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The heavy l i f t  a i r r h i p  @LA) ir  a vehicle  (Fig. 1) i n  which the 

technologier of ro to rc ra f t  and l a h t e r  than a i r  (LTA) a n  c0mbtn.d t o  

provide a mano of l i f t i n g ,  t r rnrpor t ing ,  and p l a c i w  u t t r r w l y  maarive 

prylords - up tc perhapa 100 ton8. The l i f t i q  pornr of the buoyant 

gar o f f a e t s  the tmijht  of the a t ruc tu ra  and propulmion r y r t e m ;  the 

l i f t i n g  power of the rotor8 aupporta the  payload and provider vehic le  

control .  Ihe cencept har received conriderable  a t t en t ion  i n  recent 

years with technology review8 and economic f e a r i b i l i t y  a tud ie r ,  

Refs* 1-8. 

'he operation of there vehicles  i n  t h e i r  intended ro l e r ,  and the 

r s roc ia tad  mgtneartng problem, h a w  been s tudied t o  a much omre 

limited extent ,  e-g., Refa. 9 and 10. Like the c l a a r i c  a i r ah ip r ,  the 

response t o  gurty rnvlronmnta La an important irmue which har received 

l imited ana ly t i ca l  tr5atracrnt (Refr. 11-13). Unlike i t a  ptedaceraora, 

the HLA w i l l  typ ica l ly  be used i n  missionr requir ing prc- is* cont ro l  

th rowh f l i g h t  r o ~ i a r r  encomparring large and rapid changer of speed, 

incidence, and lord. There l a  r need, therefore,  for  an in-depth under- 

r t rnding of the f l i g h t  mechrsicr, handling qualities and f l i g h t  cont ro l  

r rqui  remcnta of the HLA. 

The prlaury obfcrctive of the technica l  e f f o r t  drrcr ibed i n  t h i s  

report 18 the development of r generic,  yet comprahenriva mathematical 

model and computar r l w l a t t o n  of the tU,A f l i g h t  d,vnrmicr over i t8  e n t i r e  

f l i g h t  envelope. I m p l l ~ i t  $n t h i s  r i m u l a t i m  development a n  the data  

reviewa m d  an r ly r r r  which ruppor- the equation8 of rrotion and the 

ca l eu l r t i on  of f o ~ c e r  anti momenta a c t f q  on the vehicle.  The rimula- 

t i cn ,  HYBRDS, 1r addreared t o  the broad requirement noted above md i a  

intended fo r  ure rr a r y n t h r r l r  and ana ly r i r  t oo l  fo r  the evaluation of 

cornpet ing Y3.A design concepts 
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Figure 1. Typical Heavy L i f t  Mrsh ip  With 
Slung Payload 

?he llYBRDS (Hybrid Buoyant Rotorcraf t  Dynamic Stmulation) is a s e t  

of computer program tha t  perform non-real-time, nonlinear s imulat ions 

of the f l i g h t  dynamics of HL4-like vehic les  -- hybrid u l t i - r o t o r  a i r -  

c r a f t -  The three  main program ava i l ab l e  with HYBRDS are: 

I HUSIM - models the powered vehic le  i n  f l i g h t .  

HLAPAY - models the  powered vehic le  i n  f l i g h t  
car.ying a slung payload. 

IILAMOR - models the unpowered vehic le  moored t o  a 
r i g i d  support a t  a s i n g l e  point. 

Vehicle configurat ions t ha t  can be simulated include f r e e  bal loons,  

c l a s s i c a l  a i r sh ips ,  hybrid a i r s h i p s  ( R W ) ,  and non-buoyant multi-rotor 

he l i cop te r s  The modeling includes the so-called apparent mass e f f e c t s  

of the buoyant hu l l .  a number of in te r fe rence  e f f e c t s  a r i s i n g  out of the 

proximity of h u l l ,  r o to r s ,  t a i l  aurfaces ,  and ground plane, and quasi- 

s t a t i c  ro to r  coring and flapping. The formulation of the equations of 

motion a l l o n  ca l cu l a t i on  of loads between the  main in te r fac ing  p a r t s  of 

the vehicle  s t ruc ture .  



The basic  configuration is the buoyant quad-rotor concept -- four  

l i f t -propulsion un i t s  (LPUs) disposed about a c e n t r a l  buoyant h u l l  which 

has cont ro l lab le  t a i l  surfaces.  Each LPU ha8 a l i f t i n g  ro tor  and a 

thrus t ing  ro tor  (propel le r ) ,  both with co l l ec t ive  controls ;  the ro to r  

has l a t e r a l  and longi tudinal  cyc l i c  cont ro ls  a s  well. Other configura- 

t i ons  a r e  achieved by se l ec t ive ly  "turning off" various port ions of the  

model by a l t e r i n g  the input data. 

The HYBRDS program each perform three major functions: 

1) Calculation of operat ing point or  t r i m  condition, 
emg., fo r  performance estimates.  

2) Calculation of s t a b i l i t y  and response der iva t ives  
about se lec ted  operating points  f o r  use In l inear-  
ized vehicle  dynamic response models. 

3) Forward in tegra t ion  iil time of the vehic le  s t a t e  
var iab les  i n  response t o  cont ro l  commands and 
aerodynamic disturbances,  s t a r t i n g  a t  se lec ted  
t r i m  conditions. 

In addi t ion t o  the independent s t a t e  var iab les ,  the outgut data i . - d u d e  

a la rge  number of dependent var iab les  such as aerodynamic (and o ther )  

load contr ibut ions,  ro to r  thruot leve ls ,  and cont ro l  surf ace def lec-  

t i ons  . 
The simulation was developed on a Cyber 176 w i n g  the i n t e r a c t i v e  

NOS operating system. It was wri t ten  i n  ANSI FORTRAN I V  and contains  

some 65,500 statements i n  343 subroutines,  most of which a r e  shared 

among the three main programs. The simulation requires  the IMSL l i b r a r y  

f o r  numerical processing support. It is operat ional  on CDC 7600 com- 

puter under the SCOPE 2.1 operat ing system a t  the Ames Research Center 

of the NASA. The source code is heavily connnented t o  f a c i l i t a t e  addl- 

t ions  and modiflcatlona by the using organizat icn t o  s u i t  configuration- 

pecul iar  requirements. 

The simulation program documentation is  contained i n  the  f i n a l  

report ,  "Flight Dynamics Analysis and Simulation of Heavy L i f t  

TR-1151-2-1 3 



Airships." The report  is in f i v e  volumee, of uhich t h i s  volume ir  th., 

f i r s t  . The volumes car ry  s u b t i t l e s  ind ica t ing  the intended readership : 

Volume I Executive Summary 

Volume I1 Technical Manual 

Volume I11 User'e Manual 

Voluw I V  User's Manual, Appendices 

Volume V Programmer's Manual 

The following paragraphs b r i e f l y  descr ibe  the  contents  of each. 

This volume, the R e c u t i v e  Swmaty, provides an introduct ion t o  the 

remaining volumes. It contains  a descr ip t ion  of the  s imulat ion i n  

s u f f i c i e n t  d e t a i l  t o  allow the reader t o  determine the p o t e n t i a l  appl i -  

c a b i l i t y  of HYBRDS . t o  h i s  o m  use. It descr ibes  key f ea tu re s  of t he  

technica l  development and ou t l i ne s  po t en t i a l  addi t iona ;end modifications 

t o  the program foreseen a t  the  time of writing. 

The Technical Manual descr ibes  the mathematical models contained i n  

the  simulation i n  considerable d e t a i l  with supporting evidence fo r  the  

model forms chosen. It descr ibes  the trimming and l i n e a r i z a t i o n  algo- 

rithms used i n  the simulation. Appendices t o  the manual ou t l i ne  the  

coe f f i c i en t  es t imat ion procedure f o r  the input data and provide example 

simulation reau l t s .  

