
NASA CONTRACTOR REPORT ib6567 

(NASA-CR-166567) HELIST AT SIF.ULATION 
STUDIFA F i n a l  heport., SeF.  1973 - Nov. 1982 
(Systeaa Technoioqy, Inc .  ) d 6  p 
EC AOS/fiP A01 CSCL OIC Unclas 

tiJ/O8 I f 0 9 5  

Heiistat Simulation Studies 

1 .  B. Tischler, I. L. Ashkenas 

CONTRACT NAS2-10330 
November 1982 



NASA CONTRACTOR REPORT 166567 

H e l i s t a t  Simulation Studies  

#. B .  Tischler 
I .  L .  Ashkenas 
Systems Technology, Inc. 
Hawthorne, California 90250 

Prepared for 
Ames Research Center 
under Contract NAS2-10330 

National Aeronautics and 
Space Adrnln~strat~on 

Ames Research Center 
Moffett Field, Cal~forn~a C'4035 



Page 

I. I N T K O D U C T I O N . . . ~ . ~ - . . . . . . ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ . ~ * * ~ ~ * ~ * * * ~ . ~ . ~ ~ ~ ~ . . . ~  1 

11. SYMMETRIC FLIGHT PEKFOKMANCE...o....**..***.*...o..o*.*-... 4 

111. CKOSSWINI) PEKt.'OkLANCE.........*......--...*..........a..... 11 

IV. ASYMMETKIC: FLIGHT CONI)ITIONS...*..-.*......o.**....*.*.*... 1.5 

V. LINEAKIZED D Y N A M I C S * . . . . . . * . . * e * e * e o o e * * * * * e o * e o . * o e  17 

A. Hover Dynadc~.........~........................~..... l8 

8.  Effect of Axial Speed on Dynamics  characteristic^.....^ 30 

C. Effect of Sideslip on dynamics Characteristics........ 35 

D. Four-Finned Configuration........................... 37 

VII. LtLYUING CWCTEt(lSTICS...es*...................e.......... 44 

VIII. MOORING CH~CTEKISTICS.~~..e..........~.........e 46 

IX. C O N C L U S I U N S . ~ . . ~ . . . . e e . . . . e ~ . . ~ e ~ ~ ~ . ~ . e ~ e . e . e  51 

KEFEUNCES ...e.............................ee.e~.............. 52 
W Y i N D I X  A. HELISTAT SIMULATION INPUT DATA......-.o-....e.*..... A-1 

APYELVDIX b. FLIGHT CUNTKUL CHAKACTEKISTICS.*.e.eeo**eeae.oo..oooo B-1 

iii 



LIST OF FIGWBS 

Page 

1. Nominal Helistat Performance............................... 5 

2. Helistat Performance with 30,000 lb Slung Payload............ 7 

3. Performance Characteristics for Sea Level 
Based Operations..................................... 8 

4. Performance Versus Payload Weight For 
Sea Level Based Operations.............................. 10 

5 .  Crosswind Hover Characteriatics............................. 12 

6. Angular Control Requirements for 15 kt Wind, Varying 
Sideslip i), = 0-180 deg, Nominal Weight Configuration........ 16 

7. Pitch Mode, Nominal Configuration; Va = 0.. . . . . . . . . . . . . . . . . . . 21 

8.  Pitch Node, Vehicle/Slung-Load Configuration; Va = 0. 25 

9. Roll Mode, VehiclejSlung-Load Configuration; Va = 0.. . . . . . . . . 26 

10. Pitch Pendulum Mode; V, = O.................................. 28 

11. Variation of Surge (l/Ts), Heave (l/Th), and 
Sway (l/Tsy ) Modes with Axial Speed; 
Nominal con$iguration.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

12. Effect of Axial Airspeed on Yaw Instability, l/Tsyl, 
for the Nominal and Slung-Load Configurations................ 32 

13. Migration of the Pitch Oscillation Mode of the Vehicle 
(up) and Payload (wlo,) with Axial Airspeed.................. 34 

14. Migration of Koll Oscillation Mode (cr, ur) with 
Sideslip; Nominal Configuration; V, = 15 kt.................. 36 

15. Effect of Axial Airspeed on Yaw Instability, 
l/Tsyls 4-FINS...............w.......o..o*..... 38 

16. Migration of the Pitch Oscillation Mode (up) with 
Axial Airspeed, 4-FINS.................................. 39 

17. Response to Lateral Control Input, g4 = 0.1 rad 
Va = 0, Nominal Configuration.......................... 43 

18. Simulation of Landing Dynamics; 5,000 ft 
Based Operations......................................... 45 



LIST OF FIGURBS (Concluded) 

Page 

19. Nonlinear Response of Moored Vet.'cle to a 
Discrete Lateral Gust, Vw = 60 kts.........................,. 48 

a. Helistat Control System--Master Pi.lot Control Logic.......... B-3 

b. Helistat Control System--LPU Control Mixing Logic............ B-4 

c. Helistat Control System--Rotor Longitudinal 
Cyclic/Propeller Collective Mixing........................... B-5 



SECTION I 

INTRODUCTIOU 

The H e l i s t a t  a n a l y s i s  us ing the  heavy- l i f t  a i r s h i p  s i m u l a t i o n  pro- 

gram package (HYBRDS) covered t h e  fo l lowing  f i v e  major a reas .  

Symmetric Plight Conditions 

The b a s i c  c h a r a c t e r i s t i c s  of the  nominal, maximum and minimum weight 

c o n f i g u r a t i o n s  without a payload and t h e  nominal weight v e h i c l e  wi th  a 

30,000 l b  payload (Appendix A) were examined i n  symmetric f l i g h t  over  

t h e  speed range of -20 k t s  t o  +80 k t s .  These runs (Run numbers 100 and 

200) examined t r i m  c o n t r o l ,  engine  power requirements,  and l i n e a r i z e d  

dynamic c h z r 3 c t e r i s t i c s .  The major i ty  of the  s tudy is  based on 5000 f t  

ground l e v e l  opera t ions .  Addi t iona l  runs  were conducted t o  examine t h e  

v e h i c l e  c h a r a c t e r i s t i c s  and a l t e r n a t e  payload weights f o r  s e a  l e v e l  

based opera t ions .  

Crosswind Hover 

The performance of the  v e h i c l e  i n  90 deg crosswind hover cond' , i ons  

was s t u d i e d  (Run numbers 300 and 400) t o  determine c o n t r o l  power 

requirements and s u b s t a n t i a l  i n t e r f e r e n c e  e f f e c t s  f o r  t h e  unloaded con- 

f i g u r a t i o n  (nominal, minumum and mavimum weight c o n d i t i o n s )  and t h e  

loaded conf igura t ion .  S p e c i a l  concern w a s  focused on t h e  i m p l i c a t i o n s  

of the  r o l l - t o - t r a n s l a t e  c o n t r o l  scheme (Appendix B) on t h e  crosswind 

hover performance and closed-loop dynamic c h a r a c t e r i s t i c s  of t h e  vehi- 

c l e .  

Asymmetric Plight Conditions 

An examination of t h e  s e n s i t i v i t y  of the   eli is tat's dynamic charac- 

t e r i s t i c s  t o  changes of s i d e s l i p  i n  hover and c r u i s e  f l i g h t  c o n d i t i o n s  

was conducted (Run numbers 500, 600, 700, and 800). I n  the  hover case ,  

the  v e h i c l e  was trimned i n  a n  i n e r t i a l  wind of 15 k t s  wi th  varying s i d e -  



s l i p  ang les  from 0 t o  180 deg f o r  a l l  unloaded and loaded weight condi- 

t i o n s .  Addi t ional ,  s i d e s l i p  s t u d i e s  were completed f o r  the  unloaded and 

loaded c o n f i g u r a t i o n s  a t  t h e i r  r e s p e c t i v e  nominal c r u i s e  speeds. 

Alternate Configurations 

A pre l iminary  s tudy  of p o s s i b l e  a l t e r n a t e  schemes f o r  improving t h e  

b a s i c  dynamics and performance c h a r a c t e r i s t i c s  of t h e  Helistat was con- 

duct  ed : 

a)  Four-finned conf igura t ions .  The e f f e c t  of a t t a c h i n g  
a n  a d d i t i o n a l  two upper f i n s  (completing the  o r i g i n a l  
X-configuration of t h e  envelope) on t h e  b a s i c  loaded 
and unloaded v e h i c l e  c h a r a c t e r i s t i c s  (Run :lumbers 
100-4F, 200-4F, and 500-4F, which a r e  t h e  f o u r  f i n  
equ iva len t  of b a s i c  Run numbers 100, 200, 500). The 
i n i t i a l  s e t  of runs were conducted assuming no change 
i n  the  v e h i c l e  mass p r o p e r t i e s .  This corresponds t o  
retrimming t h e  b a l l a s t  and b a l l o n e t s  t o  hold t h e  
v e h i c l e  c.g. and weight roughly cons tan t .  Addi t iona l  
runs were completed t o  examine the  e f f e c t  of a n  a f t  
c.g. ( s h i f t  a s s o c i a t e d  wi th  the  a d d i t i o n  of two upper 
f i n s  when the  v e h i c l e  is not retrimmed. 

b) Rol l /S ide fo rce  Mixing. The e f f e c t  of changing t h e  
mixing r a t i o  c o n t r o l l i n g  t h e  r e l a t i v e  amount of s ide -  
f o r c e  and r o l l i n g  moment genera ted from p i l o t  l a t e r a l  
s t i c k  i n p u t s  (Run numbers 200B, 200C, 200D, 3008, 
300C, 300D). 

c )  E leva to r  and Rudder Usage. The e f f e c t  of i n c r e a s i n g  
t h e  r e l a t i v e  usage of the  t a i l  aerodynamic s u r f a c e s  
f o r  c r u i s e  trim c o n t r o l  t o  e q u a l i z e  t h e  r o t o r  t h r u s t  
l e v e l s  (Run numbers lOOE and 200E). 

T h e  History Analyses 

a)  Response t o  c o n t r o l s .  The non l inea r  response t o  
l a t e r a l  s t i c k  i n p u t s  was c a l c u l a t e d  t o  expose dynamic 
and c o n t r o l  c h a r a c t e r i s t i c s  and t o  a s s e s s  the  va l id -  
i t y  of l i n e a r i z e d  models. 

b) One wheel l a n d i n c  The maximum weight c o n f i g u r a t i o n  
was trimmed i n  descent  t o  impact the  ground with one 
landing gear.  Con t rac to r  c a l c u l a t i o n s  of l and ing  
gea r  des ign loads  were compared wi th  t h e  s i m u l a t i o n  
r e s u l t s .  



c )  Moored v e h i c l e  response. The dynamics and loads  on 
the  v e h i c l e s  i n  t h e  s t andard  mooring (Appendix A) and 
4-finned c o n f i g u r a t i o n s  were c a l c u l a t e d  f o r  ambient 
wind cond i t ions  of 15 and 60 k t s  (Run numbers 
THMOR15, THMOR16). Con t rac to r  c a l c u l a t i o n s  of des ign 
mooring loads  f o r  extreme atmospheric cond i t ions  were 
compared wi th  t h e  s imula t ion  r e s u l t s .  

Basic Assumptions 

The key assumptions of t h e  Helistat s imula t ion  s tudy a r e  : 

1)  The v e h i c l e  is assumed t o  be a r i g i d  body. Deforma- 
t i o n  of t h e  envelope and in te rconnec t ing  suppor t  
s t r u c t u r e  is ignored.  No s t r u c t u r a l  l i m i t a t i o n s  a r e  
p laced on maximum v e h i c l e  a t t i t u d e s  o r  v e l o c i t i e s .  

2) Control  system dynamics a r e  neglected.  The c o n t r o l  
c a b l e  and servo dynamics a r e  ignored,  s o  p i l o t  com- 
mands a r e  i n s t a n t a n e o u s l y  t r a n s l a t e d  i n t o  s u r f a c e  
d e f l e c t i o n s .  

3) Engine speed is  assumed f i x e d ,  thereby mainta ining 
cons tan t  r o t o r  and p r o p e l l e r  r o t a t i o n a l  speed (rpm). 

4) The c o n t r o l  system mixing boxes a r e  assumed t o  a l low 
l i m i t i n g  of 1 o r  more s u r f a c e s  (e.g., r o t o r  c y c l i c  
p r o p e l l e r  c o l l e c t i v e ,  e t c . )  wi thout  r e s t r i c t i n g  con- 
t r o l  over the  remaining (non-limited) su r faces .  For 
example, forward propuls ion commands (BISC, Appendix 
B) produce mixed d e f l e c t i o n s  of p r o p e l l e r  c o l l e c t i v e  
and r o t o r  l o n g i t u d i n a l  c y c l i c .  A f t e r  the  r o t o r  
c y c l i c  reaches its l i m i t  ( 12.5 deg) , a d d i t i o n a l  pro- 
pu l s ioq  commands g e n e r a t e  increased p r o p e l l e r  co l l ec -  
t i v e  d e f l e c t i o n  u n t i l  t h e  p r o p e l l e r  d e f l e c t i o n  l i m i t  
is reached. 

5) A l l  hover and c r u i s e  performance s t u d i e s  assume a 
ze ro  p i t c h  a t t i t u d e  ( l e v e l  f l i g h t )  o r i e n t a t i o n .  The 
f r e e  s t ream angle-of - a t t ack  is a l s o  ze ro ,  a l though 
induced flow a n g l e s  a r e  genera ted by t h e  va r ious  
i n t e r f e r e n c e  e f f e c t s  (Ref. 1). 

6 )  The b a l l o n e t s  a r ?  not  used t o  trim the  p i t c h  a t t i t u d e  
of the  veh ic le  (except f o r  the  4-Finned, nominal c.g. 
case ,  Sec t ion  V, Subsect ion D). Note t h a t  the  mass 
c h a r a c t e r i s t i c s  of the nominal and slung-load config- 
u r a t i o n s  a r e  based on f l i g h t  a t  the  p ressure  c e i l i n g  

a ( b a l l o n e t s  f u l l y  d e f l a t e d ,  Appendix A). 



SECTION I1 

SYMMETRIC FLIGHT PEaFOMANCB 

The performance of the  H e l i s t a t  without c o n t r o l  l i m i t i n g  e f f e c t s  is 

s h s m  Ln t h e  s o l i d  l i n e s  of Fig. 1. This  a n a l y s i s  is based on t h e  nomi- 

:id1 wc.lgilt c o n d i t i o n  a t  a  6000 f t  p r e s s u r e  height .  

