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SUMMARY 

Equations of motion simulating the landing approach case for the super- 
sonic cruise vehicle have been programmed and exercised using a fixed-base 
simulation facility. The objectives of the study are to provide unaugmented 
and augmented system comparfsons using this facilitv, and to make refinements 
as necessary for system performance improvement. 

The unaugmented longitudinal responses to elevator commands are slow and 
sluggish, requirin? augmentation to increase the speed of the response. In the 
lateral-directional case, the Dutch roll is highly underdamped and requires an 
augmentation system to increase this damping and provide satisfactory flving 
qualities. The status of this fixed-base study is that the longitudinal 
equations, updated with recent wind tunnel data, have been evaluated on 
the simulator and the system found to be satisfactorv. The lateral-axis 
equations are linearized and have not yet been updated to large excursion 
capability; consequently, only limited, preliminary findings on this system 
are available. 

The basic results so far indicate augmentation systems are required to 
provide a satisfactzry longitudinal system, and that additional study and eval- 
uation of the lateral-directional case are necessary before a more complete 
assessment can be made. 

INTRODUCTION 

Development of augmentation systems for flving qualities imnrovement was 
begun under previous NASA contracts (references 1 and 2) using linear svstem 
theory and modern control techniques. The longitudinal and lateral control 
systems were analyzed separately and the results assessed using reference 3 
criteria to provide Level 1 flying qualities (pilot ratings of 3.5 or less). 
Results from these tasks were then used to develop a full six degree of freedom, 
non-linear simulation for real-time pilot in the loop evaluation. 
of this paper is a review of this augmentation system development, a discussion 
of recent results, and a brief description of the on-going and planned simu- 
lator studies. 

The subject 
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The unaugmented responses of the airplane in landing approach are accept- 
able in the pitch axis and unacceptable in the lateral directional axis. The 
longitudinal short period responses are sluggish, whereas the lateral Dutch 
roll is highly underdamped. Consequentlv, the augmentation systems for these 
two axes have rather diverse jobs t o  perform. The task, then, is to reshape 
the airplane responses so they are satisfactory, i.e., that thev exhibit Level 
1 flying qualities. 

Analytical results stemming from past mechanization efforts to fulfill 
this stated task have been successful in providing Level 1 svstems. These 
results are based on linear svstem techniques and criteria taken from MIL-F- 
8785B (ref 3) specifications for transport aircraft. The main objectives of 
the simulator studies to be discussed are the'augmentation system evaluation 
using a pilot in the loop, and refinements to these svstems as a result of 
these evaluations. 
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SYMBOLS 

2 2 normal acceleration, d s e c  (ft/sec 

lateral acceleration, m/sec2 (ft/sec ) 
f 

2 

feedforward gain values 

feedback gain values 

HSAS acceleration gain, deg per m/sec (deg per ft/sec ) 
2 2 

roll rate gain to aileron, deg per deg/sec 

r o l l  rate gain to rudder, deg per deg/sec 

sideslip gain, deg per deg 

yaw rate gain, deg per deglsec 

time to double amplitude, sec 

forward velocity, m/sec (ft/sec> 

sideslip angle, deg 

commanded aileron angle, deg 

feedback aileron signal, deg 

column deflection, deg 

elevator deflection, deg 
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e l e v a t o r  feedback s i g n a l ,  deg 

e l e v a t o r  feedfoxward s i g n a l ,  deg 

rudder  p e d a l  d e f l e c t i o n ,  c m  ( in . )  

