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SECTION I 

INTRODUCTION 

The purpose of this program is to assess the suitability of existing 

and proposed flying quality and flight control system criteria for 

application to the space shuttle, to help define optimum use of flight 

d..iit<1 in the development of flying quality criteria for space shuttle 

craft, and to assist the program definition of an Orbiter Experiment for 

flying qualities and flight control system design criteria. The tech

nical effort was divided into the six major tasks: 

I) Review current and proposed flying quality speci
fications and design guides 

II) Review flight control system specifications and 
design guides 

III) Assess applicability of I and II to the flying 
qualities of space shuttle class vehicles 
throughout entry, approach, and landing 

IV) Recommend critical deficiencies 

V) Identify 
improve 
guides 

technical areas 
flying qualities 

for flight data to 
criteria and design 

VI) Outline program to develop flying qualities and 
flight control system criteria and design guides 

Succeeding sections will first cover the longitudinal flying qualities 

review and assessment. This will be followed by a lateral directional 

flying qualities review and assessment. A summary of flying quality 

shortcomings will then be presented. Next, the flight control systems 

specification will then be reviewed and assessed, along with the rota

tional hand controller review. Finally, a summary of overall findings 

will be presented. 
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SECTION II 

LONGITUDINAL FLYING QUALITIES CRITERIA REVIEW AND ASSESSMENT 

A. INTRODUCTION 

There are a number of unique characteristics of the Space Shuttle 

which have a fundamental impact on its flying qualities requirements. 

Some derive from the Shuttle's characteristic as an unpowered glider 

with complex constraints to insure proper energy management during 

entry. The extreme range of Mach number and altitude during entry 

result in great variations in aerodynamic characteristics that are as 

yet uncertain in many areas and require rapid changes in augmentation 

structure and gains to provide good flying qualities. The longitudinal 

tasks for either automatic or manual entry include precise control of 

flight path angle, Y, and speed, VT, as well as direct control of angle

of-attack, a, for thermal control in the early entry phase. The primary 

lateral-directional tasks are banking maneuvers for range control. 

In the STS-1 flight, entry was flown by the automatic system until 

the mission commander took control at M=5 and 115,000 ft to fly the 

final two bank maneuvers. These manual maneuvers (which were planned 

only shortly before the first flight) was made using the attitude indi

cator. Before and after each manual bank maneuver, the roll control 

system was switched to auto and remained in this mode until manual 

approach was begun at 35,000 ft with a 1.3 g left turn around the 

Heading Alignment Cylinder (HAC). Speed brakes were used during this 

maneuver. The final approach was flown at 280 kt on a 20 deg glide 

slope to the preflare pullup at 1750 ft. Airspeed was then bled off to 

about 187 kts at touchdown. 

B. ORGANIZATION OF SECTION II 

The discussion of longitudinal flying qualities begins in Subsec

tion C with some theoretical background for pitch attitude control and 

TR-1l74-1 2 



explains uncertain unconventional characteristics of the Shuttle due to 

pitch control augmentation. Section D reviews the Shuttle time domain 

pitch control specification to assess this specification as well as the 

Shuttle's pitch control flying qualities. Comparisons are made to 

recent flying qualities experimental data and data for a number of 

actual aircraft. 

Section E discusses the use of Lower Order Equivalent System models 

for flying qualities specification as a prelude to the consideration of 

alternative specifications in Section F and G. Section F considers 

relevant sections of the present U.S. Military Specification for Flying 

Qualities -- in particular the treatment of effective time delay. Other 

alternative specification approaches, either proposed or in development, 

are considered in Section G. Path control is examined using manual con

trol theory in Section H to explain pilot location problems for the 

Shuttle which are not adequately treated with conventional flying quali-

ties parameters. Finally, a summary of conclusions regarding longitu-

dinal flying qualities is given in Section I. 

C. THEORETICAL OVERVIEW OF SHUTTLE 
LONGITUDINAL MABUAL CORTROL 

1. Introduction 

Despite the many unique features of the Shuttle and its operation, 

it is a "conventional" aircraft in the sense that the pilot controls the 

flight path (altitude and/or flight path angle) by modulating angle-of

attack with an inner pitch attitude loop. As is common for conventional 

aircraft, the pilot may be expected to use a series loop structure as 

* shown in Fig. 11-1. The "vehicle dynamics" represented by 

* Further support for this will be given in Subsection H. 
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~(s) Y

Ph Ype ~ ~ 
- 6. , 

Pilot Pilot Vehicle Vehicle 
Dynamics 

Attitude Inner - Loop 

Figure II-I. A Hodel for Manual Control of Flight Path with 
an Inner Attitude Loop (series closure) 

h 
(l/s)N8P 

e = 
Ah(I/Thl)(I/Th2)(I/Th3) 

AOS(I/Ts1J(I/Ts 2J 

* 

hp 

(I) 

are those of the bare airframe and will not be changed by any augmenta

tion (i.e., feedbacks to the elevator). Since the airframe parameters 

which determine hp/S are now essentially fixed for the Shuttle, the only 

real possibilities for modifying longitudinal flying qualities would be 

in changes to the (augmented) pitch attitude dynamics. These may come 

about from changes in the digital software and hardware of the flight 

control system as the Shuttle evolves. 

Under the short period (constant speed) approximation, Ref. 1, the 

vehicle path dynamics simplify to 

~ (s) e 
. 
= 

Ah(I/Th2)(I/Th3) 

Ass(l/TS) 

* Transfer function notation 

(a) (s + a) 

[r,; ,w] [s2 + 2r,;ws + W
2] 
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and ~le (airframe) pitch attitude response to elevator is 

S 
-:r (s) 
u e 

AS (l/TS 2) 
[I;Sp, wSp ] 

(3) 

Thus, for a conventional aircraft without significant pitch augmen

tation, the attitude numerator zero is (I/TS 2) and is therefore intrin

sically the same as the path mode inverse time constant in Eq. 2. It 

will be shown next, that this identity does not necessarily hold for a 

highly augmented aircraft such as the Shuttle and that this creates spe

cial problems in using the existing flying qualities data base to assess 

the Shuttle. 

2. Approximation of the Augmented Pitch Response 

The portion of the Shuttle longitudinal flight control system of 

primary interest is the pitch control channel. Figure II-2 shows the 

pitch channel for the OFT in a typical approach flight condition 

(h = 2420 ft, V = T 190 KEAS, q = 122 psf) taken from Ref. 2. The gains 

and even the loop structure vary with flight condition and the present 

Shuttle FCS has had a number of detail changes; however, this system is 

representative of the basic concept. 

The inner feedback loop (oe + 0c) is employed to provide an integral 

pa th in the forward loop. The forward loop of this part of the system 

consists of elements having bandwidths much higher than the equalization 

(ELERROR) and airframe modal frequencies. With the inner loop closed 

G. (s) 
1 

1 - (s :ewe)Gi(S) 

= 

where the (inner) forward loop transfer function, Gi(s), is 

TR-1174-1 

.3729[.02,32.75] • 
[.4,20] 

36.02 • ~ • e-·0455s 
[.7,36.0] (20) 

5 
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At frequencies well below the Gi(s) break frequencies (lsi « 20 rad/ 

sec) IGi(s) I • 1.0 and 

. = (5) 

This approximation shows that the inner loop essentially provides a low 

frequency (lsi < we) integrator for the outer pitch rate loop. 

A system survey of the outer loop closure is shown in Fig. 11-3 with 

the bare airframe pitch rate response to elevator given by 

6 res) 
e 

= -0.92(0)(.036)(.54) 
(-. 17) ( .85) [ • 42, • 16] 

deg/sec 
deg 

(6 ) 

The short period mode has real roots due to the unstable static margin. 

Figure II-3 shows the Space Shuttle to be a "highly augmented" vehicle 

in that, at the nominal loop gain of Ke 1.425 deg/deg sec-I, the 

airframe poles are greatly modified. Specifically, the "short period" 

(aperiodic) poles are driven into the numerator zeroes and effectively 

canceled while the phugoid is driven to higher frequency to become the 

dominant closed loop mode (effective short period). 

The major influences determining this dominant mode may be seen from 

an approximation in the crossover (0 dB) region. Making asymptotic 

approximations around we for the open loop transfer function Go(s) 
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a 
e O.L 

. 
= 

-.92 x 1.425(1.5) 

(0) 2 

and thus the dominant closed loop pole is 

[.468,1.40] 

deg/sec 
deg/sec 

These approximate values should be compared to the exact values of 

[ II "] l;p, wp [.625, 1.60] 

(7) 

(8) 

from Ref. 2. It should be noted that the equalization element "ELERROR" 

has little effect and that the high frequency elements may again be 

taken "out of the loop. II Thus, with the outer loop closed 

.11 

e 

TR-1174-1 

Ke(l/TsA) 

[l;A,wAJ 
-T S e e 

9 

-! S 
e e 

(9 ) 



where the equivalent time delay, Ie 

approximation to G (s) i.e., 

0.174 sec, is a low frequency 

o 

Go(s) 

. = for lsi « 20 rad/sec 
(10) 

For a conventional aircraft with stable static margin, the attitude 

zero is (l/Te 2) where 1/Te 2 ,;, - Zw + ~Zoe/Moe and exists as a conse

quence of the coupling of Y into the pitching moment equation through 

the Ma term. When Ha ,;, 0, as for the Shuttle, this attitude zero is 

cancelled by a corresponding '~hort period" (aperiodic) pole, 1/TSP 2 ~ 

-Zw; thus there will be no attitude zero unless one is introduced "arti

ficially" as in Eqs. 7 and 9. Some additional perspective may be gained 

by considering the pitching moment equation with augmentation where the 

inner loop is represented by a low frequency approximation of Eq. 11 

. = 

No 0e e 

(s + w ) • 
N J(:" e (e 

6 e·'tI s 

If Ma and ~~ are negligible, Eq. 11 leads approximately to Eq. 9. 

(11 ) 

An important implication of the attitude zero should be noted. 

Whether the zero is due to Y coupling into the pitching moment equation 

in the conventional case or to an augmentation artifact as for the 

Shuttle, the attitude response may be written in the form of 

. 
e 
"6 = 

TR-1l74-1 

Ae(1/Te 2) 

[l;SP, wsp] 

Ae s Ae/Te 2 
[l;SP, wsp ] + [l;Sp, wsp] 

10 

(12) 

( 
I 



Equation 1Z shows that the pitch rate response is the sum of two 

terms - the first being the derivative of TS
Z 

times the second. This 

is shown graphically in Fig. II-4 which reveals that the (1/T6Z) zero 

may produce a large 8 overshoot even when the short period is well 

damped. Thus, the (1/T6
2

) zero can have a significant influence on rise 

time and effective time delay. 

In summary, Eq. 9 shows the Shuttle FCS to be a pitch rate command 

system with a bandwidth of about 1.5 rad/sec for this approach flight 

condition. This characteristic should be compared to the classical 

short period approximation in Eq. 3 to see that while the form is the 

same ("first over second order") the classical roots are different from 

those of the augmented vehicle which are independent of aerodynamics 

except for elevator pitch effectiveness, Mo. It should be noted that 
e 

the pitch augmentation will have no direct effect on path response 

but rather hp will be influenced only by the effect on 6. Thus, for 

the Shuttle OFT we have an unconventional situation in which the numera

tor lead in e/s c normally given by 1/T62 is instead approximated by 

we = 1.5 sec -1 which is greatly different from the path angle inverse 
-1 time constant 1/T6

2 
= 0.54 sec • 

3. Manual Control of the Augaented Pitch Dynamics 

The unconventional difference between the attitude numerator and the 

path angle inverse time constant just noted implies that special con

sideration must be given to assessing Shuttle flying qualities on the 

hasis of the empirical flying qualities data base which is derived 

largely from experience with conventional airframes. This issue will be 

discussed further in Subsec tions D and E. However, the manual control 

theory originally developed for conventional aircraft is general enough 

to be directly applicable to the Shuttle. This is well summarized in 

Refs. 3, 4 and 5 which show how 1/T6 2 and wSP (or now more generally 

l/Te
A 

and wA) largely determine the pilot model form for pitch attitude 

control. This theory was used in the Ref. 2 analysis of the Shuttle ALT 

landing and it will be briefly reviewed here as background for the 

review of specifications in Subsections D, F, and G and in preparation 
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for the discussion of path (or equivalently altitude) control in Sub

section H. 

For manual attitude control of the Shuttle OFT the controlled ele

ment, Yc ' may be simply represented by the integral of Eq. 9. A pilot 

model, YpS ' was defined for the Shuttle ALT in Ref. 2 using the pilot 

modeling rules of Ref. 5. In the same manner a pilot model for the OFT 

may be formulated as 

Thus 

. -

= 
* 

K (_s_ + 1) e-.26s 
PS 1.91 

.686KpS (1.91)(1.5) 
-~---"'----___ - e -. 434s 

(0) [.468, 1.40] 

(13) 

(14) 

for which the attitude loop closure is shown in Fig. II-5 with the time 

delay approximated by a first-order Pad~ form as 

e-· 434s . 
= 

(s - 4.61) 
(s + 4.61) (15) 

The system survey of Fig. 11-5 indicates that the highest crossover 

frequency that the pilot could achieve would be about we ~ 1.4 sec-1 

(based on a 45 deg phase margin requirement). The 0.434 sec effective 

time delay (40 percent of which comes from the controlled element) is a 

primary factor in this bandwidth limit since it reduces the phase angle 

by TW = 34.80 at W = 1.4 sec-I. This dominant effect of time delay in 

pitch attitude control will be a recurring theme in the following 

sections. 

*This model is based on the "rate command" approximation of Yc given 
in Table 3 and discussed in Subsection E. 
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D. REVIEW OF THE SPACE SHUTTLE PITCH CONTROL 
SPECIFICATION 

The review of the Space Shuttle pitch control specifications began 

with the 1973 Shuttle flying qualities requirements of Ref. 6. In this 

document, the primary specifications on pitch attitude control for 

(unpowered) aerodynamic flight during entry are 

a) Paragraph 3.4.2.1 "Rate Command" which specifies 
that the FCS shall provide a proportional pitch 
rate for RHC inputs. The means by which this has 
been implemented is clear from the previous dis
cussion of the Shuttle FCS pitch channel. 

b) Paragraph 3.4.3.1 "Response to Command" specifies 
the maximum and minimum steady state pitch rates 
that may be commanded and provides a time domain 
specification for transient response. 

The time domain transient response specification is the most complex 

specification item and received most of the attention in the review. 

Consequently it will be the topic of this section. The primary issues 

are the definition of the time response criterion boundary (the boundary 

has evolved during Shuttle development and continues to change) and whe

ther the present boundaries are adequate. 

1. Pitch Rate Time Response Boundaries 

Figure II-6 shows the pitch rate response boundaries (which are also 

used for roll rate) for step inputs given in the 1973 Shuttle flying 

qualities specification, Ref. 6. It may be seen that the high super-

sonic boundary (solid lines) was the least restrictive, the low super

sonic boundary (dashed lines) was more restrictive, and finally that the 

subsonic boundaries had the tightest requirement on time delay and rise 

time. All boundaries, however, limit the allowable overshoot to 25 per-

cent. 
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2. Evaluation of the Transient Response Boundary Against 
Recent Flying Qualities EXperiments 

The first assessment of the adequacy of the Shuttle time domain 

transient response specification was made by comparing it with data from 

recent flying qualities experiments. A number of experiments were 

reviewed and two were found to be the most useful. These were the 

Landing and Approach Higher Order System (LARDS) Study of Ref. 7, and 

the "Neal-Smith experiment" of Ref. 8. Both of these experiments were 

performed using the Calspan variable stability NT-33 aircraft, and 

both were designed to examine the effect of higher order control 

system elements which produce unconventional response modes. The basic 

approach to evaluation was to apply the Shuttle pitch rate specification 

to these data to see if the specification could discriminate between 

good and bad flying qualities. There is a conceptual problem with this 

approach, however. Although the Calspan T-33 uses pitch feedbacks to 

augment the short period, the attitude numerator zero remains conven

tional (1/TS 2) since the airframe has significant static margin and 
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there is no forward loop integrator equivalent to that in the Shuttle. 