V l t h  the  average r o t o r  c o l l e c t i v e  s e t t i n g  n e a r l y  cons tan t  a t  40 per- 

c e n t  of t h e  maximum d e f l e c t i o n ,  t h e  c o n t r o l  mixing laws (Appendix B) 

a l l o c a t f ?  roughly cons tan t  l i f t  power t o  t h e  r o t o r s ,  r e s e r v i n g  a x i a l  pro- 

p : ~ l s i o n  power f o r  t h e  p r o p e l l e r s .  The t o t a l  r equ i red  s h a f t  horsepower 

( r ~ ; t o r  and p r o p e l l e r )  is seen t o  be f a i r l y  cons tan t  i n  t h e  speed range 

of -20 t o  +20 k t s ,  wi th  sha rp  i n c r e a s e s  f o r  f l i g h t  speeds exceeding 

40 k t s .  Assuming a  f l a t  r a t e d  normal opera t ing  power of 1275 hp per  

engine ,  (Ref. 2) t h e  c r u i s e  speed of t h e  H e l i s t a t  a t  6000 f t  is about 

50 k t s .  This  l eaves  the  remaining 1OOO horsepower (250lengine) f o r  

maneuvering f l i g h t .  Also shown i n  t h i s  f i g u r e  a r e  the  speeds f o r  maxi- 

mum endurance, (17 k t s )  and maximum range (32 k t s ) .  The somewhat 

unusual  "kink1' i n  t h e  p r o p e l l e r  and t o t a l  power curves  around 50 k t s  

r e s u l t s  from t h e  inc reased  t r i m  p i t c h i n g  moment of t h e  in te rconnec t ing  

s t r u c t u r e  at  t h e  h igh forward speeds ,  g iv ing  r i s e  t o  asymmetric ( i n e f f i -  

c i e n t )  r o t o r / p r o p e l l e r  mixing (Appendix B) . 
The e f f e c t  of r o t o r  l o n g i t u d i n a l  c y c l i c  l i m i t i n g  a t  a  swash p l a t e  

ang le  of 12.5 deg is shown i n  t h e  d o t t e d  l i n e s  of Fig. 1. When t h e  

r o t o r  l o n g i t u d i n a l  c y c l i c  l i m i t s  a r e  encountered,  r o t o r  s h a f t  horsepower 

requirements remain roughly cons tan t  and t h e  excess  horsepower capab i l -  

i t y  is  absorbed by the  p r o p e l l e r s .  The t o t a l  power curve  has  a s t e e p e r  

s l o p e  than before  near  t h e  maximum takeoff  power l e v e l ,  sugges t ing  a 

dec rease  i n  the  a v a i l a b l e  c o n t r o l  margin a t  the  50 kL c r u i s e  cond i t ion .  

' 

The nose-up p i t c h  trim ( h e )  is reduced when power is d i v e r t e d  t o  the  

p r o p e l l e r s ,  because of t h e  low p r o p e l l e r  t h r u s t  l i n e  r e l a t i v e  t o  t h e  

v e h i c l e  center-of-gravi ty .  Th i s  r e s u l t s  i n  more equa l i zed  r o t o r  t h r u s t  

l e v e l s  wi th  a s s o c i a t e d  symmetrical r o t o r / p r o p e l l e r  mixing and t h e  elimi- 

n a t i o n  of t h e  undes i rab le  "kink" i n  t h e  t o t a l  power curve  a t  40 k t s .  
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This  e q u a l i z a t i o n  i n  r o t o r  t h r u s t  l e v e l s  is a l s o  achieved by i n c r e a s i n g  

t h e  r e l a t i v e  usage of the  t a i l  aerodynamic s u r f a c e s  f o r  c r u i s e  trim con- 

t r o l .  

The performance of t h e  H e l i s t a t  wi th  a 30,000 1b s lung  payload 

( inc lud ing  payload d rag  and c a b l e  d e f l e c t i o n ,  Appendix A) is ahown i n  

Fig. 2 f o r  t h e  6000 f t  p ressure  c e i l i n g  condi t ion.  The engine  power is 

d i v e r t e d  almost  e n t i r e l y  t o  the  r o t o r s ,  s i n c e  t h e  r o t o r s  a r e  o p e r a t i n g  

a t  80 percent  of t h e i r  maximum c o l l e c t i v e  s t t i n g  (Appendix B). Only a  

minimal power is  rese rved  f o r  overcoming t h e  p r o f i l e  d rag  a s s o c i a t e d  

wi th  the  f r e e  spinning p r o p e l l e r s .  The normal r a t e d  power l e v e l  g i v e s  a 

maximum c r u i s e  speed of about 46 k t s ;  however the  s t eepness  of the  power 

curve  i n  t h i s  speed regime sugges t s  a reduced o p e r a t i o n a l  c r u i s e  speed 

of a5out 40 k t s ,  t o  a l low a  somewhat l a r g e r  c o n t r o l  margin c a p a b i l i t y .  

The 40 k t  speed roughly corresponds t o  the  speed f o r  maximum range which 

may be a d e s i r a b l e  c r u i s i n g  c o n d i t i o n  f o r  t y p i c a l  o p e r ~ t i o n s .  

When t h e  swash p l a t e  d e f l e c t i o n  l i m i t s  a r e  considered,  r o t o r  longi-  

t u d i n a l  c y c l i c  l i m i t i n g  occurs  a t  a speed of 35 k t s .  A s  shown i n  t h e  

dashed l i n e s  of Fig. 2, t h e  remaining engine  power can be absorbed i n  

t h e  p r o p e l l e r s ,  r e s u l t i n g  i n  almost  i d e n t i c a l  power performance of t h e  

loaded v e h i c l e  up t o  60 k t s .  As before ,  the  s l i g h t l y  improved power 

c h a r a c t e r i s t i c s  of t h e  v e h i c l e  i n  t h e  50 k t  region are due t o  t h e  equal-  

i z a t i o n  of t h e  r o t o r  t h r u s t  l e v e l s .  

Although not s p e c i f i c a l l y  shown i n  Fig. 1, performance c a l c u l a t i o n s  

f o r  t h e  minimum and maximum weight c o n f i g u r a t i o n s  i n d i c a t e  t h a t  t h e  

c r u i s e  speeds remain roughly a t  50 k t s ,  i n d i c a t i n g  only smal l  changes i n  

t h e '  ( c r u i s e )  performance of t h e  v e h i c l e  wi th  loading cond i t io r  . A s  

l a t e r  shown, however, t h e  hover power requirements are much d i f f e r e n t ,  

as expected. 

The performance curves  f o r  sea  l e v e l  based opera t ions  ( c r u i s e  a t  

b a l l o n e t  c e i l i n g  of i ,OC)O f t  above s e a  l e v e l )  a r e  shown i n  Fig. 3 f o r  

t h e  nominal and s l ing- load conf igura t ions .  The lower c r u i s e  a l - t i t u d e  

y i e l d s  an  i n c r e a s e  i n  buoyancy r a t i o  ( 0  = 0.89) compared t o  t h e  6,000 f t  

l e v e l  (0 = 0.78). Th i s  r e s u l t s  i n  lower t r i m  r o t o r  t h r u s t  requirements,  
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which combined wi th  the  improved low a l t i t u d e  r o t o r  e f f i c i e n c y ,  y i e l d s  a 

25 percent  r educ t ion  i n  hovering power t o r  the  unloaded and loaded con- 

f i g u r a t i o n s  (compare Figs. 1 and 2 vs. Fig. 3). The inc reased  p a r a s i t e  

d rag  r e s u l t i n g  from t h e  higher  a i r  d e n s i t y  causes  t h e  power curves  a t  

t h e  h igher  a i r s p e e d s  t o  be s t e e p e r  than before. I n  o rde r  t o  a l low f o r  

some maneuvering margin, the  c r u i s e  speed f o r  the  unloahed c o ~ f  i g u r a t i o n  

is reduced by about 10 k t s  t o  40 k t s ,  roughly t h e  same a s  t h e  c r u i s e  

speed f o r  t h e  sea level-based slung-load conf igura t ion .  

The e f f e c t  of varying payload weight on hover and (40 k t )  c r u i s e  

performance is shown i n  Fig. 4. These r e s u l t s  a r e  f o r  sea  l e v e l  based 

(1000 f t )  opera t ions .  Since  t h e  power required f o r  hover is composed 

almost  e n t i r e l y  of t h e  induced power due t o  r o t o r  l i f t ,  t h e  (hover)  

curve f o l l o ~ s  a 312 exponent law; 

This r e s u l t  is coafirmed i n  Fig. 4. The o p e r a t i o n a l  payload l i m i t  

i n  hover is 46,500 lb .  A s  previously  noted,  the  c r u i s e  power is dom- 

i n a t e d  by p a r a s i t e  drag,  so t h e  e f f e c t s  of varying payload weight a t  t h e  

c r u i s e  speed (40 k t s )  is smal l  (Fig.  4). The maximum payload c a p a b i l i t y  

i n  c r u i s e  is 45,000 l b ,  r ep resen t ing  t h e  l i m i t  f o r  sea- level  based oper- 

a t ions .  
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Figure 4 .  Performance Versus Payload Weight For Sea 
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SBCTION I11 

CROSSWIND PEaFOBHANCE 

The crosswind hover performance of the  unloaded and loaded v e h i c l e  

f o r  s t andard  (5,000 f t  based) o p e r a t i o n s  is shown i n  Fig. 5. Th i s  f i g -  

u r e  p r e s e n t s  t h e  t r i m  r o l l  a n g l e  (degrees)  a s  a f u n c t i o n  of crosswind 

v e l o c i t y  (knots) .  For the  unloaded conf igura t ion ,  the  maximum crosswind 

c a p a b i l i t y  is r e s t r i c t e d  t o  15 k t s  by t h e  minimum c o l l e c t i v e  s e t t i n g s  on 

t h e  upwind r o t o r s  (0.5 deg),  and maximum c o l l e c t i v e  (12.5 deg) and 

l a t e r a l  c y c l i c  (12 deg) s e t t i n g s  on t h e  downwind r o t o r s .  This  r e s u l t s  

i n  a  t r i m  r o l l  ang le  of 40 deg. For t h e  loaded conf igur&t ion ,  the  maxi- 

mum o b t a i n a b l e  crosswind c a p a b i l i t y  i s  10 k t s  due t o  maximum c o l l e c t i v e  

and power l i m i t i n g  on the  downwind r o t o r s  (1 and 3). The corresponding 

t r i m  r o l l  ang le  is 9 deg. 

The maximum crosswind t r i m  cond i t ions  of 10 and 15 k t s  f o r  t h e  

loaded and unloaded f l i g h t  c o n f i g u r a t i o n s  r e s y e c t i v e l y ,  do not a l low any 

a d d i t i o n a l  maneuvering c o n t r o l  margin. A des ign g u i d e l i n e  f o r  quadrotor  

HLA'S t o  mainta in  hover i n  a n  ambient wind of 20 k t s  a t  30 deg s i d e s l i p  

ang le  has  been proposed by NASA (Ref. 3) .  Th i s  y i e l d s  a crosswind 

requirement of 10 k t s .  The unloaded H e l i s t a t  can achieve t h i s  r equ i re -  

ment wi th  some a d d i t i o n a l  c o n t r o l  margin f o r  gus t  suppress ion and maneu- 

vering.  For s i m i l a r  c o n t r o l  margins, t h e  loaded conf igura t ion  w i l l  be 

l i m i t e d  t o  5-8 k t s  crosswind,  or about  a  20 deg s i d e s l i p  ang le  f o r  a 

20 k t  wind cond i t ion .  

It is u n l i k e l y  t h a t  t h e  ZPG-2 envelope w i l l  mainta in  the  l a r g e  r o l l  

ang les  implied by t h i s  (r igid-body) anaLysis without deforming. Gross 

d i s t o r t i o n s  of the  h u l l  and ca tenary  c u r t a i n  system may s i g n i f i c a n t l y  

degrade the  40 deg / l5  k t  upper l i m i i :  shown i n  Fig. 5. Addi t iona l  con- 

s t r a i n t s  @ill l i k e l y  r e s u l t  from the  a l lowable  minimum c lea rance  between 

t h e  deformed envelope and the  downwind r o t o r s .  S i g n i f i c a n t  i n c r e a s e s  i n  

the  h u l l  on r o t o r  i n t e r f e r e n c e  e f f e c t s  on the  downwind r o t o r s  may fu r -  

t h e r  erode t h e  crosswind c a p a b i l i t y  of the  unloaded conf igura t ion .  
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Figure 5 .  Crosswind Hover Characteristics 



The l a r g e  r o l l  ang les  which r e s u l t  from the r o l l  t o  t r a n s l a t e  l o g i c  

a l s o  sug;st a number of p o s s i b l e  handl ing q u a l i t y  r e l a t e d  problems. 

Since  the  v e h i c l e  is not i n  a coordinated tu rn ,  these  ang les  w i l l  r e s u l t  

i n  a very  uncomfortable p i l o t  environment i n  which s t eady  l a t e r a l  g 's  

may degrade p r e c i s i o n  hand and f o o t  coord ina t ion  and con t ro l .  In  addi- 

t i o n ,  such r o l l  a t t i t u d e s  may preclude t h e  p i l o t  from s e e i n g  t h e  payload 

hook dur ing pickup opera t ions .  I n  manual c o n t r o l  terms, the  ro l l - to -  

t r a n s l a t e  l o g i c  may make simultaneous p i l o t  c l o s u r e  of a t t i t u d e  and 

p o s i t i o n  loops very d i f f i c u l t  s i n c e  the  p i l o t ' s  l a t e r a l  l o c a t i o n  65 f t  

from the  h u l l  c.g. w i l l  couple r o l l  a t t i t u d e  and v e r t i c a l  p o s i t i o n  cues. 

The p i l o t  w i l l  undoubtedly be c l o s i n g  manual c o n t r o l  loops around feed- 

back cues  a t  h i s  own p o s i t i o n ,  and may not be a b l e  t o  d i s t i n g u i s h  

between r o l l  (and p i t c h )  a t t i t u d e  d i s tu rbances  and v e r t i c a l  p o s i t  i o n  

d i s tu rbances .  I n  f a c t ,  s i n c e  a t t i t u d e  changes cause r i g i d  body v e r t i c a l  

t r a n s l a t i o n s  of the  p i l o t  p o s i t i o n ,  the  p i l o t  may ( i f  un t ra ined)  i n i -  

t i a l l y  a t  tempt t o  use the  heave c o n t r o l l e r  t o  r e g a l a t e  a g a i n s t  a t  t i  tude 

(and heave) d i s tu rbances .  Such coupled cues  and responses could s ig -  

n i f i c a n t l y  degrade t h e  closed-loop bandwidth of the  system and t h r e a t e n  

o ,>era t iona l  s a f e t y .  Another problem with  the  r o l l - t o - t r a n s l a t e  l o g i c ,  

which has been repor ted  i n  Heavy-Lift He l i cop te r  (HLH) s t u d i e s  (Ref. 4 ) ,  

is the  undes i reab le  e x c i t a t i o n  of the  payload pendulum mode. Large 

.Induced motq;ns of the  unloaded c a b l e  hook caused by l a t e r a l  i n p u t s  

t ~ o t ~ l d  a l s o  be e s p e c i a l l y  troublesome dur ing load pickup opera t ions .  

