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SYMBOLS 

A,# B~ lateral and longitudinal cyclic control, swashplate angle, 
commands 

Alafcs~ Blafcs lateral and longitudinal cyclic AFCS control, swashplate 
angle, commands 

lateral and longitudinal cyclic control, swashplate angle, 
in shaft axes 

rotor blade lift-curve slope 

small angle used to define rotor drag force 

coning angle 

longitudinal and lateral flapping angles in control axes 

longitudinal and lateral flapping angles in shaft axes 

lateral specific force, positive in direction of Yh 

rotor blade tip-loss constant 

number of blades per rotor 

transformation matrix from Euler angle rates to angular 
velocity in body axes 

transformation matrix from shaft to control axes 

transformation matrix from Earth to body axes 

transformation matrix from wind tunnel to body axes 

torque coefficient 

transformation matrix from body to shaft axes 

thrust coefficient 

rotor side force coefficient 

blade chord 

fuselage drag in wind-tunnel axes 

flapping hinge offset 



e ki' ekt 

' t r i m  

I x l a t  

f u s e l a g e  and t a i l  angle-of-attack c o r r e c t i o n s  due t o  main 
r o t o r  downwash 

main r o t o r  downwash f a c t o r  

gas genera to r  governor g a i n  

a c c e l e r a t i o n  of g r a v i t y  

r o t o r  d r a g  f o r c e  

a l t i t u d e  

a l t i t u d e  command 

i n t e g e r  i n d i c a t i n g  AFCS engaged 

i n t e g e r  i n d i c a t i n g  a l t i tude-ho ld  engaged 

b lade  moment of i n e r t i a  about f l a p p i n g  a x i s  

i n e r t i a  mat r ix  of h e l i c o p t e r ,  i n  body axes  

p o l a r  moment of i n e r t i a  of t h e  main r o t o r  

i n t e g e r  i n d i c a t i n g  p i l o t s  f e e t  o f f  pedals  

moment of i n e r t i a  of power t u r b i n e  

i n t e g e r  i n d i c a t i n g  t u r n  coord ina t ion  engaged 

i n t e g e r  i n d i c a t i n g  c y c l i c  t r i m  b u t t o n  re leased  

i n t e g e r  i n d i c a t i n g  l a t e r a l  c y c l i c  s t i c k  displacement from 
zero f o r c e  t r i m  p o s i t i o n  

flow incidence a t  t h e  h o r i z o n t a l  t a i l  

fixed incidence of the  h o r i z o n t a l  t a i l  

ro tor  s i d e  f o r c e  

rnain r o t o r  s h a f t  compliance 

main r o t o r  s h a f t  damping 

p i t c h i n g  moment c o e f f i c i e n t  due t o  main r o t o r  t h r u s t  

power t u r b i n e  governor gain  

cctnst:ant g a i n s  i n  c o ~ t r o l  system 



Qeng 

body axes  soments due t o  

body axes  moments due t o  

body axes  moments due : < )  

hub 

angu la r  v e l o c i t y  

f u s e l a g e  acrodynantics 

r o t o r  moments t r a n s m i t t e d  a t  t h e  

s h a f t  axes  rnonents due t o  r o t o r  moments t r a n s m i t t e d  a t  
hub 

t o t a l  body axes  moment!, due t o  t h e  r o t o r  

body axes  aerodynamic moments a c t i n g  on t h e  f u s e l a g e  

f u s e l a g e  l i f t  i n  wind-tuunel axes 

mass moment of r o t o r  b lade  

h e l i c o p t e r  mass 

angu la r  v e l o c i t i e s  i n  c o n t r o l  a s e s  

angu la r  v e l o c i t i e s  i n  body a s e s  

angu la r  v c l u c i t i c s  i n  s h a f t  nscs  

aerodynamic torque a c t i n g  on mnin r o t o r ,  p o s i t i v e  i n  
d i r e c t i o n  o p p o s i t e  t o  r o t a t i o n  

aerodynamic torque a c t i n g  on t a i l  r o t o r ,  p o s i t i v e  i n  
d i r e c t i o n  oppos i t e  t o  r o t a t i o n  

t h e  

engine  torque a c t i n g  on t h e  mnin r o t o r  s h a f t  and fuseli lgc,  
p o s i t i v e  value  t ends  t o  a c c e l e r a t e  main r o t o r  acd carisc 
f u s e l a g e  t o  yaw r i g h t  

gas genera tor  to rque  

r o t o r  s h a f t  to rque  a c t i n g  on t h e  fuse lage  

dynamic p ressure  

r o t o r  r a d i u s  

Laplace o p e r a t o r  

t h r u s t  

time de lay  i n  primary se rvo  t r a n s f e r  func t ion  

t r u e  a i r speed  of h e l i c o p t e r  c.g .  i n  body axes  



,e airspeed of r o t o r  hub i n  con t ro l  axes  

[ U B  V B  w] i n e r t i a l  ve loc i ty  of he l i cop te r  c.g. i n  Earth axes 
CSB e 

[ua V a  wICp,  ,., i n e r t i a l  ve loc i ty  of he l i cop te r  c.g. i n  body axes 

l u s  v b  w 1 8 U S ~ ,  h  
gust ve loc i ty  i n  body axes 

[ U S  v. ~ 1 ,  t r u e  airspeed of t he  r o t o r  hub i n  s h a f t  axes 

[ U *  V B  W1wind, h  
wind ve loc i ty  i n  body axes 

t o t a l  t r u e  airspeed 

p i l o t  con t ro l  displacements of c o l l e c t i v e  s t i c k ,  l a t e r a l  and 
longi tud ina l  c y c l i c  s t i c k ,  end pedals from nominal posi- 
t ions .  (Pos i t ive  displacements cause climb, r o l l  r i g h t ,  
p i t ch  down, and yaw l e f t ,  respec t ive ly . )  

IX, u, Z I f ,  , 
[S, Y, Z ]  

r ,  h 

[s, Y, 21 C6, 0 

[ x *  Y. Z I ~ ~ ,  h 

Ix. Y s  21r ,  h 

[XI Y, zlwt , h 

Y w t  

body a x i s  forces  due t o  fuselage aerodynamics 

body a x i s  forces  due t o  t h e  ro to r  

i n e r t i a l  pos i t ion  i n  Earth axes 

p i l o t s  eye loca t ion  i n  body axes 

ro to r  hub loca t ion  i n  body axes 

wind-tunnel mounting point  i n  body axes 

fuselage s i d e  force  i n  wind-tunnel axes 

fuselage angle of a t t a c k  and s i d e s l i p  

fuselage l oca l  angle of a t t a c k  

ro to r  o r i en t a t i on  angle  

p a c ~ '  r o to r  lock number, - 
I b  

damping r a t i o  i n  primary servo t r a n s f e r  funct ion 

t a i l  r o to r  c o l l e c t i v e  p i t c h  command 

t a i l  r o to r  c o l l e c t i v e  p i t ch  

main ro to r  c o l l e c t i v e  p i t ch  AFCS command 

main ro to r  c o l l e c t i v e  p i tch  command 

v i i i  
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['r 8 ,  $1, 

main ro tor  co l l ec t ive  p i tch  

e f fec t ive  value of t a i l  ro to r  cof lec t ive  pi tch 

longitudinal shaf t  tilt angle 

t a i l  ro tor  co l l ec t ive  p i tch  AFCS command 

blade twist angle, from root  t o  t i p  

blade p i tch  a t  314 radius 

inf  law r a t i o  

tip-speed r a t i o  

induced inflow r a t i o  

atmospheric densiry 

be ro tor  s o l i d i t y ,  - nR 

time constant i n  primary servo t ransfer  

engine time constant 

time cors tants  i n  control  system 

in£ low time constant 

t r i m  value of QI 

l a t e r a l  shaf t  tilt angle 

function 

Euler angles, r e l a t ing  body and Earth axes 

trim value of $ 

wind-tunnel yaw angle 

rotor  angular veloci ty 

power turbine angular veloci ty 

commanded rotor  angular velc c i t y  

na tura l  frequency i n  primary servo t ransfer  function 



Subscripte: 