Thus, in principle, if the Shuttle specification fails to distinguish 

good from bad LAHOS and Neal and Smith configurations, it might be 

because it is "not applicable" rather than a bad specification. As a 

practical matter, however, there are no appropriate experimental data 

(with pilot ratings). Furthermore, there is no evidence that the issue 

of the Shuttle's unconventional pitch attitude control was considered in 

formulating the Ref. 6 specification. 

The LAHOS study was built around an approach and landing (Ca tegory 

C) task in which the evaluation flights were made through touchdown. A 

large number of configurations were evaluated, usually by two pilots, 

with repeat evaluations being made randomly for many of the configura

tions. Six LAHOS configurations were picked (Table II-I), on the basis 

of their basic response form, as being particularly relevant to the 

Shuttle flying qualities assessment. 

The Neal-Smith study was performed before LAROS and was similar in 

concept. However, the flight scenario was Category B (up-and-away 

flight) and the task was rather general with the pilots instructed to 

"rapidly acquire and track distant air and ground targets." It is felt 

that this task is analogous to the Shuttle tasks in the initial part of 

Terminal Area Energy Management (TAEM). Eighteen Neal-Smith configura

tions (Table II-2) were picked as being particularly relevant to the 

Shuttle. Of these, most were evaluated by two pilots with a number of 

repeat runs. 

3. LAHOS Comparison 

To assess the Shuttle pitch rate response boundary the six selected 

LAHOS configurations were divided into two groups. The first group, 

shown in Fig. 11-7, consists of those configurations which exceded the 

Shuttle boundary. This group consists of three configurations which all 

have overall pilot ratings equal to or better than 3-1/2, i.e., Level 1 

flying qualities. In the LAHOS experiment, pilots gave a Cooper-Harper 

pilot rat ing for the approach task alone and a second Cooper-Harper 

pilot rating for the overall task of approach and landing through 

touchdown. The pilot ratings shown are two-pilot averages. 
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TARLE II-I 

SUMMARY OF SELECTED LAHOS CONFIGURATIONS (REF. 7) 

OVERALL 
CONFIGU- NORMALIZED PITCH ATTI- COOPER-HARPER 

RATION TUDE TO STICK FORCE PILOT RATING AVERAGE 
NUMBER TRANSFER FUNCTION 

(Ref. 3) PILOT A PILOT B 

CONFIGURATIONS NOT MEETING THE 
SHUTTLE REQUIREMENT 

~;~lr 7.41(.714) 2 2 2 s[.57, 2.31 
~.---~- -- --f---------

! 

3-C I 13.6(.714)(5.0) 2 5 3.5 
i s(10.)[.25, 2.2T 
I -I 4-C 

11.2(.714)(5.0) 3 3 3 s(10.)[1.06, 2.0] 

I ---

CONFIGURATIONS MEETING SHUTTLE REQUIREMENT 
r---------- --

4-0 I 6.19(.714) 6 -- 6 s (1. 08) ( 4.09) 

4-3 ---r- 22.4(.714) 5.7 8 6.5 s ( 1 .42) (2 • 8i)(4~-6) 

---l- i 

4-4 11.2(.714) 7 6 6.5 sO .liZ}T2·mz.m 
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TABLE II-2 

SUMMARY OF SELECTED NEAL AND SMITH CONFIGURATIONS (REF. 8) 

OVERALL 
CONFIGU- NORMALIZED PITOl ATTI- COOPER-HARPER 

RATION TUDE TO STICK FORCE PILOT RATING AVERAGE 
NUMBER TRANSFER FUNCTION 

(Ref. 2) 
I 

PILOT M PILOT W 

CONFIGURATIONS NOT MEETING THE 
SHUTTLE REQUIREMENT 

1B ~I- 38,420.(1.25)(2.0) 
8(5.0)[.69, 2.2][.75, 63:[ 3.5 3 3.5 

~----- --- -_. ------ --t---

2D 108,045. ( 1 .25) 3, 2.5 2.5 2.5 8 [ .70, 4.9][.67,75.T 

1-----------t-----------

3C 1,493,800.(1.25) 4 3 3.5 
t-:-(5.0)[ .63, 9.7][.75, 63-:T 

1---------- ---

6B 46,345.(2.4)(3.3) 2.5, 1 4 2.5 8(8.)[.67, 3.4][.75, 63. ] 

~-

7A 213,644.(2.4)(3.3) 5, 4 2 3.5 8 (8.)[ .73, 7.3][.75, 63. ] 

-------- --------

7C 124,898.(2.4) 3, 3 4, 1.5 3.0 s~7~7.3][.67, 75. ] 

------t-------
1 3,601,870.(2.4) 

, 
, I 

8C i - 3.5 i 3 3.5 ; 8(8.)[.69, 16.5][.75, 63.] I 

--------- -+-------------------- I 

21-
: 1,485,770. (2.4) 80 I 3 
, 

8 (3. 3)[ • 69 , 16. 5][ • 75 , 63. J 
I 

1--------- ---~--------------------- ----

I 360,187.(2.4) 8E I 2.5 5 3.5 S (0.8)[ .69, 16.5][.75, 63. ] 
I I 

TR-1l74-1 19 



CONFIGU-
RATION 
NUMBER 

(Ref. 2) 

IF 

2H 

6C 

6E 

7F 

7G 

9 

10 

11 

TR-1174-1 

TABLE 11-2 (Concluded) 

OVERALL 
NORMALIZED PITCH ATTI- COOPER-HARPER 

TUDE TO STICK FORCE PILOT RATING 
TRANSFER FUNCTION 

PILOT M PILOT W 
. 

CONFIGURATIONS MEETING SHUTTLE REQUIREMENT 

30,736.(1.25) 
s(2.)[.69, 2.2][.75, 63.1" 

152,473.(1.25) 
~2.0j[.70, 4.9][.75, 63. r 

27,094.(2.4) 
s[.67, 3.4][.67, 75. ] 

63 z087.(2.4) 
s(3.3)[.67, 3.4][.75, 63. ] 

290 z824.(2.4) 
s(3.3)[.73, 7.3][.75, 63. ] 

176,257.(2.4) 
s(2.0)[.73, 7.3][.75, ~ 

23,798. (1. 25) 
s(.748)(7.07)[.67, 75. ] 

23,690.(1.25) 
~23~(4.28~[.67, 75-:T 

48 804. ( 1. 25 ) 
s(2.11)t5.14)[.67, 7.7~ 

aFlown with force commands. 

bFlown with position commands. 
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A qualification must be made for the rating of the very oscillatory 

configuration 3-C. Here, while the overall average pilot rating was 

3-1/2, one pilot evaluated the configuration as a 2 and the other as a 

5. It is felt that this inconsistency in rating arises from pilots 

assessing different aspects of the response and thus it cannot reliably 

be said that Configuration 3-C has Level 1 flying qualities. However, 

for the other two configurations the pilot ratings were consistent and 

both are Levell. Thus, there are two configurations with good flying 

qualities which exceeded the Shuttle upper boundary due to their signi

ficant overshoot characteristics. A related characteristic of the 

* responses are the relatively rapid rise times and minimal time delays. 

Figure II-8 shows the three LAHOS configurations in the second 

group, i.e., those that do meet the Shuttle response criterion. All 

have overall pilot ratings between 6 and 7, i.e., flying qualities 

between Level 2 and Level 3. It should be noted that Configuration 4-0 

which is the most rapidly responding of the three was rated by only one 

pilot and thus the rating cannot be considered as reliable as those for 

the other two configurations. Configurations 4-3 and 4-4 can be corn-

pared to the previous group in terms of the overall group characteris

tics by noting that 4-3 and 4-4 have less overshoot, longer rise time 

and greater effective time delay. 

Thus in summary the LAHOS data indicates that, for six configura

tions relevant to the Shuttle, two configurations which did not meet the 

Shuttle response criteria had good (Level 1) flying qualities and two 

which did meet the criterion had poor (Level 2 to 3) flying qualities. 

* Various definitions of rise time and time delay are used in the 
literature. In the time domain a tangent to the response curve at the 
steepest point is often drawn with time delay and rise time defined by 
the intersection of this tangent with the time axis and the steady state 
response level respectively. 
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4. Real and S!a1th Comparison 

The Neal-Smith data were used in the same way as the LAHOS data and 

gave similar results. Figure II-9 shows seven Neal-Smith configurations 

which do not meet the Shuttle pitch rate response boundary and one con

figuration which barely meets it. It may be seen that the average pilot 

rating for each of these configurations is 3-1/2 or better, i.e., 

Level 1 flying qualities. As a group these configurations may be 

characterized in general as having overshoot which exceeds the Shuttle 

upper boundary (one exception) and an associated rapid rise time and 

minimal time delay. 

The second group of Neal-Smith configurations (shown in Fig. II-10) 

consist of those that meet the Shuttle criteria, plus two configura

tions, 9 and 8e, which just exceed the lower boundary. It may be seen 

that all these configurations have average pilot ratings of 4 or worse 

indicating Level 2 or in some cases Level 3 flying qualities. As a 

group, these configurations show minimal overshoot, greater rise time 

and larger effective time delay than those of Fig. II-9. 

Thus the conclusion drawn from the Neal-Smith data is consistent 

with that from the LAHOS data; i.e., configurations with good flying 

qU!llities may be found which exceed the Shuttle pitch rate boundary, and 

conversely, configurations with poor flying qualities may be found which 

meet the criterion. The more difficult question is whether the LAHOS 

and Neal-Smith data, obtained in a variable stability fighter-type air

craft, is relevant to the larger Shuttle with its unconventional rela

tionship between altitude and path dynamics. 

5. Evaluation of the Transient Response Boundary 
Against Six Aircraft 

To provide further assessment of the Shuttle pitch rate response 

boundaries, the responses of six aircraft in approach flight conditions 

were compared to the boundaries. All six aircraft had some stability 

augmentation incorporated in their flight control systems. The six air

craft included the Shuttle ALT and OFT configurations, the YF-12 and 
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YF-17 and two modern highly augmented aircraft refered to as "A" and 

"B". The comparisons for the Shuttle ALT and OFT provide an assessment 

of Shuttle pitch control flying qualities (as well as the Shuttle 

specification) relative to the other aircraft. Since the fighters A and 

B have advanced flight control systems they offer the chance to assess 

the Shuttle criteria against some unconventional aircraft. 

a. Shuttle ALT and OFT 

Figure U-ll shows a comparison of the Shuttle Approach and Landing 

test (ALT) configuration and the Orbital Flight Test (OFT) vehicle 

responses compared to the pitch rate boundaries. These responses were 

generated using linearized models for approach flight conditions (~lich 

are slightly different between the ALT and OFT). It may be seen that 

the ALT configuration satisfies the requirements and that the OFT con

figuration exceeds the upper limit by a small amount. Compared to the 

responses examined previously, the Shuttle shows somewhat lower rise 

time and significant effective time delay. 

Because the pitch rate responses shown in Fig. II-ll were generated 

from a linearized model, it is useful to compare these to responses for 

equivalent inputs generated from a nonlinear digital simulation program 

(S IMEX) by Honeywell, Inc. for the Shuttle flight control analytic 

verification tests (Ref. 9). The Shuttle pitch rate response to a 

step rotat ional hand control (RHC) input shown in Fig. II-12 (second 

response from the top) is compared to the Shuttle verification criterion 

boundary. It may be seen that this response is quite similar to the 

linearized OFT response shown in the previous figure, i.e., there is an 

overshoot which exceeds the upper boundary with a peak at approximately 

two seconds, and an effective time delay of several tenths of a second. 

However, the elevator response (second from the bottom) shows rate 

limiting which contributes to the effective time delay and rise time. 

b. IT-12 and IT-17 

Figure 11-13 shows the responses of two aircraft considered to have 

good flying qualities, the IT-12 and IT-17, compared to the Shuttle 
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boundary. It may be seen that the YF-12 response meets the Shuttle 

boundary while the YF-17 response (which was obtained from an in-flight 

simulation of the YF-17 modified flight control system in the LAHOS pro

gram) exceeds the upper boundary. However, these two configurations may 

be categorized as both having fairly rapid rise time and minimal time 

delay due in part to the absence of digital components in their flight 

control systems. 

c. Modern Fighters A and B 

Figure 11-14 shows the comparison for two fighter aircraft known to 

have flying qualities problems in landing. Both aircraft exceed the 

upper boundary and remain above it for the specification period of 

4 sec. In addition, these aircraft have larger effective time delays 

than the YF-12 and YF-17 shown in the previous figure. For Modern 

Fighter A, the source of the delay is primarily high order elements 

within the analog control system whereas for Modern Fighter B, a signi

ficant part of the time delay comes from computational delays in the 

digital flight control system. Landing problems were noted in the 

flight test program of Modern Fighter A, and also by experienced pilots 

in its initial operation; however, the plane is used operationally with 

changes in training procedures for new pilots. The characteristics 

shown for Modern Fighter B have since been modified by reducing the 

digital time delay. 

6. Present Status of the Pitch Rate Transient 
Response Boundaries 

A comparison of the pitch rate response criterion boundaries for the 

Ref. 6 1973 flying qualities specification (dashed lines) and the 

response specification given in the 1977 flight control system specifi

cation (Ref. 10) as shown in Fig. II-IS. These latter boundaries are 

presently being used for Shuttle verification as in the Ref. 9 effort. 

The subsonic boundaries shown on previous figures correspond to the 

dashed boundaries in the lower figure. It may be seen that the subsonic 

boundary presently in use has been relaxed from these original (1973) 

boundaries -- in particular, there is some relaxation in the time delay 
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requirement and also a very small increase in the upper limit. However, 

these modifications would not significantly change the conclusions drawn 

previously. 

The supersonic TAEM boundary shown in the center figure indicates a 

tightening of the time delay requirements (actually beyond those for the 

subsonic case) and a significant increase in the allowable overshoot. 

Finally, the hypersonic entry boundary has been revised to reduce maxi

mum rise time without changing the maximum allowable time delay and also 

to increase the allowable initial overshoot. 

The origins of the various boundaries are not well documented. The 

1973 boundaries were drawn primarily on the basis of simulator studies 

made at the Johnson Space Flight Center. The revisions have occured as 

the Shut tIe program evolves, although the detailed rationale has not 

been uncovered. 

7. Supersonic Data 

As noted previously, the data available for assessment in supersonic 

flight is extremely limited. However, some supersonic pitch rate 

responses generated with the Honeywell SIMEX nonlinear digital simula

tion, are available from the Ref. 9 verification study. A SIMEX time 

response set is shown in Fig. 11-16 for the M=2.4 flight condition 

(nominal trajectory, Control Stick Steering pitch mode and off-nominal 

aerodynamics). The second time response from the top shows the pitch 

rate response to a step RHC input and it may be seen that the overshoot 

exceeds the upper boundary which, as indicated in the previous figure, 

has been increased significantly from the 1973 upper boundary. The 

effective time delay is large for this response, although the lower 

boundary is not exceeded. The slow initial response is partially due to 

the elevator rate limiting evidenced in the elevator time response trace 

(second from the bottom). 
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8. Summary 

The preceding review has indicated a potential problem for the 

Shuttle time domain pitch rate boundary -- namely that it may allow 

configurations with poor flying qualities while possibly excluding some 

with good flying qualities. In particular, it may unduly restrict 

overshoot but not sufficiently restrict effective time delay -- at least 

in the subsonic region. However, these conclusions must be qualified in 

light of the Shuttle's unconventional attitude/path dynamics. Finally, 

further data are needed for proper validation in the supersonic regime. 

E. LOWER. ORDER EQUIVALENT SYSTEM f1)DELS FOR FLYING 
QUALITIES SPECIFICATION 

1. Alternative Specifications 

In addition to the problems noted above, the time domain transient 

response specifications have other problems. For instance, graphical 

determination of "effective time delay" values pertinent for piloted 

control from a time history is more difficult practically than from a 

frequency response (Bode) plot (because of the difficulty in accurately 

defining the steepest tangent to a step response). A more fundamental 

problem with the Shuttle specification is that it considers pitch atti

tude control -- only without explicit regard for flight path control. 