The User's Manual provides the bas ic  information necessary t o  run 

the  programs. This include8 descr ip t ions  of che var ious data  f i l e s  

necessary f o r  the program, the varioue outputs from the program and the 

options ava i lab le  t o  the user when executing the  program. Additional 

da t a  f i l e  information i e  contained i n  the th ree  appendices t o  the 

manual. These appendicee list a l l  input var iab les  and t h e i r  permissible  

values,  an example l i s t i n g  of these l-ariablee,  and a l l  output va r i ab l e s  

ava i lab le  t o  the user. 

The Progra mer's Manual is intended fo r  the maintenance programmer 

who w i l l  support the program. It contains  explanations of the l og i c  

TR- 1 15 1-2-1 



embodied fr. the vrrfour  proyram modular, a d l c t i ona ty  of program wri- 
rb l ec ,  a rubrout ine l i r t l n g ,  rub tou t ine l cow tn-block/ctorr-ref etarrc* 

l i r t i n g ,  and r c a l l i w / c a l l e d  aubroutlne crorr-referenccr l i r t i n g .  f i 0  

manual doe* not ropart  data  ava i l ab l e  tn  tha Uaar'a Nrnual. 

Wind tunnel t race  of tho quad-rotor dariyn concopt w r a  o r i y i n a l l y  

planned to coincide with tho t lm $pan of the simulation dr tmlopmnt.  

Thr purporo uar t o  provide da ta  cu r r en t ly  lacking i n  the l i t a r a t u r e ,  

pa r t i cu l a r ly  fo r  hul l - rotor  I n t e r f a n n c a  e f  f ac t s .  Thir e f f o r t  war ter- 

minated h f o r e  the wlnd tunnel lrodel was bu i l t .  The d a r i t n  considatr-  

t i o n r  and model plan8 am contained i n  two technical  waorandr ,  Ratr. 14 

and 15. 

I n  addi t ion ,  the formulation of the u t h a r w t i c a l  l u d e l r ,  tho ro f t -  

Sara testin$, and simulation axerc ia r  reaul tad In .r numkr of papera, 

Refs. 16-19. The subject  oE m e t  of thrtra papers was a hypothat ical  

four ro tor ,  four thruat iny prope l le r  d U  configurat ion h a v i u  a h u l l  of 

low finenaer r a t i o  and 0-11 t a i l  sur face  *ma. Thir p a r t i c u l a r  con- 

fiq.;:ation was dofinad ea r ly  in  the program t o  aarve a r  a t e a t  caae 

throughout oimulrtion da\.elopacrn:. 



The heavy l i f t  a i r s h i p  can be desc r ibed  a s  resembling a c l a r p i c  

a i r s h i p  des ign where the  p ropu l s ion  scheme has  been extended and e lab-  

o r a t e d -  The s e v e r a l  engines  of the  a i r s h i p  a r e  replaced with consider-  

a b l y  l a r g e r  l i f t - p r o p u l s i o n  u n i t s  (LPUs) mounted on r e l a t i v e l y  long 

o u t r i g g e r - l i k e  arms t o  provide  c lea rance  f o r  the  main r o t o r  of each LPU. 

The LPUs a l s o  c a r r y  a p r o p e l l e r  t o  provide  propulsi-re f o r c e  and/or addi-  

t i o n a l  c o n t r o l  fo rce ,  p a r t i c u l a r l y  when the  main r o t o r  is w r y  l i g h t l y  

loaded-  The payload, i f  any, is suspended below the  HLA with a mul t i -  

c a b l e  s l i n g  system.. 

The most complex p a r t s  of the  s imula t ion  a r e  a s s o c i a t e d  with the  

aerodynamic modeling of t h e  v e h i c l e .  Ln c a l c u l a t i n g  the  aerodynamic 

l o a d s  a c t i n g  on va r ious  p a r t s  of the  v e h i c l e  s t r u c t u r e ,  the  emphasis is 

placed on determining the  dominant e f f e c t s  using aerodynamic models 

based on uniformly v a l i d  f i r s t  approximations.  The d e t a i l s  of the  

models a r e  desc r ibed  f u l l y  i n  Volume I1 of t h i s  r e p o r t ;  the  i n t e n t  he re  

is t o  provide a broad c a t a l o g  and exp lana t ion  of the  major f e a t u r e s .  

The s imula t ion  a l s o  inc ludes  models of the  suspension cb, A ,  the  

landing gear ,  and the  f l i g h t  c o ~ r t r o l  system- In  a l l  s e s  t' a r e  

q u i t e  simple i n  keeping wi th  t h e  o v e r a l l  philosophy of expcslng t h e  

dominant p r o p e r t i e s  of the  g e n e r i c  HLA concept-  The source  code f o r  the  

f l i g h t  c o n t r o l  system is conf ined t o  a few subrou t ines  t o  make changing 

t h e  system r e l a t i v e l y  easy;  t h e  f l i g h t  c o n t r o l  system is not "universa l"  

because of the  broad range of p o s s i b l e  HLA c o n t r o l  c o n f i g u r a t i o n s .  

In  t h e  s imula t ion  equa t ions  of motion, the  HLA is t r e a t e d  a8 an 

assembly of in te rconnec ted  r i g i d  bodies - the  c e n t r a l  h u l l  and suppor t  

s t r u c t u r e  assembly, and the  s e v e r a l  a t t a c h e d  LPUs The mathematical  



representat ion of e imi la r  s t ruc tu re s  has received considerable a t t e n t i o n  

i n  recent yeers,  p a r t i c u l a r l y  i n  connection with spacecraf t  dynamics, 

e.g., Refs. 20-22. The object ive i n  most of these inves t iga t ions  is t o  

a r r i v e  a t  a computationally economical s e t  of equations f o r  a s p e c i f i c  

configuration within a general c l a s s  of re la ted  arrangements. 

In the case of the heavy l i f t  a i r sh ip ,  the pr inc ipa l  requirements 

a r e  t o  provide f o r  v a r i a b i l i t y  i n  the configurat ion and t o  give some 

measure of the loads between components. For these reasons each body is  

t rea ted  a s  a separate ,  a l b e i t  constrained, e n t i t y  with its own ax i s  

system and equations of motion. There a r e  addi t iona l  const t a i n t  equa- 

t ions  which express the re la t ionships  between the acce lera t ions  of pa i r s  

of bodies r e su l t i ng  from t h e i r  interconnections. 

To the user ,  t h i s  treatment of the r i g i d  body modeling of the h u l l  

and at tached LPUs is r e f l ec t ed  i n  the input data  requirements which c a l l  

f o r  the geometrical and i n e r t i a l  data  of each body - the h u l l  and each 

of the attached LPUs - r a the r  than data  f o r  the s t r u c t u r e  as a whole. 

This f a c i l i t a t e s  changes in ,  f o r  example, the loca t ion  and o r i en t a t ion  

of the LPUs i n  predesign s tudies .  One need n, recompute the i n e r t i a l  

propert ies  f o r  the s t ruc tu re  as  a uhole. Th-s approach requi res  r 

defined net center  of grav i ty  f o r  the e n t i r e  HLA; the cons t ra in t  for t  ?I  

bnd noments between the h u l l  and each of the LPUs cause the s t r u c t u r e  t o  

move a s  a r i g i d  body. 

When solved simultaneously i n  the program, tho equations of motion 

and the equations of cons t ra in t  y i e ld  so lu t ions  f o r  the vehicle  accel- 

e r a t ions  i n  the independent degrees of freedom a s  well  a s  so lu t ions  f o r  

the forces  and moments a c t i w  between pa i r s  of bodies which provide the 

cons t ra in t .  When the in t e r f aces  between the LPU and hull-plus-support 

(outr igger)  s t ruc tu re  a r e  appropriately chosen, the r e su l t  is a readout 

of these in t e rna l  loads as  well  a8 motions of the vehicle.  