rudder  d e f l e c t i o n ,  deg 

commanded r u d d e r  a n g l e ,  deg 

rudder  feedback s i g n a l ,  deg 

t h r o t t l e  

t h r o t t l e  

t h r o t t l e  

t h r o t t l e  

s e r v o  p o s i t i o n ,  deg 

s e t t i n g ,  deg 

feedback s i g n a l ,  deg 

feedforward s i g n a l ,  deg 

wheel p o s i t i o n ,  deg 

outDut of yaw rate  washout,  deg 

Dutch r o l l  damping r a t i o  

phugoid damping r a t i o  

s h o r t  p e r i o d  damping r a t i o  

p i t c h  a t t i t u d e  a n g l e ,  deg 

r o l l  t i m e  c o n s t a n t ,  deg 

r o l l  a t t i t u d e  a n g l e ,  deg 

yaw a t t i t u d e  a n g l e ,  deg 

Dutch r o l l  n a t u r a l  f requencv ,  r a d / s e c  

phugoid n a t u r a l  f requency ,  rad/sec 

s h o r t  p e r i o d  n a t u r a l  f requencv,  r a d / s e c  

ABBREVIATIONS AND SPECIAL SYMBOLS 

Analog-to-Digi ta l  Conver te r  

Digi ta l - to-Analog Conver te r  
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DETAC D i g i t a l  Equipment Technology Analysis  Center  

MAC Mean Aerodynamic Chord 

HSAS Hard S t a b i l i t y  Augmentation System 

ILS Instrument Landing Svstem 

0 T i m e  Der iva t ive  

(k) sampled s i g n a l  a t  kth i t e r a t i o n  

(h) estimate o r  r econs t ruc t ed  s i g n a l  

UNAUGMENTED AIRCRAFT DESCRIPTION 

A t h r e e  view of t h e  MDC Supersonic  Cruise  Vehicle  i s  shown i n  F igure  1. 
This  273 passenger  a i r c r a f t  is  designed f o r  ranges i n  excess  of  8300 km 
(4500 n.  m i . )  a t  3. t a k e o f f  g r o s s  weight  of 340,194 kg (750 ,000  l b ) .  It 
f e a t u r e s  a 925, m 2  (10,000 f t 2 )  arrow-type wing designed f o r  a c r u i s e  Mach 
number of 2 .2  w i th  t h e  planform based on t h e  NASA SCAT-15F concept ,  a conven- 
t i o n a l  h o r i z o n t a l  t a i l ,  a s i n g l e  fuselage-mounted v e r t i c a l  t a i l ,  and fou r  en- 
g ines  mounted i n  axisymmetric n a c e l l e s .  The inboard l ead ing  edge of t he  win? 
has  a sweep of 7 1  d e g r e e s ,  w i t h  t h e  sweep reduced t o  57 d e g r e e s  outboard  of t h e  
l ead ing  edge break. The average th i ckness  r a t i o  of t h e  wing i s  s l i g h t l y  less 
than t h r e e  percent .  The th i ckness  r a t i o  i s  equa l  t o  2.25 pe rcen t  of t h e  chord 
a t  t h e  wing roo t  and is  cons t an t  a t  t h r e e  percent  of t h e  chord from t h e  t r a i l i n e  
edge break t o  t h e  wing t i p .  

Pe r tu rba t ion  equat ions  of motion f o r  t h e  landing  approach f l i g h t  cond i t ion  
have been developed f o r  t h i s  conf igu ra t ion .  These equa t ions  are documented f o r  
t h e  l o n g i t u d i n a l  a x i s  i n  Reference 1 and €or  t h e  l a t e ra l  a x i s  i n  Reference 2. 
In s t ead  of l i s t i n g  t h e  d e t a i l e d  sets of equat ions  f o r  t h i s  a i r c r a f t  h e r e ,  only 
t h e  important c h a r a c t e r i s t i c s  t h a t  have l e d  t o  the  d e c i s i o n  t h a t  augmentation 
systems a r e  r equ i r ed  f o r  f l y i n g  qual i t ies  improvement will be given.  Longi- 
t u d i n a l l y ,  t h e  p i t c h  response t o  an e l e v a t o r  input  i s  slow and does not  e x h i b i t  
Level 1 f l y i n p  q u a l i t i e s .  Decreased dampinp i n  p i t c h ,  t h e r e f o r e ,  is requi red  
of t he  l o n g i t u d i n a l  augmentation svstem. I n  t h e  l a t e ra l  d i r e c t i o n a l  ca se ,  t h e  
Dutch r o l l  damping of t h e  a i r p l a n e  is  ve rv  low and an augmentation svstem t o  
inc rease  t h i s  damping is  requ i r ed .  These two cond i t ions  are t h e  reasons  augmen- 
t a t i o n  systems are necessary  i n  both axes.  In  f a c t ,  i n  t h e  l a t e r a l  case ,  t h e r e  
i s  a tendency toward i n s t a b i l i t y  wi th  a p i l o t  i n  t he  loop f o r  any inDuts except 
those  of very small magnitudes. This  f a c t  has  l e d  t o  development of a hard 
s t a b i l i t y  augmentation system (HSAS) i n  t h e  l a t e ra l  a x i s  t h a t  p rovides  Level 2 
f l y i n g  q u a l i t i e s .  Th i s  HSAS con ta ins  fewer feedbacks and senso r s  than  t h e  f u l l -  
up system and would o p e r a t e  i n  a back-up mode i n  case  of primarv augmentation 
system f a i l u r e .  
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SIMULATION FACILITIES 