These considerations led to an examination of other forms of speci

fication. This effort began with the present u.s. Military specifica

tion, MIL-F-8785C, (Ref. 11) not because it was considered to represent 

a superior approach but rather because it is probably the most widely 

used and well established flying qualities specification. It therefore 

codifies much of the specification data and lore of flying qualities 

research and concepts. 

Following the review of the MIL-Spec a number of other specification 

forms were considered. Many of these specifications are formulated in 

the frequency domain and involve use of the lower-order equivalent sys

tem concept. Thus a discussion of the frequency domain treatment of 

higher order systems (IlOS) using the lower order equivalent systems 

(LOES) modeling approach is given in the next section. 
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2. Considerations in LOES MOdeling 

The use of lower order equivalent system models has been a topic of 

considerable interest in flying qualities research in recent years 

(Refs. 12 and 13). LOES models are formulated by fitting a low order 

form to a high order transfer function numerically with a digital 

computer program. The LOES form is specified a priori with variable 

parameters to be adjusted to a best fit of the HOS. The LOES form is 

generally taken as that for a classical unaugmented airframe with the 

idea that at least some of the flying qualities data accumulated over 

the years for conventional aircraft could thereby be extended to highly 

augmented aircraft. By extension of this reasoning, the flying quali

ties specification formats developed for conventional aircraft could 

also be used for some highly augmented aircraft. 

For longitudinal pitch attitude control, the LOES model is usually 

based on the short period approximation, Eq. 3. This lead to a contro

versy over whether (1 /Te
2

) should be allowed to vary in the numer leal 

fitting process (the "galloping La" issue) or be fixed at the classical 

value of l/TS2 ,; -Zw. The generally accepted present view seems to be 

that noted in Ref. 13 - namely that the pitch attitude and path angle 

HOS transfer functions should be fitted simultaneously. For fairly 

conventional aircraft this produces a 1/TS
2 

near the classical airframe 

value. 

This LOES modeling concept based on numerical fitting to a "classi

cal" form is fundamentally different than the analytical approach used . . 
in Subsection C to derive the literal approximation to S /e c given in 

Eq. 9. Instead, the analytical form evolves as part of the approxima-

t ion process. In particular it should be noted that the significant 

difference between l/TS
A 

.:. we '"' 1.5 sec-1 and the inverse time constant 

of hp/S, i.e., 1/T02 = .54 sec-1 found in Subsection C would not occur 

with the use of the numerical LOES modeling procedures noted above. 

These considerations were important in formulating an approach to 

the use of LOES modeling in this study. While the analytical modeling 

of Subsection C gives an accurate and insightful representation of the 
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Shuttle's augmented pitch dynamics there is a further consideration -

namely that the form of the LOES model must be reconciled not only with 

the augmented vehicle being considered but also with the data base to be 

used. Thus, given a data base not entirely appropriate to the Shuttle, 

the best that can be done is to use a conventional model which best 

approximates the unconventional Shuttle - but there is no guarantee 

that this approach will be adequate. 

3. Swmary of LOES Models 

Several approaches were considered in formulating LOES models in 

this study. Since the Shuttle and some other highly augmented aircraft 

have "rate command" pitch control systems, the HOS transfer functions 

were first fitted with the "rate command" form shown in Eq. 16 below. 

= 
A -.s ee 

(16) 

It was later found that the short-period approximation (Eq. 3) gave 

equal or better fits when made with liTe 2 constrained to the airframe 

value (~Zw). A summary of LOES models developed in this study is given 

in Table 11-3. The steady state gains of the LOES models have been nor

malized to unity to be consistent with the form of the Shuttle pitch 

rate specification. 

4. Numerical Methods and an Example 

The LOES approximations were obtained by use of the STI Multi-

Frequency Parameter Identification (MFP) computer program. In this 

program a numerical search routine is used to minimize a cost function 

related to the difference between the HOS and LOES models at 15 discrete 

frequency, w, points (0.1 radlsec (w ( 10.0 radl sec). 

function, C, is defined as: 
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AIRCRAFT 

Space Shuttle ALT 
(Approach) 
(Ref. 4) 

Space Shuttle OFT 
(Approach) 
(Ref. 4) 

YF-12 
(Approach) 
(Ref. 4) 

Neal and Smith 
Configuration 10 
Calspan T-33 
(Up and Away) 
(Ref. 2) 

YF-17/LAHOS 
Configuration 6-2 
Calspan T-33 
(Approach and 
Landings (Ref. 3) 

Modern 
Fighter A 
(Approach) 

Modern 
Fighter B 
(Approach) 

TABLE 11-3. SUMMARY OF PITCH ATTITUDE CHARACTERISTICS FOR 
AUGMENTED AIRCRAFT 

LQ\,ER-OROER EQUIVALE:\T 
HIGII-ORDER PITCH ATTITIJOE SYSTEM TRANSFER FUNCTIO:-;S 

T~~SFER FUNCTfONS 
RATE CO:-l}IA~'D SHORT PERIOD 

e .114 x 106(.042)(.72)(1.5)(1.8)(50.)[.02,32.75] 1.27e-· 232s 1.17(.72)e-· 219s 
S; = 5(.041 )"(:87)(10)( 5"1:2")[:-80,l.40] [. 99 ~r:67][ .49 ,21.] [.71,36.4] s(2.90) -s[.952,1.48]-

e 1.50 x 105(.036)(.537)(.590)(1.50)(-42.9)[.02,32.75] .371e-· 227s .344(.54)e-· 213s 
~z s(.031)(14.2)[.97,.620][.63,1.59][.39,20.6)[.68,37.1][.99,50.2] s(1.905) s [.728,1.104) 

e 7726.(.0376)(.79)(4.)[.047,9.65)[.7,50.5] 2.91e-· 093s 1.69(.79)e-· 025s 
~= (1.13)(28.6)(38.3)[.28,.054][.796,3.10][.05,20.][.744,39.6) s(3.5) s [ .746 , 1 .36] 

e 23690.(1.25)e-· 083s Time delay approxima- 4.03e-· 097s 
r& s(I.23)(4.28)[.67,75.) tion to feel system s(4.03) -

s and actuator 

e ... .5864(.714)(2.0)(2.33)(16.7) - 065s Time delay 4.80e-· 106s 4.04(.714)e-·08Os 
~- s (.91 )( 5. ) (to :)l.6s:T;-gr- e • as above 8(4.08) s[ .827 ,1.728) 

~ = .4336 x 108 (.0481)(.490)(1.0)(5.0)(10.0)(12.)(50.) .72( .49)3-· 219s 
--

F (8.3)(9.8)(45.9)(145.5)[.0307,.202][.767,.80] s(.854)(2.24) 

x [.561,3.05] [.842,16.5][.751,73.8] 
, 

8 .320(.175)(.394)[.387,.702](1.0)2(2.31)(2.5)(2.9)(5.88)(10.)(20.) .0458(.435)e-· 187s 
--f= (.002)(.11~12,.737)(.~58,.796)(2.42)(2.87) s(.994)(2.27Y---

x (4.13)[.774,4.22](5.86)(10.55)(16.8) 



15 2 2 
C E WIc(jll1c)/CHOS(jWk) - GLOES(jWk)/ (17) 

k=1 
where 

wk is the kth matching frequency 

wk is the kth weighting factor 

GHOS(s) is the HOS transfer function 

GLOES(s) is the LOES transfer function 

Some experimentation with the weighting factors was required to pro

duce satisfactory fits in the frequency domain of interest. Initially 

all matching frequencies were weighted equally, which was found to give 

matches that diverged with increasing frequency. This is because, as 

the response amplitude decreases with frequency, the HOS/LOES difference 

vector tends to decrease in magnitude as may be seen in Fig. II-l7. 

This problem was solved by using 

= 20 log 

(18) 

= 

which essentially imposes the same penalty on magnitude (in dB) mis

matches at all frequencies. 

Figure II-18 shows a frequency domain comparison of the high and 

lower order (short period form) systems for the OFT transfer functions. 
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The comparison shows negligible differences between the higher and lower 

order systems in the fitting region. However, the equivalent short 

p~riod frequency has been reduced from the HOS value of 1.6 rad/sec to a 

LOES value of approximately 1.1 rad/sec. 

Figure 11-19 shows the time domain comparison between the higher and 

lower order system responses for the OFT. The lower order system shows 

somewhat higher response from 1 sec to approximately 4-1/2 sec. How

ever, the initial responses are essentially identical down to the time 

delay region. 

F. COMPARISONS WITH THE US MILITARY FLYING 
QUALITIES SPECIFICATION 

The present US military flying qualities specification, MIL-F-8785C, 

Ref. 11 contains three requirements which are conceivably relevant to 

Shuttle pitch control: "Short-period frequency and acceleration sensi

tivity" (Section 3.2.2.1.1); "Short-period damping" (Section 3.2.2.1.2); 

and ''Dynamic characteristics" (Section 3.5.3, Table XIV). 

1. The Control Anticipation P.ara.eter 

The short-period frequency and acceleration sensitivity requirement 

relates pitch attitude and path (normal acceleration) response through 

the Control Anticipation Parameter, CAP (Ref. 14). CAP was developed by 

Birhle, Ref. 15, from evidence that for longitudinal maneuvering pilots 

were initially concerned with pitch acceleration but ultimately with 

steady state load factor. Steady state in this context means after the 

short period transient but before the phugoid response. 

defined CAP as 

CAP 

Using the short-period approximation and assuming 20 ~ O. 
e 

CAP 
e (0) 
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from which it may be seen that CAP is proportional to the ratio of 

high and low frequency gains of the short period eloe (Eq. 3), i.e. , 

AS 
2 

CAP 
wSP 

1 

VTo Te2 VT 
-Ae- --2. _1_ 

g w2 g Te2 SP 

where 1/T02 ~ -Zw· Since 

v • VT (-Z ) VT T Yss -Za 1 ~ Q . . o W . --2. __ 
= = .. 

a ga g g g Te2 

2 

CAP 
wSP ... 
n/a 
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2. Short Period Frequency and Acceleration 
Sensitivity 

The Shuttle was compared to the MIL-F-8785C Category C short 

requirements on two bases. First, in terms of the HOS short 

characteristics as is shown in Fig. II-2O and secondly in terms 

LOES characteristics as will be shown in Fig. II-21. In addition 

period 

period 

of the 

to the 

Shuttle response shown in Fig. II-20, the responses of a number of other 

highly augmented aircraft are also shown. It may be seen that all air

craft shown fall within the Level 1 boundaries for Category C flight. 

The Shuttle OFT and ALT configurations are comparable to the B-70 bomber 

(Ref. 16) and somewhat lower in frequency compared to the other smaller 

aircraft as a consequence of their lower pitch moment of inertia. 

In Fig. II-21 the Shuttle OFT and ALT, the YF-12 and YF-17 are com

pared with the MIL-F-8758C short period requirement on the basis of 

their LOES characteristics. It may be seen that while these aircraft 

are in somewhat different positions with respect to the previous figure, 

all four aircraft are still Levell. For an additional comparison, 

three large aircraft with more conventional flight control systems: the 

C5A, (Ref. 16) the Concorde (with damper off, Ref. 3), and the Boeing 

747 (Ref. 16) are also shown. As a group, these larger aircraft have 

reduced short period frequency and are borderline Levell/Level 2 (or 

even Level 3 in the case of the Concorde). However, these aircraft are 

not generally considered to have flying qualities problems associated 

with short period characteristics. Thus, on the basis of this 

comparison there is no evidence to indicate a problem with the short 

period characteristics of the Shuttle as defined by the existing 

military specification. However, for supersonic flight conditions, the 

data both for assessment and the data base on which the original 

specification was founded are very limited and thus further data would 

be needed for good substantiation. 
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3. Short Period Damping 

The Shuttle and the other aircraft examined in the previous subsec

tion easily meet the M1L-F-878SC short period damping requirements and, 

consequently, this specification is not considered further. 

4. Effective Time Delay ("Dynamic Characteristics") 

Figure 11-22 shows the effective time delay (T) compared to the time 

delay requirements of M1L-F-8785C for the Shuttle ALT and OFT and four 

aircraft examined previously. It may be readily seen that the two 

aircraft earlier identified as having good flying qualities, the YF-12 

and YF-17, have the lowest effective time delay and both are well within 

the Level 1 requirements of 878SC. The Shuttle configurations both have 

much larger time delays which fall into the Level 3 region and are 

comparable to Modern Fighters A and B which were earlier noted as having 

landing problems. 

A comparison of the M1L-F-8785C time delay requirements with data 

from an experiment on the NASA-Dryden F-8 aircraft (Ref. 18) is shown in 

Fig. 11-23. The F-8 data indicates a threshhold on pilot rating degra

dation due to time delay above which pilot rating is a function of the 

stressfulness of the task. The origins of the time delay requirements 

of M1L-F-878SC, are not well documented and the comparison shown here 

indicates that they may be overly restrictive. 

The conclusions of this examination are that the Shuttle is Level 3 

on MIL-F-878SC and that the effective time delay of the Shuttle is 

comparable to several aircraft with known flying qualities problems in 

landing. However, a question remains concerning the validity of the 

criterion for large aircraft and higher altitudes typical of the Shuttle 

in TAEM. 

TR-1174-1 47 



0.25 - ~ ~~ 
.-3 
::0 
I ..... ..... 

..... 
~ 
I .... 

0.20 I- \. \. \. 

,--
<.) 
Q) 
(/) -
.... (1) 

:>; 0.15 I-
0 
Q) 

0 

Q) 

E 
I-

~ 
Q) 0.10 

00 > 
I- """ 