A d e s i r a b l e  s o l u t i o n  would be a c o n t r o l  l a w  which y i e l d s  smal l  r o l l  

a~-.gles f o r  p r e c i s i o n  l a t e r a l  inpu t  ( f 5  k t )  i n  ze ro  s i d e s l i p  c o n d i t i o n s  

ar,d l a r g e  r o l l s  ang les  f o r  maximum crosswind c a p a b i l i t y  i n  c r i t i c a l  

s!.tuations. T h i s  could be accomplished by i n c r e a s i n g  t h e  r a t i o  of 

l a c e r a l  cycl.;: t o  r o l l  c o n t r o l  usage f o r  l a t e r a l  s t i c k  i n p u t s .  Figure  5 

( f lagged ,ymbols) shows t h e  crosswind r e s u l t s  when the  l a t e r a l  c y c l i c  

g a i n  I s  increased by a f a c t o r  of 5. The loaded and unloaded conf igura-  

ti. is e x h i b i t  50 percent  r educ t ions  i n  the  trim r o l l  ang le  f o r  a 5 k t  

crosswind cond i t ion .  In  the  unloaded case ,  the  l a t e r a l  c y c l i c s  l i m i t  a t  

a b o ~ t  8 k t s ,  r7ich f u r t h e r  l a t e r a l  s t i c k  i n p u t s  r e s u l t i n g  i n  qu ick ly  

i n c r e a s i n g  r o l l  angles .  The maximum trimmahle crosswind remains a t  



15 k t  (+  = 37.5 deg) due t o  both  c o l l e c t i v e  and c y c l i c  l i m i t i n g ,  as 

before.  For the  loaded v e h i c l e ,  the  maximum trimmable crosswind remains 

a t  10 k t s  because of simultaneous l a t e r a l  c y c l i c  ( s i d e f o r c e )  and down- 

wind r o t o r  power ( r o l l  c o n t r o l )  l i m i t i n g .  

Some a d d i t i o n a l  improvement i n  t h e  crosswind c h a r a c t e r i s t i c s  of bo th  

loading a n d i t i o n s  could be achieved by e l i m i n a t i n g  t h e  use  of d i f f e r e n -  .! 
t i a l  l a t e r a l  c y c l i c  f o r  yaw c o n t r o l .  S ince  both l o n g i t u d i n a l  c y c l i c  aqb 

p r o p e l l e r  c o l l e c t i v e  a r e  a v a i l a b l e  f o r  t h e  purpose, and t h e  c l o s e  fo re -  

a f t  r o t o r  spac ing  makes l a t e r a l  c y c l i c  f a i r l y  i n e f f e c t u a l  f o r  yawing 

moment genera t ion ,  t h i s  change would not s i g n i f i c a n t l y  reduce maximum 

yaw c o n t r o l  c a p a b i l i t y .  



SYMMETRIC FLIGHT CONDITIONS 

When t h e  v e h i c l e  is o r i e n t e d  wi th  angles-of-at tack o r  inc idence  

r e l a t i v e  t o  the  l o c a l  wind, l a r g e  ( u n s t a b l e )  h u l l  aerodynamic moments 

r e s u l t .  I n  t h e s e  f l i g h t  c o n d i t i o n s ,  t r i m  and maneuver c o n t r o l  margins 

become s e v e r e l y  l imi ted .  The p i l o t  c o n t r o l s  (6$, dB, 6JS requ i red  t o  

t r i m  t h e  nominal (unloaded) c o n f i g u r a t i o n  i n  a  15 k t  ambient wind a r e  

shown as a f u n c t i o n  of wind s i d e s l i p  ang le  (h) i n  Fig. 6 ( t h e s e  r e s u l t s  

a r e  f o r  t h e  v e h i c l e  f u l l y  trimmed i n  a l l  degrees-of-freedom). The r o l l  

c o n t r o l  (6+)  reaches  a maximum i n  t h e  crosswind cond i t ion  ( J I ,  = 90 deg) ,  

as expected. The yaw c o n t r o l  is ze ro  and has a  s t a b l e  s l o p e  when = 

76 deg, t h e  a n g l e  of s i d e s l i p  where t h e  h u l l  and t a i l  yawing moments a r e  

balanced. The yaw c o n t r o l  (6+) reaches  a maximum a t  ~k = 135 deg, cor-  

responding t o  t h e  wind a n g l e  f o r  maximum (uns tab le )  s t a t i c  yawing 

moment. The e f f e c t  of the  l a r g e  combined r o l l  and yaw c o n t r o l  r equ i re -  

ments r e s u l t s  i n  asymmetries i n  t h e  r o t o r / p r o p e l l e r  mixing f u n c t i o n s ,  

which i n  t u r n  cause l a r g e  p i t c h  c o n t r o l  requirements ( l j 0 )  around I& = 

120 deg (Fig. 6). 

Thus, t h e  wind ang le  range of = 105-135 deg is c r i t i c a l  f o r  angu- 

l a r  trim c o n t r o l  of t h e  H e l i s t a t .  Changes i n  v e h i c l e  opera t ing  weight 

and payload have only a secondary e f f e c t  on these  r e s u l t s .  Moreover, 

t h e  r e s u l t s  t o  be presented i n  the  next s e c t i o n  suggest  a s s o c i a t e d  prob- 

lems i n  dynamic r o l l  response f o r  f l i g h t  i n  t h i s  region.  There fo re ,  

s u s t a i n e d  f l i g h t  i n  t h e  105-135 s i d e s l i p  cond i t ion  should be avoided. 
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SECTION v 

LINEARIZED DYNAHICS 

The dynamic equa t ions  of motion a r e  numerical ly  l i n e a r i z e d  t o  o b t a i n  

t h e  fo l lowing f i r s t  o r d e r  l i n e a r  d i f f e r e n t i a l  equa t ion ,  

0 
X = AX + B'U + CG - - - - 

where X is t h e  s t a t e  v e c t o r  of v e h i c l e  and payload l i n e a r  and angu la r  

p o s i t i o n s  and r a t e s .  Vehicle motions a r e  referenced t o  the  h u l l  c . ~ . ,  

nominally loca ted  14.4 f t  below the  h u l l  c e n t e r  of volume (Appendix A ) .  

Linear  and angular  velocities (us  v, w, p, q, r)  a r e  r e l a t i v e  t o  r o t a t -  

ing  body-fixed ( h u l l )  axes. Linear  p o s i t i o n s  (x, y, z) a r e  g iven i n  

i n e r t i a l  frame C a r t e s i a n  coord ina tes ,  and angu la r  o r i e n t a t i o n  is given 

i n  i n e r t i a l l y  based Euler  coord ina tes  ($, 8, +). Payload motions a r e  

referenced t o  the  payload c.g., nominally l o c a t e d  12.6 below the  c a b l e  

hook attachment point .  Linear  payload v e l o c i t i e s  and p o s i t i o n s  (u 
P'  "P' 

Wp$ XPs Yp* z ) a r e  r e l a t i v e  t o  the  h u l l ,  whi le  the  angu la r  v e l o c i t i e s  P 
and o r i e n t a t i o n s  (pps PP, r p~ B p ,  a r e  r e l a t i v e  t o  i n e r t i a l  

space. These va r ious  a x i s  systems a r e  f u l l y  desc r ibed  i n  Ref. 1. 

The s u p e r s c r i p t  "0" i n  Eq. 4 denotes the  f i r s t  d e r i v a t i v e  of t h e  

s t a t e  vec to r  wi th  r e s p e c t  t o  t h e  r o t a t i n g  axns.  U is the  f i v e  element 

v e c t o r  of p i l o t  cockpi t  con t ro l s .  5 is the  gus t  s t a t e  vec to r  of a i r  

mass l i n e a r  and angu la r  v e l o c i t i e s .  A, B' and C a r e  the  s t a b i l i t y  

d e r i v a t i v e  matrices.  Taking t h e  Laplace transform of Eq. 4, 

where s i s  the  Laplace Operator and I is the  i d e n t i t y  matrix.  The 

n a t u r a l  (unforced) motion of the  v e h i c l e  is obta ined by s e t t i n g  t h e  con- 

t r o l  and inpu t  vec to r  t o  ze ro ,  



The so;.ution of the  unforced motion has t h e  form 

where 51, 2, 3, . . . & a r e  t h e  e igenvec to r s  a s s o c i a t e d  wi th  each 

e igenvalue  ( X I ,  X2, A3 .. . An). I n  the  case of the  unloaded v e h i c l e ,  

t h e r e  a r e  twelve c h a r a c t e r i s t i c  e igenvalues  and twelve a s s o c i a t e d  eigen- 

vec to r s .  For the  loaded v e h i c l e ,  t h e r e  a r e  a n  a d d i t i o n a l  twelve eigen- 

va lues  a s s o c i a t e d  wi th  the  dynamics of the  s lung  payload. 

The eigenva1.1es of t h e  system provide  informat ion or. the  time con- 

s t a n t s  and re1;; t ive s t a b i l i t y ,  whi le  e igenvec to r s  i l l u s t r a t e  the  rela- 

t i v e  magnitudes and phasing of the  elements of t h e  s t a t e  vec to r ,  2, i n  

each of t h e  va r ious  modes of motion. From Eq. 7 i t  is apparen t  t h a t  i f  

a c h a r a c t e r i s t i c  r o o t  has a p o s i t i v e  s i g n  (e.g. A 1  > O ) ,  then t h e  mode 

a s s o c i a t e d  wi th  its response  (xleAl t )  is u n s t a b l e  and the  corresponding 

motion w i l l  grow with  time. When the  roo t  is nega t ive  (e.g., A 1  < O), 
t h e  a s s o c i a t e d  mode is s t a b l e  and t h e  corresponding motion w i l l  d i e  o u t  

wi th  time. The fol lowing s e c t i o n s  d i s c u s s  t h e  c h a r a c t e r i s t i c  modes of 

motion of the  v e h i c l e  and payload and cons ide r  t h e i r  s e n s i t i v i t y  t o  

a x i a l  and asymmetric f l i g h t  cond i t ions .  

A. HOVER DYNAMICS 

The unloaded v e h i c l e  e x h i b i t s  f i v e  c h a r a c t e r i s t i c  modes of motion: 

1 )  Surge Subsidence ( l /Ts )  

2) Heave Subsidence ( l /Th)  

3) P i t c h  O s c i l l a t i o n  ( c p ,  wp) 

4 )  Coupled Sway-Yaw ( I / T ~ ~ ~ ,  1 / ~ ~ ~ ~ )  

5) Roll  O s c i l l a t i o n  (cr ,  

Surge Subs ldcnce ( l /Ts) .  This  s t a b l e  mode is a 1 degree-of-freedom 

rnoticn comprised of a x i a l  speed pe r tu rba t ions .  The long surge-mode t ime 



c o n s t a n t  (Ts = 151.5 s e c )  is due t o  t h e  small l e v e l  of h u l l  drag and 

r o t o r  damping r e l a t i v e  t o  t h e  l a r g e  e f f e c t i v e  a x i a l  mass. This  very  low 

frequency mode sugges t s  p o t e n t i a l  problems i n  mainta ining p o s i t i o n  i n  

t h e  presence of a x i a l  d i s tu rbances .  Surge motions a r e  l a r g e l y  decoupled 

from the  p i t c h  motions because t h e  speed d e r i v a t i v e s ,  MU and ZU a r e  

small i n  t h e  hover f l i g h t  condi t ion.  This  is u n l i k e  the  conven t iona l  

hovering dynamics f o r  h e l i c o p t e r s  which involves  coupled v a r i a t i o n s  of 

speed and a t t i t u d e .  The e igenvec to r s  a s s o c i a t e d  wi th  t h e  su rge  mode 

i n d i c a t e  coupl ing between t h e  l o n g i t u d i n a l  and l a t e r a l  degrees  of 

freedom due t o  r o t o r  l a t e r a l  f l a p p i n g  i n  response t o  l o n g i t u d i n a l  speed 

p e r t u r b a t i o n s  (YU). The modal response r a t i o  f o r  t h e  unloaded hovering 

f l i g h t  c o n d i t i o n  is  

This  i n t e r a x i s  coupl ing sugges t s  p o s s i b l e  difficulties i n  t h e  manual 

s t a t ionkeep ing  t a s k  because of the  need f o r  p i l o t  c ross feeds .  

Heave Subsidence Mode ( l /Th).  This s t a b l e  mode is predominantly 

composed of v e r t i c a l  motion and d e r i v e s  i ts  damping from t h e  ro to r s .  

The r o t o r  f l a p p i n g  dynamics induce some coupl ing between heave and s u r g e  

motions, t h e  modal response r a t i o  being,  

For t h e  nominal unloaded f  l i g n t  cond i t ion ,  the  heave mode frequency 

(l /Th = 0.0866 r a d l s e c )  is s i g n i f i c a n t l y  lower than t y p i c a l  va lues  f o r  

s i n g l e  r o t o r  h e l i c o p t e r s  i n  hover (l/Thtypical 2 0.25 - 0.5 r a d l s e c ) .  

This is due t o  t h e  l a r g e  e f f e c t i v e  v e r t i c a l  mass ( i n e r t i a l  + v e r t i c a l  

apparent  mass) r e l a t i v e  t o  the  trim r o t o r  t h r u s t  l e v e l s .  Recent VSTOL 

s t u d i e s  on f l i g h t  pa th  handl ing q u a l i t i e s  (Ref. 5) i n d i c a t e  minimum 

accep tab le  heave mode f requenc ies  of about 0.3 r a d l s e c  f o r  p r e c i s i o n  

path  c o n t r o l ,  sugges t ing  p o s s i b l e  v e r t i c a l  s t a t ionkeep ing  problems f o r  

t h e  H e l i s t a t .  

P i t ch  Osci l la t ion-  (cp ,  9). The p i t c h  o s c i l l a t i o n  mode is comprised 

of v a r i a t i o n s  i n  a x i a l  speed and p i t c h  rate. The e igenvec to r  diagram of 



Fig. 7 shows t h e  r e l a t i v e  magzltude and pt.asing of t h e  major components 

of t h i s  mode. A time h i s t o r y  of t h e  vehicll  motion wi th in  t h i s  mode is  

obta ined by r o t a t i n g  t h e  v e c t o r s  counter-c1oc:rwise about the  o r i g i n  wi th  

a frequency of 9 = 0.29 rad/sec  ( i n d i c a t e j  by t h e  arc i n  Fig. 7), and 

p l o t t i n g  t h e  magnitude of t h e  vec to r  p r o j e c t i o n  on the  real (a) a x i s  

m u l t i p l i e u  by the  exponen t i a l  ( e - ' ~ % ~ ) .  The reader  i s  r e f e r r e d  t o  

Ref. 7 f o r  a more d e t a t l e d  d i s c u s s i o n  of eigenvalue-eigenvector tech- 

a iques .  Axial  t r a n s l a t i o n  and p i t c h i n g  motions are roughly i n  phase, 

the  modal response r a t i o  being, 

The frequency of o s c i l l a t i o n  (9 = 0.29 rad / sec )  i s  determined by t h e  

metacen t r i c  he igh t  ( t h e  he igh t  of the  h u l l  c e n t e r  of volume above t h e  

v e h i c l e  c e n t e r  of g r a v i t y )  and t h e  e f f e c t i v e  p i t c h  i n e r t i a .  The damping 

r a t i o  f o r  t h e  hover f l i g h t  c o n d i t i o n  ( cp = 0.069) r e s u l t s  from roughly 

equa l  c o n t r i b u t i o n s  of t h e  h u l l  and r o t o r s .  The dynamics of the  Heli-  

s t a t  p i t c h  o s c i l l a t i o n  mode is s i m i l a r  t o  a 1 deg-of-freedom pendulum 

motion acd is not r e l a t e d  t o  t h e  p i tch/speed o s c i l l a t i o n  e x h i b i t e d  by 

most VSTOL a i r c r .  f t. 