The Digital Equipment Technologv Analysis Center (DETAC) is a technologv 
investigation facility at Douglas used for conducting studies and broviding 
hands-on*experience with digital equipment. This facilitv generallv fulfills 
a requirement to upgrade the existing electronic system studv capabilities, 
particularly in the area of aircraft digital svstems, inclusive of flight 
control computers and advanced display systems. 
specifically to study the landing approach tasks of the stinersanic cruise 
vehicle in real time with a pilot in the loop. 

The DETAC has been used 

Figure 2 shows the general view of the facility, and Figrire 3 is an in- 
terior view of the "soft cockpit." The controls available to the pilot here 
are side and center stick controllers, throttle, and flap setting controls. 
No rudder pedals are provided, but the software does have rudder pedal effec- 
tiveness coefficients included in it (which can be used by the augmentation 
systems as 'required). A CRT provides an Electronic Attitude Director Indicator 
(EADI) display that can be used in a heads-down configuration or projected on a 
TV screen. Figure 4 is a typical EADI format with the various displav quanti- 
ties as noted. The pilots' landing task using this tvpe of EADI is to keep the 
aircraft symbol centered in the ILS box (marked with a + svmbol). 

Wind shear, gust inputs, and initial condition changes are options that 
can be input through the interactive CRT display. 
will be discussed later that have exercised these options. 

Several simulation outputs 

AUGMENTATION SYSTEM DEVELOPMENT 

Full Augmentation Svstem 

Both the longitudinal and lateral augmentation systems were developed 
using perturbation equations of motion and linear system theory. The main 
objective was to provide a control svstem configuration that could be in- 
corporated into a six degree-of-freedom, non-linear simulation to verify 
the performance under real-time operating conditions. 

Modern control theorv was used in the longitudinal case to define 
the feedback and feedforward gains via implicit model following. The 
model used was selected to represent an airplane whose flying qualities 
were all Level 1. 
to the degree the two controls (elevator and throttle) permit. In the lateral 
case, it was found that classical root locus techniques could be used to 
determine the gains that produced a Level 1 augmented system. .'Yaw and roll rate 
gyro feedbacks were employed, plus a gain on sideslip angle p (reconstructed 
from measurable signals). The block diagrams in Figures 5 and 6 show the de- 
tails of both augmentation svstems. Digital implementation of the required cal- 
culations for augmentation purposes will be made f o r  both of these systems. 

The resultins augmentgtion svstem anproximates the model 
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Table 1 compares some of the basic parameters of the system with the 
criteria specified in MIL-F-8785R. Note that the unaugmented short period 
roots are both real in contrast to the usual comnlex conjugate pair, In 
the lateral axis, the Dutch roll roots have a damping ratio of only 0,074. 
This fact, coupled with the marginal roll time constant, produces a poorlv 
resnonding system. The augmented svstem provides values for the indicated 
parameters that are within the Level 1 requirements, and it is this system 
that will be incorporated into the real-time simulation for evaluation. 