-<.) 
Q) --w 

0.05 t-

o 

~~~ ~,~ 

\. \. \. 
~ 

I' 

I'-
I'-

I'-
1'1'-

I' 

'" 
I' 

'" I' 
I' 
i' 

\.\.\ 
I' 

.... 
~ ~ r.. 
~ .... 

I' 
I' 

~ 
I'-
I' 

I' 
I' 

I' 

ALT OFT 

~~ ~ ~ ~ ~ 

Level 3 

\. \. \. \. \. \ 

Level 2 

\ ,,\ " '" 
Level I 

YF-12 

~ ~ ~ 

\ \ \. 

\.\.\. 

~ t-

YF-17 

\.\\ 

~~), 

r.. 

FIGHTER 
A 

Figure 11-22. Comp~r~son ~f 6 Aircraft with MIL-F-8785C 
TLTIC Dela.'i ~8.-'u·~rcmeClt, (based on short-period 1OES) 

~), ~ 

\\\ 

'" 
~ 
'" 

" ,,\. ~ 

~ 
r.. 
r.. 

'" 
~ 

FIGHTER 
B 



>-:l 
:;0 

0 I --'-l 
~ 
I -

2 

0'1 
.E ..... 
0 

0::: 
..... 4 0 

a.. 
~ 

Cl) 
Q. 
~ 

0 
~ I 

'" I 
6 ~ 

Cl) 
Q. 
0 
0 
U 

8 

10 
0 

YF-12 YF-17 

I • 
NASA DFRC F-8 Shaded region from Ref /8 

LEVEL I 

MIL-F-8785C I 
~I 
~I 

I" LEVEL 2 -I 
I MIL -F-8785C ~I OFT 

I " ALT 

~I Fighter A 

I "I .. I iJ I 
LEVEL 3 

I lI.r 

" 
.04 .08 .12 .16 .20 .24 

Time Delay" (sec) 

Figure 11-23. Comparison of M1L-F-8785C Time Delay Requirements 
with Data from Ref. 18 



G. COMPARISONS WITH OTHER PROPOSED SPECIFICATIONS 

1. Bandwidth/Time Delay Criterion 

A new specification being considered for the Military Standard, in 

progress at Systems Technology, Inc. (STI) (Ref. 19) is shown in 

Fig. II-24. In this criterion, the effective time delay, determined 

from a LOES model, is plotted against bandwidth -- in this case, the 

pitch attitude bandwidth -- defined as the maximum frequency with at 

least a 6 dB gain margin and at least a 45 deg phase margin. The 

bandwidth is computed including the effect of time delay. The OFT and 

ALT are shown along with the aircraft previously examined and it may be 

seen that the results are similar to the MIL Spec time delay comparison, 

i.e., the Shuttle OFT and ALT configurations and the Modern Fighter A 

are Level 3. The Modern Fighter B is again Level 2, however the YF-17 

is Level 2 and the YF-12 is borderline Level I/Level 2 whereas these 

latter two aircraft are both Level 1 in terms of MIL-F-8785C. 

2. Supersonic Cruise Research Vehicle Specification 

Figure 11-25 shows the application, to the Shuttle ALT, of the pitch 

attitude response specification developed for the Supersonic Cruise 

Research Vehicle by Chalk, Ref. 17. Chalk's criteria consists of three 

separate requirements. First, there is a limit on the peak ratio, such 
• 

that ~q2/~ql is less than or equal to 0.30 for Levell flying qualities. 

Response times tl and t2 are defined by drawing a tangent to the curve 

at the steepest slope, defining t 1 as the intersection of the tangent 

with the time axis, and defining t2 as the time of intersection of the 

tangent with the steady state level (1.0). Rise time is defined as 

t2 - tl and required to be less than 0.48 seconds for Level 1. The 

time delay is defined to be T 1 and is required to be less than 0.12 sec 

for Level 1. On the basis of these requirements the ALT would be 

Level 1 in terms of peak ratio and rise time but would be Level 3 

(t 1 ) 0.21 sec) in time delay. 
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3. The CAP' Specification 

As noted recently by Bischoff, Ref. 20, the control anticipation 

parameter must be redefined for aircraft with effective time delay 

since 9(0) = 0 in this case. Following DiFranco, Ref. 21, Bischoff 

defines, on the basis of a unit step stick force input, a more general 

control anticipation parameter, CAP', as 

CAP' (24) 

where the maximum pitch acceleration, 9maxHOS' will occur sometime after 

the force input as shown in Fig. II-26 for the ALT. CAP' is further 

extended to the short period lower order equivalent system model by 

defining 

CAPe' (25 ) 
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RHC Input, Shuttle ALT 

where the first factor in parentheses is defined from the LOES parame-

ters. This factor alone does not give a good approximation to CAP' 

because the short period LOES model will not generally be accurate 

in the high frequency region which largely determines the initial 

pitch acceleration history. Thus the second factor is required where 

SLOS(T) = AS (from the LOES model) and 8maxHOS is determined numerically 

from the HOS response (such as in Fig. 11-26). 

Reference 20 does not explicitly address the question of the valid

ity of extending CAP to systems with significant effective time delay. 

For instance, the question of whether a pilot might consider a rapid 

pitch acceleration following a time delay "too abrupt" whereas the same 

initial pitch acceleration without time delay might be "desirably 

responsive" is not addressed. Bischoff does account for time delay 

explicitly by defining flying qualities levels in the CAP' - T plane 

(see Fig. II-27). The boundaries shown for each flying quality level 

were defined by correlations of data from DiFranco (Ref. 21), Neal and 

Smith (Ref. 8), and the LAHOS study (Ref. 7). These boundaries do seem 

to correlate the data somewhat better than is achieved using the present 

MIL-spec requirement based on CAP, however, the ""[-bandwidth" specifica

tion discussed in G-l shown previously appears to do an even better job. 

In particular, the use of CAP' -T admits Neal and Smith and LAHOS con

figurations with pilot ratings greater (poorer) than 3.5 to the Level 1 

region whereas the .-bandwidth specification properly classifies them. 
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2 

However, despite these questions, it does appear that if CAP is 

to be extended to systems with significant HOS effects then some 

accounting of the effect of time delay on CAP must be made. To this 

end, the aircraft previously compared to the MIL-F-8785C short period 

boundaries are compared to the Ref. 20 boundaries in the CAPe' - T plane 

in Fig. II-27. The Shuttle OFT and ALT are Level 2 whereas they were 

shown to be Level 1 per MIL-F-8785C. This change is not directly due 

to the use of CAP' but rather due to the redefinition of the lower 

boundary in Ref. 20 (i.e., Level 2 is 0.15 ~ 0.25 versus O. 096 ~ 0.16 

for Category C in MIL-F-8785C). It should be noted that while the defi

nition of the levels vary with flight category in the MIL-spec they are 

apparently the same for all levels in Ref. 20. 

TR-1174-1 54 

4 5 



A further point should be noted regarding the YF-12. The YF-12 

v.'llue of CAPe = (w§p/n/a)e based on the short period LOES model is 

comparable to the Shuttle and several times smaller than that for the 

. other three fighters. The YF-12's Levell CAP' was traced to a large 

8maxHOS resulting from the lightly damped first body bending mode. This 

flexibility effect is noted in Ref. 22 and represents a difficulty for 

the CAP concept (at least for larger, flexible aircraft), since it seems 

questionable to expect an aircraft's flying qualities to be improved by 

increased fuselage flexibility. 

4. Sources of Time Delay in the Shuttle 
Pitch Control System 

The primary conclusion reached from the survey of three alternative 

criteria is consistent with that of Subsection F -- effective time delay 

is the primary potential problem for Shuttle flying qualities. Figure 

11-28 shows a comparison of the various sources of effective time delay 

in the Shuttle pitch control system (Fig. U-2) and the hypothetical 

effect of removing each one. It may be seen that the largest single 

time delay is due to the actuator followed by digital computational 

delays. However, the net effect of the bending and smoothing filters is 

larger than either of these. While these sources effect time delay 

directly, they also have a smaller effect on the effective pitch 

attitude bandwidth. 

H. PATH OONTROL AND PILOT LOCATION EFFECTS 

To this point path control has not been analyzed directly but rather 

only treated through the concept of CAP. The Shuttle has unconventional 

characteristics (beyond those of pitch augmentation discussed earlier) 

with regard to the pilot's location with respect to the instantaneous 

center of rotation (ICR). This characteristic has potentially adverse 

consequences for path control. Furthermore, this effect reduces the 

validity of the concept of CAP compared to a conventional airframe as 

will be shown shortly. 
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1. Previous Studies of Path Control 

Manual control of the Shuttle in landing was analyzed theoretically 

and through simulation in the Ref. 2 study to investigate the Shuttle 

ALT PIO in Free Flight Five (FF5). Much of this study was based on com

parison of the Shuttle with the YF-12 which is considered to have ade

quate flying qualities in approach. This study showed the Shuttle to be 

deficient in bandwidth both for the pitch attitude inner loop and the 

outer path loop. The pitch control deficiencies have been seen in the 

previous discussions of effective time delay in the pitch channel. The 

path control problems stem largely from problems of pilot location. To 

begin an examination of this the pilot's closures of the outer path loop 

for the Shuttle ALT (Fig. II-29a) and the YF-l2 (Fig. II-29b) may be 

compared for an inner loop closure of 4.0 rad/sec. These root locus 

plots (from Ref. 2) were constructed from complete 3-DOF transfer func-

tions including all flight control system elements. The complex loci 

which comes from the 1/Te
2 

pole in each case gives rise to the "path 

mode" which becomes unstable for the Shuttle at approximately 2 rad/sec. 

For the YF-12 this mode remains stable largely because of the position 

of the altitude (path) numerator zero [r;hp ' whpl. The differences in 

this zero between the Shuttle and the YF-12 (and other aircraft such as 

the Boeing 747) significantly contributes to the Shuttle's path control 

problems. The reasons for the unusual characteristics of the altitude 

numerator may be seen from short period (e, y) approximations when the 

effects of lift-due-to-elevator (i.e. Zo ) are considered. This will be 
e 

done in the following subsection. 

2. Pilot Location Relative to the Instantaneous 
Center of Rotation 

The primary parameter affecting the numerator of altitude perceived 

by the pilot is the location of the pilot with respect to the instantan

eous center of rotation, ICR, for elevator inputs. The ICR is the point 

at which the normal acceleration due to Zo 0e is just canceled by the 
e 

pitching component XICRMo 0e so that 
e 
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Zo __ e 

Mo e 
(ft, positive forward from c.g.) (26) 

For a HOS system with effective time delay, the ICR is undefined during 

the time delay period and XrCR is given by the above equation at t = 1. 

It should be noted that in the derivation of CAP and CAP'; Lo is 
e 

assumed zero implying that the rCR is at the c.g. (XrCR '" 0). Table 

II-4 indir.ates that, with respect to the pilot, this is a reasonable 

approximation for large transport aircraft such as the C-5A and 747 due 

to their large effective tail lengths. Even for fighters, with more 

closely coupled elevators, the pilot is well ahead of the rCR. The 

information of Table II-4 is shown graphically in Fig. II-30 where the 

vehicle half length, L/2, is used as a non-dimensionalizing parameter. 

The extreme position of the Shuttle's XrCR/(L/2) value indicates it is 

the instant center location rather than the pilot position per se which 

is unusual. This is attributable to the large radius of gyration from 

the engines mounted behind (a presently) empty payload bay combined with 

short effective tail lengths for the Shuttle elevons. The segregation 

of aircraft along the ordinate which separates transport/bomber types 

from smaller "fighter" types stems largely from the pilot being located 

relatively further forward in large aircraft. 

1. Manual Path Control 

The effect of pilot location on VFR altitude control (which is of 

most interest for approach and landing) may be seen from pilot/vehicle 

analysis of the pilot's closure of the outer altitude loop. This 

requires including the "lift-due-to-elevator" in the normal acceleration 

equation and consideration of altitude rate, hp' at the pilot location 

where 
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As shown in the Appendix this leads to 

or 

The above equation may be used to 

(sketched in Fig. 11-31) as a function 

~~p/XICR' where ~~p = ~p - XICR is the 

(27) 

construct a root locus for N~~ 
of relative pilot position, 

distance from the ICR to the 

pilot. Equation 27 is derived in the Appendix under the assumption of 

conventional pitch attitude dynamics. The Shuttle pitch augmentation 
11 

issues discussed in Subsection C will have an effect on NoP. However, 
e 

this effect is secondary to the pilot location effect and thus use of 

Eq. 27 reveals the basic considerations. 

It was stated in Subsection C that the pilot would use the series 

loop structure shown in Fig. II-I for path control. In Ref. 4 it is 

noted that the use of a parallel structure is also conceivable, however, 

it would appear feasible only if pilot lag compensation were adopted in 

the attitude loop. Since we have shown in Subsection C that pilot lead 

compensation is to be expected in the inner loop, the usual assumption 

of a series closure will be made here. The distinction is important in 

that it determines the manner in which the pilot's inner loop equaliza

tion effects the outer loop. 

It is useful to consider first the conventional situation (pilot 

forward of the ICR with aft elevator) where the N2~ roots will be com

plex and in the left half plane as the pilot is moved forward (or as the 

ICR is moved toward the c.g.). If for simplicity we assume that the 

pilot is controlling purely altitude, YphYC for the outer loop becomes 
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9' 
Kph • ~ • (28) 

where the prime denotes closure of the pilot's inner loop and Yph = Kph 

is a pure gain. 

For the limiting case representing the "conventional transport"· 

situation (~tp/XICR large) 

(see Appendix) and 

(29) 

Thus, the dynamics of the altitude closure are essentially the same as 

the attitude dynamics. In this situation CAP - which is proportional 

to the ratio of the high and low frequency gains of the airframe atti

tude transfer function -- may adequately account for the dynamics rele

vant to the altitude closure if the attitude augmentation is not too 

unconventional. 

The situation is different for the more general case when I~tp/XICRI 

is of the order of 1. O. The two cases of interest are: the (conven-

tional) Case A where the pilot is forward of the ICR (such as for the 

YF-12 in Fig. II-29b) and Case B where the pilot is aft of the ICR (such 

as for the Shuttle in Fig. II-29a). The details of the inner attitude 

closure will affect the outer loop closure; however, to clarify the pri

mary effect of the altitude zeroes the same, idealized inner loop will 

be assumed for Case A and B. Thus, 

= (30) 
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and 

(31 ) 

for Case A and 

~(1/Th2)(1/Th3) w~p 
~h Ae s ( 1/Te 2J • [r;Sp, wSP] 

(32) 

for Case B. 

The system survey for the outer loop closure in Case A is sketched 

in Fig. II-32a. 

at the origin 

When the pilot closes this loop the 1/Te 2 pole and pole 

(kinematic integrator) couple and migrate toward the 

[r;h , wh ] zero to form the path mode. 
p p 

The short period (attitude) mode 

is generally driven to higher frequencies. This situation should be 

compared to the YF-12 in Fig. 11-29b. 

The "Shuttle" situation is sketched in Fig. II-32b. The presence of 

the non-minimum phase 1/Th3 zero causes the path mode to be driven 

unstable at relatively low gains, thus, greatly limiting path bandwidth 

compared to Case A. As may be seen from the asymptotic Bode plot 

sketches in Fig. II-32b, this may be attributed to the effective cancel

lation of the phase lead from the real hp zeroes in Case B. This situa

tion should be compared to Fig. 11-29a. 

It should be noted that these numerator effects will not be 

reflected in CAP and thus CAP can not distinguish between Case A and B. 

A final view of this situation is provided in Fig. II-33. It may be 

seen that, immediately after a step elevator input for a pullup, a pilot 

at B will "go down before he goes up" as does the c.g. (and also the 

main landing gear, the altitude of which is of primary concern for land

ing). The pilot at A will immediately go up i.e., he will lead the c.g. 

motion. 
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I. PILOT/AUTOMATIC FLIGHT CONTROL INTERFACE CONSIDERATIONS 

The previous subsections have focused on manual flying quality 

specifications and criteria. However, the Shuttle Orbiter is designed 

to operate primarily in automatic modes with crewmembers supervising 

overall vehicle, navigation, and control system performance. Thus, con

sideration must also be given to workload assessment involving pilot 

monitoring, scanning, and anticipation for action in the event direct 

intervention is required. Pilot-vehicle-supervision-control interface 

workload is highest at the point where it is necessary for the pilot to 

intervene and take over manual control of some function. At this point 

manual control and monitoring/scanning workload combine. Under ideal 

conditions the supervisory workload should not be so high that active 

intervention into vehicle control will exceed 100 percent of his capa

city. 

Based on conventional flight considerations, one would expect the 

highest workload to be associated with terminal area maneuvering and 

energy management. Unfortunately no data are available as to pilot scan 

pattern during Shuttle terminal area operations and, until the second 

orbital flight and entry, no information was available concerning pilot 

workload during manual or automatic flight. On STS-2 TAEM the workload 

summation involving PTI inputs, system and flight supervision, and a 

last-minute change in landing runway due to high crosswind conditions 
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(which necessitated manual intervention during at least a portion of the 

heading alignment maneuver) apparently came very close to saturating 

both crew members. At this crucial point the pilot was able to inter

vene and accomplish the manual control task; however, it appears that 

supervision of other system functions deteriorated and resulted in a 

significant energy loss with landing short of the target touchdown 

point. This tends to indicate either that the supervisory workload is 

too high or that the vehicle handling qualities may be deficient or 

both. It then serves as a workload saturation benchmark for further 

analysis. 

Past flying quality experiments have shown a direct relationship 

between Cooper-Harper flying quality ratings (or levels of flying quali

ties) and pilot attention level required. For example, Fig. lI-34 from 

Ref. 36 derives from a pitch attitude control primary task and a first

order cross-coupled instability as a secondary task. The analytic pre