The e igenvec to r  r e s u l t s  of Fig. 7 y i e l d  an  ins tan taneous  c e n t e r  of 

r o t a t i o n  f o r  unforced p i t c h  motion l o c a t e d  approximately 18 f t  above t h e  

toy of the  h u l l  envelope (55 f t  above the  h u l l  c e n t e r  of volume). T igh t  

p i l o t e d  s t a b i l i z a t i o n  of t h e  p i t c h  o s c i l l a t i o n  mode w i l l  be e s s e n t i a l  t o  

mainta ining a c c u r a t e  hook p o s i t i o n  s i n c e  the  v e r t i c a l  s e p a r a t i o n  between 

t h e  unforced p i t c h  cen te r -o f - ro ta t ion  and the  c a b l e  a t t a c h  po in t  is con- 

s i d e r a b l e  (107 f t ) .  

Coupled Sway-Yaw (1/T 
SY1' 1/Tsy2). This mode is  comprised of 

coupled v a r i a t i o n s  i n  s i d e  v e l o c i t y  and yaw angle .  The dynamics of t h e  

coupled sway-yaw mode f o r  the  unloaded c a s e  a r e  s t a b l e  and occur  a t  very 

2 ow f requenc ies  ( l /Tsyl  - 0.0103 rad / sec ,  l/TsyZ = 0.0108 rad/sec) .  

These modes depend on the  yawing moment c h a r a c t e r i s t i c s ,  l a t e r a l  h u l l  

drcg and r o t o r  damping. A s  t h e  a x i a l  v e l o c i t y  i n c r e a s e s ,  .the u n s t a b l e  

s tat ic  yawing moment c h a r a c t e r i s t i c s  cause  a wide s e p a r a t i o n  of t h e s e  
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Figure 7. Pitch Mode, Nominal Configuration; V, = 0 



r o o t s  wi th  a r e s u l t i n g  u n s t a b l e  roo t  ( l /Tsyl)  a s s o c i a t e d  wi th  yawing 

motions and t h e  s t a b l e  roo t  (l!TsyZ) a s s o c i a t e d  wi th  l a t e r a l  sway 

motions. A8 noted i n  t h e  d i s c u s s i o n  of the  su rge  mode, t h e  r o t o r  f l a p -  

ping dynamics induce some coupl ing between l a t e r a l  and l o n g i t u d i n a l  

degrees  of freedom. For t h e  hover case ,  sway-yaw o e c i l l a t i o n s  induce 

a x i a l  motions of approximately 23 percen t ,  a r e s u l t  which is c r i rec t ly  t 

! 
analogous t o  the  su rge  r e s u l t s .  

R o l l  O s c t l l a t i o n s  ( r r B  The s t a b l e  o s c i l l a t o r y  r o l l  node is a 

w e l l  damped 1 DOF pendulum motion comprised of p e r t u r b a t i o n s  i n  s i d e  

v e l o c i t y  and r o l l  angle .  I n  hover, t h e  r o l l  mode is t h e  l a t e r a l  equiva- 

l e n t  of the  p i t c h  o s c i l l a t i o n  mode discussed e a r l i e r .  The n a t u r a l  f r e -  

q u e n c  (% = 0.51 r a d l s e c )  i s  c o n t r o l l e d  by t h e  metacen t r i c  h e i g h t  and 

e f f e c t i v e  r o l l  i n e r t i a .  The damping r a t i o  ( c r  = 0.164) is g r e s t e r  thar. 

i n  t h e  p i t c h  mode due t o  t h e  inc reased  r a t i o  of damping moment t o  moment 

of i n e r t i a  ( L p )  The r o l l  c e n t e r  of r o t a t i o n  obta ined frcm t h e  modal 

response c h a r a c t e r i s t i c s ,  i s  approximately co inc iden t  wi th  t h e  h u l l  

c e n t e r  of volume. This  mode may be w e l l  represented by 1 DOF r o l l i n g  

motions about  the  h u l l  c e n t e r  of volume a-cis. 

The frequency and damping c h a r a c t e r i s t i c s  of the  r o l l  mode s ~ g g e s t  

t h a t  p i l o t e d  c o n t r o l  of t h i s  degree  of freedom may not p r e s e n t  any s i g -  

n i f i c a n t  d i f f i c u l t i e s .  This  is c o n s i s t e n t  wi th  t h e  c h a r a c t e r i s t i c s  of 

convent ional  blimps which, owing t o  t h e i r  w e l l  behavld r o l l  c h a r a c t e r i s -  

t i c s ,  do not not employ a c t i v e  c o n t r o l  over t h i s  degree of freedom. 

However, s i n c e  the  payload c a b l e  a t t a c h  po in t  is loca ted  55 f t  below t h e  

r o l l  ins tan taneous  c e n t e r  of r o t a t i o n ,  s i g n i f i c a n t  coupl ing between pay- 

load r a b l e  hook motions and gus t  and/or l a t e r a l  c o n t r o l  i n p u t s  should  be 

expected. A s  i n  the  p i t c h  mode, t h i s  may be troublesome durino, load 

pickup opera t ions .  An a c t i v e  c a b l e  c o n t r o l  system may be d e s i r a b l e  t o  

r e s t r i c t  such undes i rab le  coupl ing c h a r a c t e r i s t i c s  wi th  t h e  p i t c h  and 

r o l l  motions (Ref. 6 ) .  

The v e h i c l e l s l u n g  load cc , f i g u r a t i o n  has 11 c h a r a c t e r i s t i c  -odes of 

response. The f i r s t  f i v e  of these ,  corresponding t o  the  b a s i c  v e h i c l e  

modes discussed above, induce ~ i g n i f  i c a n t  payload mot ion. The dampif-g 

of t h e  v e h i c l e  heave node i n c r e a s e s  s l i g h t l y  due t o  t h e  inc reased  r o t o r  



loading ( l /Th = 0.1092 r a d l s e c )  and induces in-phase equal-magnitude 

(i.e., r i g i d  body) motion of t h e  payload (wh = up). The i n c r e a s e  i n  t h e  

heave mode frequency a l s o  occurs  f o r  t h e  maximum v e h i c l e  weight configu- 

r a t i o n  (l /Th = 0.1006 rad l sec ) ,  as expected. 

The maximum weight and sluag-payload conf igura t ions  e x h i b i t  an 

uns tab le  surge subsidence mode (l /Ts = -0.0009 rad l sec ) .  The source  of 

t h i s  i n s ~ a b i l i t y  can be expla ined from the  following approximate expres- 

s ion ,  

where 

% Axial f o r c e  d e r i v a t i v e  wi th  respec t  t o  speed; i.e. a x i a l  
drag damping 

Y1 Pi tch ing  moment d e L i v a t i v e  with respec t  t o  speed; i.2. 

a t t i t u d e i s p e e d  coupl ing d e r i v a t i v e  

x 0 Axial  f o r c e  due d e r i v a t i v e  with respect  t o  p i t c h  a t t i t u d e  

0 Pi tch ing  moment d e r i v a t  t v e  with respec t  t o  p i t c h  a t t i t u d e ,  
i.e., p i t c h  a t t i t u d e  s t i f f n e s s  

The drag damping d e r i v a t i v e  (&I is always negat ive  ( s t a b l e )  r e s u l t -  

i n g  from a x i a l  drag,  r o t o r  f l app ing ,  and p r o p e l l e r  damping. Since  t h e  

r o t o r  t h r u s t  l i n e  is below the  v e h i c l e  c.g., r o t o r  f l app ing  causes  a 

negat ive  (uns tab le )  value of the  p i t ch ing  moment d e r i v a t i v e  (MU). The 

p i t c h  a t t i t u d e  d e r i v a t i v e s  <XO and M e )  r e s u l t  from buoyancy and meta- 

c e n t r i c  height  e f f e c t s  and a r e  negat ive  f o r  a l l  f l i g h t  speeds. When t h e  

r o t o r s  a r e  l i g h t l y  loaded (nominal and minimum weignt conf i g u r a t i o n s )  , 
\ is n e g l i g i b l e  and t h e  surge mode is s t a b l e ,  



However, f o r  h igher  r o t o r  t h r u s t  l e v e l s  (maximum weight and s lung  load 

c o n f i g u r a t i o n s ) ,  t h e  a s s o c i a t e d  inc reased  r o t o r  f l a p p i n g  y i e l d s  g r e a t e r  

nega t ive  values  of \, which d e s t a b i l i z e s  the  surge  mode (Eq. 8). The 

e igenvec to r s  a s s o c i a t e d  wi th  t h e  vehicle/slung-load coupled su rge  mode 

d i s p l a y  in-phase ( r i g i d  body) motions of the  h u l l  and payload a s  before .  

Unwanted remnants i n  a x i a l  v e l o c i t i e s  due t o  t h e  u n s t a b l e  su rge  mode 

c h a r a c t e r i s t i c s  w i l l  t h e r e f o r e  be propagated t o  t h e  payload and con- 

t r i b u t e  t o  t h e  problems of  p r e c i s i o n  s t a t ionkeep ing  and payload posi-  

t i o n i n g ,  

The a d d i t i o n  of t h e  s lung  payload causes  a s i g n i f i c a n t  s t a b i l i z a t i o n  

of  the  p i t c h  o s c i l l a t i o n  mode i n  comparison wi th  t h e  unloaded veh ic le .  

The improved damping r a t i o  (cp = 0.25) r e s u l t s  from higher  r o t o r  t r i m  

t h r u s t  l e v e l s  ( inc reased  p i t c h  damping) and t h e  OII t-of -phase motions of 

t h e  payload (Fig. 8). The e igenvec to r  r e s u l t s  of Fig. 8 i n d i c a t e  a 

reduc t ion  i n  p i t c h i n g  motion r e l a t i v e  t o  a x i a l  t r a n s l a t i o n  i n  t h e  p i t ch -  

i n g  o s c i l l a t i o n  mode. 

I eh:xhcg \ = 10.270:lftl 

The w e l l  damped c h a r a c t e r i s t i c s  of the  coupled p i t c h  o s c i l l a t i o n  mode 

suggest  t h a t  t h e r e  w i l l  be no s p e c i a l  problems a s s o c i a t e d  wi th  t h e  

manual c o n t r o l  of the  v e h i c l e  p i t c h  a t t i t u d e  i n  t h i s  f l i g h t  cond i t ion .  

A s  i n  the  p i t c h  mode, t h e  a d d i t i o n  of t h e  s lung  payload causes  a n  

improvement i n  t h e  r o l l  o s c i l l a t i o n  c h a r a c t e r i s t i c s  (cr  = 0.252, + = 

0.602 rad / sec ) .  The i n c r e a s e d  damping r a t i o  is  l a r g e l y  due t o  t h e  

inc reased  r o t o r  damping wi th  only  a small c o n t r i b u t i o n  from coupled pay- 

load motion. I n  t h i s  case ,  the  payload and h u l l  a t t i t u d e  v a r i a t i o n s  a r e  

roughly equal  i n  magnitude and phase ( I $ ~  5 +h, i n  Fig. 9), i n d i c a t i n g  

t h a t  t h e  payload is a c t i n g  as a r i g i d  body ex tens ion  of t h e  v e h i c l e  r o l l  

mode. Therefore ,  manual c o n t r o l  of the  v e h i c l e  r o l l  a t t i t u d e  should not  

p resen t  any s p e c i a l  d i f f i c u l t i e s  i n  t h i s  f l i g h t  condi t ion.  

The yaw sway modes ( l /Tsyl  , 1/Tsy2) f o r  the  v e h i c l e  slung-load coa- 

f i g u r a t i o n  have improved damping c h a r a c t e r i s t i c s  owing t o  the  inc reased  

l e v e l  of r o t o r  t r i m  t h r u s t  and a s s o c i a t e d  damping due t o  r o t o r  f l a p -  

ping,  l/Tsyl = 0.0176, 1/Tsy2 = 0.0222 rad l sec .  
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I n  a d d i t i o n  t o  t h e  f i v e  b a s i c  v e h i c l e  modes (12 e igenva lues ) ,  t h e r e  

a r e  an  a d d i t i o n a l  s i x  modes of r e spnsc?  a s s o c i a t e d  wi th  t h e  slung-load 

system i n  i s o l a t i o n :  

1) Y a w  v i b r a t i o n  (cyv, 9 , )  

2)  Longi tudinal  pendulum (<Ion, ulon) 

3) L a t e r a l  pendulum (<Iat ,  u la t )  

5) R o l l  v i b r a t i o n  (<rv,  +V) 

6) Heave v i b r a t i o n  (ch,r 

The lowest  frequency mode (cyv,  9 , )  is a s s o c i a t e d  wi th  the  y a w i n g  

motion of t h e  payload about an  a x i s  c o l i n e a r  wi th  the  cable .  Since  t h e  

yaw i n e r t i a  and c a b l e  a n g c l a r  s p r i n g  c o n s t a n t s  a r e  both very low, t h i s  

motion ts undamped wi th  a very  low n a t u r a l  frequency - - 
Y V  

0.0132 rad / sec )  and does not induce any motions of the  h u l l .  The yaw 

v i b r a t i o n  mode can be ignored f o r  t h e  p r e s e n t  payload/cable conf igura-  

t i o n .  

The next  two lowest  frequency modes a r e  a s s o c i a t e d  with the  longi-  

t u d i n a l  (<ion,  qon) and the  l a t e r a l  (clat., wlat) payload pendulum 

modes. The e igenvec to r  diagram f o r  the  p i t c h  pendulum mode (wlon) is  

shown i n  Fig. 10. The motions of t h e  payload and t h e  h u l l  a r e  roughly  

90 degrees  out-of-phase and t h e  instantaneous-center-of-unforced p i t c h  

motion is l o c a t e d  j u s t  below t h e  c a b l e  a t t a c h  po in t  on t h e  h u l l .  The 

payload l a t e r a l  pendulum mode, w l a t  is d i r e c t l y  analogous t o  the  longi-  

t u d i n a l  pendulum mode, wi th  t h e  ins tan taneous  c e n t e r  of r o t a t i o n  a t  

approximately the  same l o c a t i o n .  The modal f r equenc ies  ( y o n ,  q a t )  

a r e  governed by the  l e n g t h  of the  c a b l e  ( 2  = 250 f t )  and t h e  d i s t a n c e  

from the  c a b l e  a t t a c h  p o i n t  t o  t h e  payload c,g. ( z g  = 12.6 f t ) ,  

which shows t h a t  payload pendulgm f requenc ies  a r e  very c l o s e  t o  t h e  

v e h i c l e  p i t c h  and r o l l  o s c i l l a t i o n  f requeucies .  Since t h e  payload 



Figure  10. P i t c h  Pendulum Mode; V, = 0 



pendulum motion is poor ly  damped i n  hover (clan <Iat O), i t  w i l l  be 

e x c i t e d  by g u s t  and c o n t r o l  i n p u t s  t o  t h e  veh ic le ,  causing . p o s i t i o n i n g  

problems t y p i c a l  i n  h e l i c o p t e r  o p e r a t i o n s  (Refs. 6, 8). 

