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ABSTRACT

27946

An analytical method is presented for developing satisfactory
lateral—directional handling qualities in the landing approach. The
method includes the following three steps:

1. Analysis of the handling qualities of the basic
airframe to determine what deficiencies, if any,
exist.

2. Determination of stability augmentation require-
ments for satisfactory handling qualities.

3. Assessment of the operational tradeoffs among the
various mechanizational possibilities.

Twelve factors for the handling-quality evaluations of steps 1
and 2 are developed. Preliminary estimates of the values necessary
for a good pilot rating are derived from previous studies and from
tests of several supersonic transport configurations evaluated on
the Transport lLanding Simulator of the Ames Research Center of the NAGA.

The operational tradeoffs considered in step 3 include reliability,

maintainability, and cost. W
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SYMBOLS

Polynomial coefficient

Iateral acceleration sensed by accelerometer at the center
of gravity

Iateral acceleration sensed by accelerometer a distance ly
forward (parallel to the X axis) of the center of gravity
and a distance 1, below (parallel to the Z axis) the center
of gravity

Wing span

Cost, weight, and bulk index

Rolling moment coefficient, Roll moment/(1/2)pV%OSb

Roll coefficient due to sideslip, dC;/0B

Aileron rolling coefficient, OCq/d%,

Rudder rolling coefficient, 9Cp/d8,

Roll damping coefficient, 0C1/d(pb/2Vy,)

Roll coefficient due to yaw rate, Bcl/a(rb/2VTo)

Yawing moment coefficient, Yawing moment/(1/2)pV%oSb
Static directional stability, OCp/oB

Aileron yawing coefficient, 9Cp/38,

Rudder yawing coefficient, 9C1/d%,

Yawing coefficient due to roll rate, BCn/a(pb/EVTO)

Yaw damping coefficient, 9Cp/d(rb/2Vr,)

Iateral force coefficient, Iateral force/(1/2)pV%OS
Iateral force coefficient due to sideslip, dCy/OB

Aileron lateral force coefficient, BCy/BSa

Rudder lateral force coefficient, BCy/BSr
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Ng

Mg ()

Acceleration due to gravity
Transfer function

Moment of inertia about X axis
Moment of inertia about Z axis
Product of inertia

V-1

Gain

Distance accelerometer is forward of the center of gravity,
measured parallel to the X axis

Distance accelerometer is below the center of gravity,
measured parallel to the Z axis

Rolling acceleration due to aerodynamic moments
st%obclﬁ/alx
pSVG_bC15/2Ty
psvTobzclp/ulx
pSVp b2Cy /4Ty
Ly + (Ixz/Ix)Ni
- Igz/lxlz)

Mass

, where i refers to any motion or input quantity

Probable maintenance hours per flight
Yawing acceleration due to aerodynamic moments
PV, bCng /21,
2
pSVTOan8/2IZ

Airframe motion quantity/control deflection transfer function
numerator

psvTobzcnp/hIZ

xi




pSVip b=Cn /4T,

Ny + (Ixz/Iz)Li
1 = (Iiz/IXIZ)

, where 1 refers to any motion or input quantity

Roll rate, angular velocity about the X axis, positive right
wing down

Probability of system failure per flight
Probability of maintenance required per flight

Yaw rate, angular velocity about the Z axis, positive nose
right

Iaplace operator, s = o + Jw

Wing area

Time constant particularized by the subscript
Steady-state (trim) linear velocity along the X axis
Linear velocity along the Y axis

Total steady-state (trim) linear velocity, VUg + Wg
Steady-state (trim) linear velocity along the Z axis
Iateral deviation from the localizer beam

Side acceleration due to aerodynamic forces

Transfer function

pSV%OCya/Em

PSV Cyg/2m

pSVToCyB/Qm

-1 W
Steady-state (trim) angle of attack, tan ! ﬁg
)

Sideslip angle, tan~! —
Vp

Aileron deflection, positive for left-wing-down rolling moment

xii




A(s)

i

Rudder deflection, positive for nose-left yawing moment
Denominator of airframe transfer functions

Damping ratio of second-order mode, particularized by the
subscript

Steady-state (trim) pitch angle of the X axis with respect
to the local horizontal, positive for nose up

Mass density of air

The real portion of the complex variable s = o + jw
Roll angle

Heading

The imaginary portion of the complex variable s = o + jo
Heading-control crossover frequency, see page 14

Undamped natural frequency of second-order mode, particular-
ized by the subscript

xiii



SECTION I
INTRODUCTION

A. GENERAL

An important function of the control system designer is to determine
the best augmentation system for a given airplane. This determination
may be divided into three sequential steps:

1. Analysis of the handling qualities of the basic

airframe to determine what deficiencies, if any,
exist.