C 

e 

h 

m 

8 

t 

wt 

Superscripts: 

T 

('1 

control axes 

Earb,. axes 

body axes 

nain rotor 

shaft axes 

tail rotor 

wind-tunnel axes 

matrix transpose 

time derivative of ( ) 



A MATHEMATICAL MODEL OF THE CH-53 HELICOPTER 

W i l l i a m  R. Sturgeon and James D. P h i l l i p s  

Ames  Research Center  

SUMMARY 

. 
A mathematical  model s u i t a b l e  f o r  r ea l - t ime  s i m u l a t i o n  of t h e  CH-53 h e l i -  

c o p t e r  is presented.  T h i s  model, which i s  based on modified n o n l i n e a r  c l a s s i -  
I c a l  r o t o r  theory  and n o n l i n e a r  f u s e l a g e  aerodynamics, w i l l  be used t o  suppor t  

t e rmina l -a rea  guidance and n a v i g a t i o n  s t u d i e s  on a f ixed-base s imula to r .  
V a l i d a t i m  i s  achieved by compering t h e  model response  w i t h  t h a t  of a s i m i l a r  
a i r c r a f t  and by a q u a l i t a t i v e  comparison of  t h e  hand l ing  c h a r a c t e r i s t i c s  made 
by experienced p i l o t s .  

INTRODUCTION 

Terminal-area guidance and nav iga t ion  h e l i c o p t e r  r e s e a r c h  is  t o  be con- 
ducted a t  Ames Research Center ,  P r i o r  t o  a c t u a l  f l i g h t  t e s t s ,  advanced con- 
c e p t s  and procedures w i l l  be eva lua ted  u s i n g  a p i l o t e d  f l i g h t  s imula to r .  T h i s  
s i m u l a t o r  f a c i l i t y  c o n s i s t s  a£  a "fixed-base" c o c k p i t ,  conf igared t o  t h a t  of 
t h e  CH-53 ( f i g .  l ) ,  and a Sigma 9 C l g i t a l  computer. Operat ion of t h i s  simu- 
l a t o r  r e q u i r e s  t h e  use  of a CH-53 mathematical  model t h a t  can o p e r a t e  i n  r e a l  
t ime on t h e  Sigma 9 hos t  computer. 

He l i cop te r  models range i n  complexity from l i n e a r  models, which a r e  v a l i d  
nea r  one p a r t i c u l a r  f l i g h t  c o n d i t i o n ,  t o  n o n l i n e a r  blade-element models which 
account f o r  complex r o t o r  f low c o n d i t i o n s  and a r e  used over  t h e  e n t i r e  f l i g h t  
regime. A model of  in te rmedia te  complexity,  which meets s imula t ion  rcqu i re -  
ments f o r  terminal-area  guidance and nav iga t ion  s t u d i e s ,  i s  hased on quasi -  
s t a t i c  r o t o r  r e p r e s e n t a t i o n s .  A CH-53 model of t h i s  l a t t e r  type  i s  p resen ted .  

The h e l p  of t h e  fo l lowing persons  i n  o b t a i n i n g  t h i s  mathematical  model is 
acknowledged: Dean E. C c ~ p e r ,  Thomas H. Lawrence, and P h i l  Gold of Sikorsky 
A i r c r a f t  Div i s ion  of United Technologies,  S t r a t f o r d ,  Connecticut;  and J .  D.  
Shaughnessy of Langley Research Center.  The model was programmed on t h e  

h 

. !  , Sigma 9 compu~er  by Bor is  Voh of Computer Science  Corporation.  Va l ida t ion  was 
performed wi th  t h e  h e l p  of George Tucker and Ron Cerdes o i  Ames Research Center .  

, i 

/ - PATHEMATICAL MODEL 

The h e l i c o p t e r  mathematical  model is  def ined i n  terms of submodels of t h e  
fuse lage  aerodynamics, r o t o r  systems,  engine  and governor,  and c o n t r o l  systcm. 
The r e l a t i v e  r e l a t i o n s h i p  of t h e s e  submodels is d i scussed  i n  t h e  s e c t i o n  
e n t i t l e d  "General Model Descr ip t ion"  which precedes  d e t a i l e d  d e s c r i p t i o n s  



each submodel. The submodela are def ined i n  torma of fo rce r ,  moments, and 
motion expressed i n  t h e  following coordinate  systems which a r e  used i n  t he  
development of t he  mathematical model ( f i g .  2). 

Coordinate Systems 

1. Earth axes,  subsc r ip t  e: Origin f ixed  on the  Earth 's  su r f ace ,  xe 
a x i s  point ing north,  ye point ing e a s t  ( f ig .  2 (a ) ) .  

2. Helicopter body axes,  subsc r ip t  h: Origin a t  t he  cen t e r  of  g rav i ty  
(c.g.), xh a x i s  forward i n  t h e  plane of  symmetry and p a r a l l e l  t o  t he  water- 
l i n e ,  zh a x i s  down i n  the  plane of symmetry ( f i g .  2 (a ) ) .  

3, Shaft  axes ,  subsc r ip t  s: Origin a t  t h e  r o t o r  hub, xs a x i s  ro ta ted  
through the  longi tud ina l  s h a f t  t i l t  angle  Bs about t he  yh a x i s ,  ys a x i s  
ro ta ted  through t h e  l a t e r a l  sha f t  t i l t  angle  about the xs a x i s ,  zs 
a x i s  coincident  with the  r o t o r  s h a f t  ( f ig .  2 (b) ) ,  This app l i e s  t o  both t he  
main and t a i l  ro tors .  

4. Control axes ,  subscr ip t  c: Origin a t  the ro to r  hub, zc a x i s  d i rec ted  
toward the  fuselage along t h e  a x i s  of no-feathering (an a x i s  perpendicular t o  
t he  swashplate),  xc a x i s  points  i n t o  the  r e l a t i v e  wind so  t ha t  t h e  y, com- 
ponent of the  r e l a t i v e  witld is zero ( f i g .  2 ( c ) ) ,  This  app l i e s  t o  both t he  
main and t a i l  ro tors .  

5. Wind-tunnel axes ,  subscr ip t  w t :  Origin a t  t he  wind-tunnel mounting 
poin t ,  xwt a x i s  point ing i n t o  the  r e l a t i v e  wind, zwt down and perpendicular 
t o  t he  r e l a t i v e  wind. 

General Model Descr ipt ion 

The helicaptt!r model is  defined i n  terms of t he  following submodels: 

1. Fuselage aerodynamics model: The fuselage aerodynamics model def ines  
nonlinear l i f t ,  drag,  and s i d e  forces  a s  w e l l  a s  p i tch ing ,  r o l l i n g ,  and yawing 
moments i n  terms of a wide range of fuselage angles  of a t t a c k  and s i d e s l i p ,  
r o to r  downwash, body angular ve loc i ty ,  and dynamic pressure.  