AERODYHMtC CALCULATIONS 

The aerodynamic modeling of the HLA i s  s imi l a r ly  organized. Forces 

and moments a r e  calculated f o r  the hu l l  ( t a i l  o f f ) ,  t a i l  assembly, each 



LPU, and the payload, i f  p remnt .  Figure 2 shows the computational flow 

f o r  these ca l cu la t io s s ,  c.1.e various s t eps  of which a re  a s  followa: 

1) The vehicle  s t a t e s  a r e  taken from the current  time s tep ;  
these include t r a n s l a t i o n a l  and ro ta ry  motions of each 
element, l oca l  ainnass motione a t  each element (steady and 
turbulent  wind inputs ) ,  and severa l  cont ro l  inputs.  

2.3) These a re  resolved in to  r e l a t i v e  air-to-element ve loc i ty  
components a t  each ro to r  and propel le r  hub, each LPU aero- 
dynamic center ,  the h u l l  cent - r of volume, the t a i l  refer-  
ence center  ( the  aerodynam- . cenrer  of e f f ec t ive  t a i l -  
plus-fuselage ensemble) , and the slung payload, i f  
present rn 

4) The r e l a t i v e  v e l o c i t i e s  a r e  adjusted by various f ac to r s  o r  
increments t o  account f o r  in te r fe rence  due to: 

a)  h u l l  on ro to r s  and propel le rs  

b) ro tors  and propel le rs  on h u l l  and t a i l  

c)  ro tors  &I propel le rs  and LPU nace l les  
d) ground plane proximity t o  hu l l ,  t a i l ,  ro tors  and pro- 

p e l l e r s  

Thus the ne t  r e l a t i v e  o r  apparent v e l o c i t i e s  a r e  the 
vector  sum: 

5) The aerodynamic forces  and moments a r e  computed a s  func- 
t i ons  of the r e l a t i v e  ve loc i ty  a t  each element. Inter-  
ference e f f e c t s  tha t  a r i s e  from changes i n  the nature of 
the loc.:al flow (e-g ., rotor-induced turbtllence i n  h u l l  
l oca l  flow) a re  accounted fo r  i n  the equations of the 
respect ive element. Buoyant forces  a r e  computed a t  the 
h u l l  center  of volume from the normal atmospheric pressure 
gradien t ,  and the hor izonta l  pressure gradients  a r i s i n g  
from changing wind v e l o c i t i e s  o r  convergent wind f i e l d s .  

6) Net h u l l  forcen a t  the center  of volume ( cove )  a r e  oummed 
and t ransfer red  t o  the h u l l  center  of grav i tv  (cog.) al-ong 
with the tail-on-hull forces .  A t  t h i s  s tage the major 
p i tch  and yaw s t a b i l i t y  e f f e c t s  of the h u l l  and f i n  assem- 
b ly  a re  apparent 

7) h e  ro tor  and propel ler  forces  and moments a r e  t ransfer red  
t o  the L W  c.g. for  use i n  the m!i~clbody equations of 
mot ion 

8) Ihe various loads and cont ro l  def lec t ions  a r e  inputs t o  
other  pa r t s  of the program. 

TR- 1 15 1-2-1 8 
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W AND TAIL A B R O D m C S  

Quasi-steady and unsteady aerodynamic loads a r e  accounted f o r  i n  the  

s imulat ion f o r  f l i g h t  condi t ions encompassing la rge  ranges i n  speed, 

incidence angle,  and turbulence leve l .  The modeling uses simple func- 

t i o n a l  dependencies on body a x i s  l i n e a r  and angular v e l o c i t i e s  and 

acce l e r a t i ons  r e l a t i v e  t o  the  airmaas. The dependencies were s e l ec t ed  

t o  allow approximation of t y p i c a l  empir ical  da ta  r a the r  than being esti- 

mated from vehic le  geometry. In  the case of the t a i l  surfaces ,  pre- 

s t a l l ,  t r a n s i t i o n  and pos t - s t a l l  flow regimes a r e  included. 

The quasi-steady aerodynamic models were val idated aga ins t  extensive 

wind tunnel da ta  f o r  c e r t a i n  of the  c l a s s i c  a i r sh ips ,  Refs. 23-27. Fig- 

ure  3 shows an example of t h i s  comparison with da ta  f o r  the  a i r s h i p  

Akron f o r  incidence angles  out t o  twenty degrees. The c l o s e s t  match i s  

f o r  the drag data  which 's within 5 percent. L i f t  is rs tched wi th in  

10 percent f o r  t he  hu l l -p lus - ta i l  configurat ion.  The p i tch ing  moment 

da ta  require  adjustments ( A  and n) t o  capture  the low incidence ins ta -  

b i l i t y  and high incidence s t a b i l i t y  s o  t yp i ca l  of a i r sh ips .  Addit ional  

co r r e l a t i ons  with high incidence and o s c i l l a t o r y  (damping) da ta  i nd i ca t e  

t h a t  the  h u l l  and t a i l  aerodynamic forces  a r e  general ly  va l id  t o  wi th in  

about 25 percent over the e n t i r e  UA opera t iona l  envelope. Since near ly  

a l l  of the aerodynamic problems requi r ing  con t ro l  a r e  simulated i n  t he  

model, f u r t h e r  complex it^ was deemed unwarranted. 

Ttre uns'ceady aerodynamic forces  a r e  those a r i s i n g  out of veh i c l e  

acce l e r a t i on  with respect t o  the airmass and accelerated a i r £  low due t o  

gus t s  and -1rbu1ence. The e f f e c t s  modeled i n  the  s imulat ion a r e  t he  

c l a s s i c  acce le ra ted  motion forces  (Refs. 28 and 29) which were supplied 

i n  the ana lys i s  of the  c l a s s i c  a i r s h i p s  (Refs. 30 and 31). Accelerated 

moticn cf the  airmass a l s o  leads t o  hor izonta l  buoyancy forces  because 

of the  pressure gradierrt assoc ia ted  with the  acce le ra t ion .  These, too, 

have been accauated for .  However, t he  unsteady l i f t  a r i s i n g  out of 

changes i n  c i r c u l a t i o n  flow reqresents  a consider- bly smaller  contr ibu-  

t i o n  and has been neglected. 
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t h e  o v e r a l l  aerodynamic loads  on tha  a i r a h i p  h u l l .  F igure  4 a h o m  a n  

example s imula t ion  time h i a t o r y  where t h e  guat is a p p l i e d  on ly  a t  t h e  

t a i l  assembly. The HtA i8 not a c t i v e l y  c o n t r o l l e d .  The compariron 

between t h e  quar i -s teady forccl c o n t r i b u t i o n  (Curve C2) and t h e  t o t a l  

f o r c e  (Curve C1) ahom t h e  dominance of t h e  unr teady c o n t r i b u t i o n  (Curve 

C3).  Note t h a t  t h e  p s t  cannot inc lude  s t e p  d i s c o n t i n u i t i e s  Ln v e l o c i t y  

a s  t h i s  impl ies  I n f i n i t ,  a c c e l e r a t i o n .  

The i n d i v i d u a l  l i f t - p r o p u l s i o n  u n i t s  m y  be l ikened t o  a h e l i c o p t e r  

where t h e  t a i l  r o t o r  has  been replaced by a t h r u s t i n g  p r o p e l l e r  o r i e n t e d  

i n  some a r b i t r a r y  d i r e c t i o n .  The aerodynamic f o r c e s  of importance ate  

those  o r i g i n u t i w  i n  t h e  main r o t o r  end p r o p e l l e r  and, t o  a such l e e s e r  

e x t e n t ,  the  LPU n a c e l l e  ( h e l i c o p t e r  f u s e l a g e ) .  The c o n t r o l  i n p u t s  a r e  

t h e  r o t o r  c o l l e c t i v e ,  l a t e r a l  c y c l i c ,  longitudinal c y c l i c  and r o t a t i o n a l  

r a t e ;  and the  p r o p e l l e r  blade p i t c h  ( c o l l a c t  i v e )  and r o t a t  ionml r a t e .  