2. Determination of stability augmentation require-
ments for satisfactory handling qualities.

3. Assessment of the operational tradeoffs among the
various mechanizational possibilities.
This report presents a method for performing these three steps. Although
the analyses presented here were done for the lateral—directional augmen-
tation of large transport-type aircraft in the landing approach, portions
of the method are applicable to other aircraft types in other flight

regimes.

In recent years there has been s considerable advance in the ability
to analytically predict handling-quality characteristics (Refs. 1-14);
the proposed method uses such analytical prediction methods. By examin-
ing the various maneuvers the pilot will have to perform, a number of
parameters or factors which should have important effects on handling
qualities are determined. In some instances a particular phenomenon
may be described by any of several factors, and in the present study

a selection based on computational simplicity has been made.

A key problem in this analytical technique is the definition of
what are good and what are bad values of the selected parameters. For
the particular flight task considered here it has been possible to make
preliminary estimates by comparing the analytical results with the
simulator study reported in Ref. 5. Additional analytical and simulator



studies should be made to provide better quantitative criteria. Such
studies would undoubtedly also aid in better defining the important
handling-quality factors.

The second step, determining the stability augmentation require-
ments, is intimately connected to the first step. If we can define
what constitutes satisfactory handling qualities, the determination of
possible types of augmentation is relatively simple. Otherwise, we are
reduced to an educated trial-and-error simulation of various augmentation

schemes and combinations until one or more satisfactory types are found.

In the third step the various ways of mechanizing the satisfactory
augmentation are assessed. The best system will probably not reflect
simultaneously all of the desired virtues of being the most reliable,
the lightest, the cheapest, and the easiest to maintain but will be a
compromise among these, and other, operational factors. The most dif-
ficult part of the third step is to obtain realistic numerical values
for various parameters, such as the mean-time-between-failures for a
particular component in the actual operating environment. Once the
numerical values are available it is a straightforward task to evaluate
the operational factors for each competing system. The final selection
can then be made in a logical fashion with full knowledge of the trade-

offs involved.

The method proposed here evolved during a study of the lateral-—
directional handling-quality problems of a supersonic transport during
landing approach. The configurations being considered were: one
SCAT 16*variable-sweep design, two SCAT 17 (noted here as SCAT 17A and
SCAT 17B) canard-delta-wing designs, and a currently operational sub-
sonic jet which was used as a standard for comparison. The SCAT con-
figurations considered were only interim designs and do not represent

actusl proposed configurations. These configurations were tested on

*The SCAT designations used here refer to the family of Supersonic
Commercial Air Transports studied and reported on by the NASA in
recent years.




the NASA's fixed-base Transport landing Simulator at the Ames Research
Center, as described in Ref. 5. That report also describes augmenta-
tion schemes derived during the simulator tests. The pilot ratings and
comuments from those tests have been compared with the analytical factors
developed here to provide the initial estimates of the parameter values

which are the boundaries between good and bad ratings.

It should be noted that the vehicle characteristics which are used
throughout this report are those used on the simulator; certain rela-

tively unimportant terms, such as Cyy , were omitted from the simulation.
T
B. OUTLINE OF THE REPORT

Section IT briefly discusses each maneuver the pilot may have to
perform in a landing approach. The physical characteristics which
should have the most effect on the pilot's ability to perform the

maneuvers are pointed out.

Section III translates the physical characteristics into twelve
specific handling-quality factors. The significance of each factor

to one or more of the maneuvers is indicated.

Section IV is a review of the handling-quality factors for the
subsonic jet and the three supersonic transport designs with and with-
out various types of sugmentation. All but two of the configurations
were tested on the NASA's simulator (Ref. 5). The two untested con-

figurations involve alternate augmentation schemes.