2. Rotor model: nonlinear models f o r  the  main ro to r  and t a i l  r o t o r  
def ine  t h r u s t ,  drag, and s i d e  forces  a s  w e l l  a s  hub force  and moments repre- 
s en t a t i ve  of a r t i c u l a t e d  ro to r s  over a wide range of a i rspeeds through hover 
t o  rearward and sideward f l i g h t .  The r o t o r  models account f o r  va r i ab l e  inflow 
ve loc i ty ,  va r i ab l e  r o t o r  speed, blade t w i s t ,  t i p  l o s s ,  blade coning, blade 
f lapping,  f lapping-hinge o f f  set, and t a i l - r o t o r  6 h!-nge. 

3.  Engine model: An engine and governor model adapted from a heavy l i f t  
he l icopter  s imulat ion provides a r e s t i s t i c  time de lay  between aerodynamic ro to r  
torque and t h e  r e s u l t i n g  reac t ion  torque appl ied t o  t h e  fuselage. The model 
includes the  e f f e c t s  of gall tu rb ine ,  power tu rb ine ,  r o t o r  i n e r t i a ,  and sha f t  
compliance. 



4, Control system model: The he l i cop te r  con t ro l  system model conver t s  
p i l o t ' s  cyc l i c  con t ro l ,  c o l l e c t i v e  con t ro l ,  and pedal inputs  i n t o  main and 
t a i l  r o to r  c y c l i c  and c o l l e c t i v e  p i t c h  inputs .  An automatic f l i g h t  c o n t r o l  
system (AFCS) i s  included which provides he l i cop te r  rate and a t t i t u d e  s t a b i l i -  
e a t i on  rn r o l l ,  p i t ch ,  and yaw. 

Wind and gust inputs  t o  t he  hel icop-er  modal a r e  provided, a s  well a s  t:: 
p i l o t  con t ro l  inputs .  A l l  fo rces  and moments a c t i n g  on t h e  he l i cop te r  a r e  
output8 of t h e  fuselage aerodynamics and the  r o t o r  systems s~bmoz le l s~  Fus r i .~ge  
forces  and moments are ca lcu la ted  ia  wind-tunnel axes and transformed t o  body 
axes. Rotor forces  are ca lcu la ted  i n  con t ro l  axes and transfonned t o  body 
axes,  and t h e  r o t o r  moments a r e  ca lcu la ted  i n  s h a f i  axes and transfo7med t o  
body axes. 

The equations of motion use t h e  t o t a l  fo rces  and moments, i n  body axes,  
t o  ca l cu l a t e  t he  t r a n s l a t i o n a l  and angular  body a x i s  acce le ra t ions .  The t rans-  
l a t i o n a l  acce l e r a t i on  is in tegra ted  t o  give body i n e r t i a l  ve loc i ty  which i 8  

transformed t o  Earth axes and integrated t o  ob ta in  he l i cop te r  pos i t ion .  The 
angular acce le ra t ion  is in tegra ted  t o  give body angular ve loc i ty ,  which is 
transfonned t o  Euler angular ve loc i ty  and in tegra ted  t o  obtain he l i cop te r  
a t t i t u d e .  

The r e l a t i v e  r e l a t i onsh ip  of t he  submodels is  shown i n  Figure 3 (a ) ,  and 
the  inputs  and outputs  of each submodel a r e  shown i n  f i gu re s  3(b) through 3(g).  
The model parameters a r e  given i n  Table 1. 

Fuselage Aerodynamics 

The fuselage aerodynamic da ta  a r e  given i n  both equation and t abu la r  
form. The forces  and moments a r e  given i n  wind-cunnel axes i n  terms of l o c a l  
angle of a t t ack ,  l o c a l  angle  of incidence a t  t h e  t a i l ,  s i d e s l i p  angle ,  body 
angular v s loc i ty ,  and dynamic pressure.  

Airspeed i n  body axes- The he l ' cop te r  a i rspeed is expressed i n  terms of 
i t s  i n e r t i a l  ve loc i ty  and the  wind ve loc i ty  a s  

cg, h gus t ,  h wind, h 

The free-stream angle of a t t a c k  and s i d e s l i p  angle  a r e  defined a s  

and 



respec t ive ly ,  where 

h 
- (Ju2 f v2 4 wZ) 

ae ,  h 

and the  free-stream dyna~ric  pressure  i e  

Main r o t o r  downwash e f f e c t -  The e f f e c t  of t he  main r o t o r  downwash on the  
l o c a l  angle  of  a t t a c k  is accounted f a r  by t h e  r o t o r  downwash f a c t o r  ( r e f .  1): 

CTms A,,,, and pm a r e  r o t o r  parameters defined i n  the  following sec t ion .  The 
fuselage l oca l  angle of a t t a c k  is  

and the l oca l  incidence a t  the  t a i l  is  

where ekt and ekf a r e  empir ical  constants.  The wind-tunnel yaw angle  is 

Fuselage forces  and moments i n  wind tunnel axes- The fuselage forces  and 
moments i n  wind-tunnel axca a r e  provided through t h e  wind-tunnel d a t a  given i n  
f igures  4 through 13. These curves a r e  entered with t he  fuselage l o c a l  angle 
of a t t a c k  (eq. (7 ) ) ,  l o c a l  incidence a t  t he  t a i l  (eq. (8)), wind-tunnel yaw 
angle (eq. ( 9 ) ) '  and dynamic pressure (eq. ( 5 ) )  a s  determined from the  equa- 
t i ons  noted. 

Since t he  wind-tunnel da t a  do not cover the  f u l l  range of angle  of a t t a c k  
and s i d e s l i p ,  i t  i s  assumed tha t  fvrce  and moment c o e f f i c i e n t s  remain constant  
beyond t h e  l i m i t s  of these  angles  fo r  which da t a  a r e  given. This  assumption 
should not s i g n i f i c a n t l y  degrade the  model performance, fo r  l a rge  va lues  of 
t h e  above angles  general ly  occur a t  low a i r speeds  where fusc l sge  forces and 
moments a r e  r e l a t i v e l y  small. 

The fuselage forces  and moments a r e  determined as follows: 



where 

- ADlwt - )MI sin +it (ft2? 
Q 

Also, 

Transformation of fuselage aerodynamic forces to b?dy axes- The fuselage 
aerodynamic forces are transformed fromvind tunnel to body axes. 

cos a cos Bf -cos a  sir^ Bf r f  f -sin ufl 

Trclneformation of fuselage aerodynamic moments to body axes- The total 
fuselage aerodynamic moments include the basic wind-tunnel moments, additional 
moments due to the wind-tunnel mounting point being offset From the c.g., 
damping due to angular velocity, and rotor downwash on the tail. In body axes 
these moments are 



where . ..., 

and Tm is t h e  main ro to r  th rus t .  Both t h e  damping equation a..d r o t o t  down- 
wash moment coe f f i c i en t  were obtained from an  unpublished- Sikorsky Ai rc ra f t  
repor t ,  

The inputs  and outputs  of t h e  fuselage aerodynamic model a r e  shorn i n  
f igure  3(b).  