The maill r o t o r  aerodynamics follow t h e  modeling of Bram 11 i n  

Ref.  32. Quasi-steady coning and f l a p p i n g  of the  r o t o r  b lades  is 

.isuumed wi th  the  f lappin& hinge loca ted  a t  the  r o t o r  hub. The inf iow 

v e l o c i t y  is uniform L I C ~ O S I  t he  r o t o r  d i sk  and is assumed quasi-steady.  

An i t e r a t i v e  proca.iure is used t o  s o l v e  f o r  the  inflow v e l o c i t y  and 

t h r u s t  c o c f f l c l a n t ;  torque and f l a p p i n g  c o e f f i c i e n t s  fo l low d i r e c t l y .  

An u a u ~ u a l  added f e a t u r e  is the  replacement of t h e  Brarnwell model by 

f l a t  p l a t e  dray when the  inf low appruvchcs zero.  This  approximates t h e  

vor tex  r ing  s t a t e  which is f r e q u e n t l y  encountered on an HLA, p u r t i c u -  

l v r l y  when t h c  v e h i c l e  is not c a r r y i n g  a payload. The modeling is 

not a c c u r a t e  i n  t h i s  region and t h e  proOram f l a g s  t h i s  wi th  a message 

t a l l i n b  the  rreer when t h i s  flow c o t ~ d t t  ion occurs .  

The ~~erodynamicu  fol low those  of the  r o t o r ,  d e l e t i n g  t h e  

c y c l i c  c o n t r o l s .  The n a c e l l e  is modeled as a b lu f f  body having d rag  

a long  each reEerencc a x i s  deper~dent upon t h e  r e l a t  l v e  v e l o c i t y  a long  

TK-1151--2-1 12 
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t h a t  axis .  I n  a l l  cases  ( ro to r ,  p rope l le r ,  nace l le ) ,  the  forces  calcu- 

l a t ed  depend upon the  l o c a l  ve loc i ty  r e l a t i v e  t o  t he  airmas8 - a t  t he  

ro to r  hub, p rope l le r  hub, and nace l l e  aerodynamic reference center .  

The payload aerodynamics a r e  those of a rectangular  conta iner ,  

neglect ing unsteady (5trouhal)  flow forces .  The aerodynamics are some- 

what more complex than those of t he  LPU fuselage i n  t ha t  moment terms 

dependent on l i n e a r  and angular ve loc i t e s  are included. 

The proximity of the  r o t o r s  and prope l le rs  t o  the  h u l l  the  ground 

plane, and the  t a i l  sur faces  leads  t o  nu tua l  i n t e r f e r ence  e f i e c t s  of two 

kinds: those due t o  ve loc i ty  changes and those due t o  the  change i n  

flow ang l l a r i t y .  The former a r e  modeled a s  ve loc i ty  decrements; t h e  

l a t t e r  by changes i n  c e r t a i n  of the  aerodynamic coe f f i c i en t s .  Since the  

modeling here  a s  elsewhere concentrates  on f i r s t -o rde r  e f f e c t s ,  i t  was 

possible  t o  avoid i t e r a t i v e  ca lcu la t ions .  The func t iona l  form of the 

models was fo rmula~ad  from the  ava i l ab l e  l i t e r a t u r e  on ground e f f e c t s ,  

e.g., Refs. 27 and 33, plus  recent  flow simulat ion work, Ref. 34, and 

u l t imate ly  by recourse t o  f i r s t  p r inc ip l e s  (e.g., p o t e n t i a l  flow solu- 

t ions ,  l i n e a r  s ing l e  dependency models, e t c  . ) . 

The aerodynamic environment is made up of th ree  s epa ra t e  components: 

) Discrete ,  one-minus-cosine gust inputs  ac t i ng  on 
i s o l a t e d  vehic le  elements (e.g., t a i l  only as i n  
Fig. 4). These can be appl ied a t  s eve ra l  points  
a t  a r b i t r a r y  time i n t e r v a l s  t o  represent  gust  
"waves." They t r a n s l a t e  and r o t a t e  with the vehi- 
cle and a r e  intended f o r  t e s t  purposes only. 

2) Steady wind which is constant with respect  t o  the  
non-rotating i n e r t i a l  reference frame. Ths wind 
cont r ibu tes  t o  t he  unsteady aerodynamic forces  
ac t i ng  on the  h u l l  and t a i l  when the  vehicle  Is 
ro t a t i ng  with respect  t o  i n e r t i a l  space. 



3) Spa t i a l l y  d i s t r i b u t e d  random turbulence which is 
approximated by a four  (or  f i v e  when payload is 
presen t )  point source m d e l .  

The aerodynamic force  ca l cu l a t i ons  requi re  l o c a l  r e l a t i v e  v e l o c i t i e s  

a t  widely separated points  on the  vehicle.  These loca t ions  are f a r  

enough apa r t  t ha t  ex t rapola t ion  of point gust values and grad ien ts  from 

a s ing l e  point gives inaccurate  r e s u l t s  (Ref. 35). The degree of gust 

component c o r r e l a t i o n  between any p a i r  of loca t ions  drops off  a s  the  

space between them increases ,  so  t h a t  a t  100 f t  apar t  -- a dimension 

t y p i c a l  of the d i s tance  between ro to r s  i n  a quad-rotor HLA - the  corre- 

l a t i o n  near ly  vanishes. 

In  the  s imulat ion,  the h u l l  is t r ea t ed  as a s p a t i a l  averager of 

gus t s  t h a t  o r ig ina t e  a t  four  points  around a meridional plane. They a r e  

s e l ec t ed  by the  user  t o  be c lose  t o  the ro tors ,  the  t a i l  sur faces ,  and 

the  reference length of the  hu l l .  Appropriately weighted averages of 

these  four  sources a r e  taken a s  the gust  component "seen" by the  LPUs, 

by the h u l l ,  and by the t a i l  assembly. This same model a l s o  provides 

grad ien ts  along and acrosc the h u l l  which gives  r i s e  t o  ro ta ry  gust and 

airmass acce le ra t ion  terms. 

The model requires  tha t  a set of twelve i n e r t i a l  ve loc i ty  component 

time h i s t o r i e s  be computed ahead of t i m e ,  th ree  mutually perpendicular 

components a t  each of the four  source points.  For computational conven- 

ience, the input po in ts  t r a n s l a t e  but do not r o t a t e  with the vehicle .  

This a l l o ~ ~ s  use of a c t u a l  gust  records,  or a r t i f i c i a l l y  generated time 

h i s t o r i e s  containing both co r r e l a t ed  and uncorrelated components. The 

user  might want cor re la ted  components t o  represent l o c a l  a i r f l ow  i n  

c lo se  proximity t o  i r r e g u l a r  t e r r a i n  (e.g., a ridge, near a l a rge  

hangar, e t c  . ) . 
The payload, i f  present ,  requires  an addi t  irrnal s i x  components, 

th ree  t r a n s l a t i o n a l  and th ree  r o t a t i o n a l  terms, the l a t t e r  being re- 

quired because of the single-point nature of the payload gust modeling. 



In the W A Y  simulation the payload is suspended below the h u l l  on 

a s  many a s  four  suspension cables ,  each modeled aa a  spring-damper sya- 

tem. The geometry i a  a r b i t r a r y  within cons t r a in t s  fmpoaed by the trim- 

ming routines.  Generally t h i s  means t ha t  s l i n g  geometries t ha t  do no t  

r e s t r a i n  payload angular motion a r e  not allowed and m a t  be approximated 

by geometries t h a t  do provide these r e s t r a i n t s ,  see Volume 111. 