Examples of assessments of several means for mechanizing stability
augmenters are contained in Section V. The minimum complexity augmen-
tation scheme for each of the three supersonic transport designs is
considered. A mechanization compatible with the reliability require-
ments of each is selected. Finally, a comparison is made of the
operational factors for the augmentation system for each of the three

designs.

Section VI is a summary.




Literal expressions for the vehicle transfer functions used in

this report are given in Appendix A.

Appendix B is a summary of the numerical data on the various

configurations.

Appendices C, D, and E are brief outlines of special analytical
techniques utilized in this report. If the reader is unfamiliar with
any of these, it is recommended that he read the appropriate appendices
before making a detailed study of the body of the report. The subjects

of the appendices are:

C. Pilot Model (Transfer Function Representation
of the Pilot)

D. Unified Servo Analysis Method
E. Multiloop Analysis Technique

F. Redundancy in Stability Augmenters




SECTION II
BASIC MANEUVERS

Any study of the factors which affect the handling qualities of an
airplane should start with a consideration of the basic maneuvers that
the pilot must perform. This section discusses the important maneuvers
and the related pilot tasks which are required during an approach and
landing. The pilot's difficulty in performing these tasks should be
the primary factor in his evaluation of the airplane's handling quali-
ties. For those configurations which were tested on the NASA simulator,

all of the maneuvers discussed in this section were actually performed.
A. TRACKING THE IOCALIZER BEAM

When making an instrument approach the pilot's primary lateral
task is to keep the airplane on the localizer beam, i.e., to "track"
the beam through deviations displayed on his IIS instrument. The
pilot closes the loop by maneuvering the airplane to zero the devia-

tion, preferably by using ailerons alone to make corrections.

Because of the long time required to correct a lateral offset it
is generally impossible for the pilot to track the beam by closing
only the lateral-deviation loop. To provide anticipation or lead he
also closes two other aileron loops, roll angle and heading. (Roll
angle control is additionally desirable because of the necessity for
limiting maximum bank angles during approach.) The complete multi-
loop situation is shown in Fig. 1, where Y@’ Yy, and Yy are the
pilot's controller transfer functions for roll angle, heading, and
lateral deviation. Pilot closure of the roll and heading loops is
discussed in subsection III-A. The lateral-deviation loop is not
considered as a separate factor here because this closure is normally
of very low bandwidth which is set primarily by the bandwidth of the
heading closure. If the airplane has good heading control, the

lateral-deviation control will be good.




Aircraft

Pilot Dynamics
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Note: Instrument and control system dynamics are neglected

Figure 1. Tracking the Localizer Beam

While the pilot is tracking the localizer, and during other maneu-
vers, the airplane may be disturbed by side gusts. For the configura-
tions being considered here an important effect of the gusts will be to
disturb the aircraft's roll attitude. The single most significant
parameter in determining the severity of the roll disturbances is the
magnitude of the roll-to-sideslip ratio in the Dutch-roll mode, |¢/5|DR.

This parameter is discussed in subsection III-B.
B. LARGE TURNS

While tracking the localizer the pilot will be making small turns
to stay on the beam, but at other times, such as in turning onto the
beam or in a sidestep maneuver, larger turns will be necessary. Large
turns are distinguished from small ones by a longer turning time and
by a greater emphasis on coordination for maneuver judgment and passenger
comfort. The pilot makes large turns by bringing the airplane up to
and holding a steady bank angle. In an airplane with good roll dynamics

the desired bank angle is reached by commanding a roll rate with a step




aileron, holding the aileron and hence a steady roll rate until the
airplane nearly reaches the desired bank angle, and then neutralizing
the aileron, which quickly brings the airplane to a zero roll rate,

constant bank angle condition.

The roll subsidence time constant and the maximum roll rate avail-
able are two parameters which affect the pilot's evaluation of the
airplane's handling qualities (Ref. 1 and 4). The pilot would like the
airplane to respond rapidly, which implies a small roll time constant.
The most desirable maximum roll rate, pp.y, is a compromise between
values considered too sluggish and too sensitive. The two parameters

are discussed in subsection III-D.