Rotor Models 

The ro to r  forces  and moments a r e  calculated using nonlinear c l a s s i c a l  
ro to r  theory, spec i f i ca l ly  a modified Bailey representa t ion  used i n  re fer -  
ence 1 and discussed i n  references 2 through 5. Important aspec ts  of t h i s  
rocor model a r e  

1. Uniform inflow over t he  ro to r  d i s k  is  assumed 

2. Compressibility ac:l e f f e c t s  a r e  neglected 

3. Lagging motion of t he  ro to r  blades is neglected 

4 .  Only f i r s t  harmonic motion of t h e  r o t o r  blades is considered 

5 .  The blade coning and f lapping angles a r e  assumed quas i - s ta t ic  

This r e l a t i v e l y  simple ro to r  model is  used t o  f a c i l i t a t e  i ts use i n  a 
real-time simulation. This model is va l id  f o r  forward f l i g h t  t o  about 
120 knots,  hover, rearward and sideward f l i g h t  t o  about 20 knots,  auto rota-  
t i ons ,  and large-angle maneuvers. Although the  model i s  adequate f o r  guidance 
and navigation s tud ie s  a t  a i rspeeds g rea t e r  than 120 knots,  i ts  handling 
cha rac t e r i s t i c s  f i d e l i t y  is degraded due t o  t h e  increas ing  e f f e c t s  of compres- 
s i b i l i t y  and the  reverse flow region. 

The following discussion appl ies  t o  both t h e  main and t a i l  r o to r s ,  except 
where noted. Specif ic  appl ica t ion  t o  e i t h e r  t he  main o r  t a i l  r o t o r  is  indi-  
cated by the  subscr ip ts  m o r  t respect ively.  



Airrpeed of r o t o r  hub i n  con t ro l  axes- The t o t a l  a i r rpeed  of t he  ro to r  
hub, i n  con t ro l  axes,  is required f o r  ca l co la t ion  of t h e  r o t o r  forcee and 
moments, This a irspeed i o  i n i t i a l l y  determined i n  sbaf t axee , using t h e  he l i -  
copter  airopead end angular ve loc i ty ,  and then t r a n s f o m d  t o  con t ro l  exes 

(13) 

as, h 

wherr 

cos 0, 0 -s in  eS 

6, s i n  (s cos 6, cos 0, s i n  4, 

6, cos +, -s in +s cos os cos +S I 
and 

is defined by equation (1). The airspeed a t  the hub is t ransfer red  i n t o  con- 
t r o l  axes using the  ro tor  o r i en t a t ion  angle 

which is obtained using the  d e f i n i t i o n  of cont ro l  axes,  t h a t  is 

and using small  angle approximations f o r  t he  main ro to r  cyc l i c  cont ro l  inputs  
(swashplate angles) ,  A: and B: (see f ig .  2 (c) ) ,  

where 

cos B s i n  B B: cos 8 + A: s i n  B 

Cc 1s 0 cos B A: cos 0 - B: s i n  B 

-A; 1 

7 

I 



Note t h a t  the t a i l  r o t o r  does not  have c y c l i c  con t ro l r ,  and the re fo re  t h e  
correspondlug A: and Bi are zero. 

Rotor t i p  speed and induced f l w  r a t i o r -  The rotor force8 and moments are 
funct ions of t he  r o t o r  t i p  speed and induced inflow ratios, which a r e  defined 
i n  term of t h e  hub airspeed i n  con t ro l  axes, a8 

and 

respect ively.  The induced inflow r a t i o  v l a  obtained by f i l t e r i n g  the  
s teady-state  value of v. The r e s u l t i n g  d i f f e r e n t i a l  equation is 

The time constant .rv is included t o  account f o r  t he  l a g  associated with 
changes i n  ro to r  inflow. Note t h a t  t he  t h r u s t  coe f f i c i en t  CT, defined below, 
and inflow r a t i o  h a r e  funct ions of v, so t h a t  equation (19) is  a f i r s t -  
order nonlinear d i f f e r e n t i a l  equation, 

Rotor t h r u s t  and coning angle i n  con t ro l  axes- The ro to r  t h r u s t ,  i n  con- - 
t r o l  axes,  and the  coning angle a. are ca lcu la ted  t o  t he  t h i r d  power of the. 
tip-speed r a t i r  according t o  the  following r e l a t i o n s  obtained from refer -  . . - 

ences 1 and 4: 

and 

where 

and 8, is  the e f f e c t i v e  blade p i t ch  angle a t  t he  root  ( co l l ec t ive  p i tch  
angle); and is the  blade t w i s t .  Note t h a t  a tenn involving the  blade 
mass moment i n  equaticn (22) of reference 4 has been neglected i n  equation (21) 
above, f o r  i t  cont r ibu tes  l e a s  than 0.5' and is essent iaLly constant  ( r e f .  1).  

8 



Rotor f lapping angles i n  control-  axe%- The ca l cu la t ion  of t he  r o t o r  f lap-  
ping angles requi res  t he  fuselage angular ve loc i ty  expressed i n  con t ro l  axes: 

where t h e  transformation matr ices  a r e  defined by equations (14 )  and (16). 

The f lapping angles  al and bl ( f i g ,  2(d!) are ca lcu la ted  i n  con t ro l  axes 
according t o  formulas obtained from reference 1, 

and 

For a blade with l i nea r  t w i s t  and constant  chord, it  can be shown t h a t  replac- 
i ng  the 8, appearing i n  the  references with the  p i t ch  at  314 rad ius  u ~ . , ~ ,  
and dropping 0,  w i l l  have a negl ig ib le  e f f e c t  on t h e  o v e r a l l  so lu t ion  
( re f .  1 The p i t ch  a t  314 radius is 

Rotor drag force i n  cont ro l  axes- The downwind component of the rotor  
force ,  i n  cont ro l  axes, is  

where the  small  angle a' is  a function of t he  usefu l  and induced r a t o r  drag- 
l i f t  power and inflow ( r e f .  l ) ,  but behaves s imi l a r ly  t o  t he  longi tudinal  f lap-  
ping angle a l ,  An expression f o r  a ' ,  which includes the e f f e c t s  of fuselage 

, angular ve loc i ty  ( re f .  l ) ,  is  

I Rotor s i d e  force  i n  cont ro l  axes- The ro tor  s i d e  force ,  i n  cont ro l  axes 
is  



2.nit equation, derived from equation (3) i n  re fe rence  3, neg lec t s  angular 
-relo i t y  terms and uses  t he  previous assumption involving the  p i t ch  a t  314 
red ins ,  go.  75. 

Transformation of r o t o r  forces  t o  body axes- The r o t o r  fo rces  i n  cont ro l  
axes, given by equat ions (20), (27 ) ,  and (?9),  are transformed t o  body axes,  

~a'here t h e  trclnsformation mat r ices  a r e  defined by equations (14) and (16). 

Rotor torque i n  s h a f t  axes- The r o t o r  aerodynamic torque equation ( re f .1 ) .  
which-accounts f o r  both acce le ra t ion  and dece l e r a t i on ,  i s  

The aeroc:ynamic t -,-.n,ue a c t i n g  on the  main r o t o r  QamB is  ca lcu la ted  using main 
ro to r  parameters i n  (32) and (33). The torque applied t o  the fuselage by the 
r ~ i n  ro to r  t funct ion of Q, and i s  determined by the  engine and governor 
modal : 

T , t he  main r o t o r ,  Q8 i s  equal  t o  t he  engine torque Qen . The t a i l  r o to r  
torque Pa t ,  c a l r  l l a t ed  using t a i l  r o to r  parameters i n  (327 and (33). is 
assumed t o  a c t  d i r e c t l y  on the  fuselage s o  t h a t  Qs is equal t o  Qat. 