The next  two frequency modes (% , gv ) a r e  a s s o c i a t e d  wi th  t h e  
v 

angu la r  v i b r a t o r y  motion of t h e  payload about t h e  c a b l e  a t t a c h  p o i n t ,  

due t o  i t s  o f f s e t  from the  payload c e n t e r  of g rav i ty .  These modes are 

marginal ly  s t a b l e  wi th  roughly equal  n a t u r a l  f r equenc ies  of 1.7 rad/sec .  

The i r  c h a r a c t e r i s t i c s  a r e  governed by the  mass of t h e  payload, t h e  

s p r i n g  c o n s t a n t  of t h e  c a b l e  and t h e  d i s t a n c e  between t h e  payload 

center-of-gravi ty  and t h e  c a b l e  a t t a c h  point  on t h e  h u l l  ( 2  + 22). The 

motions of the  v e h i c l e  and payload a r e  180 deg ou t  of phase. I n  both  

modes t h e  induced h u l l  l i n e a r  motion is about 25 percent  of the  payload 

l i n e a r  motion and the  l a r g e  frequency s e p a r a t i o n  between t h e  two systems 

precludes  s t a t ionkeep ing- re la ted  impl ica t ions .  However, the  poor damp- 

ing  c h a r a c t e r i s t i c s  of t h e s e  modes w i l l  r e s u l t  i n  l a r g e  payload o s c i l l a -  

t i o n s ,  hampering load p o s i t i o n i n g  tasks .  

The h i g h e s t  frequency mode (chv = 0.787, q-,v = 11.45 r a d l s e c )  i s  

a s s o c i a t e d  wi th  the  v i b r a t o r y  heave motion of the  payload cable .  T h i s  

mode is heav i ly  damped due t o  t h e  assumed cab le  c h a r a c t e r i s t i c s .  As 

before ,  the  motion of t h e  payload and h u l l  a r e  180 degree out-of-phase. 

The magnitude r a t i o  is i n v e r s e l y  p ropor t iona l  t o  t h e  r a t i o  of payload 

mass t o  e f f e c t i v e  v e h i c l e  mass f o r  z-axis motions, 

Payload Mass = 0.221 :w 
lwhc.g. P C . ~ .  I = 10*22;:11 E f f e c t i v e  Vehicle 

%v  ass f o r  z-axis 
Motions 

The r e l a t i v e l y  h igh frequency,  out-of-phase, v i b r a t i n g  modes ( 9 v ' 
W f v p  wh,) , al though not  important  f o r  low frequency s t a t i o n k e e p i n g  

t a s k s ,  may e x c i t e  v e h i c l e  modcs a s s o c i a t e d  wi th  the  s t r u c t u r a l  dynamics 

of t h e  in te rconnec t ing  frame and c o n t r o l  system. Also, r o t o r  e x c i t a t i o n  

inc lud ing  h igher  o rde r  dynamics not  modeled i n  the  p resen t  s i m u l a t i o n  

could be s i g n i f i c a n t  a t  t h e s e  f requenc ies  (Qrotor 3.504,~). 



B. EFFECT OF AXIAL SPEED O# D!lUMICS QfAEACTElUSTICS 

As t h e  forward f l i g h t  speed of t h e  v e h i c l e  is increased,  t h e  r o t o r s  

become more e f f e c t i v e  and t h e i r  c o n t r i b u t i o n  t o  t h e  veh ic le  damping 

inc reases .  This r e s u l t s  i n  increased frequency (reduced time c o n s t a n t s )  

of t h e  surge,  ( l /Ts) heave, ( i /Th)  and sway (1/Tsy2) modes as shown i n  

Fig. 11 f o r  t h e  nominal conf igura t ion .  Note t h a t  t h e  ,way and heave 

modes a r e  roughly at  t h e  same frequency, s i n c e  t h e  v e h i c l e  drag and 

e f f e c t i v e  mass c h a r a c t e r i s t i c s  which dominate t h e  h igher  speed proper- 

t i e s  are near ly  equa l  i n  t h e  l a t e r a l  and v e r t i c a l  d i r e c t i o n s .  

The yaw mode is governed by t h e  u n s t a b l e  yawing moment c h a r a c t e r i s -  

t i c s  of t h e  h u l l / t a i l  assembly ~ h i c h  become i n c r e a s i n g l y  important a s  

t h e i r  c o n t r i b u t i o n  grows wi th  t h e  square  of the  forward f l i g h t  speed, 

Since  t h e r e  is no metacen t r i c  s t a b i l i t y  i n  yaw, the  yaw mode ( l /Tsyl)  

becomes uns tab le  f o r  a l l  forward (and rearward speeds) a s  shown i n  

Fig. 12. Uncorrected d i s tu rbances  of t h i s  mode w i l l  cause t h e  v e h i c l e  

t o  i n c r e a s e  i t s  s i d e s l i p  ang le  u n t i l  the  s t a b l e  o r i e n t a t i o n  of 0 = 

78.8 deg is reached (Fig. 6). For t h e  unloaded v e h i c l e  c r u i s e  speed of 

50 k t s ,  t h e  time-to-double ampl i tude is  2 s e c ,  suggest ing a h igh ly  

u n s t a b l e  conf igura t ion .  Also shown on t h e  f i g u r e  a r e  t h e  r e s u l t s  f o r  

t h e  veh ic le / s lung  payload conf igura t ion ,  from which we  n o t i c e  very 

l i t t l e  change i n  t h e  c h a r a c t e r i s t i c s  of t h i s  mode wi th  r o t o r  loading.  

This  r e s u l t  is expected s i n c e  t h e  s i d e s l i p  c h a r a c t e r i s t i c s  a t  high fo r -  

ward f l i g h t  speeds are almost e n t i r e l y  dominated by t h e  h u l l  and t a i l  

aerodynamics. 

The dynamics of the  v e h i c l e  p i t c h  o s c i l l a t i o n  mode i n  forward f l i g h t  

may b2 approximated by a 2 DOF model involving p i t c h  a i ~ d  heave motions. 

Expansion of t h e  2 DOE c h a r a c t e r i s t i c  equat ion y i e l d s  t h e  fol lowing 

requirement f o r  t h e  p i t c h  o s c i l l a t i o n  mode t o  be dynamically s t a b l e  

The f i r s t  term i n  Eq. 11, t h e  n e t a c e n t r i c  s t a b i l i t y ,  is independent of 

f l i g h t  speed. The second term, which is a product of t h e  p i t c h  and 
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heave damping, i n c r e a s e s  wi th  speed due t o  t h e  improving e f f e c t i v e n e s s  

of t h e  r o t o r s  a s  damping devices .  The t h i r d  term is  t h e  aerodynam!~ 

i n s t a b i l i t y  c o n t r i b u t i o n  which grows r a p i d l y  wi th  i n c r e a s i n g  speed. For 

h igh forward speeds,  t h i s  term overcomes t h e  s t a b i l i z i n g  i n f l u e n c e  of 

t h e  f i r s t  two terms u l t i m a t e l y  d e s t h b i l i z i n g  t h e  v e h i c l e  p i t c h  mode. 

The migra t ion  of t h e  p i t c h  o s c i l l a t i o n  r o o t s  wi th  i n c r e a s i n g  f l i g h t  

speed is  shown i n  Fig. 13. A s  p rev ious ly  noted,  when t h e  r o o t s  have 

p o s i t i v e  r e a l  p a r t s  ( l e f t  ha l f  of s-plane) t h e  p i t c h  o s c i l l a t i o n s  a r e  

s t a b l e  and d i e  out  wi th  time. However, when t h e  r o o t s  a r e  i n  the  r i g h t  

ha l f  p lane  wi th  a s s o c i a t e d  r e a l  p a r t s  having p o s i t i v e  va lues ,  t h e  o s c i l -  

l a t i o n s  a r e  u n s t a b l e  and grow with  t i r e .  The s t a b i l i t y / i n s t a b i l i t y  

boundary is  t h e  imaginary ( j w )  a x i s .  The r o o t s  of t h e  unloaded nominal 

v e h i c l e  c r o s s  t h i s  boundary when the  a i r s p e e d  is equal  t o  35 k t s .  The 

corresponding r e s u l t s  f o r  vehic le ls lung-payload c o n f i g u r a t i o n  show t h e  

onse t  of i n s t a b i l i t y  t o  occur a t  roughly the  same a i r speed .  

I n  t h e  nominal c r u i s e  c o n f i g u r a t i o n  (50 k t s ,  unloaded),  t h e  time-to- 

double amplitude is 8.7 sec.  For the  loaded conf igura t ion ,  the  time-to- 

double ampl i tude i n  the  c r u i s e  c o n d i t i o n  (40 k t s )  is 17.3 sec .  A s  

before ,  these  r e s u l t s  i n d l c a t e  t h a t  t h e  unloaded conf igura t ion  remains 

the  c r i t i c a l  case  f o r  p i l o t e d  handl ing q u a l i t i e s .  A s  w i l l  be shown 

l a t e r ,  manual c o n t r o l  of a t t i t u d e  and t r a n s l a t i o n  loops w i l l  a l low the  

p i l o t  t o  s t a b i l i z e  t h e s e  o therwise  u n s t a b l e  modes at  the  expense of 

degradcd p i l o t  opinion of t h e  veh ic le ' s  handling q u a l i t i e s .  However, 

t h e  l o c a t i o n  of t h e  r o o t s  i n d i c a t e  the  severe  i n s t a b i l i t y  of the  v e h i c l e  

i n  unattended operatLon. 

The s t a b i l i z a t i o n  of t h e  payload l o n g i t u d i n a l  pendulum o s c i l l a t i o n  

mode (wlon) wi th  i n c r e a s i n g  a i r s p e e d  i s  a l s o  shown i n  Fig. 13. This  i s  

due t o  t h e  i n c r e a s e  i n  the  payload drag damping, 

The payload l a t e r a l  pendulcm o s c i l l a t i o n  mode ( Y . , ~ )  i s  not a f f e c t e d  by 

a x i a l  a i r s p e e d  (vtrim = O), s o  payload l a t e r a l  o s c i l l a t i o n s  w i l l  p e r s i s t  

a t  c r u i s e  f l i g h t  cond i t ions  
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C. EFFECT OF SIDESLIP ON DYNAMICS CEARACTERISTICS 

Since it is u n l i k e l y  t h a t  the  v e h i c l e  w i l l  always opera te  I n  a z e r o  

o r  90 deg s i d e s l i p  cond i t ion ,  t h e  e f f e c t  of varying s i d e s l i p  on t h e  

v e h i c l e  dynamics was i n v e s t i g a t e d .  The f l i g h t  cond i t ion  f o r  t h i s  s t u d y  

was hover with a  i5 k t  wind of varying s i d e s l i p  angle.  This  c o n d i t i o n  

is  t y p i c a l  of the  expected o p e r a t i n g  environment of t h e  H e l i s t a t .  

Increased s i d e s l i p  has a favorab le  e f f e c t  on a l l  the  modes of vehi- 

c l e  response,  wi th  t h e  excep t ion  of the  r o l l  o s c i l l a t i o n  mode. The 

migra t ion  of the  r o l l  o s c i l l a t i o i ,  r o o t s  wi th  varying s i d e s l i p  ang le  is 

shown i n  Fig. 14. Khile f o r  most ang les  of s i d e s l i p  the  r o l l  mode is  

not  s i g n i f i c a n t l y  e f f e c t e d ,  t h e r e  is a  s t r o n g  s e n s i t i v i t y  of the  r e s u l t s  

i n  t h e  60-120 deg s i d e s l i p  range. 

The source  of t h i s  s e n s i t i v i t y  is i n  t h e  r e l a t i v e  l t a d i n g  of t h e  

r o t o r s .  Far most ang les  of s i d e s l i p ,  a l l  of the  r o t o r s  mainta in  a t  s i g -  

n i f i c a n t  l e v e l s  of p o s i t i v e  o r  nega t ive  r o t o r  t h r u s t .  However, i n  the  

nominal case  the  upwind r o t o r s  ( 2  and 4 )  show a  s i g n i f i c a n t  r educ t ion  i n  

t h r u s t  l e v e l s  f o r  the  6g0-120° s i d e s l i p  cases  due t o  the  s p e c i f i c  asso- 

c i a t e d  r o l l  angle  requirements.  This symmetric reductiorl  i n  the  r o t o r  

t h r u s t  l e v e l s  on the  upwind s i d e  g r e a t l y  reduces the  r o l l  damping of t h e  

veh ic le .  

I n  the  45 deg s i d e s l i p  case ,  the  r o l l  damping d e r i v a t i v e  is  L = 
P 

-0.279 and the  r o l l  o s c i l l a t i o n  damping r a t i o  is 5, = 0.27. However, 

when t h e  s i d e s l i p  ang le  is inc reased  t o  60 deg, the  very low t h r u s t  

l e v e l s  of the  upwind r o t o r s  causes  a n  a s s o c i a t e d  reduct ion i n  r o i l  damp- 

i n g ,  Lp = 4 . 0 9 6 ,  y i e l d i n g  a  r o l l  o s c i l l a t i o n  damping r a t i o  of cp = 

C.1-:13. When the  s i d e s l i p  ang le  is inc reased  t o  90 deg the  upwind r o t o r s  

have s i g n i f i c a n t  negat ive  t h r u s t  due t o  inf low of the  ambient wind 

through the  top of the r o t o r  (even f o r  small p o s i t i v e  values  of c o l l e c -  

t i v e  p i t c h )  and the  r o l l  damping reaches  a maximum s t a b l e  va lue ,  Lp = 

-0.351 y i e l d i n g  a  damping r a t i o  of cr 0.383. A t  a  120 deg s i d e s l i p  

ang le ,  the  upwind r o t o r s  a r e  aga in  unloaded, r e s u l t i n g  i n  reduced r o l l  

damping, Lp = -0.100 and a s s o c i a t e d  damplng r a t i o ,  5, = 0.034. S i m i l a r  
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s i d e s l i p  s e n s i t i v i t i e s  were found t o  occur f o r  both t h e  minimum weight 

and maximum wefght v e h i c l e s  with s l i g h t  changes i n  the  c r i t i c a l  s i d e s l i p  

angles.  Strong s i d e s l i p  s e n s i t i v i t i e s  were not apparent  i n  t h e  c a s e  of 

th2 veh ic le  with t h e  s lung payload because high r o t o r  t h r u s t  l e v e l s  and 

assoc ia ted  small t r i m  r o l l  ang les  r e s u l t e d  i n  more balanced r o t o r  load- 

ing condi t ions .  