dictions of the preceding flying quality criteria (e.g., time delay, 

bandwidth, CAP, etc.) have shown the Shuttle Orbiter longitudinal flying 

qualities during the terminal phase of flight to be at best about 

Level 2 (i.e., a CH rating of, say, 4.5). From Fig. U-34 it may be 

seen that this imposes an attentional workload of 40 percent or greater 

for the longitudinal control task. Thus, 60 percent or less excess 

capacity remains to be devoted to other attentional requirements. Of 

course, the task from which the Fig. II-34 data derives was performed by 

a single pilot whereas the Orbiter is operated by a crew of two. The 

resulting implication is that both crewmembers were workload saturated 

in the above-noted STS-2 terminal operation. Again this tends to indi

cate that the combined crewmember supervisory workload may be too high, 

the aircraft flying qualities may be deficient, or both. Additional 

study of this interchange is warranted. 

J. CONCLUSIONS 

1. The Shuttle pitch control system combined with the low (unsta

ble) static margin of the airframe produces an unconventional pitch 

attitude numerator zero (I/TSA) which is significantly different than 
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the path mode inverse time constant (liTe 2). This requires special con

sideration in the use of empirical data (which is largely based on con

ventional aircraft) but does not hamper the use of conventional manual 

control theory (Subsection C). 

2. The pitch rate time response boundaries presently in use may 

unduly restrict overshoot characteristics, and conversely, may not 

sufficiently restrict effective time delay. However, this conclusion 

must be qualified in light of the unconventional attitude dynamics of 

the Shuttle noted above (Subsection D). There is a need for further 

validation of the pitch rate time response boundaries for large aircraft 

and for the supersonic flight regime. 

3. The assessment of short period dynamics indicated that the 

Shuttle is apparently adequate, i.e., Le\tel 1, on the basis of the 

conventional MIL-spec short period requirements for subsonic flight. 

However, for supersonic flight there is a need for further substantia

tion of the requirements since the data base is primarily subsonic 

(Subsection F). 

4. Effective time delay appears to be the longitudinal flying 

qualities parameter of most concern. The Shuttle appears to be Level 3 

based on existing time delay specifications and is comparable to air

craft with known landing problems (Subsections F and G). 
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5. The Shuttle is unconventional in that the pilot is located 

slightly aft of the instantaneous center of rotation for elevator inputs 

due to unusual inertial properties. Manual control theory and previous 

simulation studies indicate that this can degrade flying qualities by 

limiting the bandwidth of the pilots path angle control loop. Conven

tional parameters such as the control anticipation parameter (CAP) are 

not adequate for assessing this problem (Subsection H). 
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SECTION III 

LATERAL DIRECTIONAL FLYING QUALITIES CRITERIA 
REVIEW AND ASSESSMENT 

A review of the applicable literature revealed some nine key 

references (Refs. 6, 9-11, 23-27) relevant to lateral-directional flying 

qualities of the Space Shuttle Orbiter. From these documents, five 

parameters were selected as most pertinente to this highly augmented 

vehicle. The five are roll rate time response, lateral acceleration at 

the pilot station, roll command prefilter, lateral response time delay, 

and time to roll to a specific bank angle. Each of these is addressed 

in a following subsection. The first presents a sequence of entry 

flight phase roll rate time response boundary criteria that have evolved 

during the deSign/development cycle for the Shuttle Orbiter. These have 

been the principal flying quality criteria during the program and show a 

gradual relaxation of performance requirements from those more represen

tative of Class IV (fighter) type vehicles to those more representative 

of Class II or III (large transport) type vehicle as the Orbiter design 

has matured. Typical roll rate time response to step roll rate commands 

are presented for several subsonic and supersonic flight conditions and 

show the response falls within the boundaries with considerable margin 

to spare. 

The relationship between such open loop time responses and closed 

loop bank angle control is then examined using one low supersonic 

(M = 1.5) flight condition. The achievable roll attitude control closed 

loop bandwidth is found to be far less than that considered ideal or 

even acceptable in past pilot/vehicle flying qualities investigations. 

This raises serious questions regarding adequacy of the supersonic roll 

rate time response boundary criteria. A key factor in limiting closed 

loop roll control bandwidth is the large time delay due to computa

tional, filter, etc., lags. The subsonic roll rate time response boun

dary criteria is tested through application to roll responses obtained 

in ground based and in-flight landing simulation of a hypothetical 

supersonic cruise transport configuration. These results show the 
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Orbiter time response boundaries accommodate vehicle responses rated 

acceptable in fixed-base simulation but unacceptable in in-flight land-

ing simulation. A major contributor to the latter was the lateral 

acceleration at the pilot location during the rolling maneuver. 

Lateral acceleration at the crew station is not addressed by the 

Shuttle Orbiter flying quality specification. Two criteria which have 

been presented in the literature are reviewed along with acceleration 

levels obtained from the supersonic cruise transport simulation and 

typical Shuttle Orbiter roll maneuvers. It is shown the criteria pro

duce inconsistent predictions as to the acceptability of the lateral 

accelerations magnitudes involved. 

Results from investigations of command prefilter lag influence on 

flying quality ratings in moving-base and in-flight landing/approach 

simulations are reviewed and a comparison is made between the Orbiter 

prefilter break frequency and those of the latest fighter aircraft. It 

is shown that the Orbiter prefilter break frequency rates favorably in 

both instances. 

Time delay criteria from two flying quality specifications are com

pared with rating degradation obtained from recent landing simulation 

(ground and in-flight) involving increasing time delay. Results show 

difference in sensitivity to time delay due, possibly, to difference in 

aircraft type (size), task stress level, or both. The large but pre

sumably acceptable time delay values for the Shuttle Orbiter are shown 

to be incompatible with the criteria and experimental results. 

The last parameter to be examined is subsonic roll performance. The 

Orbiter time to roll through 30 deg is compared with that of other large 

transport aircraft and with the current military flying quality specifi

cation criteria. It is shown the Orbiter compares favorably with other 

transport aircraft but does not meet requirements of the military flying 

qualities specification. A principal reason for the latter is the sig

nificant time delay incurred before roll begins. 

The section is concluded with a summary of potentially weak areas in 

the Shuttle Orbiter flying qualities specification. 
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A. ROLL RATE TIME RESPONSE 

1. Time Response Boundary Criteria 

Roll rate time response requirements for the Shuttle Orbiter are to 

be found in three separate documents, Refs. 6, 9, 10. Reference 6 is 

the initial (1973) Shuttle Orbiter flying qualities specification. 

Reference 10 is the circa 1977 flight control system specification and 

Ref. 9 contains some of the 1980 verification tests. Roll rate time 

response boundaries from the Ref. 6 flying qualities and Ref. 10 flight 

control specifications are presented in Fig. III-I. The dashed boun

daries are from the flying qualities specification and the solid boun

daries from the flight control system specification. Three separate 

flight regimes are identified. The upper sets cover the hypersonic 

portion of entry (24 > M > 2.5) for which Ref. 6 has a single set of 

response bounds while Ref. 10 has separate boundaries for M > 10 and 

< 10. We are unsure about the specific rationale for this distinc

tion. The middle set of boundaries is applicable to the Terminal Area 

Energy Management (TAEM) portion of the flight. This starts at about 

2.5M and is therefore identified as the supersonic region. The bot tom 

set of boundaries apply to subsonic flight. Note that in all cases the 

boundaries have been relaxed between the flying quality specification 

(1973) and the flight control system specification (1977). 

Normalized roll rate boundaries from the latest Rockwell Interna

tional verification test report (Ref. 9), are shown in Fig. II1-2. Two 

sets of boundaries are shown, one for supersonic, the other for subsonic 

flight. Comparison of the boundaries in Fig. 111-2 with those of 

Fig. II1-l reveal the lower boundaries are essentially the same as for 

the subsonic and supersonic flight regimes from the flight control sys

tems specification. The major difference is the upper boundaries which 

have been increased for the verification tests. Thus there is a con

tinuing relaxation of the roll rate boundaries and these apparently are 

still not firm. 

There are no other sources of normalized roll rate response bound

aries for comparison. However, for subsonic and low supersonic flight 
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the Ref. 11 roll subsidence mode time constant criteria can be applied 

if we assume a simple 1 deg of freedom response. Figure 1II-3 shows 

such a comparison. For Class IV aircraft, 878SC requires the roll time 

constant to not exceed 1 sec maximum. This is approximately the same as 

the Shuttle flying quality specification boundary. For Class II and III 

aircraft, 878SC requires a roll subsidence time constant of less than 

1.4 sec maximum. This is approximately the same as the flight control 

system specification boundary. Thus, the Shuttle flying quality system 

specification is comparable to the military specification for fighter 

(Class IV) type aircraft while the Shuttle flight control specification 

is comparable to the military specification for medium (Class II) to 

large (Class III) transport and bomber type aircraft. This might indi

cate that the Ref. 6 Orbiter requirements were patterned after fighter 

aircraft while those of Ref. 10 were based upon large aircraft con

siderat ions. The latter is probably more appropriate. 

2. Typical Vehicle Responses 

An example time trace from the Ref. 9 verification tests (Fig. 

[II-4) shows a typical response to a 3 sec roll rate "pUlse" command in 

subsonic flight. This specific test is based on nominal non-dimensional 

aerodynamic coefficients for O.7l1 but with a -60 deviation in dynamic 

pressure which results in a speed approximating that for landing. Since 

the aerodynamic coefficients are essentially constant from 0.7 Mach on 

down, these flight traces are fairly representative of the landing con

figuration. The trace shows stability axis roll rate response to a step 

o 2 3 
t (sec) 

Figure 111-4. Typical Orbiter Subsonic Roll Rate Response 
(from Ref. 9, page A2-203) 
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command input. The verification boundaries are also shown. The initial 

roll rate response easily satisfies the boundary limits. The relatively 

large time delay of approximately one third second also easily fall!'; 

within the boundaries. 

Figure 111-5 is a similar set of traces for a Mach 1.1 flight condi-

tion. In this case, the supersonic roll rate response boundaries are 

Rpplied. Again, a relatively long time delay and what would normally be 

considered a poor roll rate response easily meets the boundaries. Fig

ure 111-6 presents a 1.5M normalized roll rate response from an STI 

3 deg of freedom analysis which includes all system lags and computa-

tional delays. This shows an effective time delay of approximately 

450 msec which is somewhat longer than the time delay obtained in the 

verification run of Fig. III-4 but consistent with Fig. III-5. Fig

ure 111-7 is a 3 M normalized roll rate response, again from the STI 

3 deg of freedom analysis; however, this time the computational delays 

and the higher order bending filters were not included. This trace is 

presented to emphasize the influence of roll numerator right half plane 

zeroes which occur in this flight regime. Note the initial roll rate 

response is opposite to the final response. This is caused by a non

minimum phase (right half plane) zeros. The reversal produces an effec

tive time delay of approximately a quarter of a second to which the 

computational delays, filter lags, etc., must be added. Figure 1II-8 

presents a time response trace from the Ref. 9 verification test at 3.4M 

with nominal airframe aerodynamics but with a malfunction of the yaw 

jets such that they fire only on the one side. This produces the high 
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frequency ripple seen on the trace. The important aspect is that the 

roll ra te response time delay appears to be approxima tely 0.4 second 

which is slightly greater than that obtained with our 3 DOF linearized 

model (Fig. 111-7) and is consistent with adding computational lags to 

the Fig. 111-7 non-minimum phase lag. Again, the Shuttle Orbiter easily 

meets the very loose normalized roll rate boundaries for supersonic 

flight. 

3. Open Loop Time Response Boundaries Versus 
Closed Loop Bandwidth 

It is pertinent at this point to include some results from a criti

cal flight condition investigation (Ref. 29) currently being conducted 

for Rockwell International. This involves the neutrally damped or pos

sibly divergent 0.25 Hz oscillation that developed in the STS-l flight 

a t about I.SM during a period when the yaw jets were not firing. It 

appeared that jet firing temporarily halted the divergence. Aerodynamic 

coefficients extracted from the flight data using MMLE techniques were 

supplied by R.I. These data were modified slightly in order to repro

duce the 0.25 Hz closed loop oscillation. This modification consisted 

solely of a 30 percent reduction in roll control power, Cta • 
a 

The normalized roll rate response to a step rotational hand control-

ler (RHC) input is shown in Fig. 1II-9 for a case where the aileron and 

rudder loops are closed but the yaw jet loop is open (jets not firing). 

In this case the effective time delay almost exceeds the allowable delay 

and the roll rate reversal does exceed the response boundary after 

4 sec. 

1.5 sec. 

The time to achieve 63 percent of commanded roll rate is 

The roll control bandwidth that this vehicle response will permit 

can be predicted by assuming the simple pilot/vehicle loop structure 

shown below. 

¢ref 

-0 Y - K -0.25 
RHC FCS and ¢ 

p - pe Airframe 
-
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System survey plots for this closure are presented in Fig. 111-10. The 

upper plot is the conventional root locus and the lower plots are the 

jW and -0 bodies or Bode-root locus. Note that the 1.4 rad/sec 

(0.25 Hz) mode is rapidly destabilized by the ~ loop closure (via manual 

.2!.. automatic control means). The option of lead equalization by the 

pilot in an attempt to stabilize this mode would be futile because of 

the very sharp phase drop off shown on the Bode phase curve. Thus, a 

pure gain closure is the only means of controlling roll. Conventional 

pilot closure criteria are 35 deg phase margin or 6 db gain margin, 

whichever gives the higher bandwidth. In this case the closure line 

which intersects the amplitude peak at or above 1.4 rad/sec will result 

in instability. A 6 db gain margin then places the crossover, wc ' at 

about 0.13 rad/sec. This is totally unacceptable for roll attitude 

control -- the nominal bandwidth criteria is about 2 rad/sec. Any 

attempt to increase gain and bandwidth will drive the 0.25 Hz mode 

unstable. This is a basic PIO situation if the pilot attempts to 

control roll attitude. 
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With the yaw jet loop closed (jets firing) the normalized roll rate 

response to a step RHC input is as shown in Fig. Ill-ll. In this 

instance the response stays within the boundaries except for the small 

initial roll reversal. The effective time delay due to computationAl 

lags and the reversal is about 0.65 sec. The time to reach 63 percent 

of the commanded roll rate is about 1 sec. System survey plots for man

ual roll control of this vehicle are presented in Fig. III-12. Again, 

pilot closure of the roll loop destabilizes the high frequency mode and 

creates a low frequency oscillatory mode. The 6 db gain margin closure 

criteria gives a crossover we ~ 0.45 which is only slightly better than 

with the yaw jets off. However, the Bode phase cut-off is not so sharp 

in this case and the pilot might be able to increase the bandwidth to 

approximately 0.6 rad/sec by adopting a first order lead in the vicinity 

of 1 to 1.5 rad/sec and increasing his gain about 2 db. This would 

require considerable concentration (increase workload) and possibly fur-

ther degrade any handling quality assessment. The lead is of very 

limited help because of the very large phase lag contribution of the 
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computational time delay. Any attempt to increase bandwidth by further 

increasing gain would cause the high frequency mode to become quite 

lowly damped. We would, therefore, predict a poor handling quality rat

ing due to a combination of low bandwidth, lowly damped nuisance mode 

oscillation, and high workload. 

Interestingly, the augmented vehicle dynamic characteristics with 

the yaw jets firing meet the MIL-F-8785C oscillatory mode damping 

requirements. It is not known fot' certain whether this mode derives 

from the unaugmented airframe dutch roll or lateral phugoid modes. But 

whichever it is, MIL-F-8785C requires for Level 1: 

(r;;w)RS > 0.5 

The values for the oscillatory mode are: 

0.347 r;;w = 0.57 

In summary, this analysis has shown that: 

• Meeting the supersonic normalized roll rate 
response boundaries does not assure acceptable 
closed loop roll control bandwidth or precision 

• The large effective time delays at this flight 
condition (which has already been noted at other 
conditions) restrict the closed loop roll control 
to bandwidths far below that normally considered 
acceptable. 

o For the current flight control system feedback 
loop structure, equalization, and gains, it is 