The difficulty of coordinating large turns is related to the rudder
motions required or the sideslip time histories if the rudder is not
used.® Much simpler, albeit less informative, measures of the diffi-
culty are the initial rudder position and rate for perfect coordination
with a step aileron input. These two parameters, plus the amount of
rudder required to maintain a coordinated steady-state turn, are

described in subsection III-C.
C. ENGINE-OUT RECOVERY

The primary effect of an engine failure on a conventional multiengine
aircraft is a large yawing moment input. The problem is particularly
severe in an aborted approach if the failure occurs shortly after go-
around power has been applied. As the airplane yaws it will develop an
appreciable sideslip, and because of the Ly and Lé terms may also roll

significantly.

The analytical determination of how much difficulty the pilot will
have in regaining control before the sideslip and roll have become too

large is an extremely complicated task. This problem has not been

*British experimental and analytical studies of large turns (side-
step maneuver) are described in Ref. 6—9.




completely resolved, but certain factors which should have important
effects have been noted. The initial yawing—sideslipping motion will
primarily excite the Dutch-roll mode; consequently two factors which
should be important are the pilot's ability to damp the Dutch-roll
mode with rudder proportional to yaw rate, and the magnitude of @/B
in the Dutch-roll mode. The second factor gives an indication of the
amount of rolling motion which will result from the engine failure.
Pilot damping of the Dutch roll by r-—-— 8, feedback is discussed in
subsection IIT-A and |¢/B|DR is discussed in subsection III-B.

Additional factors which are probably significant, but which are
not specifically included in the analyses because the variations among
the SST configurations are relatively small, are:

1. L; — initially the primary source of roll
acceleration. The Is contribution is normally

of the same sign and within a few seconds is
of larger magnitude.

2. 1§,/N§, — determines the amount of roll
acceleration introduced when the pilot puts
in rudder to offset the engine yawing moment.
The roll due to rudder will normally be of the
same sign as that due to yaw rate and sideslip.

3. N& — one of the prime factors in determining
tge magnitude of the sideslip response to
engine failure.

D. DECRAB

When approaching in a crosswind the pilot may hold a crab angle
so that the airplane is headed into the relative wind and the ground
track is along the runway centerline. Shortly before touchdown the
pilot must decrab fairly rapidly so that the airplane lands headed
down the runway centerline with little lateral drift velocity. This
is primarily done by kicking the rudder, but aileron control is also

required to keep the wings level.




For good handling qualities the pilot must have enough rudder power
so that he can yaw the airplane through the decrab angle before the
lateral drift velocity builds up to an excessive level. He must also
have sufficient aileron power to keep the wings level, with some reserve
for counteracting gust disturbances. Two simple measures of rudder and

aileron power are discussed in subsection III-E.

Another factor, which also includes the effects of other parameters
such as directional stiffness, is the amount of time required to yaw
the airplane through a specified angle. An equivalent factor which is
easier to compute is the yaw angle which can be achieved in a specified
time; this latter factor is used in the comparisons of Section IV and

is described in detail in subsection III-E.

Some of the factors which are important for engine-out recovery are
also significant for decrab as there are many similarities between the
two maneuvers. Particularly important is the pilot control of yaw rate
with rudder as this provides nearly all the damping of the Dutch-roll
mode while the pilot is trying fo keep the nose aligned with the runway

centerline; this loop closure is discussed in subsection ITI-A.




SECTION III
HANDLING-QUALITY FACTORS

From the previous discussions it should be clear that numerous
handling-quality factors must be considered to assess each configuration.
In this section twelve of the factors which appear to be the most signif-
icant will be described. Some of the factors may be expressed as explicit
parameters which can be assigned a numerical value while others require
interpretation of pilot loop closures. Additional discussion has been
provided as appropriate to aid in the understanding of the latter type

of factor.

Because many of these factors are important for several of the basic
maneuvers and there are a great many interrelationships among the factors,
it is impossible to divide them into independent groups. In the follow-
ing presentation the twelve factors are divided into five categories,
with each category being a grouping of the factors with the most inter-

dependence.