These r e s u l t s  show t h a t  s i g n i f i c a n t  reduct ions  i n  the  r o l l  damping 

of the veh ic le  r e s u l t  when the  r o t o r s  a r e  unloaded. A s  d iscussed i n  t h e  

next s e c t i o n ,  the  analogous e f f e c t  on p i t c h  o s c i l l a t i o n  dynamics r e s u l t s  

from an a f t  s h i f t  i n  the  v e h i c l e  c.g. l o c a t i o n  causing t h e  forward 

r o t o r s  t o  become unloaded. The combination of degraded r o l l  dynamics 

and reduced c o n t r o l  margins (Fig.  6) makes t h e  l a r g e  s i d e s l i p  a n g l e  

regime a  c r i t i c a l  f l ight - regime f o r  the  unloeded vetAcle. It is c l e a r  

t h a t  such condi t ions  should be avoided i f  poss ible .  

D. FOUR-FINNED CONFIGURATION 

Analysis  of t h e  v e h i c l e  dynamics and handling q u a l i t i e s  f o r  a 

4-finned (X) con£ i g u r a t i o a  assumed t h a t  adjus tments  i n  t h e  b a l l a s t  and 

ba l lone t s  would be made t o  mainta in  constant  mass and c e n t e r  of g r a v i t y  

c h a r a c t e r i s t i c s .  The aerodynamic fo rce  and moment c o n t r i b u t i o n s  of t h e  

e x t r a  su r faces  a r e  p ~ ~ e a t e r  than those  which would be obta ined by simply 

doubling the c o e f f i c i e n t s  of the  f i r s t  two f i n s  (Ref. 9, 10). 

The major e f f e c t  of adding t h e  two a d d i t i o n a l  f i n s  is an improvement 

3.. the  p i t c h  and yaw s t a b i l i t y  of the  vehic le .  Figure  15 shows the  

v a r i a t i o n  of the uns tab le  yaw mode ( l /Tsyl)  wi th  inc reas ing  f l i g h t  speed 

f o r  the  4-finned conf igura t ion .  S i g n i f i c a n t  improvement i n  the  dynamic 

c h a r a c t e r i s t i c s  a r e  achieved over the  e n t i r e  speed range (compare 

Fig. 15 vs. Fig. 12). A t  t h e  c r u i s e  speed of 50 k t s ,  t h e  time t o  double 

amplitude i s  increased from 2 s e c  t o  7 sec.  S imi la r  improvements a r e  

shown i n  Fig. 15 f o r  the  vehicle/slung-load conf igura t ion .  Once a g a i n  

the  loading e f f e c t s  becom~ l e s s  s i g n i f i c a n t  a t  h igher  f l i g h t  speeds. 

The reduct ion i n  the  aerodynamic i n s t a b i l i t y  term, (QZq) of Eq. 11, 

causes a delay i n  the  onset  of p i t c h  i n s t a b i l i t y  as shown i n  Fig. 16. 



ORIGINAL PAGE IS 
OF POOR QUALITY 

0 Slung - Load Configuration 

0 Nominal Configuration 

L 1 I I I I 

-20 - 10 0 10 20 30 40 50 
V, ( k t )  

Figure 1 5 .  Effect of Axial Airspeed on Yaw 
Instabi l i ty ,  1/TSyl  , 4-FINS 



ORIGINAL PAGE m 
OF POOR QUALlPl  

I 1 I I I I I 1 
I 

5 10 20 40 00 40 20 I0 5 
Thalf Amplitude (sec) Tdoubre Amplitude (sec) 

Figure 16. Migrat ion of the  P i t c h  O s c i l l a t i o n  Mode (%) w i t h  
Axial Airspeed ,  4-FINS 



For the cruise speed of 50 kts, the 4-finned configuration is neutrally 

stable. Similar improvements are shown for the vehicle/slung payload 

configuration which exhibits a stable pitch oscillation mode for the 

cruise speed of 40 kts (time-to-half amplitude = 17 sec). These lightly 

damped (and marginally unstable) dynamic characteristics of the 4-finned 

configuration are typical of operational blimps, which tend to "wander" 

around the nominal course. A 3-finned, inverted-Y configuration with 

higher aspect ratio surfaces would further improve the cruise stability 

characteristics beyond those of the original 4-finned airship (ZPG-2). 

The 4-fin configuration analysis discussed above was repeated with 

an adjustment in the mass a ~ d  c.g. characteristics to account for the 

additional weight of the two extra fin surfaces if the ballast and bal- 

lonets are not retrimmed. The new hull c.g. is located 4.7 ft aft of 

the nominal position, resulting in a large nose-down pitch control 

adjustment to maintain vehicle trim in cruise. Une-ren thrust levels on 

the fore and aft rotors caused major changes in the stability deriva- 

tives of Eq. 11 for the 50 kt cruise condition. Compared to the 

4-finned configuration with nominal mass and c.g. characteristics, the 

aft c.g. configuration exhibits a 44 percent reduction in the pitch 

stability term, 3 Z and a 47 percent increase in the pitch instability 
w 

term s Z q .  The resulting aft cog. pitch mode is (cP, 9) = (-0.540, 

0.16) coffipared to (cp, wp) = (-0.022, 0.162) for the nominal c.g., with 

associated times-to-double amplitudes of 8.039 sec and 198.0 sec, 

respectively. Therefore, any changes in the tail configuration need to 

be balanced by associated retrim of the ballonets and/or ballasting of 

the vehicle in order to maintain the nominal cog. location. 

The strong sensitivity of the pitch (and roll) characteristics of 

the vehicle with rotor loading suggests the need for c.g. travel guide- 

lines for the operational vehicle. Some alleviation of the sensitivity 

to c.g. location could be obtained by increasing the usage of the aero- 

dynamic tail surfaces in order to relieve uneven rotor thrust levels 

required for pitch and roll trim control. However, c.g. restrictions 

for hover would still be necessary. 



A FOOTNOTE ON 'Mg COMPARISON OF RELISTAT D M C S  
WITH V S M L  BBLYDLING QUALITY SPECIFICATIONS 

Any at tempt  t o  s p e c i f y  d e s i r e d  handl ing q u a l i t i e s  f o r  t h e  H e l i s t a t  

must be couched i n  terms of t h e  o p e r a t i o n a l  requirements and o b j e c t i v e s  

of the  veh ic le .  For example, whi le  t h e  H e l i s t a t  must achieve and main- 

t a i n  p r e c i s i o n  s t a t ionkeep ing ,  it would be unreasonable t o  expect  per- 

formance t o  equa l  t h a t  of a  s t andard  h e l i c o p t e r .  Conversely, t h e  

dynamics s p e c i f i c a t i o n s  of t y p i c a l  hovering VSTOL's need t o  be f a i r l y  

s e v e r e  s i n c e  such v e h i c l e s  can becum c o n t r o l  l i m i t e d  very rap id ly ,  wi th  

r e s u l t i n g  l o s s  of l i f t  and c a t a s t r o p h i c  consequences. The Helistat on 

t h e  o t h e r  hand, wi th  its near  n e u t r a i  buoyancy cond i t ion ,  need not  be a s  

s e v e r e l y  r e s t r i c t e d  s i n c e  t h e  buoyancy of the  v e h i c l e  provides a  s i g -  

n i f i c a n t  percentage of t h e  v e r t i c a l  e q u i l i b r i u m  cond i t ion .  A s  such,  

concerns over s p i r a l  i n s t a b i l i t y  and c a t a s t r o p h i c  l o s s  of c o n t r o l  is not  

a s  s i g n i f i c a n t  f o r  the  H e l i s t a t  i n  t h e  hovering environment. 

Handling q u a l i t i e s  s p e c i f i c a t i o n s  f o r  the  H e l i s t a t  i n  c r u i s e  have 

analogous impl ica t ions .  Unlike m i l i t a r y  a i r c r a f t ,  t h e r e  is  no requ i re -  

ment f o r  LTA v e h i c l e s  t o  mainta in  p r e c i s i o n  f l i g h t  path  c o n t r o l  i n  

c r u l s e ;  so ,  i t  is common f o r  o p e r a t i o n a l  blimps t o  "wander" around t h e  

nominal course.  This is a des ign t r adeof f  between l a t e r a l  s t a b i l i t y  f o r  

adequate  c r u i s e  handling q u a l i t i e s  and t h e  weight pena l ty  a s s o c i a t e d  

w i t h  increased t a i l  area .  

I n  summary, whi le  it is u s e f u l  t o  make comparisons between t h e  

dynamics of H e l i s t a t  and o t h e r  VSTOL a i r c r a f t  i t  is  not p o s s i b l e  t o  draw 

s p e c i f i c  conclus ions  on the  handl ing q u a l i t i e s  of the  v e h i c l e  u n t i l  a 

more complete a n a l y s i s  of the  manual c o n t r o l  problem is completed. T h i s  

w i l l  be the  primary s u b j e c t  of the  remaining a n a l y s i s  e f f o r t .  



SECTION VI 

NONLINEAR USPONSE TD CONTROL 

The non l inea r  response of t h e  nominal c o n f i g u r a t i o n  t o  a l a t e r a l  

s t i c k  inpu t  was c a l c u l a t e d  t o  i l l u s t r a t e  the  r o l l - t o - t r a n s l a t e  c o n t r o l  

c h a r a c t e r i s t i c s  and t o  compare non l inea r  time h i s t o r i e s  wi th  t h e  pre- 

v ious  l i n e a r i z e d  r e s u l t s .  The unloaded v e h i c l e  was trimmed i n  t h e  hover 

f l i g h t  c o n d i t i o n  and sub jec ted  t o  a lateral c o n t r o l  i n p u t  of 0.1 rad,  

t h e  maximum inpu t  before  s u r f a c e  l i m i t i n g  occurs. So, the  s t e a d y  s t a t e  

c o n d i t i o n  corresponds t o  t h e  maximum unloaded crosswind r e s u l t s  cf 

Fig. 5. 

Figure  17 shows t h a t  t h e  non l inea r  r o l l  ang le  response is dominated 

by t h e  damped second-order r o l l  o s c i l l a t i o n  mode (+), with  t h e  time-to- 

maximum ampl i tude w e l l  approximated by t h e  l i n e a r  s o l u t i o n ,  

The s t e a d y - s t a t e  r o l l  a n g l e  is about 40 degrees,  as expected from 

Fig. 5. The maximum overshoot (&x/~steady state = 2.06) is 30 percen t  

l a r g e r  than t h e  l i n e a r  s o l u t i o n ,  

h x  - - 
@steady s t a t e  

due t o  n o n l i n e a r i t i e s  i n  t h e  v e h i c l e  k inemat ics  and dynamics. The yaw 

ang le  response (4) i s  slow and f i r s t  o r d e r  due t o  the  long dominant 

time c o n s t a n t s ,  Tsyl and Tsy2. The maximum t o t a l  l a t e r a l  a c c e l e r a -  

t i o n  (m) i s  0.13 g's ,  wi th  a s t eady-s ta te  l a t e r a l  v e l o c i t y  of 

about 15 k t s .  This s t eady-s ta te  v e l o c i t y  is c o n s i s t e n t  wi th  t h e  

40 degree s t eady-s ta te  r o l l  a n g l e  shown i n  Fig,  5. These r e s u l t s  show 

t h e  u t i l i t y  of the  l i n e a r i z e d  models, but  suggest  t h e  e x i s t e n c e  of 

important  n o n l i n e a r i t i e s  dur ing  g r o s s  maneuvers. As  d iscussed e a r l i e r ,  

t h e  s t r u c t u r a l  and handling q u a l i t y  impl ica t ions  a s s o c i a t e d  wi th  t h e s e  

l a r g e  ( r i g i d  body) r o l l  ang le  t r a . l s i en t s  ( h a x  = 82.4 deg) w i l l  be very  

important  i n  the  o p e r a t i o n a l  environment. 
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Figure 1 7 .  Response t o  Lateral Control Input, 6( = 0.1 r a i  
V, = 0, Nominal Configuration 



The landing gear  and suppor t  s t r u c t u r e  on t h e  H e l i s t a t  i s  designed 

t o  wi ths tand impact loads  r e s u l t i n g  from v e r t i c a l  landing v e l o c i t i e s  of 

5 f t l s e c  wi th  the  c o n t a c t  on a s i n g l e  wheel (Ref. 11). In  a d d i t i o n ,  t h e  

p i l o t  is assumed t o  reduce t h e  t r i m  t h r u s t  l e v e l  33 percent  a t  t h e  time 

of ground impact t o  avoid  rebounding a f t e r  t h e  f i r s t  compression cycle .  

To s imula te  t h i s  cond i t ion ,  t h e  v e h i c l e  is trimmed f o r  a 5  f t / s e c  

descent  rate at  a n  a t t i t u d e  of 5 deg nose up and 5 deg r i g h t  r o l l .  Th i s  

i n s u r e s  t h a t  t h e  r e a r  r i g h t  l and ing  gea r  (No. 4)  w i l l  absorb  a l l  of t h e  

i n i t i a l  landing impact. When t h e  wheel j u s t  touches t h e  ground, t h e  

r o t o r  t h r u s t  l e v e l s  a r e  reduced by 36 percen t ,  a s  shown i n  Fig. 18. 

The i n i t i a l  compression of l and ing  gea r  4 is  86.9 pe rcen t  of i t s  

a v a i l a b l e  t r a v e l  wi th  a  remaining ex tens ion  of 0.272 f t .  The maximum 

land ing  gear  load of 24,444 l b  compression is developed 0.5 s e c  a f t e r  

impact. This  asymmetrical  load causes  the  v e h i c l e  t o  p i t c h  down and 

r o l l  l e f t ,  r e s u l t i n g  i n  ground c o n t a c t  of l and ing  gea r  3 ( r e a r  l e f t  

landing gear) .  Due t o  the  reduced k i n e t i c  energy of the  system follow- 

ing  i h e  i n i t i a l  impact, l and ing  gear  3 compresses 70 pe rcen t  of t h e  

a v a i l a b l e  t r a v e l  with a maximum f o r c e  of 20,600 lbs .  The v e h i c l e  con- 

t i n u e s  t o  p i t c h  and r o l l  wi th  dec reas ing  amplitude,  nea r ing  a s t e a d y  

s t a t e  cond i t ion  a f t e r  10 s e c  fo l lowing i n i t i a l  impact. 