Rotor hub momenta j.n aha f t  axes- The hub momante due t o  f lapping  angle 
of f a e t a  a r e  c a k u l a t a d  i n  s h a f t  axes according t o  formulae obtained from 
reference 1. These formulas r e s u l t  from neglec t ing  higher order  terms i n  
equations presented i n  reference 3: 

hub, e B 

where 

a r e  t he  f lapping angles i n  sha f t  axes. 

Transformation of ro to r  moments t o  body axes- The r o t o r  moments i n  s h a f t  
axes, given by equations (34) and (35). a r c  transformed t o  body axes: 

hub, h hub, s 

The t o t a l  moments applied t o  the  fuselage by the  ro to r  include tbe  hub mornents 
(37) and add i t i ona l  moments due t o  t he  locat ion of t he  hub r e l a t i v e  t o  the  
he l icopter  c.g. : 

hub, h 

where the  ro to r  forces  are defined by equation (31). 

T a i l  ro to r  hinge e f f ec t -  The above model represents  a ro to r  without 
a del ta- three (63) hinge, such a s  the  main ro to r  of a CH-53, However, t he  
t a i l  r o to r  has a 69 hinge, so tha t  b lade  coning and f lapping a f f e c t  blade 
pi tch;  therefore ,  the  model is  madif ied accordingly. Assw.ning the  changes i n  
blade p i tch  due t o  f lapping a r e  small  comparcd with those due t o  coning, 

= 8 - a t an  Oat c t  o t  

where BCt  is the value of co l l ec t ive  p i t c h  cornmonded by the  con t ro l  system, 
Note t h a t  t he  c m i n g  angle a,, equation ( i l l ) ,  i s  n function of eo; a s  a 
r e s u l t ,  equations (21)  and (39), f a r  the  t a i l  r o t o r ,  should be solved 
simultaneously. , 



The input8 and outputs  of t h e  r o t o r  modele trre shown i n  f igure8  3 kc) 
and 3(d) .  

Engine and Governor Modal 

An engine and governor model is inc luded . to  provide a realistic time 
delay between aerodynamic r o t o r  torquu and the  r e s u l t i n g  reac t ion  torque 
applied t o  the  fuselage. This model was adapted from one used by Boeing Vertol 
( r e f .  I ) ;  although i t  is nor a model of a CH-53 engine, it does provide t h e  
des i red  e f f ec t s .  

This model, which includea t h e  eEfecta of a gas turb ine ,  a power turb ine ,  
ro to r  i n e r t i a ,  and s h a f t  compliance, uses the  reference ro to r  speed R, and 
the main r o t o r  aerodynamic torque Qaln (eq. (32)) t o  ca l cu la t e  t he  angular 
v e l o c i t i e s  of the main and t a i l  r o t o r s  and the  engine torque. Note that t h e  
engine torque Qeng is equal t o  t he  main ro to r  s h a f t  torque Qs i n  equs- 
t i o n  (34). 

The constants  Kc and Kd represent the  meln ro to r  s h a f t  complinr~ce and damp- 
ing,  respect ively;  note  that  the  l a t t e r  Is required f o r  computational s t a b i l -  
f t y .  The Q - ,  term i n  the Qgen dfffr!rent ial  equuti.on allows the  model t o  
hold reason ... ~ l y  coirstant ro to r  a.peed under w l d d y  varying aerodynamic torqucr3 
(ref. 1). 

The inputs  and outputs of the  engine model a r e  shown i n  f i gu re  3 (e ) .  

Control System 

The con t ro l  system model, which includes the  e f f e c t s  of p i l o t  inputs ,  
cont ro l  c ross  coupling, an automatic f l i g h t  conrrol  system (AFCS), and 
servo ac tua tors ,  dezines the main ro to r  colZective p i tch  Born, longi tudinal  
and h t e r a l  cyc l i c  p i tch  B1 and A 1 ,  and t a i l  r o to r  cclllective p i t ch  command 
Get. This model was obtained from an unpublished Sikorsky Aircraf t  repor t ,  



where 

Xbol = xcol - 2.54  cm 

or equivalently if Xcol > 2.54 cm 

Xiol = X C o l g  1.0 in. or Xcol > 1.0 in. 

or Xcol S 1.0 in. 

and the term in parentheses is limited to the range of -0,0349 rad (-2.0") to 
M.419 red (+24.0°). 

The pilot inputs, in equation (41), are the displacements of the pilot 
controls relative to a nomiaal position. These positions are shown in the 
control rigging diagrams, figures l3(a)- 13 (C) , as the zero displacement 
positions. The force characteristics of the pilot controls are given in 
table 2. 

AFCS inputs- The following features of the AFCS are not implemerted, 
directly, due to hardware limitations of the fixed-base simulator used in con- 
junction with this model: 

1. Trim adjustments for various c. g. locations 

2. Indicator of AFCS authority ueed 

3. Supplemental controller which changes effective collective stick 
posit ion 

4. "Open-loop" pedal spring 

5. Lateral cyclic "stick pusher" 



Effects  of t h e m  fea tures  t h a t  are considered c r i t i c a l  t o  t h e  anticipated f ly-  
ing  tasks are included by modifying t h e  M C S  model obtained fro;n Sikoreky 
Aircraft .  

The absence of t r i m  adjustments is compansated f a r  by placing the  c.8. a t  
fuselage s t a t i o n  332 so  tha t  the  mathcrmatical model triats s t r a i g h t  and l eve l  
a t  90 knots, with miniopal AFCS contribution t o  the  longitudinal  cyc l i c  pi tch;  
tha t  is BIaf , 0, Probleras caused by the  lack of information on AFCS 
authori ty u s d  a r e  a l levia ted  by (I)  increasing the  l i m i t s  on the AFCS contr i-  
bution t o  the  t a i l  ro to r  p i t ch  command Btafcs ( t ab le  5); (2) removing Gtafcs  
from the  bracketed term i n  equation (41), which is limited; and (3) se lec t ion  
of the  c.g. fuselage s t a t i o n  discussed above. The e f f e c t s  of the  co l l ec t ive  
s t i c k  supplemental cont ro l ler  a r e  not considered c r i t i c a l  and, therefore,  a r e  
not included. The "open-loop" pedal spring i s  represented by the in teg ra l  

K23/ i n  the  Btafcs  equation (62). The - basic Cffects  of the  l a t e r a l  
cycl ic  "stfck pusher" a r e  t o  provide the  p i l o t  with a s t i c k  force propartional 
t o  the  deviation of r o l l  a t t i t u d e  from its t r i m  value, and t o  return the  
vehicle t o  i ts  t r i m  r o l l  a t t i t u d e  when the  p i l o t  releases the  s t i ck .  Since a 
"control loader" is not avai lable  i n  the fixed-base simulator,  Implementat! on 
of these e f f a t s  required several  changes t o  the AFCS model; the changes a r e  
described i n  d e t a i l  below. 