This modeling approach was chosen over an a l t e r n a t e  r i g id  l i n k  con- 

s t r a i n t  modeling fo r  reasons of s impl ic i ty .  The r i g i d  l i n k  approach 

requi res  a  rework of the multibody equations of motion and cons t r a in t  

equations. The cons t ra in t  equations change f o r  each v a r j a t i o n  in s l i n g  

topology, e.g., two versus four cables,  b i f i l a r  versus peiced ifiverted 

vee, etc., The f l e x i b l e  l i n k  approach adopted requi res  only a  s i n g l e  

computer code configurat ion t o  represent  a r b i t r a r y  geometries involving 

up t o  four cables. 

Each of the a9  many a s  four  landing gears  is modeled as  a  v e r t i c a l l y  

or iented spring-damper combination with two gradients .  A Coulomb f r i c -  

t i on  model is used f o r  the forces  ac t ing  a t  the ground contact  patch. 

The s t ronger  of the two grad ien ts  accounts f o r  s t r u c t u r a l  de f l ec t i on  

when the weaker spring has bottomed out. 

In the HLAMOR simulation, a  s i n g l e  mooring a t t ach  point is modeled 

a s  an add i t i ona l  cons t ra in t  on the h u l l  motion; the set of cons t r a in t  

equations is augmented. The HLA is modeled with zero ro tor  and pro- 

p e l l e r  speeds; the aerodynamics a r e  replaced by simpler models of the  

a t - r e s t  forces  act ing on the ro to r  and propel ler .  

The f l i g h t  control  system operates  the ro tor ,  p rope l le r ,  and t a i l  

sur face  de f l ec t i on  cont ro ls  through the software equivalent of a  mixer 



box. The exact  na tu re  of the  mixing is a l t e r a b l e  by t h e  use r  by making 

changes wi thin  the  source  code of a s i n g l e  subrout ine .  

The mixing "organizestt t h e  many i n d i v i d u a l  v e h i c l e  c o n t r o l s  i n t o  s i x  

approximately orthogonal l inked  c o n t r o l s ,  one f o r  each of t h e  s i x  

degrees  of v e h i c l e  motion freedom. Thue changes i n  t h e  v e h i c l e  c o n t r o l  

conf igura t ion  being analyzed by t h e  u s e r  r e q u i r e  changes i n  a i m u l ~ t i o n  

code 

The mixing is e f f e c t i v e  not  only f o r  opera t ion  of tile f l i g h t  c o n t r o l  

system but a l s o  f o r  e s t a b l i s h i n g  v e h i c l e  trim zondi t ions .  The trim rou- 

t i n e  opera tes  through t h i s  mixing a s  does t h e  determinat ion of t h e  

l inked  c o n t r o l  response d e r i v a t i v e s .  

The f l i g h t  c o n t r o l  laws themselves a r e  of t h e  c l a s s i c  p r o p o r t i o n a l ,  

i n t e g r a l ,  d e r i v a t i v e  (PID) type where the  i n t e g r a t o r  output  d e f i n e s  the  

t r i m  d e f l e c t i o n  of the  l inked r - n t r o l  point .  Figure  5 i l l u s t r a t e s  t h e  

opera t ion  of t h i s  system i n  r e g u l a t i n g  a g a i n s t  d i s c r e t e  downward g u s t  

a t  the  t a i l .  The sensed q u a n t i t i e s  inc lude  angular  r s t e s ,  body a t t i -  

tudes ,  a c c e l e r a t i o n s  and speeds ( e i t h e r  i n e r t i a l  o r  airmass referenced) .  

The system includes  l i m i t s  on the  i n t e g r a t o r  output,  on the  l inked con- 

t r o l  d e f l e c t i o n ,  and on each of the  f n d i v i d u a l  con t ro l  p o i n t s  of t h e  

veh ic le .  Thus the  s imula t ion  is capable of inve; t igat ing s i t u a t i o n s  

where l imi ted  c o n t r o l  power is a  f a c t o r .  

The system accommodates use r  command inpu ts  a t  s e v e r a l  points .  The 

i n d i v i d u a l  c o n t r o l  s u r f a c e s  and the  l inked  c o n t r o l  p o i n t s  can have 

f i n i t e - d u r a t i o n  pu l ses  app l ied  f o r  test purposes. The f l i g h t  c o n t r o l  

loops themselves can be commanded by user-specif ied  time sequences cf  

commands f o r  execution of maneuvers, f o r  example. 

The system design is n o t  intended t o  be u n i v e r s a l ;  q u i t e  t h e  con- 

t r a r y .  The gener ic  na tu re  of the  tILA conf igura t ion  and t h e  range of 

missions f o r  which i t  is designed both imply c o n t r o l  o b j e c t i v e s  t h a t  

vary over a  broad range. A s  p r e s e n t l y  def ined,  the  system is o r i e n t e d  

toward the  hover condi t ion wi th  use r - spec i f i ed  l i m i t s ,  ga ins ,  and s e n s o r  

s e l e c t i o n  (from a  l imi ted  s e t ) ;  t h e  sof tware  mixer box is intended f o r  

four  r o t o r ,  four  p r o p e l l e r  conf igura t ions .  Source code changes i n  a  
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The source code was developed i n  a  top-down fashion wherein the  data 

s t ruc tu re ,  input/output c h a r a c t e r i s t i c s ,  bas ic  program algorithm, etc., 

were defined ear ly  t o  e s t ab i i sh  a  framework fo r  the development tha t  

followed. The major modules, each consis t ing of an i n t e r r e l a t ed  s e t  of 

subroutines,  were developed i n  sequence, then incorporated and tes ted  

with the main program(s) . 
The individual .modules were developed by a  four-step sequence of 

model de f in i t i on ,  code development, 8of tware t e s t ,  and comment prepara- 

t ion.  Mde l  de f in i t i on  required es tab l i sh ing  the per t inent  equations 

and data requirements. This was of ten  a  lengthy process involving care- 

f u l  consideration of the r e l a t i v e  meri ts  of competing models. Some- 

times, eeg-, h u l l / t a i l  aerodynamics and hu l l / ro to r  in te r fe rence  e f f e c t s ,  

i t  required extensive l i t e r a t u r e  review and analysjc  t o  e s t ab l i sh  the 

form of the model and the relevant  data  atructurca and in';erfaces with 

the remainder of the program. 

Reducing the model t o  FORTRAN source code m e  straightforward,  but 

the t e s t i ng  tha t  followed of ten  was not. "S t i f f"  equations, e.g., land- 

ing gear spring-dampers , resul ted i n  the expected problems with trimming 

the vehicle  and in tegra t ing  the s t a t e s  forward in time unless the par- 

ameters were chosen with d i sc re t ion -  During and following the t e s t i ng  

of the individual  modules the code was heavily commented by the engineer 

and programmer involved. These comments complement the program documen- 

t a t i on  given in  these volumes. 

The development of HLASIM followed the above procedure, the f i r s t  

major module being the multibody equations of motion. This waa followed 

by the trimming module and the LPU aerodynamics. The modulas f o r  the 

h u l l  and t a i l  aerodynamica, the s t a b i l i t y  and response de r iva t ive  



determination, the f l i g h t  cont ro l  systev,, and the test gust inputs  

followed i n  t ha t  order 

Adding the slung payload began with an e n t i r e  separa te  program i n  

which the dynamics of the s luag  payload were modeled i n  i s o l a t i o n  - 
payload equations of motion, aerodynamic and cable forces ,  and trimming 

rout ines .  Following v e r i f i c a t i o n ,  it was "merged" with the EiLASM pro- 

gram t o  c r ea t e  HLAPAY. This involved rev is ions  t o  the t r i m ,  s t a b i l i t y  

and response de r iva t ive  end in t eg ra t i on  rou t ines  In te r fe rence  e f f e c t s  

and movable t a i l  sur faces  were then added t o  both programs- 

HLAMOR was developed by assembling pieces of HLASIM, adding the  

mooring point  cons t r a in t ,  and zero speed ro to r  and prope l le r  aerodyna- 

mics t o  the system. Again the trim and s t a b i l i t y  and response deriva- 

t i v e  rou t ines  were spec ia l ized  f o r  t h i s  simulation program- 

HYBRDS development was completed by recas t ing  U S I M  and HLAPAY i n t o  

an overlay s t r u c t u r e  and adding two small  post-proceesor rout ines .  