It should be noted that by approaching the problem from the viewpoint
of pilot difficulties in performing various maneuvers, certain handling-
quality parameters, such as Dutch-roll frequency and damping, are not
considered explicitly. The effects of the conventional parameters are
included indirectly in that they affect the numerical values of some
factors and affect pilot loop closures by changing the transfer function

poles and zeros.

For some of the factors past research provides an indication of
desirable values, and these are noted in the discussion. For the other
factors desirable values will be stated on the basis of analysis of the
NASA simulator experiments (Section IV).

A. CLOSED-LOOP CONTROL

Three loop closures will be considered as handling-quality factors:

simultaneous bank angle and heading to aileron, and yaw rate to rudder.

10




The control of bank angle with aileron forms the basic inner loop for
all lateral control. Typical root loci for a pure-gain bank-angle-to-
aileron feedback are shown in Fig. 2. Note that the usual second-order
form of the @/8y numerator has a frequency, Gxp, which can be greater
than or less than the Dutch-roll frequency, ag. It can be seen in

Fig. 2 that when wq)/a)d < 1 the Dutch-roll mode may be stabilized (damp-
ing increased somewhat) by controlling the bank angle, whereas if
aﬁyhﬁ_> 1 the feedback destabilizes the Dutch roll.

The most common stability problem in bank-angle feedback is that
due to “ﬁ/“ﬁ.> 1. In fact, ap/ey is frequently used as a handling-
quality parameter (Ref. 1, 2, and 3). Although (L‘q)/(Dd will not be used
explicitly as a handling-quality factor in this report, its effects
are included by considering bank-angle control as a factor; however,
bank-angle control depends on more than the an/aa_ratio. Other param-
eters which are important are uy, gw, €3, and the roll-subsidence time
constant, TR (Ref. 1, 2, and 3). The key point to be made here is that
for a good pilot rating the pilot must be able to control bank angle
with ailerons alone without destabilizing the Dutch-roll mode. This
closure is treated as a handling-quality factor in this report.

When flying the localizer beam, heading controcl with the aileron
is an outer loop and bank angle to aileron is an inner loop. The need
for the ¢ -8, inner loop can be seen in Fig. 3 (these root loci are
for the subsonic jet in landing approach). The effects of inner loop
closures appear in modifications to the effective values of 1/Tg, 1/TR,
ay s {q as determined from plots similar to Fig. 2. Without the inner
loop the closed-loop system is unstable for all gains if the spiral
mode is unstable; if the spiral is stable it couples with the free s
to form a second-order mode which goes unstable at a very low frequency
and for a very small gain. Consequently, even if the spiral mode is
stable the heading response will be poor because the dominant mode® is

restricted to low frequencies.

*The dominant mode is that mode which contains the largest portion
of the response to a command input.

11
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A low gain ¢ — B inner loop increases 1/Tg, decreases 1/TR, and
slightly modifies the Dutch-roll mode. As the gain in the heading
closure is increased, the new spiral mode and the free-s are driven
together, couple, and finally, for high enough gain, go unstable. The
heading response can be greatly improved over the no-inner-loop case
because the dominant mode can be of much higher frequency. Because of
the frequency separation, the heading closure has a negligible effect

on the ¢ -—= 8 1nner loop.

For a high-gain inner loop, the spiral and roll-subsidence modes
have coupled so that the airplane now has two second-order modes, one
of which is located near the zeros of the @/8; transfer function and
the second pair at higher frequency. In this case it is the pair of
roots near the cp/6a zeros that are driven unstable by the heading loop
and the dominant mode in the heading response is the first-order pole
which originated at the free s. The heading-loop gain is limited by
the requirement of keeping the second-order mode from going unstable;
this in turn limits the location of the dominant first-order mode.
Whether the high-gain inner loop provides better heading response than
the low-gain inner loop depends primarily on the damping of the second-

crder mode in the high-gain case and on the locations of the w/Sa ZEYOS.

For the comparison of various configurations it is desirable to
have a simple quantitative parameter which is a wvalid indicator of
relative speeds of heading response. The parameter u.n, crossover
frequency, appears to be useful as that indicator because w.p is an
approximation to the dominant response frequency and the bandwidth of
the heading control. The crossover frequency is easily determined
from the Bode plot of the ¥ — &, loop by the following steps which
also provide the definition of Wpq:

1. Determine the zero-db line for the highest loop

gain which provides a gain margin of at least
6 db and a phase margin of at least 45 deg.

