IC  program o f  Figure 2) i s  p a r t i c u l a r l y  a t t r a c t i v e  i n  
t h i s  study, i n  tha t  i t  formulates the equations o f  motion i n  the time, 
Laplacian, and frequency domain o f  mathematical analysis. This uniqueness 
o f  Level 2.01 FLEXSTAB means that  m s t  i f  not  a l l  o f  the useful optimal 
cont ro l  synthesis methods can be in ter faced w i t h  Level 2.01 FLEXSTAB. This 
work by the AFFDL Control C r i t e r i a  Branch i s  c losely  coordinated w i t h  the 
Active Controls A i r c r a f t  O f f i c e  a t  NASA/ARC t o  ensure tha t  funding duplica- 
t i o n  i s  avoided and tha t  independent work by the AFFDL and NASA i s  avai lab le 
t o  a l l .  The FY75-76 study i n  optimal cont ro l  w i l l  use the C-5A as the t e s t  
case. 

The appl icat ion o f  parameter est imation methods t o  f l e x i b l e  a i r c r a f t  i s  
receiv ing substant ia l  a t t e n t i o n  from the Control C r i t e r i a  Branch (Reference 
16). There are several mot ivat ing factors tha t  force the development o f  
t h i s  type o f  Aux i l i a ry  Program f o r  the Level 2.01 FLEXSTAB .. F i r s t ,  the 
comparison o f  the steady and unsteady aerodynami c parameters 
determined by f l i g h t  tests,  t o  the a n a l y t i c a l l y  calculated values, i s  
essent ia l  t o  u l t ima te l y  v e r i f y  the accuracy o f  Level 2.01 FLEXSTAB, o r  any 

experimental l y  
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other aeroelast ic  analysis program. Without these types o f  v e r i f i c a t i o n  t o  
qua l i f y  the precis ion of  the ana ly t i ca l  estimates o f  the aerodynamic param- 
eters o f  importance t o  CCV design, the innovative use o f  CCV concepts may be 
penalized by design r i s k  factors t h a t  are assumed t o  be too large. Since the 
ex i s t i ng  parameter est imation methods t r e a t  the a i r c r a f t  as a " r ig id "  vehicle, 
a new method must be developed. 

Second, the p rac t i ca l  necessity o f  removing a l l  excessive s t ruc tu ra l  
weight, whether through conventional design pract ices o r  through ac t ive  con- 
t r o l  systems, has resul ted i n  vehicles tha t  are more aeroelast ic  than previous 
vehicles w i th  s i m i l a r  operational missions. To a degree, a l l  f l i g h t  vehicles, 
including f i g h t e r  a i r c r a f t ,  are aeroelastic. The degree o f  aeroelast ic i  t y  
depends upon the p a r t i c u l a r  f l i g h t  condi t ion (Mach number, dynamic pressure, 
and mass d i s t r i bu t i on )  a t  which measurements o r  observations are made. I n  
order t o  minimize the technical r isks involved i n  the design o f  these type o f  
h igh performance vehicles, a prototype o r  a pre-production vehic le i s  o f ten 
constructed p r i o r  t o  comnitt ing a large amount o f  resources t o  a production 
vehicle. The SST a i r c r a f t  are obvious examples. The in ten t  o f  the prototype 
vehic le i s  t o  demonstrate tha t  the design meets a l l  the mission objectives. 
This demonstration en ta i l s  f l i g h t  tests o f  the prototype t o  v e r i f y  the math 
models employed i n  the design and t o  i so la te  any conf igurat ion problems tha t  
would be objectionable i n  the production vehicle. Again, since the ex i s t i ng  
parameter est imation methods t r e a t  the f l i g h t  vehic le as a " r ig id "  s t ructure,  
they e l iminate the p o s s i b i l i t y  o f  e x p l i c i t l y  i den t i f y i ng  important aeroelast ic  
parameters tha t  a f fec t  the response o f  the a i r c r a f t .  This reason fu r ther  
necessitates the development o f  a parameter est imation method f o r  f l e x i b l e  
a i  r c ra f t .  

The e f f o r t  i n  parameter est imat ion consists o f  both in-house and con- 
t rac tua l  work planned through FY78. As a f i r s t  step, the Control C r i t e r i a  
Branch i s  developing an in-house program tha t  i s  based upon the maximum 
l i ke l ihood method. The t e s t  data f o r  t h i s  program w i l l  consist o f  B-52E CCV 
f l i g h t  t es t  data that  w i  1 1  be selected t o  minimize the ant ic ipated numerical 
problems discussed i n  Reference 16. The B-52E CCV analy t ica l  s tar t -up data 
f o r  the in-house method has been generated using the Level 2.01 aerodynamic 
and s t ruc tu ra l  f i n i t e  element representation presented i n  Figure 6. A 
contracted e f f o r t  w i l l  compare the B-52E CCV a i r c r a f t  ana ly t i ca l  model t o  
f l i g h t  data estimated by a method being developed by a contractor. 
groups o f  these parameter estimates w i l l  be correlated t o  f l i g h t  t es t  data 
measured during the tests o f  the dynamic response o f  the B-52E t o  step, 
ramp, and sinusoidal motions o f  the control  surfaces. As pa r t  o f  the in-house 
e f f o r t ,  the l S l C  and NM programs o f  Level 2.01 FLEXSTAB w i l l  be evaluated 
r e l a t i v e  t o  the methods applied t o  the B-52E CCV a i r c r a f t  by the contractor. 
The purpose o f  the evaluation i s  t o  i d e n t i f y  any inaccuracy tha t  could be 
introduced i n  the in-house developed parameter est imation method due t o  the 
theore t ica l l y  calculated values o f  the generalized mass and s t i f f ness  and o f  
the invacuum mode shapes. 