essential to lateral stability and controllabil
ity that the yaw jets remain active. 

4. Other Considerations 

Example time traces from the Ref. 24 Langley Research Center simula

tion of a Supersonic Cruise Transport (SSCT) approach and landing are 

shown in Fig. III-l3. The traces on the left show the step control 

wheel input and the roll rate, sideslip, and roll attitude responses. 

The traces on the right show lateral acceleration at the cg and at the 

pilot station which is located some 145 ft ahead of the cg. LaterRl 

components due to the yaw and roll angular accelerations at the pilot 
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station are also shown separately. The aircraft response with the basic 

stability/command augmentation system (SeAS) received a handling quality 

rating (HQR) of 2 for landing approach maneuvers on the fixed base simu

lator. However, when this same vehicle and control system was simulated 

on the Calspan Total In-Flight Simulator (TIFS) the lateral flying qual

ities were rated unacceptable (HQR > 4) primarily due to the large 

lateral acceleration at the pilot station. The SeAS roll rate command 

algorithm was then modified to decrease the command gain and incorporate 

a first order lag prefilter: 

Basic: 

Modified: 

p 
c 

= 
0.35 15 w 

(0.7 s + 1) 

The resulting lateral response received a HQR of 3 on the TIFS. 

The two roll rate responses of Fig. 111-13 are fitted in Fig. 111-14 

with normalized subsonic time response boundaries from the Ref. 6 and 10 

Shuttle Orbiter specifications. It is important to note that either 

SCAS meets the Orbiter specification boundaries but the faster respond

ing vehicle is rated unacceptable by the pilot. Thus, this roll rate 

requirement is, by itself, insufficient to produce satisfactory flying 

qualities. These results also tend to support the relationship previ

ously noted in Fig. 1II-3 between the Orbiter flight control system 

specification boundary and the roll rate time response of large 

(Class II and III) aircraft. 

B. LATERAL ACCELERATION AT THE PILOT 

Figure III-13 shows that the modified SeAS totally eliminated the 

large (0.1 g) initial lateral acceleration pulse at the pilot. The 

result is a lateral acceleration buildup very similar to that of the 

roll rate. Thus the ratio of lateral acceleration to roll rate is rela

tively constant. Both of these aspects relate to criteria proposed in 

Refs. 25 and 26. The effect of pilot location relative to the aircraft 

center of gravity is shown in Fig. III-IS (taken from Ref. 24). For the 

supersonic transport configuration simulated, the pilot station was 
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located 16 ft above and 145 ft ahead of the aircraft e.g. The squares 

in Fig. III-IS reflect the lateral acceleration component due only to a 

pilot location 16 ft above the aircraft e.g. Thus, if the pilot were 

located longitudinally at the aircraft e.g., but above it a distance 

of 16 ft he would experience 0.08 g lateral acceleration due a full roll 

command input. In addition to this roll acceleration component, the 

e.g. would experience a lateral acceleration of roughly 0.04 g's, bring

ing the total to 0.12 g's. If the control system contained no turn 

coordination features and if the pilot were to be moved forward of the 

e.g., the lateral acceleration experienced for this same input would be 

as shown by the upper line. This indicates approximately 0.28 lateral 

g's when the pilot is located 145 ft ahead of the c.g. Thus, without 

turn coordination features, a pilot location ahead of and above the e.g. 

can experience quite large lateral accelerations in rolling maneuvers. 

Turn coordination effectively moves the instantaneous center of rotation 

for roll control inputs and therefore can be tuned to reduce lateral 

acceleration at the pilot (but at the expense of increased ay at the aft 

sections of the aircraft). The peak lateral accelerations obtained from 

Fig. III-13 partial roll commands for the two different seAS configu

rations are shown by the solid circle and the cross on Fig. III-IS. The 

solid circle reflects the basic SeAS which had a peak lateral accel

eration of 0.1 g's. The cross represents the modified SeAS with a maxi-
\ 

mum lateral acceleration of 0.02 g's. It should be noted that these 

control configurations included turn coordination features which were 

also changed in the modified SeAS to help reduce the lateral accelera

tions at the pilot. 

The hashed boundary in Fig. III-IS is a criterion proposed by Boeing 

(Ref. 28) based upon their commercial transport experience. This cri

terion states in part: 

"Lateral acceleration at the pilot station shall not 
exceed a level of ±0.07sg peak, and the critical 
passenger station shall not exceed ±O.Osg peak. 
These levels shall be met for all normal maneuvers 
including 30 degree bank and capture using an average 
roll rate of SO/sec in cruise and IOo/sec at landing. 
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If unpiloted time studies are conducted, the wheel 
input should be a 0.5-second ramp of magnitude suffi
cient to produce the specified average roll rates." 

Note the Langley SST simulation with the modified flight control system 

lies in the Boeing acceptable region while the basic command aug-

mentation system is above the acceptable boundary. However, if the 

maneuver were increased to achieve 10 deg/sec roll rate it would appear 

that both configurations would exceed the Boeing criteria. 

Limits on lateral acceleration at the pilot station are not included 

in any of the Shuttle specifications although the problem was given 

early exposure in Ref. 35. The pilot station acceleration from two 

Shuttle Orbiter subsonic verification tests are shown by the X's on 

Fig. III-15. These show the pilot station 68 ft ahead of the vehicle 

c.g. experiences about 0.15 g peak acceleration for a roll rate of 

20 deg/sec. The O.8M case was obtained with nominal aerodynamic 

coefficients, the 0.6M cases identified as LVAR 9 and 23 have off-

nominal cases having proverse aileron yaw, which could influence the 

lateral acceleration somewhat. It is apparent that these responses 

would just meet the Boeing criteria if the roll rate command were 

reduced appropriately. 

One problem with the boundary and requirements of Fig. III-15 is 

that the severity of maneuver is not adequately taken into account. A 

second criterion was proposed in Ref. 23 with the allowable lateral 

acceleration at the pilot ratioed to the maximum roll rate developed in 

the maneuver. The input is a step roll rate command and peak lateral 

acceleration and peak roll rate are measured within the first 2-1/2 secs 

of response. Figure 111-16 presents a plot of the response ratio versus 

pilot rating obtained from experiments reported in Ref. 23. Results of 

these experiments showed a steady degradation in handling quality 

ratings as the parameter values increase. The criteria proposed in 

Ref. 23 were Level 1 for values less than 0.012 g per degree/second; 

Level 2 for values from 0.012 to 0.035 g per degree/second; and a 

Level 3 boundary at approximately 0.058 g per degree/second. The appro

priate response ratios from the Langley configurations of Fig. 1II-14 
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and the Shuttle configuration shown in the Fig. III-15 are spotted in 

Fig. III-16. The basic SCAS (which received a rating of unacceptable) 

has a parameter value of 0.05 and is found to lie between Level 2 and 

Level 3 boundaries in the Ref. 23 criteria. The modified SCAS (solid 

cross) is seen to lie between Levelland Level 2 but was given a HQR 3 

in the TIFS. The X identifies parameter values for the two Shuttle 

configurations from Fig. III-15. No pilot ratings are available but 

with this criterion they lie within the Level 1 region whereas in 

Fig. III-15 they were outside the acceptable regions but would scale 

down to meet the Boeing criteria. Obviously, there is significant 

difference between the criteria of Figs. 1II-15 and III-16. The only 

consistent prediction between the two is the basic SeAS which is judged 

unacceptable by both. The problem is which is the more appropriate for 

the Shuttle Orbiter. The data points of Fig. 111-16 were reported to be 

obtained using the Calspan TIFS aircraft and presumably simulating the 

SCR vehicle. Thus, the results should be representative of transport 

size aircraft with their high inertia and relatively low roll rates. At 

a given lateral acceleration, the criterion of Fig. 111-16 indicates the 

flying quality rating can be improved by increasing the peak roll rate. 

That is, the criteria of Fig. III-16 reflect the need for some measure 

of harmony between lateral acceleration at the pilot and roll rate. The 

problem remains as to which criteria may be the more appropriate for 

Shuttle type vehicles. 

C. COMMAND PREFILTER 

As indicated previously, command prefiltering can reduce the rolling 

acceleration but will introduce phase lag. Figure 111-17 presents 

curves of Cooper-Harper rating versus break frequency of a first order 

lag command filter obtained from Refs. 25 and 26. The Ref. 25 data 

reflect actual landing flare maneuvers in the NT-33. Two roll mode time 

constants were simulated. The squares reflect a roll time constant of 

0.3 sec and the circles a roll mode time constant of 0.8 sec. These 

data indicate that the flying quality rating degrades rapidly as the 

prefilter lag inverse time constant moves from 10 to 1 rad/sec. It also 

indicates that the vehicle with the larger roll mode time constant is 
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more sensitive to the lag introduced by the prefilter. An additional 

set of data from Ref. 26 reflects moving base, ground simulation of a 

large twin engine transport aircraft with a roll mode time constant of 

0.23 sec. The average ratings from three pilots is indicated by the 

dashed line on the left of Fig. 111-17. The rating spread between the 

pilots is indicated by the bar. These two sets of data are consistent 

in two aspects. First, reducing the prefilter break frequency rapidly 

degrades flying qualities. Second, as the roll mode time constant 

increases, the prefilter frequency must also be increased to achieve 

acceptable flying qualities. Since both of the parameters of concern 

involve lag in the roll rate response to a command, the two are summed 

to reflect the total roll response lag to a roll rate command and 

plotted in Fig. 111-18 versus the Cooper-Harper rating from Fig. 111-17. 

The NT-33 results coalesce somewhat. With the exception of three data 

points, the ratings can be fitted by a single curve such as the solid 
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line in Fig. 111-18. The data points from the large twin engine trans

port moving base simulation remain separated from most of the NT-33 

data. The spread between the two sets of data could be due to aircraft 

size or to simulation artifacts such as display or stress level. That 

is, the NT-33 in actual landing flare could be considered a high stress 

situation, whereas the ground based simulation approach and landing 

would be low stress. This has been suggested previously to explain 

differences in flying quality ratings obtained in simulation versus 

actual flight. Although there is insufficient data to draw conclusions, 

it might also be argued that pilots generally expect lower or more 

sluggish response of large aircraft and therefore the lower effective 

break frequency would be more acceptable. Thus one may project that the 

differences in the two curves reflect vehicle class or size 

consideration. 

Prefilter break frequencies for two of the latest fly-by-wire 

fighter aircraft, the Shuttle Orbiter, and the SST simulated at Langley 

are summarized in Fig. III-19. Both fighters have the roll rate pre-

filter at 5 rad/sec and the pitch-rate at somewhat higher frequency. 

This probably reflects the desire for higher bandwidth control in pitch. 

From Fig. III-17 it may be observed that a 5 rad/sec prefilter may 

degrade the flying quality rating (neither of these aircraft are con

sidered to have excellent flying qualities in the landing approach). 

The Shuttle Orbiter roll rate prefilter is at 10 rad/sec and from 

Fig. 111-17 would indicate little or no flying qualities degradation due 

to the filter. On the other hand, the Langley SSCT simulator had the 

prefilter at 1.43 rad/sec. Upon first glance at Fig. III-17 one might 

expect this would degrade the flying quality rating rather than improve 

it. But it might also be noted that this break frequency is the same as 

one which produced Cooper-Harper ratings as high as 2 and 3 in the 

Ref. 26 transport aircraft simulation. Thus again, aircraft size may be 

involved. 

D. LATERAL RESPONSE TIME DELAY 

As noted previously, the Shuttle Orbiter flying quality and flight 

control specifications do not include a criterion for time delay between 
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the command input and vehicle response. Such criteria are contained in 

the new MIL-878SC and the SCR criteria of Ref. 23. The time delay cri

teria of these two documents are plotted as boundaries against the 

Cooper-Harper scale in Fig. 111-20. The 878SC Levell, 2 and 3 bounda

ries are shown in Fig. III-20 by the solid lines. A diagonal from the 

origin shows the time delay values selected coincide with Cooper-Harper 

3.5,6.5 and 8.5 rating points, respectively. The Levell, 2, and 3 

criteria of Ref. 23 are shown in Fig. 1II-20 as the dashed lines. A 

diagonal intersecting these lines at 3.5, 6.5, and 8.5 intersects the 

time delay scale in the vicinity of 0.1 sec. Thus, the Ref. 23 require

ments appear to allow approximately 100 msec before the onset of flying 

quality rating degradation. 
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Figure 111-20. Lateral Response Time Delay Criteria Comparison 
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Only two sets of lateral time delay experimental data were found and 

these tend to support some time delay threshold before a flying quality 

rating degradation is incurred. The two data sets are reflected in 

Fig. I II - 2 1 • Again, these are from Refs. 25 and 26. As before, the 

squares represent the 0.3 sec roll mode time constant and the circles 

the 0.8 sec time constant. The other curve in Fig. 111-21 is the Ref. 26 

transport aircraft in the moving base approach and landing simulation. 

Interestingly, separate straight lines fitted to the larger time delay 

data points would intersect the time delay axis in the vicinity of 0.13 

to 0.15 sec. The sensitivity to increasing time delay appears to be 

Notes: 
1. Varoable stability NT·33 

2. Ratings for landing flare maneuver 

3. One pilot 
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considerably greater for the NT-33 (actual flight maneuver) than for the 

same task in the transport (ground simulation). Again, this could be 

due to a dif ference in stress level between flight and moving bRse 

simulation as was noted for the longitudinal axis in Fig. 11-23. 

Nevertheless the two sets of data tend to agree on an allowable 

threshhold on the order of 140-150 msec which is about mid-way between 

the two Level 1 criteria of Fig. 111-20. 

The lateral time delay degradation effects are compared to longi

tudinal in Fig. 111-22. Both sets of data are from the NT-33 and indi

cate very similar degradation in pilot rating with increasing time 

delay, including approximately the same threshold effects. 
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Figure 111-22. Comparison of Effect of Time Delay on Pilot 
Ratings for Lateral and Longitudinal Control Tasks 
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Interestingly, the effective time delays shown in the Shuttle 

verification tests (Figs. 1II-4 through III-8) are all of the order 

of 0.3 sec or greater. Furthermore, the Shuttle roll rate response 

criteria of Figs. III-1 and 1II-2 allow effective time delays up to 

about 0.8 sec. Such delays are totally unacceptable on the basis of 

Fig. 111-21 data. Since there is no available evidence that the Shuttle 

Orbiter flying qualities in roll control are totally unacceptable, then 

one must question the criteria of Refs. 11 and 23 or their applicability 

to Shuttle-like vehicles. 

E. TIME TO ROLL 

Typical Shuttle Orbiter time traces for a roll maneuver in the land

ing condition are shown in Fig. 1II-23. These are from the verification 

tests of Ref. 9. The roll rate command is about 20 deg/sec; the time to 

bank 30 deg is 2.2 sec. The traces also show a time delay of approxi

mately 500 msec before the roll begins to respond. The fourth trace 

from the top indicates a peak lateral acceleration at the pilot to be 

0.15 g's at about the time the bank angle begins to change. The lateral 

acceleration/roll rate ratio that was plotted previously in Fig. 1II-16 

was obtained from these traces. The bottom time trace shows the lateral . 
acceleration at the c.g. to be roughly half that at the pilot's station. 

The Shuttle flight control system specification contains a criterion 

for time to roll 30 deg as a function of Mach number. This is shown in 

Fig. III-24. For Mach numbers less than 0.6, the allowable time is 

2.5 sec. For Mach numbers above 1.5, the time should not exceed 7 sec. 

Spotted on this plot are three data points from the Shuttle verification 

tests. These verify that the Shuttle meets its specification. Also, 

six data points for the supersonic Concorde (extracted from Ref. 23) 

show that between 0.4 and 1.8 Mach, the Concorde also meets this Shuttle 

specification. 

consistent. 

The Shuttle and Concorde roll performance appear quite 

The 878SC roll performance requirements for Class 3 aircraft are 

presented in Fig. 111-25, with the requirements for time to bank 30 sec 

in non-terminal flight phases plotted versus the roll subsidence time 
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constant boundaries. The rectangles define regions of Levell, 2, and 3 

flying qualities. The dashed lines define expanded regions for the same 

levels as proposed for the supersonic transport in Ref. 23. SpottE'd on 

this plot are the results from flight test of the Lockheed LI0l1 <md 

C141A/B aircraft. All three of these aircraft fall within the Level 2 

boundaries of 878SC. None of the data points are actually within 

Level 1 requirements. This suggests that the 878SC requirements may be 

too strict for Class 3 (very large) aircraft. Also spotted on the plot 

are the results from two of the Shuttle verification simulations. One 

falls within the Levell, the other falls within Level 2. Both are con

sistent with the range of time to bank results obtained with the LI011 

and C 141 aircraft. These also suggest that the time requirements to 

bank 30 deg might be relaxed somewhat for the Shuttle. 