2. Locate the intersection of that zero-db line and
the low frequency asymptote, K/s.
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3. The frequency at which that intersection occurs
is weg-

It should be reiterated that good heading control alsoc depends on
favorable locations for the zeros of the 9/85; and V¥/8y; numerators. The
zeros of the latter change drastically with relatively small changes in
the aerodynamic derivatives Cnﬁa and Cnp- In practice both of these
are difficult to predict and may vary substantially with minor config-
uration changes. Consequently the values of Cn5a and Cnp and the

heading control may change significantly during the design evolution.

The third loop closure to be considered as a handling-quality
factor is the control of yaw rate with rudder to damp the Dutch-roll
mode. The yaw-rate-to-rudder numerator is third order with one root
usually near the roll-subsidence mode and a second-order pair of very
low frequency, w,., and damping. Examples of good and bad closures are
showﬂ in Fig. 4. Normally‘a&/aﬁ is very small so that the yaw-rate-
to-rudder feedback can add a great deal of damping to the Dutch roll.
For wy/ag near 1 this feedback can do little to damp the Dutch roll

and in an extreme case may reduce the damping.

The conditions which can produce a poor yaw rate closure can be

seen from the approximate factors of Ref. 10.

. el /N o)
Uolé(Né - Ié tan ag)

&le

This equation clearly indicates that the elements which can contribute

to a poor yaw rate closure are:

1. Low speed

2. Low directional stability
5. Low roll damping

k. High dihedral effect
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The approximation of Eq 1 is given only to indicate the effects of
various parameters. In the comparisons of Section IV the exact r/d,

transfer functions are used.
B. ROLL/SIDESLIP RATIO

The magnitude of @/B in the Dutch-roll mode is a measure of the
roll response to yaw inputs—inadvertent rudder motions, engine out,
rudder to decrab, and side gusts. Consequently it is desirable to

have the magnitude of ¢/ small. Normally (Ref. 1),

) |14
12 = 2)
PR Vg + (1/18)°

From Eq. 2 it can be seen that IQ/BIDR can be reduced by decreasing the
effective dihedral (reducing Ié), increasing the directional stiffness
(increasing the Dutch-roll frequency), or increasing the roll damping

(decreasing the roll-subsidence time constant).

The approximation of Eq. 2 is given only to indicate the effects
of various parameters. In the comparisons of Section IV the exact

values of ]¢/6|DR (as determined from the ratio of numerators) are used.
C. TURN COORDINATION

The problem of turn coordination can be examined from two aspects,
the rudder deflection necessary to keep the sideslip zero or the amount
of sideslip which develops in an aileron-alone turn. The first approach
will be used here since in commercial transports there is considerable
emphasis on maintaining zero sideslip for piloting precision and passenger
comfort.

Sample calculations for a step aileron input have shown that the
rudder motion to maintain zero sideslip is quite complicated. Generally

the difficulty in coordinating turns can be at least qualitatively
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determined by examining the three factors considered in this subsection:

1. The initial step rudder deflection required for
perfect coordination with a step alleron input.

2. The initial (immediately after the step) rate of
change of rudder deflection required for perfect
coordination with a step aileron input.

3. The rudder required to coordinate a steady-state
turn.

For a step alleron input a step in rudder position is also neces-

sary so that the resultant angular acceleration is about the airplane

velocity vector. Thus, the ratio of the initial rudder step to the

aileron input is (for CYSa = Cyg,. = 0)

5 Ng
), - (& )
o} Oyp A

where the subscript SA indicates that the derivatives are evaluasted

in stability axes. For body axes inclined nose-up an angle oy with

respect to the velocity vector, Eq. 3 becomes

. (1)

' 1
Ne -1, tan q
(SI.) B, Ba, o
1
o Ngr - Lér tan ag

The initial rudder rate is necessary to counteract the effects of
the cross-coupling term Nﬁ and the gravity term in the side force
equation. In a perfectly coordinated turn

NBBa(S) Nﬁgr(s)

B(s) = —A('S—raa(s) + _—AZEY—SI'(S) = 0 (5)
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Therefore the rudder required for coordination is