Both 

The next phase o f  the e f f o r t  w i l l  involve invest igat ing the high r i sk /  
h igh payoff areas o f  parameter est imation o f  f l e x i b l e  a i r c r a f t  and fu r ther  
developing a production computer program. The f i n a l  phase o f  the e f f o r t  

910 



w i l l  include an extension o f  the l i nea r i zed  methods t o  nonl inear analyses. 

CONCLUD I NG REMARKS 

The Level 2.01 FLEXSTAB Computer Program System has the po ten t i a l  t o  
meet most o f  the immediate needs 
and evaluat ion too l  o f  conventional and CCV a i r c r a f t .  I t s  c a p a b i l i t y  f o r  
var ied aerodynamic and s t r u c t u r a l  f i n i t e  element representations of the con- 
t r o l s - f i x e d  and the contro ls- f ree a i  r c r a f t  provides versat i  1 i t y  and a1 l w s  
cos t /e f fec t i ve  analyses a t  the conceptual, prel iminary,  and advanced design 
levels o f  a i r c r a f t  development. The modular independence o f  the t h i r t e e n  I 

programs tha t  comprise FLEXSTAB fac i  li t a t e  improvements t o  the aerodynamic, 
s t r u c t u r a l  dynamic, and f l i g h t  cont ro l  program elements. I n  fact ,  several 
USAF and NASA e f f o r t s  are present ly underway o r  planned t o  enhance FLEXSTAB 
t o  create an increase i n  c a p a b i l i t y  f o r  the Level 3.01 FLEXSTAB System. 

o f  the AFFDL and the USAF f o r  an analysis 

O f  p a r t i c u l a r  importance i n  Level 2.01 FLEXSTAB i s  the a v a i l a b i l i t y  
of the QUASI STATIC, the MODAL TRUNCATION, and the RESIDUAL FLEXIBILITY 
formulations o f  the dynamics o f  a i r c r a f t .  Thesg m u l t i p l e  formulations pro- 
v i  de a fur ther  capabi 1 i t y  f o r  cos t / e f f e c t  i ve  analys i s  o f  the dynamics o f  
both the con t ro l s - f i xed  and contro ls- f ree f l e x i b l e  a i r c r a f t .  The numerous 
options i n  the Level 2.01 programs, f o r  the inc lus ion o f  experimental data 
t o  improve accuracy, and fo r  the i n te r face  o f  output data t o  f l i g h t  simulators, 
optimal cont ro l  synthesis methods, and parameter est imat ion methods, should 
make the Level 2.01 programs a key element i n  the development o f  the f l i g h t  
control  systems o f  f u tu re  m i  li ta ry  a i r c r a f t .  

The AFFDL Control C r i t e r i a  Branch and other organizations are cu r ren t l y  
applying Level 2.01 FLEXSTAB t o  the analysis and evaluat ion o f  a l l  categories 
o f  m i  li ta ry  a i  r c r a f t .  This accrued experience i s  avai l ab le  t o  other i n t e r -  
ested organizations through a l i a i s o n  o f f i c e r  i n  the Control C r i t e r i a  Branch. 
This o f f i c e r  i s  responsible f o r  any request t o  the AFFDL f o r  a copy o f  the 
Level 2.01 FLEXSTAB programs, f o r  monitoring the successes and f a i  lures o f  
other Level 2.01 users, and f o r  answering user questions. Presently several 
contractors and government agencies are taking advantage o f  the service. 

Most promising i s  the decision by the Mechanics Department o f  the 
A i r  Force I n s t i t u t e  o f  Technology (AFIT) t o  use the Level 2.01 FLEXSTAB 
programs and documentation as an i l l u s t r a t i v e  t o o l  to teach the i n t r i c a c i e s  
o f  combining technologies during the design o f  modern a i r c r a f t .  These USAF 
students provide valuable, construct ive c r i t i c i sms  t o  the AFFDL Control 
C r i t e r i a  Branch. 
innovative ideas t h a t  could be incorporated i n t o  fu tu re  Levels o f  FLEXSTAB. 
F ina l ly ,  t h e i r  background i n  f i n i t e  element programs, such as FLEXSTAB, 
prepares them f o r  the tasks o f  fo l lowing the contractors o f  the USAF during 
the conceptual, prel iminary,  advanced design, and f l i g h t  t e s t  phases o f  new 
a i  r c r a f t  development, o r  dur ing the contractual modi f icat ion o f  operat ional  
a i  r c r a f t .  