These r e s u l t s  show t h a t  the  l and ing  gear  confCguration meets c u r r e n t  

des ign s p e c i f i c a t i o n s  f o r  a  5,000 f t  base a l t i t u d e .  However, a d d i t i o n a l  

t r a v e l  and/or s p r i n g  s t i f f n e s s  may be d e s i r e d  t o  i n c r e a s e  t h e  s a f e t y  

margin f o r  t h i s  weight condi t ion.  Since  the  maximum landing weight f o r  

s e a  l e v e l  based opera t ions  is only  2.7 percent  h igher  than t h e  c u r r e n t  

(5,000 f t  based) l e v e l ,  a l t i t u d e  e f f e c t s  on these  r e s u l t s  w i l l  not  be 

s i g n i f i c a n t .  
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SECTION VIII 

mmNG ~ C T E R I S T I C S  

The mooring response of t h e  v e h i c l e  was c a l c u l a t e d  f o r  ambient wind 

c o n d i t i o n s  of 15 k t s  and 60 k t s .  The s t andard  mooring weight of 

78,245 l b  was used,  whic:. is based on b a l l o n e t  s e t t i n g s  f o r  1000 f t  

p ressure  a l t i t u d e  (AGL) o p e r a t i o n s ,  10 percent  f u e l  and no payload. 

Th i s  y i e l d s  a buoyancy r a t i o  of 0.82 f o r  t h e  base  o p e r a t i o n s  s i te of  

5000 f t above sea leve l  , 

The non-linear mooring s imula t ion  assumes t h a t  t h e  v e h i c l e  is 

a t t a c h e d  t o  t h e  mooring mast by a f r e e  nose gimbal which a l lows  

3 degrees-of-angular freedom and no l i n e a r  freedom. For t h e  p resen t  

f o u r  landing gea r  c o n f i g u r a t i o n  the  moored v e h i c l e  e x h i b i t s  f o u r  b a s i c  

modes of motion. The lowest  frequency mode is a f i r s t  o rde r  1 DOE yaw- 

i n g  motion ( 1 1 ~ ~ ) .  The modal frequency is determined by the  i n e r t i a l  

c h a r a c t e r i s t i c s  or  t h e  v e h i c l e ,  t h e  wind speed, and the  t a i l  conf igura-  

t i o n .  For t h e  15 k t  case ,  l/Ty = 0.0767 rad / sec ,  i n c r e a s i n g  t o  1IT = 
Y 

0.1710 r a d l s e c  f o r  t h e  60 k t  case .  

The next h i g h e s t  frequency mode ( q v )  involves  s i g n i f i c a n t  yawing 

and r o l l i n g  motions of the  h u l l ,  a l t e r n a t e l y  compressing t h e  l e f t  and 

r i g h t  landing gears .  This mode a l s o  depends on t h e  i n e r t i a l  and geo- 

met r i c  c h a r a c t e r i s t i c s  of the  v e h i c l e  and wind speed; and on a d d i t i o n -  

a l l y  important  p a r a u e t e r s  of the  landing gear ' s  s p r i n g  s t i f f n e s s  and 

damping. The damping r a t i o  and frequency are cyV = 0.540 and 9" = 

1.189 r a d l s e c  f o r  t h e  15 k t  cond i t ion ,  i n c r e a s i n g  t o  cyv 0.824 and 

WYV 
= 3.002 rad / sec  f o r  t h e  60 k t  condi t ion.  The next  m,de is  asso-  

c i a t e d  with the  o s c i l l a t o r y  p i t c h i n g  motion of the  v e h i c l e  about t h e  

mast and is  dominated by the  v e h i c l e  mass p r o p e r t i e s  and l and ing  g e a r  

c h a r a c t e r i s t i c s .  This  mode is unaf fec ted  by the  ambient wind speed,  

having a  cons tan t  damping r a t i o  and n a t u r a l  frequency of cPV = 0.47 and 

'"PV 
= 2.7 rad/sec ,  r e s p e c t i v e l y .  



I n  the  15 k t  case ,  the  h ighes t  frequency mode, l /Tr , is a s s o c i a t e d  
v 

wi th  t h e  1 DOE r o l l i n g  motion of t h e  v e h i c l e  about t h e  mooring point .  

The time cons tan t  is c o n t r o l l e d  by the  i n e r t i a l  c h a r a c t e r i s t i c s  of the  

v e h i c l e ,  t h e  l and ing  gear  s p r i n g  c h a r a c t e r i s t i c s ,  and t h e  ambient wind 

speed. When the  wind speed is inc reased  t o  60 k t s  t h e  predominant 

motion v a r i a b l e  i s  yawing v e l o c i t y  wi th  a major component of r o l l i n g  

v e l o c i t y  s t i l l  present .  The modal frequency of t h e  60 k t  c a s e  is 

l/Trv = 4.117 r a d l s e c  compared t o  l/Tr = 9.522 rad / sec  f o r  the  15 k t  v 
case .  The changes i n  the  dynamic c h a r a c t e r i s t i c s  of t h i s  mode a r e  due 

t o  the  inc reased  aerodynamic damping of the  h u l l  a t  t h e  high wind 

speeds. 

The time h i s t o r y  resp-nse of the  moored v e h i c l e  t o  a ( 1  - cos ine )  

l a t e r a l  gus t  is shown i n  Fig. 19. The maximum amplitude of t h e  d i s t u r -  

bance is 27 f t / s e c ,  o r  27 percent  of t h e  mean wind. Th i s  can be con- 

s i d e r e d  a s  a 20  gus t  with a l a  value  of 13.5 percent  of the  mean wind, a 

t y p i c a l  l e v e l  f o r  moderate turbulence  cond i t ions  (Ref. 12). A s  shown i n  

Fig. 19, t h e  l a t e r a l  gus t  causes  the  v e h i c l e  t o  i n i t i a l l y  r o l l  t o  t h e  

l e f t  and then t o  tne  r i g h t  wi th  a maxinum amplitude of 1.7 deg. The 

maximum yaw ang le  of 4.4 deg occurs  a t  3.75 s e c  e lapsed  time. It is 

i n t e r e s t i n g  t o  no te  t h a t  the  v e h i c l e  does not r e t u r n  t o  the  ze ro  s ide -  

s l i p  angle  but is r a t h e r  approaching a second more s t a b l e  yaw a n g l e  &t a 

s l i g h t  o f f s e t  t o  t h e  ze ro  s i d e s l i p  condi t ion.  During the  t r a n s i e n t ,  t h e  

v e h i c l e  sus ta i r l s  a maximum l a t e r a l  nose cone f o r c e  of 20,500 l b s  and a 

maximum a x i a l  load of 22,682 lbs .  The e x i s t i n g  o p e r a t i o n a l  limits a r e  

based on quasi-steady c a l c u l a t i o n s  (Ref. 13) which do not p roper ly  

account f o r  t h e  l a r g e  gust  a c c e l e r a t i o n  and gus t  g r a d i e n t  e f f e c t s  

(Ref. 1). These l i m i - t s  need t o  be re-evaluated t o  r e f l e c t  t h e  p r e s e n t  

r e s u l t s .  

The preceding a n a l y s i s  was repented f o r  the  4-fin conf igura t ion .  

The a d d i t i o n a l  weathercock s t a b i l i t y  reduced the  maximum yaw ang le  d i s -  

placement t o  4.05 deg, with n e g l i g i b l e  changes i n  the  o t h e r  motion v s r i -  

a b l e s .  Since  the  app l i ed  loads  a r e  dominated by the  h u l l  unsteady aero-  

dynamic ("apparent mass") c o n t r i b u t i o n s ,  the  nose cone f o r c e s  were not  

no t i ceab ly  changed. 
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Figure 19. Nonlinear Response of Moored Vehicle to a Discrete 
Lateral Gust, V, = 60 k t s  
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F i g u r e  19. Continued 
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SECTION IX 

CONCLUSIONS 

This  dynamics and c o n t r o l  a n a l y s i s  of t h e  Helistat q u a d r o t o r  heavy- 

l i f t  a i r s h i p  sugges ts :  

1) The c r u i s e  speed f o r  t h e  H34 r a t i n g  of 1275 kIP i s  
40-50 k t s ,  dependfag on l o a d i n g  c o n t i t i o n .  

2) daximuu payload c a p a b i l i t y  i s  45,000 l b s  f o r  
s t a n d a r d  day sea level -based  o p e r a t i o n s .  

3) Crosswind c a p a 5 i l i t y  i n  hover i s  10 k t s  f o r  t h e  
unloaded condition and 5-8 k t s  f o r  t h e  loaded 
cond i t ion .  However, t h e  r o l l - t o - t r a n s l a t e  con- 
t r o l  g e a r i n g  causes  e x c e s s i v e  r o l l  a n g l e s  a t  
t h e s e  crosswinds.  

4) S i d e s l i p  a n g l e s  of 110-135 degrees  a r e  c r i t i c a l  
f o r  d i r e c t i o n 6 1  t r i m  and s t a b i l i t y ,  and shou ld  be 
avoided . 

5 )  The s m a l l  p e r t u r b a t i o n  dynamics of t h e  H e l i s t a t  
a r e  very poor ly  damped, and may l e a d  t o  hand l ing  
q u a l i t i e s  problems i n  h i ~ n  workload environments. 

6) The dynamics of t h e  H e l i s t a t  a r e  h i g h l y  coupled  
w i t h  t h e  s l i ng - load ,  t h u s  making p r e c i s e  load- 
p o s i t i o n i n g  d i f f i c u l t .  

7) The a d d i t i o n  of two upper  f i n s  reduces  t h e  
deg rada t ion  of p i t c h  and yaw s t a b i l i t y  w i th  air- 
speed. 

8) Mocring l o a d s  may be much h i g h e r  t h a n  t h e  d e s i g n  
va lues ;  a l l owab le  o p e r a t i n g  c o n d i t i o n s  ~ ? d / o r  
mooring and ground hand l ing  equipment should  be 
r econs ide red  t o  r e f l e c t  t h e s e  h i g h e r  a n t i c i p a t e d  
i e v e l s .  
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APPENDIX 4. HELISTAT SIMJLATIOl INPUT DATA 

The input  d a t a  is  . p a r t i t i o n &  according t o  groups of 
v e h i c l e  c h a r a c t e r i s t i c s  as follows: 

A. Geometry 
5. Vehicle mass c h a r a c t e r i s t i c s  
C. Vehicle aerodynamics 
D. Payload mass c h a r a c t e r i s t i c s  
E. Payload aerodynamics 

A. GEOMETRY 

The m j o r  assumptions which were adopted i n  the development of the  
H e l i s t a t  geometry d a t a  base a r e  as follows: 

1. ' ~ e  h u l l  was modeled a s  an e l l i p s o i d  of r evo lu t ion  (i .e . ,  c i r c u l a r  
c r o s s  s e c t i o n )  with the  fo l lowing c h a r a c t e r i s t i c s  

Length = 339.37 f t  
Diameter = 75.42 F t  
Volume = 975,000 f t 3  

2. The t a i l  conf igurp t ion  c o n s i s t s  of two f i n s  i n  a  "V" c o n f i g u r a t i o n  
loca ted  on  the  lower s i d e  of the  h u l l  envelope. 

The e f f e c t i v e  at tachment p o i n t s  of the  in te rconnec t ing  s t r u c t u r e  
( ICS)  t o  the  h e l i c o p t e r s  a r e  loca ted  a t  the  i n t e r s e c t i o n  of the  
c e n t r a l  l i n e  of the  ICS (nominal e l a s t i c  ax i s )  and the  h e l i c o p t e r  
fuselage .  This assumption -allows the  t a b u l a t i o n  of i n t e r n a l  loads  
between the  s t r u c t u r e  and the h e l i c o p t e r  and a l lows an e v a l u a t i o n  
of  the  app l i ed  loads  a t  the  t i p s  of t h e  in te rconnec t ing  s t r u c -  
t u r e .  When these  r e s u l t s  a r e  taken along with the load t o  the  
h u l l  c e n t e r  of volume, i t  w i l l  be p o s s i b l e  t o  a s s e s s  the  s h e a r  and 
bending d i s t r i b u t i o n s  along the span of t h e  in te rconnec t ing  s t r u c -  
tu re .  Based on t h i s  a t t ach-po in t  assumption, the  n a s s  and 
i n e r t i a l  c h a r a c t e r i s t i c s  of the  i n t e r c o n n e c t i n g  s t r u c t u r e  a r e  then 
lumped i n t o  those of the  h u l l  i n  o r d e r  t o  genera te  an e f f e c t i v e  
h u l l  with a p p r o p r i a t e  t o t a l  mass and c e n t e r  of g r a v i t y  (c.z.1 
c h a r a c t e r i s t i c s .  

4. The landing gea r  c o n f i g u r a t i o n  c o n s i s t s  of th ree  o l e o  s t r u t s  in  
p a r a l l e l .  The th ree  o l e o s  have t o t a l  s p r i n g  and damping c o n s t a n t s  
of 12,000 l b l f t  and 3000 l b - s e c / f t ,  r e s p e c t i v e l y .  This  y i e l d s  a  
s t a t i c  d e f l e c t i o n  of 5.5 inches a t  the maximum heaviness  noor ing 
c o n d i t i o n  (buoyance r a t i o  equa l  t o  0.66), corresponding t o  
22 percent of the t o t a l  o l e o / t i r e  t r a v e l .  



B. Vehicle Mass C h a r a c t e r i s t i c s  

The fol lowing four  v e h i c l e  c o n f i ~ ~ r a t i o n s  a r e  t y p i c a l  of  those  t h a t  may be 
expected dur ing  R e l i s t a t  logging o p e r a t i o n s  i n  the  P a c i f i c  Northwest: 

1. Standard o p e r a t i o n s  a t  a p ressure  h e i g h t  ( c e i l i n g )  of 1,000 f t  
above ground l e v e l  (ACL) (6,000 f t  t o t a l  a l t i tude) - -baLlone t s  a r e  
f u l l y  d e f l a t e d ;  50 percent  of t h e  maximum f u e l  supply;  crew of  
Five. 

a. Vehicle only  

b. Vehicle p lus  30,OCO l b  (nominal) payload--this assumed 
payload weight is 'approximately 90 percent  of the  naximum 
payload c a p a h i l i t y  i n  hover a t  6,000 f t  t o t a l  a l t i t u d e .  

The s t andard  o p e r a t i o n a l  c o n f i g u r a t i o n ,  w i t h  and 
wi thout  a  payload, was s e l e c t e d  t o  r e p r e s e n t  t h e  
H e l i s t a t  opera t ing  i n  t y p i c a l  c r u i s e  and hover en- 
vironments f o r  logging c o n d i t i o n s  i n  t h e - P a c i f i c  

Northwest. The major t h r u s t  of  the  p resen t  a n a l y s i s  
w i l l  be an  e v a l u a t i o n  of t h i s  c o n f i g u r a t i o n  on'er a 
range of v e h i c l e  speeds and atmospheric c o n d i t i o n s .  

2. Minimum f l y i n g  weight a t  ground l e v e l  (5,000 f t  t o t a l  a l t i t u d e ) - -  
b a l l o n e t s  s e t  f o r  o p e r a t i o n s  t o  1,000 AGL p r e s s u r e  h e i g h t ;  
10 percent of maximum f u e l  c a p a b i l i t y ;  crew of f i v e ;  no payload. 