HLAMOR is small  enough t o  f i t  on the CDC 7600 without overlays. The 

programs were i n s t a l l e d  and checked out on the host computer by compar- 

ing t e s t  runs with previously computed check cases-  

Each of the t,hree programs has the same basic  execution algorithm: 

Read vehic le  data  and i n i t i a l i z e  

Read t r i m  spec i f i ca t i ons  

Calculate trim e t a t e  and 1 p r i n t  

Calculate de r iva t ives  and p r in t  ( i f  requested) 1 
Read time h i s to ry  spec i f i ca t i ons  and i n i t i a l i z e  -- 
In tegra te  forward one time s t ep  I 
Pr in t  output a t  p r i n t  i n t e r v a l  2 
Stop 



The program f i r s t  reads i n  the  geometric,  i n e r t i a l  and aerodynamic 

d a t a  desc r ib ing  the  HLA c o n f i g u r a t i o n  and i n i t  i a l i e e s  the  var ioua d a t a  

a r rays .  Following t h i s ,  a d d i t i o n a l  d a t a  s p e c i f y i n g  the  trim cond i t ion ,  

which inc ludes  atmospheric parameters,  is read i n  and a  t r i m  s t a t e  Is 

computed. The p r i n t o u t  t h a t  fo l lows inc ludes  t r i m  r o u t i n e  performance 

measures t o  inform the use r  of any d i f f i c u l t i e s  encountered i n  trimming, 

e.g., l i m i t i n g  of the  c o n t r o l  s u r f a c e s .  The program now loops back t o  

c a l c u l a t e  another  trim condi t ion.  

Figure  6 shovs an example of a  t r i m  s t a t e  sequcnse. i n  t i - i s  case  

i l l u s t r a t i n g  l a t e r a l  c y c l i c  d e f l e c t i o n  requirement3 as ~nctior:  of 

crosswind ivelocity f o r  an HLA with  and wi thout  s lung pc;; At each 

trim condi t ion ,  i f  the  use r  has s o  requested,  the  program ~ u l c u l a t c s  t h e  

s t a b i i i t y  and response d e r i v a t i v e  mat r i ces  a s s o c i a t e d  with the  trtm coc- 

d i t i o n  and p r i n t s  them oa t  be fo re  looping back t o  c a l c c l a t e  another  t r i m  

s t a t e .  For each s e t  of d e r i v a t i v e s ,  the  program a l s o  c a l c u l a t e s  t h e  

e igenvalues  and e igenvec to r s  of the  system. Figure  7  shows an example 

of how c e r t a i n  of the  e igenvalues  vary  with f l i g h t  cond i t ion  i n  a  typ i -  

c a l  HLA. 

The s t r u c t u r e  of the  program t o  t h i s  po in t  suppor t s  ana lyses  of 

v e h i c l e  performance (Fig.  6)  and f l i g h t  dynamics (Fig. 7). The t r i m  

s p e c i f i c a t i o n s  can ccver the  in tended opera t ing  envelope of t h e  HLA; t h e  

r e s u l t s  can point  out  p o t e n t i a l  performance or  c o n t r o l  a u t h o r i t y  prob- 

lems. The l i n e a r i z e d  dynamics eupport  s t u d i e s  of f l y i n g  q u a l i t i e s  and 

con t ro l  system s y n t h e s i s .  Following c a l c u l a t i o n  of the  l a s t  t r i m  o r  

d e r i v a t i v e  a r r a y ,  the  program s t o p s  un less  t h e  use r  has  requested a  

s imula t ion  run. 

I f  a  time h i s t o r y  has been requested,  the  program reads  i n  t h e  

s p e c i f i c a t i o n s  t h a t  inc lude  the  f l i g h t  c o n t r o l  system parameters,  t h e  

comsnds ,  acd the  gus t  d i s tu rbances .  The run begins a t  t1le l a s t  t r i m  

cond i t ion  ca lcu la ted .  The program i n t e g r a t e s  the  s t a t ;  v e c t o r  r a t e  

of change forward one time s t e p ,  w r i t e s  a l l  program output  (approxi- 

mately 1000 v a r i a b l e s  i n  the  l a r g e s t  program, KLAPAY) to  s p l o t  f i l e ,  

then loops back t o  c a l c u l a t e  another  time s tep .  'Ihis proceas con t inues  

u n t i l  the  p r i n t  i n t e r v a l  is encountered a t  which point  use r - se lec ted  
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Figare  7. Motion of HLA Complex Roots with Airspeed 

output  v a r i a b l e s  a r e  p r i n t e d  out .  The program then e n t e r s  the  i n t e g r a -  

t i o n  loops once again .  The sequence u l t i m a t e l y  s r o p s  when the  maximum 

s imula t ion  time s p e c i f i e d  by t h e  use r  is encountered.  

The t r i m  a lgor i thm determines the elements of a c o n t r o l  vec to r  t h a t  

s e t  p e r t i n e n t  elements of the  s t a t e  v e c t o r  r a t e  of chdnge t o  zero.  I? 

is based on a genera l i zed  secan t  method desc r ibed  i n  Ref. 36. To accom- 

modate wide v a r i a t i o n s  i n  t h e  HLA mathematical  model, i t  s t a r t s  wi th  a n  

ea t imate  of the needed c o n t r o l  vec to r  which is n e c e s s a r i l y  q u i t e  crude.  

Each of the  t h r e e  programs has a d i f f e r e n t  implementation. I n  

HLASIM, the c o n t r o l  vectDr -orresponds t o  the  s i x  l inked  c o n t r o l s  of 

the  veh ic le .  I n  HLAPAY, t he  payload is f i r s t  trimmed i n  I s o l a t i o n ,  



the  cont ro l  veccor being the  th ree  angular components and three  l i n e a r  

components of payload posi t ion.  This r e s u l t s  i n  f ixed  cable  forces  on 

the  h u l l ,  which a r e  then trimmed with t he  saw s i x  l inked con t ro l s  as 

before. In H'LAMOR, the  con t ro l  vector  cons i s t s  of the  t h r ee  angular  

components of h u l l  pos i t  ion. 

The t r i m  condi t ion p r in tou t  is preceded by measures of the t r i m  

algorithm's performance. These da ta  are intended t o  provide c lues  t o  

t he  user  i n  the event t h a t  the trimmer has d i f f i c u l t y  i n  e s t ab l i sh ing  

the  t r i m  condition. 

STABILITY AND BBSPCYSE ~ V A T I V E  LLIM)BITBII 

The de r iva t ives  a r c  determined by forward and backward d i f f e r ences  

i n  the  s t a t e  vector  r a t e  of change and i n  a se lec ted  set of dependent 

var iab les ,  e.g., the  cons t r a in t  forces  between the LPUs and the hu l l .  

The pr in tou t  of these a r r ays  is followed by an i d e n t i f i c a t i o n  of those 

a r r ay  elements where the  forward and backward d i f fe rences  a r e  marked. 

This is intended t o  f l a g  ins tances  of pronounced n o ~ l i n e a r i t y  around the  

operat ing poinc. An IMSL rout ine  is used t o  ca l cu l a t e  the eigenvalues 

and eigenvectors.  

INTEGRATION bU;ORITBn 

The in t eg ra t i on  rout ine,  DVERK, used i n  the program is based on the 

Runge-Kutta-Verner method. It is an IMSL rout ine documented i n  Ref. 37. 