In  the  o r ig ina l  AFCS the r o l l  t r i m  r ~ f e r e n c e  is removed from the l a t e r a l  
channel, Alafcs i n  equation (42), when t h e  p i lo t  places h i s  f ee t  on the 
pedals (act ivat ing a pressure sens i t ive  .-uiLch) pr ior  to  a l a t e r a l  maneuver. 
I f  the  p i lo t  releases l a t e r a l  s t i c k  pres-ure during the  maneuver and keeps h i s  
fee t  on the pedals, the  "s t ick  pusher" moves the s t i c k  so a s  t o  regain the  
r o l l  trim reference a t t i tude .  This cha rac te r i s t i c  is obtained by removing the  
r o l l  t r i m  reference from Alafcs i n  equation (42) only when the  l a t e r a l  s t i c k  
is displaced 1.27 cm (0.5 i n , )  o r  more from its zero force t r i m  posi t ion,  
Thus, the  r o l l  reference is  removed when the p i l o t ,  by displacing the  s t i c k  
l a t e r a l l y ,  indicates a des i re  t o  maneuver; the  reference is regained when the 
p i lo t  releases h i s  control  force,  allowing the  s t i c k  t o  re turn  t o  its zero 
force position. The control  forces provided by the "s t ick  pusher" during the 
maneuver a r e  obtained by adding a b ias  proportional t o  the  r o l l  deviation from 
trim t o  the l a t e r a l  s t i c k  displacement (see X i a t ,  eq, (42)). This causes the 
steady-state r o l l  a t t i t u d e  deviation from trim t o  be proportional t o  l a t e r a l  
s t i c k  displacement from the  zero force t r i m  posi t ion and, therefore,  propor- 
t iona l  t o  the  control  force required by the  p i lo t .  The b ias  gain, K21, i n  
equation (42) corresponds t o  0.14 N (0.08 lb )  of p i l o t  force per degree change 
i n  r o l l  a t t i tude .  

The control  inputs from the  modified AFCS model which contains a l t i t u d e  
hold, heading hold, and tu rn  coordination modes, a r e  



a l t i t u d e  hold 

# 

fade in/out  ] [ 3 ~ 1  

+ ( fade i n /ou t  
no. 2 T s + 1 h c i r c u i t  no. 

heading hold 

a l t i t u d e  hold 

+ fade in /ou t  
a ( s)I(circuit no. 4 - K1sltcPh + A98 s + 1 r h Y t u rn  coor- 

L L d  ina t ion 
-l -l 

fade i n lou t  - $Ih  

The fade i n lou t  c i r c u i t s  are intended t o  minimize the  in t rqduc t ion  of 
l a rge  t r a n s i e n t s  t o  t he  f l i g h t  con t ro l  system due t o  changes i n  t h e  AFCS aper- 
a t i n g  mode. The gain of these  c i r c u i t s  v a r i e s  between zero and un i ty ,  accord- 
i n g  t o  t h e  t r a n s f e r  funct ions l i s t e d  i n  t a b l e  3. It should be noted t h a t  
thesa  t r a n s f e r  funct ions a r e  only used t a  determine gain values ,  and do not  
represent  a c t u a l  f i l t e r s .  

AFCS modes- The opera t iona l  modes of the  AFCS a r e  cont ro l led  by t h e  fo l -  
lowing va r i ab l e s ,  which appear i n  equation ( 4 2 ) .  

= 1 Alt i tude  hold mode engaged 
Iah - 9 Alt i tude  hold mode disenganed - 1 AFCS engaged 

lafcs - 0 AFCS disengaged 

I - 1 P i l o t ' s  f e e t  o f f  pedals 
ped - o ~ i l o t  ' a  f e e t  on pedals 

= 1 Cyclic t r i m  but ton released 
Itrim - 0 Cyclic t r i n  button depressed 



- 1 Above 60 knots and p i l o t ' s  f e e t  on pedals 
Itc - 0 A t  o r  below 60 knot. o r  p i l o t ' s  f e e t  o f f  pedals - 1 La te ra l  s t i c k  wi th in  0.5 i n .  of zero force  trim pos i t i on  Ixtat - 0 La te ra l  s t i c k  beyond 0.5 i n ,  of zero  fo rce  trim potsition 

The values of t h e  r o l l  and heading trim angles ,  $trim and $trim respec t ive ly ,  
a r e  determined a s  follows: $trim is  set equal  t o  t h e  cur ren t  #h when t h e  
c y c l i c  trim but ton is  released;  $trim is  set equal  t o  t h e  cur ren t  $h when 
the  p i l o t s  f e e t  move o f f  t h e  pedals. . 

The AFCS and t h e  al t i tude-hold mode a r e  ac t i va t ed  by switches on the  
instrument panel. The heading-hold and turn-coordination modes a r e  cont ro l led  
by airspeed and loca t ion  of t he  p i l o t ' s  f e e t  ( e i t h e r  on o r  o f f  t h e  pedals) .  
The . ading-hold mode is engaged whenever t he  p i l o t ' s  f e e t  a r e  o f f  t h e  pedals,  
regard less  of a i rspeed.  The turn-coordination mode is  engaged only when t h e  
p i l o t ' s  f e e t  a r e  on the  pedals the  airspeed is g rea t e r  than 60 knots. The 
operat ion of these  modes is  summarized i n  t a b l e  4. 

AFCS au tho r i t y  l i m i t s -  The au tho r i t y  of t h e  AFCS is  l imi ted  s o  t ha t  i t  
can be overridden by the  p i l o t .  This is accomplished by l imi t i ng  t h e  con t ro l  
inputs  from t h e  AFCSI equation (42),  t o  t he  values shown i n  t a b l e  5. I n  the 
expressions f o r  Alaf  and Btafcs t h e  l i m i t s  a r e  inposed p r i o r  t o  the  addi- 
t i o n  of the  al t i tude-gold terms. 

Servo actuators-  The primary servo ac tua to r s  transform the main r o t o r  
con t ro l  commands, given i n  equation (41),  i n t o  swashplate angles  and blade 
c a l l e c t i v e  pi tch.  The following model of these  servos was obtained from 
Sikorsky Ai rc r a f t  . 

A model of the  t a i l  r o to r  se rvo  was not obtained from Sikorsky; therefore ,  i t  
was assumed t h a t  

Approximations f o r  rea l - t  !.me simulation- During use of t h i s  he l i cop te r  
model i n  real-time guidance and navigation s t u d i e s  i t  may be des i r ab l e  t o  
neglect some of the  r e l a t i v e l y  high-frequency dynamics - s p e c i f i c a l l y ,  the  
r e l a t i v e l y  small  time cons tan ts ,  T~ and T j r  i n  equation (42),  and the  se rvo  
dynamics, equation (43). 

The inputs  and o u ~ p u t s  of the  cont ro l  system model a r e  shown i n  f ig -  
ure  3 ( f ) .  



Equations of Motion 

The he l icopter  equat ions of motion a r e  given i n  body axe8 with re rpec t  t o  
a f l a t ,  nonrotat ing Earth. The he l icopter  i s  considered a r i g i d  body wi th  
mas8 symmetry about t h e  xh - t h  plane. The e f f e c t s  due t o  the  engine angular 
momentum a r e  neglected. 

Tranelat ional  accelerat ion-  The t r a n s l a t i o n a l  equation* of motion a r e  

'h/. 

f ,  h 

where 
, 

cos 8 cos JI cos 9 s i n  J! -s in t3 

s i n  9 s i n  8 cos $ cos 4 cos $ s i n  Q cos  6 

- ccs  9 s i n  J1 + s i n  4 s i n  0 s i n  $ 

cos 9 s i n  0 cos $ cos 4 s i n  8 s i n  J1 cos 9 cos 0 

+ s i n  9 s i n  Q - s i n  4 cos $ 

and 9h, Oh, and $h a r e  t he  Euler angles t h a t  def ine  the  o r i en t a t ion  of the 
body ax i s  systera (fig. 3 ) .  The fuselage aerodynamic forces  a r e  given by 
equation ( l o ) ,  and the  ro to r  forces ,  which include those due t o  both main and 
t a i l  r o to r s ,  a r e  given by equation (31).  Equation (45) can be rearranged t o  
y i e ld  

L 

f ,  h cg, ?. 