Hard Stabilitv Augmentation Svstem 

A much simplified augmentation system has been devised that would serve as 
a back-up system. This HSAS is depicted in Figures 7 and 8 for each axis. The 
lonRitudinal system is simplv an accelerometer feeding back to the elevator ac- 
tuator. The dynamic responses of this system are better than no augmentation 
but do not Dossess the Level 1 flving qualities of the fully augmented system. 
This accelerometer loop provides approximately a 0.7 damping ratio on the short 
period roots. The lateral system of Figure 8 is similar to the complete svstem 
except the sideslip feedback has been removed. This simplification allows only 
rate sensors to be y e d  and eliminates the digital feedback filter for recon- 
structing p . 
assessed bv reference 3 criteria. 

The resultin? system exhibits Level 2 flying qualities'when 

Simulation Checkout 

The simulation program containing linear aerodynamic data was checked 
against the perturbation results previously obtained for both axes. Non- 
linear coefficients were then included in the longitudinal equations as 
obtained from recent wind tunnel data. (Time considerations prevented 
the lateral equations to reflect the tunnel data, and the results to be 
presented are based on simplified, linear lateral equations.) 

STUDY RESULTS 

The results to be presented are based on pilot-in-the-loop evaluations 
of the longitudinal and lateral systems. The evaluations to be discussed 
include pilot assessments obtained from the fixed-base simulator utilizing 
its capabilities and the various types of visual presentations available. 
Since these visual displays are limited in their data presentation and no 
motion is brovided to the pilot, the results are used basically to compare 
the various augmentation systems. 
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Longitudinal Axis 

Pilot evaluations have led to modifying the previously developed augmenta- 
tion system gains for the longitudinal case. 
First, the cross feed from throttle to elevator servo caused an unwanted pitch 
command when the throttle settings were changed. 
reduced to zero and improved responses resulted. Second, the gain from accel- 
erometer to elevator servo, fx12, was increased by a factor of two in order to 
provide better handling as noted by pilot comments during the augmentation sys- 
tem evaluation. 

Two specific points were noted. 

The gain f612 of Figure 5 was 

A shift in center-of-gravity from the nominal 24% MAC was made and the 
pilot was given pitch tracking tasks under these conditions. Even though the 
augmentation svstem was developed for a 24% cg location, other aft cg locations 
(which would otherwise be unstable) were stabilized by the svstem. 
shift to 36% MAC, the pilot could still maintain control, but this was the 
limit for aft cg locations based on pilot comments. 
response in pitch to a step elevator input with the augmentation on at a 
cg location of 36%. This response shows convergence of response for this 
condition. 

For a cg 

Figure 9 shows the 

Only preliminary simulator data on evaluating: the HSAS svstem have been 
taken so far. 
(Level 2) in the pitch axis. 
planned ’ on the simulator. 

It appears that the flying qualities can he made accentable 
Additional evaluation of the HSAS svstem is 

Lateral Axis 

As noted previously, the Dutch roll damping is very low and leads to large 
oscillations in roll rate for aileron inputs. The linear system technique used 
to define the lateral augmentation system gains and comnensation networks was 
successful in providing a Level 1 system. The linear svstem roots were shifted 
to the Level 1 region, and the response as assessed by the roll rate oscillation 
criterion was improved by the addition of the augmentation svstem. The system 
was determined to be satisfactory based on the criteria of reference 3; conse- 
quently, this augmentation system was included in the six degree-of-freedom 
equations programmed on the fixed base simulator. Pilot-in-the-loop evalua- 
tions of the unaugmented airplane confirmed its uncontrollahilitv in the lateral 
case. The current simulaticn effort is a continuing evaluation of the augmented 
airplane with a pilot in the loop. 
are not complete, but the indication is that adjustment of the previously devel- 
oped gains and/or addition of compensation networks will be necessary to provide 
a satisfactorv svstem when the oilot is included in the loop. 