Their  re la ted thesis work should provide new and of ten 
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200x200 A I C ANALY S I S 

ONE ANALYSIS POINT (M, q, Wt, STATICS, DYNAMICS) 
ONE ENGINEER/ONE AIRCRAFT CONFIGURATI~N 

(QS) - QUASI STATIC 
(MT) - MODAL TRUNCATION 
(RF) - RESIDUAL FLEXIBILITY 

LEVEL 1.01 FLEXSTAB (1973) 
No Computer P r i o r i t y  
2 Day Turnaround 10 

8 
Manhou rs  

6 

4 

2 

0 
0 2 4 6 8 10 12 14 16 18 

Workdays 

Program 

GD 
SA1 C 
UAI C 
t S l C  
SD+SS (as) 
CER 

CP + IO/.2fsee) 

30 
4,000 
2,000 
8,000 
4,000 

100 

18,130 
- 

LEVEL 2.01 FLEXSTAB (1974) 
No Computer P r i o r i t y  
1 Day Turnaround 

10 Program 

GD 
A I  C 

8 J S l C  
Manhou rs  SD+SS (QS) 

NM 
4 SD+SS (MT) 

SD+SS (RF) 

6 

2 

0 
0 2 4 6 8 10 12 14 16 18 

Workdays 

Figure 3. Costs for  Aeroe las t ic  S t a b i l i t y  and Control Analysis a t  WPAFB 

~P+I0/2(sec) - 
19 

2,655 
9 37 

1 321 

4,932 
L 

30 8 
1,952 
2,950 

10,142 
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a .  Lockheed Span 1 oade r A i  r c r a f  t 

I 

:I 
‘ b. Aerodynamic I d e a l i z a t i o n  o f  AFFDL Spanloader 

31 
;I 
.i c. S t ruc tura l  Representation 

Figure 4. Applicat ion o f  Level 2.01 FLEXSTAB 
Analysis o f  a Spanloader A i r c r a f t  

o f  AFFDL Spanloader 

t o  Conceptual Design 
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Table 1. Computational D i f f i c u l t i e s  Associated w i t h  the 
Linear Formulations o f  the Equations o f  Motion 

STRUCTURAL 
DATA 

REQUIRED 

[Kl 

Table 2. Unique Features o f  the Formulations Describing L i g h t l y  
Damped A i  r c r a f t  Dynamics 

MODAL SUBSTITUTION PERMITS COMPLETE ANALYSIS OF LIGHTLY L IMITED TO LINEAR OR PIECEWISE 
DAMPED AIRCRAFT LINEAR SYSTEMS 

K I S T  ACCURATE SLOWEST, MOST COSTLY 

RES I DUAL ST I FFNESS REDUCED: 
‘NUMBER OF UNKNOWNS 

ANALYSIS CYCLE TIME 

COMPUTING COSTS 

NEGLECTS DYNAMICS OF DELETE0 
MODES 

REQU I RES ALL I NVACUUM MODES 

RESIDUAL F L E X I B I L I T Y  SAME AS RES I DUAL S T I  FMESS REQUIRES FREE-FREE F L E X I B I L I T Y  

ONLY INVACUUM MODES OF 

918 



4AEROOVNAMlC 
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I 
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I 
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I 
I 
I 
I 
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NON-INERTIAL 

BODY FIXED AXIS 

NON-LINEAR 

I 
I 
I 

LINEAR 

FOWULATION 

SUBSTITUTION 

ASSUMPTIONS 

A I  

A2 

FJ 
TRUNCATION TRUNCATION 

A6 

A7 

A0 

A9 

The aerodynamic forces proport ional  
to s t ruc tu ra l  ve loc i t y  and acceler- 
a t i o n  are zero. 
l h e  s t ruc tu ra l  i n e r t i a l  and damping 
forces are zero. 
Structural  damping forces a re  neg- 
l i g ib le .  
Aerodynamic forces due t o  e l a s t i c  
deformation are  neg l ig ib le .  
The aerodynamic forces due t o  
deleted modal ve loc i t y  and acceter- 
a t i o n  are zero. 
The s t ruc tu ra l  damping and i n e r t i a l  
forces due t o  deleted modal deforma- 
t i o n  are  zero. 
The s t ruc tu ra l  damping o f  retained 
mdes on deleted modes i s  zero. 
The s t ruc tu ra l  spr ing forces of 
deleted modes are  zero. 
The aerodynamic forces due t o  
deleted modes a re  zero. 

Figure 5. General C r i t e r i a  f o r  the Selection o f  the Formulation 
o f  the Equations o f  Motion i n  Level 2.01 FLEXSTAB 
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a. The 8-52E CCV A i rcra f t  

b. Aerodynamic ideal izat ion o f  B-52E CCV 

0 00 20 m .*Do yl .o moo \Do w \m m )i-*x,s %.S m . I D  .is on ,io w lbo .o ,&Do .io 00 1; 

c. Structural  Ideal izat ion of B-52E CCV 

Figure 6. Application of Level 2.01 FLEXSTAB to  the B-52E C C V  A i rc ra f t  
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