I n e r t i a l  ve loc i ty  and position- The i n e r t i a l  ve loc i ty ,  i n  body coordi- 
na tes ,  i s  obtained by in t eg ra t ing  equation (47),  with respect t o  time, subject  
t o  appropriate  i n i t i a l  conditions.  The i n e r t i a l  ve loc i ty  i n  Earth axes is 

The pos i t ion  of the he l icopter ,  i n  Earth coordinates,  is determined by inte-  
gra t ing  equation (48) with the  appropriate  i n i t i a l  conditions.  



Angular accelerat ion-  The r o t a t i o n a l  equations of motion are 

where 

The fusel.age aerod'.iaamic moments a r e  given by equation (11). and the  ro to r  
moments, which include chose due t o  both t he  main and t a i l  r o t o r s ,  a r e  given 
by equation (38). Equation (50) can be rearranged t o  y i e ld  

(51 

f ,  h r ,  h 

Anguiar ve loc i ty  and or ien ta t ion-  The angular velocity, i n  body axes,  is 
obtained by in t eg ra t i ng  equation ( S l ) ,  wi th  respect  t o  time, sub jec t  t o  the 
appropriate  i n i t i a l  conditions.  

The he l icopter  E u l ~ r  angles  are determined by in t eg ra t i ng  

where 

0 -s in  0 

c - [ cos  4 s i n  + cos 

- s in  4 coe (J cos 

The inputs  and outputs  of t he  equations of motion a r e  shom~ i n  f ig -  
ure 3(g). 



MODEL VALIDATION 

The m t h a n a t i c a l m o d c l  is va l ida ted  by comparing i t s  reapanae t o  t h a t  of 
an a z t u r l  he l icopter  and by a q u a l i t a t i ~ e  comparison of the  h a d l i n g  charac- 
terir tico uude by experienced p i  l o t s .  

Time Hirtory Conparisone 

The moat r ead i ly  ava i l ab l e  f l i g h t  da t a  were from an HH-53C, an A i r  Force 
veraion of a CH-S3C, which has two ex te rna l  f u e l  tanks. Since the  HH-53C 
response time histories given i n  reference 6 were obtained with these  taqks 
f u l l ,  t he  he l icopter  i n e r t i a s  i n  the  model were modified accordingly i n  order  
t o  provide a more r e a l i e t i c  compariron of responses, The following modified 
parameters were calc.ulsrtod using da t a  supplied by Sik:reky Aircraf t  , 

The aerodynamics e f f e c t s  of the  ex terna l  tanks were not known and, there-  
fore ,  not: incorporated i n t o  the  model. leference 6 contained HH-53C t i n e  
h i s t o r i e s  f o r  pulse type inputs  t o  the longi tudina l  cyc l i c ,  l a t e r a l  cyc l i c ,  
and pedals,  a t  t he  following f l i g h t  condition with the  AFCS both on and o f f .  

A i r  speed - 113 knots 

Al t i tude  0 7C00 i t  1 
Main ro tor  speed = 185 rpn 

Gross weight = 41,000 lb 

FSCG = 328 

Atmoapherlc temperature - -18' C 1 
.I The response time h i s to ry  cf the  CH-53 modal a t  the  above f l i g h t  csndi- 

- I 
t i o n  was obtained using a "dynamic check" rout ine.  This rout ine  provided t h e  
w d e l  with f l i g h t  con t ro l  inputs  t h a t  approximated those of t he  HH-53C. Also, 

i . 

t h i s  rout ine  was used t o  cont ro l  t he  opera t iona l  modes of t he  AFCS, as w i l l  be 
discussed later. The time h i s t o r i e s  of t he  CH-53 model ar.u t he  HH-53C a r e  

I 
compared with t h e  AFCS on; t h i s  is done because the  model w i l l  normally be 
operated i n  t h i s  mode f o r  terminal-area s tudies .  

I 

A comparison of t he  .zsponses t o  a forward longi tudinal  cyc l i c  pulse,  
shown i n  f igure  14(a),  ind ica tes  good agreement f o r  t hc  Euler tng les  and for 



," .- 
t h e  body-axid angular ve loc i t i e s .  Thi .  i d  a l s o  thd'  casz fo r  t h e  re&onae6 t o  ( 

a r igh t  l a t e r a l  cyc l i c  pulse ,  shown i n  f i g u r e  14(b). Here,-it is ,assumcd tha t  
t he  HH-53C response 'was. obtained wi th  t h e  c y c l i c  , t r i m  but ton depressed; si'nce 
t h e  r o l l  a t t i t ~ d e  does -ho t  return t o  zero a f t e r .  t h e  pulse . .  This .condStion was 
simulated i n  t h e  model by using the  dynamic check rou t ine  t o  set I t r b  = 0 .. 
i n  equatior-s (42). The responses t o  n r i g h t  . p e d ~ l  pulse  d id  not compare as' 
w e l l -  as those for.-  t h e  previous inputs  .c The model produced much l a r g e r  a t t i -  
tude excursions than ind ica ted  f o r  thz ljH->3C.response, A reasonable corzpari- 
son ,  s,hown i n  f i gu re  1 4 ( c ) ,  was obta ined  by t a i s f n g  t h e  damping gain " Kr 9 . '  .. . 
-from 0.37'3 t o  1 . 5 0 .  . .- 

A: 

' . - Possible  sources of, t h e  discrepancy are the- unmqdeled aerodynamtcs oE t h e  
HH-53C e x t e r n a l  f u e l  tanks,  and f ea tu re s  of t h e  AFCS which were modified o r  
not Lnc1uded:due t o  l i q i t a r i o n s  of the  fixed-bage simulator.  'An attempt ,was 
made t o  .compensate f o r  d i f fe rences  between the  a c t u a l  and modeled AFCS by cox* 
- t r o l l i n g  t he  mode: of t h e  l a t t e r  wi th  t h e  dynamic check rou t ine .  For ttre 
response to.. a pec.al pu lse , .  t h i s  rou t ine  simulated t he  AFCS transformation from 

; the  heading-hold mode:to*the turntcoordinat ion mode by s e t t i n g  Ipcd = 0 and 
Itrim = 0 i n  equations ( 4 2 ) ,  Later  review indicated. hat t h i s  is (I poor 
mqthod fo r  s imulat ing the  mode t ransformation. .  The above method completely 

- .  r em~ves  the r o l l  t d m  reference when the pedal pulse  is i n i t i a t e d .  Actually,  , 

t h i s  re-erence should fade out with a 1-sec time constant  and , - t he re fo re ,  a ' 

niore r e a i i s t i c  simulation would keep Itrim = 1 and s e t  I,lat:= 0 and % . Iced = 0 a t  t he  beginning of t he  pulse.  It may a l s o  be des i r ab l e  t o  e l iminate  
e f e c t s  of tihe " s t i ck  pusher" by s e t t i n g  K2t, = 0 i n  equation ( 4 2 ) .  Because 
t h e  me'thod used i n  simulating the  AFCS mode transformation served t o  prema- 
t u r e l y  remove an a t i i t u d e  e r r o r  s igna l ,  i t  probably increased t h e  a t t i t u d e  
~ s c u r s f o n s  of the  model and, t he re fc r e ,  may have contr ibuted t o  t he  response 
discrepancy. 

P i  l o t  Comments 

A q u a l i t a t i v e  evaluat ion of t he  mathematic4'1 model was made by two p i l o t s  
using a fixed-base simulator with v i s u a l  scene. These eva lua t iocs  were t o  bed 

, made cstlsiderihg the  intended use of t h e  model, t h a t  is,  terminal-area guidance 
and navigation s tud ies .  