The results are of a preliminary nature and 

Responses of the airplane degrees of freedom to gust inputs for the lateral 
axis with augmentation are lower than without augmentation because the natural 
frequencv of the Dutch roll roots has been decreased. 
system roll response, 8 , with and without augmentation for a gust input level 
of 1 kt RMS. 
sistent with the improvement in flyinp qualities as in Table 1, and follows from 

Figure 10 comDares the 

The pilot controls were fixed during this run. This result is  con- 
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the increase in Dutch roll damping. 

Step response results also show improvement in the lateral case with the 
augmentation svstem engaged. Figure 11 is a comparison of roll rate 
transients to a step wheel command with and without augmentation. %The’ 
decreased damping is evident in this comparison, and the system is augmented 
to Level 1 when assessed bv the criterion of MIL-F-8785R. 

CONCLUDING REMARKS 

The simulator evaluations of the augmentation system in the longitudinal 
case have allowed imnrovements as a result of the real-time analvses. Specif- 
icallv, gain redefinition has yielded a better responding svstem when evaluated 
by piloted simulation runs. More detailed studies involvinn the longitudinal 
axis (especially the HSAS svstem) need to be undertaken. 

The lateral-directional case reauires refinement in its augmentation svs- 
Additiin of a pilot in the loop 

When a pilot was included in the loop, the 

tem in order to improve the flvinp qualities. 
has changed the flving qualities rating as comnared to the analvtical resylts 
obtained via linear system theorv. 
lateral augmentation system was not determined to be Level 1 as it was using 
reference 3 criteria with no pilot. The reasons for this problem, and the 
corrections to it, will be the subject of future studies. 

Generally, using the fixed-base simulator for augmentation svstem verifi- 
cation has proved very useful. It has identified several areas in which im- 
provement was made to the longitudinal svstem and has shown the need for some 
type of compensation to the lateral case. Additional simulation activities 
will include implementation on a moving base simulator to fully assess the 
handling qualities of the airplane at landing apnroach in both axes. 
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TABLE 1 

COMPARISON OF DYNAXIC CNARACTER I S T I C S  WITH AMI WITHOIJT AUGMENTATION ENGAGED 

PARAMETER 

~- 

U NAUGMENT E n  AUGMENTED MIL-F-8785R 
(LEVEL 1 CRTTERIA) 

SHORT PERIOD : Real Soots: 

(RAD/SEC) -0.650 0.840 

-0.258 0. m a  I W sr 
c SP 

PHUCx)IT) : 

PH (RAD/ s EC ) 0.119 0.209 

PH 0.149 0.082 

2 0.8  

z 0 .35  

-- 
E 0 . 0 4  

ROLL : 

T R  (SEC) 1.35  

~~ 

0.495 5 1 . 4  

SPIRAL : 

t 2  (SEC) a0 

DUTCH ROLL: 

0 DR (RAD/SEC) 0.797 

c DR 0.074 

(RAD/SEC) 0. os9 
WDRCDR 

35.5 

0 .583 

0.307 

0.179 

2 20.0 

E 0 . 4  

E 0 . m *  

1 0 .15  

*For uDR > 1 . 8 8  RAD/SEC, this requirement supersedes the w DR E,, product 
requirement. 
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Figure  1.- MDC supersonic  c r u i s e  v e h i c l e  used f o r  active c o n t r o l s  
s imula t ion  purposes. 

Figure 2.- DETAC s imula t ion  f a c i l i t y .  
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Figure  3 . -  Cockpit mockup. 

Figure 4 . -  EADI used f o r  d i s p l a y  t o  p i l o t .  
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Figure 5.- Longitudinal augmentation system. 

Figure 6.- Lateral augmentation system. 
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Figure 7.- Hard stability augmentation system for longitudinal axis. 
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Figure 8.- Hard stability augmentation system for lateral axis. 
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Figure 9.- Pitch rate response to a 1.0-degree step column command. 

3-AXIS GUST INPUT 
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Figure 10.- Augmentation system reduction of wind gust inputs. 
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Figure 11.- Roll response to a 1.0-degree 
step wheel command. 
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