Ngg,, (5)

dr(s) = —W%(S) (6)
Ir

The above can be used to calculate the initisl rudder position and
rate (from that position) for a step aileron by means of the initial
value theorem of ILaplace transforms. The required rudder rate is

given by

(EI_') ) (Léamar - IérN'a)(V—i—C; cos 6o — NI')) o

SA

or in body axes

1 1 Al 1
oy LsaNsr - LBrNga
ga- B 1 1 . 2
o (NSr cos ap — Ly, sin ao)

£ - - N 2
X [WPO cos (6, -ap) — Np cos= ag

+ (Lé-N}) sin ap cos ag + Ly sin® GtJ (8)

If (5y/8,), and (ér/Sa)o are of opposite sign, extra precautions
in the interpretation of the results should be taken. When these two
parameters are of opposite sign their effects tend to cancel and it
may be that, even though the magnitudes of both are large, little
sideslip would develop if the pilot did not apply rudder.

The necessity for holding large amounts of rudder in a steady-state

turn is an undesirable characteristic. For constant-altitude steady-state
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turns within the bank angles normally used for commerciasl transports,
the rudder required for zero sideslip implies r = (g/VTO)¢ is well
approximated by

\l
(ar) . g [ aNr — LrNg, )
ss VIo\Lg g . — L5 N§,

SA

or in body axes

1ot 1ot Tl oot . )

5y . - (LBaNr - LrNSa) cos ag + (LpNga - LﬁaNp) sin ay

or) s 8 (10)
ss

VTo L, N5, — L5, N§,

D. ROLL RESPONSE

The roll response characteristics are principally defined by the
roll-subsidence time constant and the maximum roll rate. The roll-rate
response to aileron inputs is predominantly a first-order lag, TR.
Superimposed on the first-order response gre oscillations which are
due to the Dutch-roll mode. For most maneuvers the spiral mode will

have a small effect because of the very low frequency of this mode.

The time to achieve a steady roll rate (following a step aileron
input) and the time to stop rolling after the aileron has been neutral-
ized are both proportional to the roll-subsidence time constant, TR.
Therefore it is desirable to have a small value of TR. The only
experimental data on the effects of TR on pilot rating (Ref. 4) indi-
cate that TR must be less than 1.3 sec for a satisfactory rating;
however, these experiments were for fighter aircraft operating at
combat speeds. While it might appear that values of TR somewhat
greater than 1.3 sec should be acceptable for commercial transports in
the approach condition, the NASA simulator studies of the SST config-

uration show a definite pilot desire for values less than 1 sec.




The maximum roll rate is a direct measure of the airplane's roll
power. For this parameter the Ref. 4 experiments showed that exces-
sively large or small values are unacceptable; if Prax is too small
the pilot complains that the airplane is sluggish and if pp,y is too
large he complains that the airplane is too sensitive. As would be
expected, the numerical values of pp,, for satisfactory ratings in
Ref. I are not applicable here. The minimum pp., for a satisfactory
rating was 60 deg/sec, while in the NASA simulator studies of SST

approaches values of 10-15 deg/sec were satisfactory.

Neglecting the small effects of the spiral mode, a very good
approximation of the maximum roll rate can be found from the ¢/dy

transfer function, i.e.,

2
Prax = (%) TRLéa(aa)mx (11)

E. DECRAB

A key factor in the decrab maneuver is rudder power, and a good
indication of rudder power is the yaw angular acceleration produced
by the rudder. Consequently, the dimensional derivative Nér will be

used as a handling-quality factor.

To determine the aileron power required to maintain the wings
level, the details of the decrab maneuver must be considered. If the
pilot kicks the rudder to yaw the airplane's nose to the right, the
rudder will also produce a left-wing-down roll acceleration. The
airplane is prevented from rolling very much in this direction by the
Ly term which lags the rudder term (¥ = N3 5r) and gives a right-wing-
down acceleration. The Ié term, which lags the Ly term (8 = -r), also
produces a right-wing-down acceleration and after the first few seconds
is the dominant source of roll motion. The primary requirement on
aileron power appears to be the ability to cancel the Ié or dihedral
term; therefore, Ig/Ig  Wwill be used as a handling-quality factor.