The minimum f l y i n g  weight c o n f i g u r a t i o n  was s e l e c t e d  t o  be 
r e p r e s e n t a t i v e  of v e h i c l e  landing o p e r a t i o n s .  In  t h i s  config- 
u r a t i o n  the  f u e l  l e v e l  is minimum, r e s u l t i n g  i n  a  l i g h t  
v e h i c l e  wi th  a  r e l a t i v e l y  high v e r t i c a l  c.g. loca t ion .  T h i s  
conf igura t ion  may be c r i t i c a l  f o r  vehic le-a lone f l y i n g  q u a l i -  
t i e s .  

3. Standard mooring weight a t  ground l e v e l  (5,000 f t  t o t a l  
a l t i t u d e ) - - b a l l o n e t s  s e t  f o r  o p e r a t i o n  t o  1,000 AGL p r e s s u r e  
h e i s h t ;  10 percent of  maximum f u e l  c a p a b i l i t y ;  no crew. 

- 
This r e p r e s e n t s  a  t y p i c a l  c o n f i g u r a t i o n  f o r  on-s i t e  mooring 
and w i l l  be used 'to s tudy the  problems of moored-vehicle 
motions and loads  i n  response t o  d i s c r e t e  gus t  encounters .  

4. Yaximum heaviness  c o n f i g u r a t i o n  d t  ground l e v e l  (5,000 t o t a l  
a l t i t u d e ) - - b a l l o n e t s  s e t  f o r  o p e r a t i o n s  t o  9,000 f t  ACL pressure  
h e i z h t ;  maximum f u e l  c a p a b i l i t y ;  crew of f ive .  

This is a  t y p i c a l  f e r r y  c o n f i g u r a t i o n  f o r  14,000 F t  t o t a l  
p ressure  height .  Th i s  c o n f i g u r a t i o n  r e p r e s e n t s  the  maximum 
a n t i c i p a t e d  landing weight and w i l l  t h e r e f o r e  he used t o  an- 
a l y z e  the  landing g e a r  oleos.  



Summarizing, Conf igurat ions  In and I b  w i l l  he analyzed f o r  b a s i c  p i l o t i n g  
perfornance and c o n t r o l  c h a r a c t e r i s t i c s .  Conf igura t ion  2 w i l l  be used t o  
i n v e s t i g a t e  the  importance of bugyancy r a t i o  and v e r t i c a l  c . ~ .  e f  Fects.  
Conf igura t i ans  3 and 4 w i l l  be used f o r  mooring and l and ing  analyses .  

The maxinun f u e l  c a p a b i l i t y  is :~ssuncd t o  he 310 g a l l o n s  per h e l i c o p t e r  
which is t y p i c a l  of the  11-34 equipped witlr f u l l  s t andard  snd a u x i l i a r y  Fuel 
tanks.  The f u e l  tanks a r e  assumed t o  be loca ted  on the  h e l i c o p t e r  c e n t e r  of 
g r a v i t y .  Thcrcfore  smal l  s h i f t s  i n  t h e  h e l i c o p t e r  c.g. c h a r a c t e r i s t i c s  due t o  
f u e l  s t a t e  changes among the  f l i g h t  c o n d i t i o n s  are ignored.  Each h e l i c o p t e r  
is considered t o  hold 12.4 g a l l o n s  of o i l  a l s o  loca ted  a t  the  r e s p e c t i v e  
h e l i c o p t e r  c.g. 

- 
The h e l i c o p t e r  moments of i n e r t i a  were obta ined from d a t a  on the  s t a n d a r d  

S-53 h e l i c o p t e r  (Ref. I ) .  These b a s i c  i n e r t i a s  were not  a d j u s t e d  f o r  n o d i f i -  
c a t i o n s  t :~  th2  H-34's, because they represen t  very  smal l  percentages  of t h e  
t o t a l  v e h ~ c l e ' s  moments of  i n e r t i a .  

The noinent of i n e r t i a  c h a r a c t e r i s t i c s  of t h e  i n t e r c o n n e c t i n g  s t r u c t u r e  are 
es t ima ted  from a  simple X-beam member model. - 

C. Vehicle Aerodynamics 

The aerodynamics of the  in terconnec t i n s  s t r u c t u r e  were es t ima ted  from 
wind tunnel  d a t a  of t r u s s  s t r u c t u r e s  ( e . ~ . ,  e l e c t r i c  t r ansmiss ion  
towers, r a d i o  towers,  and suspension b r i d g e s )  g iven i n  Ref. 2. These 
e s t i a a t e s  r e q u i r e  a  knowledge of the  e f f e c t i v e  s o l i d i t y  r a t i o  of t h e  
s t r u c t u r e  (p ro jec ted  s o l i d  a r e a  d ivided by p r o j e c t e d  f r o n t a l  a r e a s ) .  
A conse rva t ive  e s t i m a t e  of t h i s  r a t i o  is 0.2, r e s u l t i n g  i n  a  d r a g  
c o e f f i c i e n t  based on the  p ro jec ted  f r o n t a l  a r e a  of  0.35 Using t h e s e  
values ,  the  in te rconnec t ing  s t r u c t u r e  has  a .  t o t a l  drag a r e a  ( f e )  of  
1,575 sq f t .  Reference 3 g i v e s  a  drag a r e a  of 654 sq.  f t  f o r  t h e  
e n t i r e  c r u i s e  c o n f i g u r a t i o n  ( h u l l ,  t a i l ,  h e l i c o p t e r s ,  and ICS) . This  
impl ies  a n  ICS drag a r e a  s i g n i f i c a n t l y  lower tlran the  value  c i t e d  
he re in .  Cased. on the p resen t  e s t i m a t e ,  the  drag of the  in te rcon-  
nec t ing  s t r u c t u r e  accounts  f o r  80 percent  of  t h e  t o t a l  v e h i c l e  drag i n  
c r u i s e  and w i l l  t h e r e f o r e  be p a r t i c u l a r l y  important  f o r  performance 
c a l c u l a t i o n s .  Perhaps some means of reducing t h e  e f f e c t i v e  drag a r e a  
i n  c r u i s e  (e.q., by aerodynamic f a i r i n g s  o r  o t h e r  drag reduc t ion  
means) s h o ~ ~ l d  be considered t o  improve t h e  performance of the  opera- 
t i o n a l  conf igura t ion .  

' h e  r e f e r e n c e  c e n t e r  f o r  !lull aerodylralnics is  loca ted  a t  the  h u l l  
c e n t e r  of volume, which is s i g n i f i c a n t l y  above the  aerodynamic c e n t e r  
of the  in te rconnec t ing  s t r u c t u r e .  Since  the  d rag  of tile in te rconnec t -  
ing s t r u c t u r e  r e p r e s e n t s  such a  s i g n i f i c a n t  percentage of the t o t a l  
drag of the  v e h i c l e ,  the  a c c u r a t e  modeling of i t s  c o n t r i b u t i n g  moments 
is important  f o r  trim ana lyses .  In o r d e r  t o  a c c u r a t e l y  account f o r  
the  l o c a t i o n  of the  aerodynamic c e n t e r  of the  ZCS; the  aerodynanic  
parameters of the  h e l i c o p t e r  f r l se l iges  were a p p r o p r i a t e l y  ad jus ted .  
The r e s u l t i n g  e f f e c t i v e  velifcle has the  same t o t a l  drag c o e f f i c i e n t s  
along a l l  th ree  axes  witlr an a c c u r a t e  d e s c r i p t i o n  of the  a c t u a l  d r a g  
moments and the  dynamic damping. 
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3. Some v a r i a b i l i t y  e x i s t s  i n  the  l i t e r a t u r e  on the  a c c u r a t e  c a l c u l a t i o n  
of t a i l  s u r f a c e  f o r c e s  and c o n t r o l  e f f e c t i v e n e s s .  The methods g lven  
i n  Refs. 4 and 5 produce 'good c o r r e l a t i o n  wi th  the  a v a i l a b l e  wind 
tunnel  data .  

4. The aerodynamic i n t e r f e r e n c e  e f f e c t s  were es t ima ted  from e m p i r i c a l  
cu rves  g iven i n  t h e  forthcoming t e c h n i c a l  manual f o r  t h e  HLX simula- 
t i o n  (Ref. 6). These models are based h e a v i l y  on wind tunne l  d a t a  and 
a n a l y t i c a l  r e s u l t s  pub1 shed by Nielsen Engineering and Research. Ths 
s i a i l a r i t y  of the  H e l i s t a t  t o  the  c o n f i g u r a t i o n s  from which t h e  models 
were developed l ends  c r e d i b i l i t y  t o  t h e  es t ima ted  inpu t  da ta .  

D. Payload %ss C h a r p c t e r i s t i c s  

1. The payload c o n f i g u r a t i o n  is assumed t o  f o n s i s t  of c o n s t a n t  d e n s i t y .  
lumber wi th  a s p e c i f i c  weight of 54 l b / f t  (obta ined from the  F o r e s t r y  
Serv ice ) .  For a n  a s s u ~ e d  nominal weight of  30,000 l b ,  t h i s  y i e l d s  t h e  
following nominal payload c o n f i g u r a t i o n :  f o u r  logs  each w t h  a l e n g t h  
of 42 f t .  d iameter  of 2.05 f t ,  volume of  138.8 f t S , -  mass of 
231.1 s lugs .  h e  four  l o g s  a r e  bound t o g e t h e r  i n  a square  c ross -  
s e c t i o n  conf igura t fon  wi th  an e ~ t d  a r e a  of 16 sq f t  and a l e n g t h  of  
42 f t .  - 

2. The choker c a h l e  is co~rnec ted  a t  a  l o c a t i o n  of 20 percent  of the  
l eng th  (8.4 f t  a f t  of one end).  

3. The e f f e c t i v e  s p r i n g  c o n s t a n t  of the  payload c a b l e  damper is based on 
the shock absorber  c h a r a c t e r i s t i c s  f o r  s t andard  cranes .  For a s t a n -  
dard c rane  payload weight of  50,000 l b ,  a  s u i t a b l e  s t i f f n e s s  c o n s t a n t  
is 1 x 1 0 ~  lb- f t .  Tile r e s u l t i n g  n a t u r a l  frequency f o r  the  30,000-lb HLh 
payload is about 10.4 r a d l s e c  with a n  assumed damping r a t i o  of  about  
0.7. 

E. Payload Aerodynamics 

The payload aerodynamics were c a l c u l a t e d  based on a s t r e a m l i n e  hod:* 3f  

high Fineness r a t i o  ( l eng th /d iamete r  = 10.5). The 'rag c o e f F i c f e ,  ,e 
were obta ined from Ref. 2 f o r  a s t r e a m l i n e  body with considerah-a  
su r fnce  rot~ghncss .  This s i m p l i f i e d  node1 is s u . f f i c i e n t l y  a c c u r a t e ,  
s i n c e  the  Forces a s s o c i a t e d  with payload aerodynamics a r e  vc rv  smal l  
i n  compnri son wf t h  those  a s s o c i a t e d  with t h e  payload i n e r t i a l  and 
c a h l e  c h a r n c t e r i s t i c s .  



F. Computer Listing of Input Data for Nominal Configuration 
With 30,000 l b  Slung-Payload 
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. , 
Detailed information on the Helistat f l igh t  control system laws is very 

, '  4 limited. Reference 7 preselrts an overview of the control system mixing laws 
. along w i t h  a chart of maximum rotor and propeller forces result ing from f u l l  

e cockpit lever movements. Based on th i s  information, a model of the Nelistat  
control system was developed. r 

. .. figuf6$ U-C show a schematic drawing of the Helistat  control system based 
I 

on the discussion i n  Ref. 7. The significant  features are: 

a. Forward velocity commands- (&) and yaw ra te  commands Nv) both 

induce forward commands to the helicopter propulsive command 

(BlSCj, result ing in  rotor longitudinal cyclic (BISR) and pro- 

pel ler  collect ive (0 ) de'lections. The propeller col lec t ive  
OR 

(go ) is a function of longitudinal command (BISC) a d  rotor 

colfective ( 0  ) For each helicopter. In  th i s  way, the rotor; 
O r  

propeller mixing is a function of each isolated helicopte:. 

b. Deflection oC the master pi lot 's  longitudinal control s t i ck  (bA 
causes an increase i n  rotor collect ive on the rear two helicc t e r s  

and a decrease in rotor collect ive on the front two helicopters 

for an af t . s t i ck  movament. I n  addition the longitudfnal s t i ck  

causes a deflection OF the elevator t a i l  surface ( 6 , ) .  

c. Oeflcctton of the master pi lot 's  l a t e r a l  control s t i ck  (f4) causes 
an increase in  rotor collect ive on the l e f t  two helicopters and n 
decre:lse i n  rotor collect tve on the r i ~ h t  two helicopters. Also 
resulting froin the l a t e r a l  s t i ck  moment is a deflection of the 
rotor l a t e r a l  cyclic (AISR) of a l l  four helicopters as a function 
of tndi vidual rotor collective. This coupled control of ro l l lng 
moments and side forces c uses a "roll-to-translate" command 
logic. The information i n  Ref. 7 suggests that deflection of the 
l a t e r a l  s t i ck  to  i t s  Pull t ravel  produces f u l l  rol l ing moment 
authority tn addition to l a t e r a l  cyclic authority dependent on 
local  rotor collective. 

The roll-to-translate control loeic may severely r e s t r i c t  the 
crosswind Itover capahiltty. k a resul t  th* Helfstat 's large 
rnetncuntric height, very large r o l l  control moments are necessa-y 
i n  order to maintain ro l l  angles required in crosswind stat ton- 
kccpina. The lack of neaatlvc rotor collect ive travel  severely 
restricts the obtainable rol l ing moment in l lght ly  loaded con- 
f igura t ions nnd thereby severely r e s t r i c t s  the crosswind hover 



1 .  

1 '  
capabi l i ty  of the vehicle. While i t  would be desirable t o  intro-  i 1, 

duce some r o l l  moment control through the l a t e r a l  s t i c k  i n  order 
t o  reduce r o l l  coupling associated with l a t e r a l  t rans la t ion  com- 
mand, the present use .of Pull r o l l  control  authori ty does not 
appear t o  represent an optinum solut ion when only, f ive  cockpit ' 

controls  a r e  available. 
1 
I 

t 

An a l t e r n a t e  solut ion would be to decouple the r o l l  and s ide  I 
force contro's by using a l a t e r a l  t rans la t ion  button to control  
l a t e r a l  cycl ic  i n  the same way tha t  the forward t rans la t ion  button e 
is used to  control longitudinal cycl ic .  Then l a t e r a l  s t i c k  move- 
ment could be retained t o  cont ro l -Pul l  authori ty r o l l  moment Qhich 
would then be available t o  help augment the l a t e r a l  hover capabil- 
i t y  once the f u l l  cycl ic  t r ave l  ... used. 

I 
I 
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LPU-1, i = 1 

( Front-Port) 

LPU-2, i = 2 

( Front-Starboard) 
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R i  

LPU-4, i = 4 

( Aft-Starboard) 
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