This rout ine va r i e s  the s i z e  of the time s t e p  within user-specif ied 

l i m i t s  t o  s a t i s f y  its e r r o r  c r i t e r i o n .  Operation of the rou t ine  there-  

fo re  requires  i n t e rpo la t i on  between successive data  points  de f in in  J the  

time h i s to ry  of the  commands and disturbances.  Even though these may be 

random dis turbances , they must be predetermined from the  s tandpoint  of 

the i n t eg ra t i on  rout ine.  Gust inputs  and cont ro l  sequences a r e  required 

t o  be data  s t r i n g s  es tab l i shed  p r io r  t o  the beginning of a run, i.e., 

"prerecorded" data.  



Two post-processors a r e  included i n  HYBRDS. h e  formats d r t r  f o r  

p l o t t i n g  by u t i l i t y  r o u t i n e 8  on t h e  Amem 7600 machine. The o t h e r  

modif l e a  t h e  gur t  input  n r p o n r e  d e r i v a t i v e  w t r i x  s o  t h a t  t h e  e f f e c t i v e  

i n y r  p o i n t s  a r e  the  four  o r  f i v e  g u s t  oourcer r a t h e r  than sir point* an 

t h e  hull-LPU assembly and a  seventh  on the  payload. 

The input  f i l e  s t r u c t u r e  is such t h a t  a  c o m n  r a t  of f i l e r  accoano- 

d a t e s  a11 t h r e e  p r o g r a m  w i t h i n  HYBRDS. Which of the  t h r e e  p r o g r a m  is 

run i a  s p e c i f i e d  i n  an  opera t ing  system procedure f i l e .  I n s t r u c t i o n s  

f o r  the  p rogram a n  conta ined w i t h i n  a  f i l e  named INPUT. Thir  f i l e  

s p e c i f i z s  t h e  number of t r i m  cond i t ions  t o  be c a l c u l a t e d ,  v h c t h t r  o r  not 

a  time h i s t o r y  is t o  be c a l c u l a t e d ,  and the  system of u n i t s  - Engl ish  

o r  metric.  

The v e h i c l e  da ta  a r e  conta ined i n  O T A  (geometry and i n e r t i a l  

d a t a ) ,  ARODTA \'aerodynamics of hull-LPU assembly), IfCDTA ( i n t e r f e r e n c e  

e f f e c t s  d a t a ) ,  and PLWDTA ( c o n t r o l  s u r f v c e  l i m i t s  and r o t o r / p r o p e l l e r  

speeds) .  The trlm s t a t e s  a r e  c a l c u l a t e d  us ing t h e  r p e c i f l c a t i o n e  con- 

t a i n e d  i n  TRHDTA. Ihis f i l e  a l s o  f!.aga whether o r  not d e r i v a t i v e s  a r e  

to be c a l c u l a t e d  f o r  the  i n d i v i d u a l  r t a t e s .  

Time h i s t o r i e s  a r e  c a l c u l a t e d  per the  f l i g h t  c o n t r o l  aystem and c o w  

mend s ~ e c i f i c a t i o n s  i n  HLSDTA, and t h e  p a t :  inpu t  s t r i n g s  f o r  the  f o u r  

gus t  sources  contained i n  f o u r  f i l e s ,  RG1-RG4- The p r i n t o u t  v a r i a b l e s  

a r e  spec i f  led  by code numbers conta ined i n  OUTLST. 

The foregoing is a p p l i c a b l e  t o  running :he HWSIU program. To run 

HWPAY, a d d i t i o n a l  f i l e s  are needed. PAYDTA con ta ins  the  payload geona- 

t r i c ,  i n e r t i a l ,  and suspension cab le  datc RCS and RC6 con ta in  the  pay- 

load t r a n s  l a t  i o n a l  and r o t a t  tona l  gust  components and PYOUTL i d e n t  i f  i e o  

t h e  nddi t  i o n a l  , payload-peculiar  v a r i a b l e s  d e s i r e d  i n  the  output  list- 

i n g -  To run HLAMOR, the  d a t a  f i l e  MORDTA is needed, which conta in* t h e  

ffiooring trim s p e c i f l c a t i o n e  and i n i t i a l  o f f s e t s  from the  trim c o n d i t i o n  

which a r e  used t o  e x c i t e  the  mooring dynamics. 



I f  tha  war har  re rcquer ted  ( i n  INPUT), a l l  of the au tpu t  w r l a b l o a  

a n  uri t tm to b ina ry  format f i le ,  PLOT, a f t o r  each trim c a l c u l a t l m  an! 

H C ~  i n t r g r a t l a n  tln atop. 

n o  p r in ted  a t p u t  a t a r t r  with a run d o a c r l p t l o n  -- tho e o u n n t a  t h e  

uaer  har i n r e r t i d  in  INPUT. P o l l o v l ~  t h l 8  i r  a l abe lad  llrtirq of a11 

t h o  input  v a r t a b l e a  (except t h e  g u r t  input r t r i n g a )  i f  tho u r e r  ham r o  

requa8 t .d 

Naxt a t e  t h e  n r u l t a  of the  trta c a l c u l a t l o n r  -- th* v a r i r b l e r  

a p e c i t i w t  !ti OUTLST and PrOUTt f o r  each trim cond i t ion ,  t o t e t h e r  wi th  

e o r t a l n  add i t  irrnal v a r t a b l e a  p@rt ln@nt  t o  trim -- the  occurrenee  of 

l i a i t i ~ ,  the  e x i r t * n w  of the  vor tex  r i n g  a t a t *  on one o r  mom propol- 

l o r $  o r  tu tor* ,  e t c .  

P o l l ~ ~ w i n ~  each t r t r  r t a t e  (when ao n q u * a t e d )  is * l l a t i n g  of t h e  

a t a b i l i t y  and rerponr. d e r i v a t i v e  r r ray r -  

When a tin+ h i s t o r y  ha* been twqrrtr trd,  a d d i t i o n a l  l l r t i n g r  of v r r i -  

a b l e r  r 'ollov, on* f o r  each p r i n t  i n t e r v a l  beginning v l t h  the  i n i t i a l  

trim condif ion at t - 0. R\c var iab l* r  a r e  the arm rr t h s r e  p r sn ted  

out lor  the vartoum t r l n  cond t t lona  cr1l.d fu r .  Thlr con t inus .  u n t i l  

t h e  apaclf  l e d  a l a u l a t  tan t l w  cwcurs- 



The EVWS programs verc wr i t ten  v f t h  fu tu re  expanrion p o r s i b i l i t t e s  

i n  ~aind, depending upon the nature of the appl?c.ation. The u j o r i t y  of 

tl:c extensions or  e laborat ions a r e  qu i t e  e t ra ighr forvr rd ,  wanrug tha t  

the subroutines involved and the in t e r f aces  v i t h  che r emin i -  program 

a r e  few in  ncmber. This sec t ion  b r i e f l y  descr ibes  the nature of the 

changes required f o r  the elaborat ions envisioned a t  the time of writing. 

FORCE ANQ lDlIgm -1SS 

The equations f o r  the forces  and moments ac t ing  on the h u l l  assembly 

and the payload can be a l t e r e d  c r  e laborated r e l a t i v e l y  e a s i l y  when 

there  a r e  no changes i n  the irrdependent s t a t e  var iab les  which a r e  in te -  

grated forward in time. The guidel ine here is t o  consider the operat ion 

of the trimming routines.  I f  the forces  and moments a r c  qui te  aens i t i ve  

t o  changes i n  the s t a t e  var iab les ,  the t r i m  rout ine can run i n t o  trou- 

b l e ,  e.g., v i t h  the landing gear i n  NLAHOR and with the payload auepen- 

s ion cables in  W A Y .  

The present simulation assumes an idea l  t r ans l a t iona l  cons t ra in t  a t  

a s ing le  point and can trim the vehicle  with one or  more landing geare 

touching the ground. M d i  t iona l  r e s t  ra in ing  cables,  modeled a s  spring- 

damper combinations, can be added r e l a t i v e l y  e a s i l y  i f  one i e  ca re fu l  t o  

consider how the t r i m  rout ine w i l l  operate. 