Similar roll response criteria for the Category C or landing flight 

phase is shown in Fig. III-26. In this plot the 878SC boundaries sep

arating Levels 1 and 2 are shown for Class 2 and Class 3 aircraft. The 

Ref. 26 roll rate response parameter t63% is used in place of the roll 

mode time constant as in Fig. III-25. The data points are from two 

transport aircraft landing simulations. The lower plot indicates Trials 

1-4 and the numbers in parentheses beside each of the data points is the 

pilot rating assigned for the rolling maneuver response. In trials 

T1-T4 the maximum roll rate response was limited at 36 deg/sec. The 

upper data points, R1-R4, reflect a roll rate limit of 18 deg/sec. Data 

points T1, T2, R1, and R2, tend to indicate via the pilot ratings that 

the Level 1 roll rate response boundary (t63% or TR) should be in the 

vicinity of 0.7 sec rather than 1.4 sec. These results are not consis

tent with those from the L-1011 and C-141A/B flight tests (Fig. 111-25). 

The data of Fig. III-26 do indicate the time to bank distinction 

between Class II and III aircraft may be unnecessary. 

In all, it appears from Fig. 111-25 and 111-26, that additional data 

are needed for defining the roll response criteria for large aircraft. 
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F. SUMMARY 

In summary, this preliminary review of the literature and avail

able data has identified four lateral flying qualities areas that may be 

tentatively identified as weak. The first is the roll rate response 

boundaries as currently set forth in the Shuttle Orbiter flying 

qualities and flight control system specifications. These boundaries 

appear to be rather broad and really could stand refining and narrowing. 
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There is indication that there may be a tradeoff between flying 

quality and ride quality requirements. A major problem occurs for vehi

cles which roll about the velocity vector and are flown at large angles 

of attack and/or with the pilot located far in front of the vehicle c.g. 

Configurations that meet the current roll rate response boundaries may 

be found unacceptable because of large lateral accelerations at the 

pilot station. Lateral acceleration at the crew station is currently 

unspecified for the Shuttle Orbiter. Two ways of specifying the allow

able lateral acceleration have been examined and neither appears to be 

completely satisfactory. Certainly additional tests and data are 

required to pin this down. 

The equivalent time delay between pilot command of a maneuver and 

the actual vehicle response also is currently unspecified in any of the 

Shuttle Orbiter documents although it may be inferred from the roll rate 

response boundaries. There are two criteria presently available in the 

litera ture, one of which allows some time delay threshhold, the other 

does not. There also is evidence that the criteria might be related to 

either the vehicle size or to a particular task. The current criteria 

are questionable and again there is need for additional data and refin

ing of the requirements. It should be noted that roll rate response and 

equivalent time delay combine to form a limit to achievable closed loop 

bandwidth in both roll and path control. That is, increasing equivalent 

time delay and/or decreasing roll rate response reduce the closed loop 

bandwidth control that the pilot can obtain in either the roll or path 

control tasks. Further experiments should address this interrelation-

ship. 
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SECTION IV 

FLIGHT CONTROL SYSTEM CRITERIA REVIEW AND ASSESSMENT 

Several key flight control system criteria have already been covered 

in the preceding flying qualities review. This subsection will be 

devoted to additional items which influence closed loop stability, 

handling, and ride qualities. It will focus on six performance related 

requirements or criteria of the Ref. 10 Shuttle Orbiter flight control 

system specification. These are: stability margins of the various con

trol system feedback loops, automatic turn coordination performance, 

residual oscillations, failure transients, gust sensitivity, and control 

sensitivity. These will be treated in each of the subsections to 

follow. 

There is little hard data against which the Ref. 10 requirements or 

criteria can be compared. The major source for similar criteria is 

Ref. 29, the U.S. Air Force Flight Control System Specification, MIL-F-

9490D. This specification treats augmentation systems but does not 

cover complete fly-by-wire type control. The U. S. Navy flight control 

system specification (Ref. 30) is totally outdated and has no criteria 

pertinent to hiBhly augmented or fly-by-wire aircraft. At this time 

both of these specifications are undergoing updating; however, neither 

revision has progressed to the point of providing additional criteria 

for this review. Criteria and design guides pertinent to sidestick type 

controllers were found in Refs. 31 and 32. These sources are augmented 

wherever possible by available information from specific flight control 

systems. 

Before getting into the Ref. 10 requirements, it is pertinent to 

comment on the performance levels identified in that specification and 

used in the preflight system verification tests. These are summarized 

in Fig. IV-I. Level 1, 2, and design assessment performance levels are 

designated. Note that in a quad redundant, fly-by-wire system, degraded 

performance should only result from multiple, similar, control system 
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out-of-tolerance conditions, or from the vehicle aerodynamic character

istics being considerably different from those predicted. Reference 9 

shows the difference between Levels 1 and 2 to reside primarily in no 

degradation versus FCS component 30 out-of-tolerance buildup combined 

with large aerodynamic variations. Any lesser tolerance buildup still 

must meet Level 1 performance requirements. An additional Level 1 

requirement is that the flying qualities be rated 3 or better on the 

Cooper-Harper scale while the maximum component out-of-tolerance buildup 

and aerodynamic uncertainty case still must achieve a Cooper-Harper 

flying quality rating of 6 or better. Thus, each level requires a 

specific loop-by-loop stability margin within the flight control system 

for all automatic functions and an additional flying quality 

consideration where the pilot interacts. This is considerably different 

from the Ref. 11 specification which relates Level 1 and 2 flying 

quality rating requirements with flight control system failure states. 

In the case of the Shuttle Orbiter, flight control system failure (i.e., 

multiple, similar, control system component failures) would undoubtedly 

result in loss of the vehicle and this is legislated against by the 

"design assessment" performance level. 

A. STABILITY MARGIN 

Closed loop stability margin requirements for the Orbiter (SDM Para. 

3.4.1.9.3.2) and MIL-F-9490 (Para. 3.1.3.6.) are shown in Fig. IV-2. 

These specifications are quite similar but the military specification 

may be somewhat the tighter. For instance, the Orbiter SDM Level 1 

requirements for frequencies less than 6 Hz are -6 dB amplitude and 

+30 deg phase module. For frequencies above 6 Hz, it only requires 

-6 dB amplitude margin. For Level 1, the phugoid should not have a time 

to double amplitude less than 55 sec, or a spiral with time to double 

amplitude less than 12 sec. Level 2 requires stability margin of -4 dB 

amplitude and +20 deg phase margin for all frequencies. The Mil speci

fication requires frequencies less than the first elastic mode to have 

6 dB gain margin and 45 deg phase margin. For frequencies above the 

first elastic mode it requires 8 dB and 60 deg phase margin. There is 

no Level 2 requirement given in 9490. 
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Figure IV-2. Stability Margin (Closed Loop) 
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B. AUTOMATIC TIJRN COORDINATION 

Figure IV-3 indicates the automatic turn coordination requirements 

of the Orbiter SDM. These are separated into two flight regimes. The 

first covers the initial entry, hypersonic, and supersonic regions down 

to about 2.5M. Only Levell is specified and that requires maintaining 

sideslip within 1 deg. For the terminal area energy management and 

approach and landing regions, two levels are given and Level 1 require

ments are further separated into steady turning (at zero roll rate) and 

steady rolling conditions. Note that lateral acceleration levels are 

specified for the c.g. and not at the pilot or crew station. Referring 

back to the Fig. III-23 roll maneuver time traces, a lateral accelera

tion at the c.g. of less than O. 1 g can result in O. 15 g at the crew 

station. 

MIL-F-9490D has no requirement for automatic turn coordination. It 

refers to MIL-F-8785 where the requirement is in terms of manual coor

dination (e.g., pedal force). 

C. RESIDUAL OSCILLATIONS 

Figure IV-4 provides a comparison between the Orbiter and Air Force 

specification for residual oscillations at the pilot station. Both 

specifications have a Level 1 requirement but there is no indication of 

a Level 2 requirement. The specifications are quite similar except that 

9490 refers to HIL-F-8785 for pitch oscillation limits which, in turn, 

are set at !3 Mils (0.17 deg) for flight phases requiring precise atti

tude control. 

D. FAILURE TRANSIENTS 

Figure IV-S has a comparison of the Orbiter and Air Force specifi-

cations for failure transients. Here there are several differences 

between the two specifications. The main consideration is that the 

Orbiter has the 

failures. This 
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Figure IV-3. Automatic Turn Coordination 
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Figure IV-4. Residual Oscillations at Pilot Station 
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Figure IV-5. Failure Transients 
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system. The main considerations are on sideslip excursions and the 

pitching and rolling rates of the vehicle. The la tter are tied to the 

dynamic pressure at which the vehicle is operating. Even at dynamic 

pressures of 200-300 psf the allowable transients are very mild. All of 

these are further time limited to less than 2 sec following the failure. 

The Air Force specification (9490) refers to the flying qualities speci

fication (8785) for time limitation and, in turn, 8785 lists none. 9490 

does identify three performance levels and these relate to accelerations 

at the c.g., either normal or lateral. The Level 3 requirement is to 

prevent breaking of the airframe. 

E. GUST SENSITIVITY 

The Orbiter flying quality specification (Ref. 6) refers to a gust 

sensitivity requirement to be determined by the Contractor. No further 

indication of a gust sensitivity requirement has been found except for a 

briefing chart prepared by Rockwell International in support of verifi-

cation tests performed on the simulator. The actual source of the 

requirement has not been determined. However, the chart indicates that 

the gust induced motion at the pilot station shall not exceed a normal 

acceleration of 0.03 g's rms per ft/sec gust or a lateral acceleration 

of 0.015 g's rms per ft/sec applied gust. 

F. CONTROLLER COMKABD SENSITIVITY 

Figure IV-6 summarizes the Ref. 10 control sensitivity requirement 

for RHC software command in response to RHC angular deflection. This in 

effect specifies a threshold of 5 percent of full deflection before an 

output results and, after exceeding the 5 percent threshold, the output 

shall be a quadratic function of input. The force-displacement and roll 

rate command characteristics as mechanized in the RHC and flight con-

trol system software is shown in Fig. IV-7. On the left, the force-

displacement characteristics are shown to have a constant force gradient 

up to approximately 2/3 of the controller displacement. At this point 

an intermediate or "soft" stop is reached. Further application of force 

will allow the final 1/3 stick displacement. The electrical signal out 
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of the RHC is proportional to stick deflection. The stick signal is 

then modified in the FCS to produce the Fig. IV-6 nonlinear shaping 

(note x' = x - 1.1 deg). One shaping is used for supersonic regimes and 

another is used for low subsonic. Between these, the coefficients are 

obtained using straight line interpolation as a function of Mach. The 

output of the shaping algorithm then is passed through a limit which is 

again a function of Mach. It then goes through the first order lag 

prefilter and another Mach gain before being compared with the roll rate 

and other feedback responses. The pitch/rate command is similar to that 

shown in Fig. IV-7 except that the force gradient is about 30 percent 

lower. 

There is little data on sidestick controller characteristics against 

which the Orbiter mechanization can be compared. The most complete 

reference material derives from an investigation of 

characteristics for side-stick controllers conducted 

force-deflection 

in the Calspan 

NT-33 and reported in Refs. 31 and 32. The purposes of that investi-

gation were to determine if it is necessary or desirable for side-st ick 

controllers to have motion (displacement) for good flying qualities and, 

if so, to determine the amount of motion desired for different flight 

phases and piloting tasks. The tasks employed encompassed Category A 

(formation, air-to-air tracking, and aerobatic maneuvering) and Cate

gory C (ILS approach and touch and go landings). All tasks were flown 

in relatively calm air. Pilot commentary and flying quality ratings 

were given for both lateral and longitudinal tasks. The test matrix 

encompassed four force/command-response gradients (low, medium, high, 

and very high) and three stick displacement levels (fixed, small, and 

large). Unfortunately, the specific force, displacement, and electrical 

gain values employed did not provide a sufficiently large range of con

troller characteristics to allow complete assessment of or comparison 

with the Orbiter sidestick. That is, some Orbiter RHC characteristi.cs 

fall outside those investigated. In addition, only roll rate command 

characteristics can be directly compared because the longitudinal input 

in the NT-33 commanded normal acceleration whereas pitch rate is com

manded in the Orbiter. 
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The upper plot of Fig. IV-8 presents lateral sidestick force/command 

sensitivity characteristics in terms of torque (T) applied about the s 

sidestick pivot point. The solid lines reflect the characteristics 

investigated in the NT-33 for approach and landing tasks. The Orbiter 

RHC subsonic torque/command curve is shown out to the soft stop and is 

seen to be somewhat higher than the torque/command gradient classified 

"Very High" in the NT-33 experiments. 

The lower plot of Fig. IV-8 is a cross-plot of the initial torque/ 

command gradient (L, M, H, VH) and the stick displacement to torque 

ratios (fixed, small, large) used in the NT-33 experiments. The com

binations tested are identified by the circles. The numbers by the 

circles are the average Cooper-Harper handling quality ratings (HQR) 

given by two pilots. These indicate that in the NT-33 approach and 

landing tasks the light and medium force gradients were acceptable while 

the high and very high gradients were unacceptable. 

While the Orbiter RHC torque/response feel is higher than the 

highest curve of the NT-33, its torque to displacement ratio is much 

smaller than that tested in the NT-33. Thus the Orbiter RHC displace

ment/force characteristic is relatively "free" and essentially the 

opposite of a "fixed" stick. Tracking experiments reported in Ref. 34 

showed that a "free" sides tick induced more high-frequency phase lag on 

the part of the pilot and rms error were larger than for "fixed" side

stick configurations. This additional source of closed-loop lag has not 

been considered previously and could be a significant contribution to 

PIO tendencies in situations where large stick deflection is employed. 

The longitudinal torque/displacement ratio is also shown in Fig.IV-8 to 

indicate the "free" stick-induced latency may be even more significant 

in pitch control. 

The F-16 sidestick development (Ref. 33) provides additional back

ground information. But again, the applicability to the Orbiter is 

somewhat limited because the F-16 sidestick is a fixed (rigid) configu

ration whereas the Orbiter RHC has ±19.5 deg deflection to the soft 

stops. 
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Figure IV-9 shows two F-16 sidestick configurations, the orig

inal fixed (0.046 in. maximum displacement) and the later "movable" 

(0.122 in. maximum displacement), compared to the NT-33 data base. Note 

that the F-16 and Orbiter torque/command gradients are very similar. 

The original configurations were considered to be excessively tiring and 

lacking in cues to indicate when the command limit had been reached. 

The modified stick is rated improved in that the cue for command limit 

is better but is still has heavier forces than desired. The F-16 

results thus support the NT-33 findings. 

The Shuttle Orbiter RHC feel/command sensitivity characteristics 

are compared with the NT-33 results for up-and-away flight tasks in 

Fig. IV-lO. Two 

sented. One is 

sets of feel/sensitivity 

for low subsonic flight 

characteristics are repre

representative of approach 

lineup, the other for the supersonic beginning of the terminal area 

energy management regime. The RHC subsonic characteristics again exceed 

the NT-33 very high feel ratings and the supersonic regime RHC 

feel/sensitivity gradient is an order of magnitude from that considered 

very high in the NT-33. 

The F-16 feel/sensitivity gradients are plotted against the NT-33 

up-and-away results in Fig. IV-II. This shows the F-16 again to have 

very high force characteristics which are reported to be tiring to the 

pilot in gross maneuvering tasks. 

Comparison of the upper plots of Figs. IV-lO and IV-ll show the F-16 

sidestick characteristics to be almost identical to the Orbiter subsonic 

stick characteristics. This would tend to indicate the Orbiter RHC 

feel/sensitivity gradient in all flight regimes might also be tiring. 

However, under normal conditions the Orbiter attitude and maneuvering 

control task is so benign that the high force-to-command gradient may 

not be a fatigue factor. It would appear, however, that the large 

change in command sensitivity with Mach number might lead to pilot 

adaption problem and possible overcontrol (PIO) if the pilot were 

continuously controlling attitude during rapid deceleration from M = 2 