. # . . ., 
* '. The r o n t r o l  forces  and ,genera l  f e e l  of t h e  f l i g h t  con t ro l s  were sat isr 'ac-  

t o ry ,  a l though- the  absence ofrbreakout  and gradient  forces ,  wirh the  cyc l i c  
t r i m  button depressed, r e s u l t s  i n  stick-jump and a tendency t o  overcontrol .  
 he absence of cyc l i c  beeper trir! and c o l l e c t i v e  and pedal. p a r a l l e l  servos diC 

. . not degrade t h e  model fo r  i ts  in te ld .4  use. The bas i c  AFCS funct ions were 
primarily evaluated i n  forward f l i g h t  a t  approach speeds (90-120 KIAS). The 

, re ten t ic  i of trimmed airspeed and I~ l . t ch  and r o l l  a t t i t u d e  was exce l l en t .  The 
XFCS modes, a l t i tude-hold,  heading-hc'd , and turn-coordiuation operated sa t  l s -  
f ac to r i l y .  Also, the  AFCS modif icat ions,  made ':o include e f f e c t s  of a Icxer.11 
I t  

. sric!: pusher ,I1  provided responses t h a t  were much more ~ h ~ ~ r a c t q r i s t  i c  of the 
a i r c r a f t .  Although, not required,  low-speed f l i g h t  and hover were a l s o  ev.11- 
uated. .The a t t i t u d e -  and heading-hold f ea tu re s  operated very wcil dur ins  
dece le ra t ing  approaches t o  a 50-ft hover. The c o l l e c t i v e  increases  mcl nl\er\- 
high a t t i t u d e s  required during deceleration were s imi l a r  t o  those of t \w Cti-5; 



aircraft, Above 10 knot*, turns were eaeily coordinated with the pedals, At 
lowar aptredo, in forward and sideward f light and in hover, prociao hrrdina and 
hovw control required much closer pilot atcention to the turn coordinator. 
Thir waa mainly duo to inrufficient motion curs from the virur l  ncene, 

It was cancludad that rha flying qualitlm of this modol wbrr qualita- 
tively rayreoentativa of the actual eircraft, within th* li~ltatlon sE a 
fixed-baaa airnulator, 

CONCtJS IONS 
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TABLE 2.- FORCE CBABACTBRISTICS OF PILOT CONTROLS 
I , 

Force 

i 
pi'ot 1 Breakout. N ( lb)  I Gradient I N / a n  ( l b / h $  

, TABLE 3.- GAINS OF FADE IN/OUT 

Longitudinal cycl ic  
Lateral cyc l i c  
Collect ive 
Pedals 

Circui t  number 
1 2 1 3 4 

TABLE 4.- SUMMABY OF HEADING-HOLD AND TW-COOR1)INATION MODE LOGIC 
Operating condition Feedback information 

Airspeed I P i l o t s  f e e t  Roll pos . l~ead ing  I Roll r a t e  I Lat. acc. Mode 
I 1 I I 

8.9 (2,0) 
6.7 (1,,5) 
20 (4.5) 
36 (8.0) 

I Above 60 knots On pedals Off Off Turn-coord. I Off pedals Head. -hold I 

2.3 (1 .-3) 
1.4 (0.8) 
0 (0) 
5.3 (3.0) 

Below 60 knots 

TABLE 5.- AUTHORITY LIMITS OF AF( 

On pedals 
Off pedals 

AFCS input 

c s  

B,afcs 

Alafcs 

'eafcs 

L i m i t s ,  rad (deg) 

20.0227 rad, ('1.3) 

20.0454, (22.6) 

f0.0209, (21.2) 

20.0332, (+I .  9)' 

Off 
On 

%his l i m i t  increased t o  27' 
i n  the  simulation. 

Off 
On 

Off 
Off 

Off 
Off 

-.-- 
Head. -hold 





rr .  xh EAST 

NORTH 

a} BODY AXES 

4 
c) CON1 ROL AXES 

b) SHAFT AXES 

d) FLAPPING ANGLES 

Figure 2 . -  Helicopter body axes,  shaft axes,  control axes,  and flapping 
angle def in i t ions .  



- 
CONTROL 

PILOT SYSTEM 

INPUTS 
C 

1 GOVERNOR 
" t- 

ROTOR 
MODEL 

* - 
L C 

MA1 N 
I ROTOR 

EQUATIONS - 
b OF 

MOTION 

FUSELAGE 
AERODYNAMICS 

WIND, GUST 
INPUTS I 

1 TO SIMULATOR 

(aj Helicopter simulation. 

Figure 3.-  Block diagram of helicopter model and input-output diagrams of 
individual component mode 1s. 



[ E l  *-j wind, h 

FUSELAGE 
RODYNAMIC! 

(b) Fuselage aerodynamics model. 

Figure 3.- Continued. 



[El- 

MAIN ROTOR 
MODEL 

( c )  Eldin rotor ( s u b s c r i p t  m) model. 

Figure 3. - Cont h u e d  . 



[' h-j TAIL ROTOR 

k!!%+q+ [t] 
hub,, h 

(d) Tai l  Rotor (subscript t) model. 

Figure 3 . -  Continued. 



ENGINE 
AND 

GOVERNOR 
MODEL 

(el Engine and p v e r n o r  model. 

Figuie 3 .  - Continued . 



PI LOT 
INPUTS 

CONTROL 
SYSTEM 

( f )  Control system. 

Figure 3. - Con t hued.  



EQUATIONS 
OF MOTION 

(g) Equations of motion. 

Figure 3 . -  Concluded. 



Figure 4. -  Fuselage incremental d r ~ . ?  nu .I function o f  m p l e  ,>i . l e t  .I;;. 





Figure 6.-  Fuselage incremental l i f t  a s  a function of s i d e s l i p  (wind 
tunnel yaw angle). 



Figure 7 . -  Fuselage sideforce a s  a function of s ides l ip  (wind 
tunnel yaw angle) . 



Figure 8.- Fuselage incremental rolling moment as a function of angle of 
attack. 



Figure 9.- Fuselage incremental ro l l ing  mament as a function of sideslip 
(wind tunnel yaw angle) .  



Figure 10.- Fuselage incremental pitching moment as a function of angle of 
attack and incidence at the tail. 



Figure 11.- Fuselage incremental pitching moment as a function of sideslip 
(wind tunnel yaw angle) . 
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Figure 12.-  Fuselage yawing moment as  a function of s i d e s l i p  (wind tunnel yaw 
angle) and angle of rttack. 
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COLLECTIVE STICK DISPLACEMENT, XmI 

(a) Collective 

6 

Figure 13.-  Control rigging diagrams. 



-10.16 0 lO. ' l6  203 cm 

AFT - FORWARD 

LONGITUDINAL CYCLIC STICK DISPLACEMENT, Xlo, 

(b) Longitudinal cyclic 

Figure 13.- Continued. 
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- 
-4.435 

-5 -4 -2 0 2 4 5 in. 

LEFT -RIGHT 

LATERAL CYCLIC STICK DISPLACEMENT, Xlat 

( c )  Lateral c y c l i c  

Figure 13.-  Continued. 
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(d) Pedal 

Figure !3.- Concluded. 
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(a) Longitudinal cyclic pulse. 

Figure 14.- Flight test-math model comparisons. 
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(b) Lateral cyc l ic  pulse. 

Figure 14.- Continued. 
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