When ground contact  forces  a r e  added t o  the  payload it w i l l  becclne 

pcss ib le  t o  s imulate  t he  changing f lPght  condi t ions associated with load 

pickup and placement. The pickup case Is more complicated a s  it re- 

qui res  the trimming sequence t o  be a l t e r ed .  The payload a t t i t u d e  must 

be trimmed on the ground v l t h  ground contact  forces  providicg the con- 

t r o l s  f o r  the trim rout ineOs  operation. 

The simulation already has  provision f o r  add i t i ona l  s t a t e  variables 

In a number of areas .  Taking advantage of these provis ions is s t r a i g h t -  

forvard t o  the extent  t h a t  the  trimming funct ion is l e f t  unchanged. 

Flight Control mtem 

The present f l i g h t  cont ro l  system has six s t a t e  va r i ab l e s  requi r ing  

in t eg ra t i on  which are assoc ia ted  with the  i n t e g r a l  equa l iza t ion  (and 

con t ro l  sur face  autotrim) of the system. Additional s t a t e s  involving 

f i l t e r i n g ,  l ~ e . ,  sensor f i l t e r s ,  ac tua t ion  lag f i l t e r s ,  etc., can be 

added -- spare elements a r e  ava i lab le  i n  the vec tor  of s t a t e  va r i ab l e  

r a t e  of change f o r  the HLASfM and HLAPAY programs. Changes i n  the loop 

s t r u c t u r e  apar t  from adding add i t i ona l  s t a t e s  a r e  a l s o  possible.  

Ropula ion  System 

The dynamics of a governor-controlled turbine-powered propulsion 

system can be added e a s i l y  i f  the mathematical model t r im operat ing 

poin t  is completely spec i f ied  by the input data. Consider a three-s ta te  

propulsion system model fo r  each LPU where ro to r  speed, primary turb ine  

speed, and f u e l  flow are  the th ree  s t a t e s .  If simple enough, the ro to r  

speed implies the trim values of the remaining va r i ab l e s  without the  

i t e r a t i v e  operation of a trimmer being required. The propulsion system 

dynamics can be thought of a s  add i t i ona l  f l i g h t  cont ro l  loops where t he  

t r i m  con t r c l  def lec t ions ,  ro tor  speeds, a re  epecif i ed  a t  the outset .  



In the ea r ly  s tages  of the HYBRDS development, me of the mathema- 

t i c a l  model fea tures  was cont ro l lab le  LPU anglea, an in ,  f o r  example, 

the  XV-15 T i l t  Rotor Aircraf t .  The s t r u c t u r e  of the m l t i b c d y  equations 

of motion is snch t h a t  th ree  gimbal angle acce le te t ions  a r e  po ten t i a l  

cont ro l  var iab les  a t  each LPU a t t ach  point. In f a c t ,  the angular accel- 

e r a t ions  and v e l o c i t i e s  a r e  still in tegre ted  in the program. A program 

statement s e t s  the ve loc i ty  integrand t o  zero each t i n e  s tep  t o  avoid 

d r i f t  i n  the gimbal angles. 

I f  the mathematical model f o r  LPU gimbal angle cont ro l  is such t h a t  

gimbal angle acce lera t ion  (rathe: than torque) is the control led vari-  

able ,  mcdest changes t o  the program w i l l  r e s to re  these degrees of free- 

dm.  A fu r the r  requirement is t h a t  the gimbal acce lera t ion  and ve loc i ty  

both be zero and the gimbal angle be spec i f ied  a t  erim t o  avoid elabor- 

a t i n g  the trim rout ine operation. Such a modeling is qu i t e  adequate f o r  

i r r e v e r s i b l e  controls  such a s  screw jacks. The program w i l l  i n t eg ra t e  

the acce lera t ions  and v e l o c i t i e s  and compute the conbtraining torque a s  

a dependent var iable .  

The HLA h u l l  and t a i l  assembly is cur ren t ly  modeled a s  having con- 

s t a n t  i n e r t i a l  propert ies ,  the l a t t e r  including the so-called apparent 

mass terms which a r i s e  i n  the nonsteady and acceleration-dependent terms 

i n  the aerodynclmic forces.  However, a i rship-pecul iar  proper t ies  asso- 

c i a t ed  with the expansion, contract ion,  and d i s t r i bu t ion  of buoyant gas 

within the envelope a r e  not present.  

Adding these e f f ec t s  requires  tha t  the mass matrix be inverted each 

time s tep.  Currently, t h i s  is done once as a par t  of the input data  

processing. In sddi t ion ,  center-of-gravity off s e t  and center-of - 
buoyancy o f f s e t  (from the nominal i n  each case) t e r m  need t o  be added 

to  the eauations of motion. F ina l ly ,  the t r i m  rout ine log ic  requi res  

modification of bal lonet  a i r  d i s t r i b u t i o n  a s  wel l  ae ro tor  t h rus t  - 
both used for  control  of pi tching moment by the f l i g h t  cont ro l  system. 



HYBRDS has two post-processors, one f o r  formatting p l o t t i n g  Pile8 

and the o ther  fo r  computing add i t i ona l  gust response d e r i v a t ~ ~ e  matri- 

ces- There a r e  no pre-processor rout ines .  Clear ly  anything i n  the  

extensive input data  set is a p o t e n t i a l  candidate f o r  pre-processing; 

and there  a r e  obvious p o s s i b i l i t i e s  f o r  poet-processing. An example of 

each is c i t ed  below. 

The simulation accepts  the equlvalent  of prerecorded data  f o r  the 

dis turbance inputs.  That the  data  be prerecorded t e  a requirement of 

the  error-correct ing in t eg ra t i on  rou t ine  which a l t e r s  s t e p  s i z e  a8 

required t o  s a t i s f y  its e r r o r  c r i t e r i o n .  There a r e  s eve ra l  sets of 

these da ta  corresponding t o  the  four (or f i v e  i n  W A Y )  gust "sourcest' 

of the model. Tbc nature  of the data  (amplitude, random versus deter-  

min i s t i c  c h a r a c t e r i s t i c s ,  co r r e l a t i on  among the sources,  etc.) is uaer 

spec i f ied .  Given the appropr ia te  models of these dis turbances,  one 

could c r ea t e  a pre-processing rou t ine  t o  generate  the required data  

f i l e s  based on user-specified parameters. 

The simulation generates as  a pa r t  of its output the i n t e r n a l  forces  

and moments ac t ing  a t  a number of points  i n  the s t r u c t u r e  a s  wel l  a s  a 

number of ex te rna l  force summations. I n t e r n a l  forces  include: 

LPU a t t ach  point cons t r a in t  forces  and moments 

Payload suspension cable  tensions 

Landing gear compressive loads 

Mooring a t t ach  point  loads 

Rotor and prope l le r  forces  and torques 



External  force summations include the forces  and moments ac t i ng  a t  the 

severa l  areodynamic cen te rs  in the system -- the  t a i l ,  the h u l l  cen te r  

of volume, the payload and LPU reference centers .  

The simulation does not perform a piecewise i n t eg ra t i on  of t he  

f orces  ac t ing  along the length of the hu l l .  However, within the accu- 

racy of the assumptions making up the aerodynamic force model, one can 

"work backwards" t o  i n f e r  such data  from the one thousand o r  ao data  

elements ava i lab le  a t  each time s tep.  From these data ,  h u l l  bending 

moment and r e l a t ed  loads can be in fe r red .  This is a candidate f o r  a 

post-processing routine.  

One could, of course, add t h i s  processing t o  the simulation i t s e l f .  

With addi t iona l  changes, t h i s  would allow computation of t r a n s f e r  func- 

t i o n s  r e l a t i ng ,  e.8. - bending loads,  t o  cont ro l  inputs  and dis turbances 

f o r  l i n e a r  systems analyses. 
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