to M = 0.6. 
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Overall, the Shuttle Orbiter RHC feel and roll rate command charac

teristics differ appreciably from other sidesticks which have been 

formally evaluated. 'There are no firm data to say the Orbiter feel/ 

command characteristics are either desirable or undesirable. However, 

there is enough evidence of less-than-optimal parameters to indicate the 

combined mechanical and electrical characteristics might be a target for 

future flying quality investigation. 
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SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 

Extensive review of the Shuttle Orbiter flying quality and control 

system requirements and comparison of these with other flying quality 

requirements and data have revealed several areas of disagreement and 

possible deficiencies in the Orbiter requirements. Limited closed-loop 

analysis has indicated several likely or existing stability or control-

lability problem areas. Five items or areas of concern are associated 

with longitudinal flying qualities, three additional aspects involve 

lateral-directional flying qualities, and one more is associated with 

the pilot's control feel characteristics. 

The Shuttle pitch control system combined with the low (unstable) 

static margin of the airframe produces an unconventional pitch attitude 

numerator zero (l/TS
A

) which is significantly different from the path 

mode inverse time constant (l/TS). This requires special consideration 
2 

in the use of empirical data (which is largely based on conventional 

aircraft) but does not hamper the use of conventional manual control 

theory. 

The pitch rate time response boundaries presently in use may unduly 

restrict overshoot characteristics and, conversely, may not sufficiently 

restrict effective time delay. There is a need for further validation 

of the pitch rate time response boundaries for large aircraft and for 

the supersonic flight regime. However, this conclusion must be consid

ered in the light of the unconventional attitude dynamics of the Shuttle 

noted above. 

The assessment of short-period dynamics indicated that the Shuttle 

is apparently adequate, i.e., Levell, on the basis of the conventional 

MIL Spec short-period requirements for subsonic flight. However, for 

supersonic flight there is a need for further substantiation of the 

requirements since the data base is primarily subsonic. 
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Effective time delay appears to be the longitudinal flying qualities 

parameter of most concern. The Shuttle appears to be Level 3 based on 

existing time delay specifications and is comparable to aircraft with 

known landing problems. However, there is still uncertainty as to 

whether the time delay criteria are relevant to aircraft such as the 

Shuttle. 

The Shuttle is unconventional in that the pilot is located slightly 

aft of the instantaneous center of rotation for elevator inputs due to 

unusual inertial properties. Manual control theory and previous simula

tion studies indicate that this can degrade flying qualities by limiting 

the bandwidth of the pilot's path angle control loop. Conventional 

parameters such as the control anticipation parameter (CAP) are not 

adequate for assessing this problem. 

The roll rate response boundaries as currently set forth in the 

Shuttle Orbiter flying quality and control system criteria appear to be 

very broad and unrestrictive. There is evidence that large aircraft 

that meet the subsonic response boundaries have been rated unaccept

able. There is need for further validation of the roll rate time 

response boundaries for large aircraft is both the subsonic and 

supersonic flight regimes. 

There is indication that there may be a tradeoff between flying 

quality and ride quality requirements for large aircraft such as the 

Orbiter. A problem occurs for vehicles that roll about the velocity 

vector and are flown at large angles of attack and/or with the pilot 

located far above and in front of the vehicle c.g. Configurations that 

meet the current roll rate response boundaries may be found unacceptable 

because of large lateral accelerations at the pilot station. Lateral 

acceleration at the crew station is currently unspecified for the 

Shuttle Orbiter. Two ways of specifying the allowable lateral accelera

tion have been examined and neither appears to be completely satisfac

tory. Additi.onal tests and data are required in order to develop an 

appropriate criterion. 
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The equivalent time delay between pilot command of a maneuver and 

the actual vehicle response also is currently unspecified in any of the 

Shuttle Orbiter documents although it may be inferred from the roll rAte 

response boundaries. There are two criteria presently availahle in the 

literature, one of which allows some time delay threshold, the other 

does not. The current open-loop criteria are questionable. Equivalent 

time delay and roll rate rise time interact to limit achievable closed

loop bandwidth in both roll and lateral path control. Increasing equi

valent time delay and/or decreasing roll rate response reduce the 

closed-loop bandwidth control that the pilot can obtain in either the 

roll or path control tasks. 

interrelationship. 

Further experiments should address this 

The Orbiter rotational hand control (RHC) feel and roll rate command 

characteristics differ appreciably from other sidesticks that have been 

formally evaluated. The RHC displacement/force/electrical command com

bined characteristics possibly result in larger pilot control latencies 

(due to near isotonic properties). This can affect the control band

width and contribute to control difficulties in urgent tasks. 

It is recommended that each of the above deficiencies be addressed 

in future (OEX) Flying Qualities and Flight Control System Design Cri

teria Experiments. These are areas where flight data will make the 

greatest impact in helping to provide needed criteria and design guides. 

However, an integrated program of simulation, pre-experiment analysis, 

and post-experiment interpretation and analysis should precede the 

flight test to thoroughly explore the estimated critical and surrounding 

conditions. Flight validation can then be accomplished on a one or two 

point basis. 
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APPENDIX A 

-
DERIVATION OF EXPRESSIONS FOR THE ALTITUDE NUHERATOR, ~p 

AT THE PILOT'S POSITION e 

The short period (constant speed) approximations for the angle-of

attack and pitch attitude elevator transfer functions are (see Ref_ 1, 

pg. 307). 

a res) 
e 

where 

The altitude rate at the c.g. is 

and at the pilot's position 

Thus 
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. 
h + ipS = Uo(S - a) + ipsS 
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A-I 

A-2 

A-3 
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XICR e Mo e 

A-7 

The variation of the roots with (~ip/X1CR) is shown in Fig. 11-31. 

When the pilot is relatively for forward ~ip/XICR is large and 

A-a 

which shows that the root.locus simplifies to the sketch below 

cr 
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Thus in the limit with the pilot far forward 

With the pilot at the ICR, one root "goes to infinity" and 

1 
Th = 

P 

Mr U (-Z + M Zr /Mr ) ve 0 w w Ve ve 
{A-ll 

As the pilot is moved aft of the ICR, there are always two real 

roots, one of which always has non-minimum phase (i.e., is in the right 

half plane). In this case 

where 

-Zo + R.pMo e e 

1 1 .-

for the typical situation in which IZo Mal « IMo Zal 
e e 
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A-3 

A-12a 

A-12b 

A-12c 

A-12e 



and 

A-12f 

The adequacy of these 2-DOF (9 and y) approximations may be checked 

by comparison to the complete 3-DOF (9, y and u) transfer functions 

given in Ref. 2. 

2-DOF COMPLETE 
APPROXIMATION 3-DOF 

Ahp 0.234 0.231 

1 1 
-12.2 -12.4 0-

Th2 Th3 

_1_ + _1_ 
Th2 Th3 

-0.60 -0.77 
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APPENDIX B 

0&1 ON SHUTTLE FLYING QUALITIES 

PURPOSE 

To develop improved useful flying quality and flight control system 
criteria and design guides for Space Shuttle craft by combining 
analytical, simulation, and Shuttle orbiter flight test results. 

BACKGROUND 

1. Extensive review of Shuttle flying quality and control system 
requirements and comparison of these requirements with other flying 
quality requirements and data reveal several areas of disagreement 
and possible deficiencies in the Shuttle requirements. Most impor
tant of these are: 

a. Pitch rate requirements - Shuttle time response upper boundary 
specification may be misplaced, being too tight on pitch rate 
overshoot allowable (or even desirable). Alternatively, the 
existing flying qualities data, and perhaps parameters, appear 
inappropriate for heavily augmented, relaxed-static-stability, 
aircraft (e.g., F-16, F-18)! 

b. Allowable dead time on the Shuttle time response spec for pitch 
rate and roll rate is probably too large 

2. Comparison of Shuttle closed-loop dynamic characteristics with exist
ing flying quality criteria, data, and design guides (all developed 
since the Shuttle specifications were finalized years ago) indicates 
several likely or existing problem areas: 

a. Large longitudinal effective time delay 

I) Consequent lowered effective vehicle bandwidth 
reduced pilot-vehicle and autopilot-vehicle 
closed-loop bandwidth in path control functions 

and hence 
attainable 

2) Tendency for PIO under high stress, precise control condi
tions 

b. Large lateral effective time delay 

I) Lowered effective vehicle bandwidth and thus reduced pilot
vehicle and autopilot-vehicle attainable closed-loop band
width in rolling and path control functions 

2) Tendency for PIO under high stress, precise control situa
tions 
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3) Increased time to bank (~30 is 8785C Level 2, due entirely to 
the lateral effective time delay). 

c. Controllability of lateral coupled roll subsidence-spiral oscil
lation (lateral phugoid) 

1) In the 1.5 > M > 1.2 regime an effective lateral phugoid 
exists (1/4 Hz) 

a) Divergent oscillation, yaw jets off 
b) Stable, yaw jets firing 

2) Damping (effective P;;w]RS) is 8785C marginal with jets on, 
unsatisfactory with jets off 

d. Pilot location effects -- while well ahead of the c.g., the pilot 
is aft of the center of instantaneous rotation for longitudinal 
control inputs (whereas on most large aircraft the pilot is ahead 
of the CrR). This location has consequences on: 

1) Longitudinal path control -- possibly quite unfavorable for 
precise control situations 

2) Lateral acceleration at the pilot station which is possibly 
deleterious 

e. The RHC displacement/force/electrical command combined character
istics possibly result in larger pilot control latencies (due to 
near isotonic properties). This can affect the control bandwidth 
and contribute to control difficulties in urgent tasks. 

3. Comparison of possible or conceivable Shuttle dynamic characteristics 
with analyses, limited data, and tentative design guides focuses 
attention on several conceivable problem areas: 

a. Possibly marginal bank angle control in the 3.5 > M > 2.5 area.if. 
some aerodynamic characteristics approach the extremes of criti
cal variation sets 

b. Coordination in rolling maneuvers and sideslip trimming charac
teristics for "bent" airframe and laterally off-center c.g. 
effects -- especially above M = 3.5 (where rudder is inactive and 
yaw jets provide coordination and trim) 

c. Reduced surface rates with 2 failed APUs 

1) Possible deficient control with crosswind, runway landings 

2) Increased PIO potential with such landings 
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INITIAL EMPHASIS 

1. Settle, with flight and backup simulation and analysis data, those 
areas where known discrepancies exist, i.e., 

2a, 2b 

2e 

2c 

2d 

(CATEGORY 1) 

large effective 1 

pilot contribution to effective 1 

controllability of lateral coupled roll subsidence
spiral 

pilot location effects 

2. Explore further, with simulator and analysis, those areas where 
potential problems are possible but only in unlikely circumstances, 
i.e •• 

3b 

3c 

(CATEGORY 2) 

coordination with "bent" airframe and off-center c.g. 

reduced surface rates 

3. Postpone consideration of conceivable, but not yet demonstrated, and 
highly unlikely phenomena, e.g., 3a 

APPROACH 

1. For flight experiments (CAT 1) an integrated program of simulation, 
pre-experiment analysis, and post-experiment interpretation and 
analysis to thoroughly explore the estimated critical and surrounding 
conditions. Flight validation on a 1 or 2 point basis unless the 
expected results do not occur in flight. 

2. For (CAT 2) experiments, again an integrated program of simulation, 
pre- and post-experiment analysis, etc. 

3. Tools and techniques: 

a. Identification of the effective vehicle 

1) Analysis 
conditions 

2) Simulation: 

use best current estimates of the linearized 

small perturbation checks with linear analysis data 
frequency sweeps and subsequent effective transfer 

characteristics reduced via FFT 

3) Flight -- use best estimates available 
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b. Identification of pilot dynamics/behavior 

1) Flight and simulator -- use non-intrusive pilot identifica
tion routine 

2) Simulator alone use, for limited check cases, sums of 
sinusoid disturbance and FFT 

c. Task-tailored pilot questionnaires/ratings scales 

1) For each of the CAT 1 critical areas a specialized question
naire and adjectival-phrase-based rating scales will be 
evolved for use in both the simulations and flight 

2) Debriefing questionnaire -- for the experimenter/debriefer. 
Will be structured to expand, further explore, and clarify 
interpretations 

3) Those questionnaire/scales will be indicative of ease of 
control, workload, response qualities of primary and secon
dary motions, flight performance, flight safety, etc. 

4. Flight tasks/maneuvers 

a. The unpowered glider nature of the Shuttle precludes the use of a 
test matrix in which a number of evaluations can be made in suc
cession at a particular flight condition. Instead evaluations 
must be made on the run at particular spots along the entry 
trajectory. As a practical matter even a "spot" cannot be relied 
on for a particular entry, so the flight condition can only be 
approximated within a region around a desired nominal. (Conse
quently simulation support activities may be conducted both pre
and post-flight to assure that the region is adequately covered, 
with at least one simulation point which has a corresponding 
flight point.) 

b. Safety of flight and mission priority considerations probably 
imply that acceptable flight maneuvers be relatively modest. It 
is anticipated that rapid pushovers or pullups and lateral offset 
maneuvers with subsequent precision path control simulating final 
adjustments in approach and landing will suffice for most of the 
Category 1 tests associated with large L and pilot location 
effects. These can be conducted at altitudes which permit safe 
recovery and can possibly use a flight director with special 
signals inserted. Ideally these would be conducted during both 
TAEM and APPROACH flight phases. 

The lateral controllability tests for 
subsidence-spiral will need to be a modest 
subsequent heading regulation task at M ;1.2. 
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c. Special instructions and procedures for the flight maneuvers will 
be required to establish pilot "set" at a high stress level, and 
to create or adequately simulate a constrained very high pre
cision control environment (e.g., akin to landing on a short 
narrow runway at a specific point). Pilot gain and skill utiliz
ation must be at maximum levels to get the ultimate in control 
precision from the pilot-vehicle closed-loop system. 

5. Instrumentation 

a. Ideally the instrumentation available should be sufficient to 
provide all control inputs (including jets) as total quantities, 
pilot commands, and a complete set of orbiter output responses. 
Time references for any pieces of unsynchronized data must be 
available. 

b. The FCS modes, switch status, etc., must be available in a form 
which is time synchronized relative to the response and control 
input data. 

c. Ideally the use of onboard recording on to a tape would permit 
ready modification of the data to formats suitable for NIPIP and 
similar analysis. Time trace and corresponding flight tape seg
ments or punch cards would also be suitable. 

TR-1174-1 B-5 



OEX PRELIMINARY NOTES ADDENDUM 

Basic issues to investigate are influence of T eff' heavy e /0 e aug

mentation for relaxed static stability, and near isotonic manipulators 

(larger pilot T) on longitudinal, lateral, and combined urgent tasks. 

Aside from full-scale flight test evaluations on the Shuttle itself 

there must be a series of analyses and experiments to block out the area 

of convern. OEX flight tests will then be used (in a limited way) to 

verify basic analysis and simulation data. 

Possible simulation tools include: 

DFRC Fixed-Base Simulation 

ARC FSM 

ARC VMS 

TIFS 

STA (Grumman Gulfstream) 

DFRC F-8 

F-16, F-18 

The fighter-type aircraft (above) are included because they share, or can 

be made to approximate (F-8), the delays and heavy El /0 augmentation 
e 

similar to those found on the Shuttle. Presumably, limited flying under 

forced "urgent" conditions could reveal universal heavy augmentation and 

time-delay-induced control problems. 

Addi t ionally, some of the older TIFS, VMS, etc., data should be 

reviewed for possible applicability. Such review should establish the 

fidelity with which the Orbiter was simulated and, if possible, a quan

titative measure of the "urgency" demonstrated in the simulators. The 

latter point refers to the pilot gain or bandwidth adopted which could 

then serve as the basis for closed-loop predictive analyses. 
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Although the simulations would hopefully be performed for real-life 

"urgent" tasks, some artificially induced urgency will probably be neces

sary. This could take the form of a time constraint (as in the STI 

fixed-base simulations of Shuttle PIO) or of additional workload, e.g., 

coupled side task. The simulations should also cover flight situations 

that could be duplicated on the OEX, e.g., simulated urgent "landings" at 

5000 ft AGL. 

The "urgent" situations pertinent to Shuttle operations deserve some 

assessment. This could conceivably be addressed by eliciting astronaut 

consensus as to the worst (tightest) situations they would expect to 

encounter. Of course, we already have a very pertinent example in the 

FF 5 PIO record. 
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