21




The third decrab parameter to be considered is the yaw angle which
can be obtained in a specified time. It will be assumed that the pilot
puts in a step rudder deflection and holds it while using the ailerons
to keep the wings level. With the wings held level the yaw response is
the same as it would be with an infinite-gain bank angle feedback.

Using the multiloop analysis technique described in Appendix E gives

¢ r ¢r
o Ney F YN 5 N8

L - llm a-r - a-r (1 2)
a a

For Cyﬁa = CySr = 0 the ¢—=084, r =0y coupling numerator is given by
(P Ir _ [ 1 _ 1 ] _
NSaSr B (LaaNar LSrNSa)(S Yv) (15)

Consequently, the yaw angle for a step rudder input is

1 1 1 1
(LﬁaNﬁr - LarNBa)(s = Yy)(3r)

mu(t) = Q7 (14)

Acps2(s2 + 20gmps + a%)

For the comparisons of the next section it is assumed that the
full rudder suthority of 25 deg is used and the angle is evaluated at
a time of 2 sec, which is considered near the desirable maximum for
the decrab maneuver. It should be noted that for the approach speeds
being considered a crosswind of 25 knots gives a crab angle of approx-

imately 10 deg.

As discussed in the previous section, there are other parameters
besides the three considered above which are important in the decrab.
Nevertheless, these three, combined with some of the factors discussed
earlier in this section, should give a fair indication of piloting

problems in decrab.
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SECTION IV
CONFIGURATION REVIEW

This section reviews the handling qualities of the subsonic jJet,
which is used as a standard for comparison, and the three SST con-
figurations with and without various methods of augmentation. The
major emphasis is on the handling-quality factors described in
Section IITI. A tabular summary of these factors for all configura-
tions is given in Table I,* page 65. The review of each configura-
tion considers the factors in the left-to-right order listed in the
table; the configurations are reviewed in the vertical order shown.
For those configurations which were tested on the NASA's approach
similator (all but two), the correlation between msjor comments of
the pilots and the handling-quality factors will be discussed. The
factors which appear to be deficient for each configuration are

indicated by shading.
A. SUBSONIC JET

Pilot closure of the ¢—=08g loop requires that the pilot generate
a moderate amount of lead to provide damping for the higher frequency
mode which originates at the Dutch roll (see Fig. 5).*° The plots of
Fig. 5 are for a pilot lead of 0.67 sec, which is certainly adeguate
and may be slightly more than actually used. Although the closure does
require pilot lead, the amount is not great enough to significantly

degrade pilot opinion (Ref. 11).

*This table has been prepared as a fold-out so the reader can
readily refer to i1t while reading this section.

10 fully understand the manner in which the closed-loop results
described below (and summarized in the first three columns of Table I)
are obtained requires a working knowledge of the material given in
Appendices C and D. However, the casual reader will still be able to
obtain an (imperfect) appreciation for the effects of importance by
reading only the text. The root locus and Bode plots for all the
pilot closures are together at the back of this section, page 38— 63.
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To evaluate the ¥y =0, control it is necessary to make scome
assumption as to how the pilot has closed the @ -8y 1nner loop.
Throughout the comparisons of this section it will be assumed that
the pilot closes the @ —dg loop with a phase margin of 45 deg.
Fortunately, the heading-loop bandwidth is relatively insensitive to
the gain in the ¢ =08, loop; therefore, a comparison based on this
assumption should be valid even if the pilot is actually using a

somevhat higher or lower gain.

Closure of the ¥ —=~085; loop with the inner ¢ =385 loop closed as
above is shown in Fig. 6. For a 6-db gain margin the crossover
frequency, w.q, is only 0.12 rad/sec and the dominant first order is
slightly higher, 0.16 sec-1. Table I shows this value to be lower
than that for all other configurations except SCAT 16, bare airplane
(@bo = 0.10 rad/sec). Since the pilot complained of the poor heading
control on the SCAT 16, bare airplane, it would seem that the same
problem might exist on the subsonic jet as the two values of weg are
quite close; however, there is nearly a two to one difference in the
frequency of the dominant first-order modes, 0.16 sec™! for the sub~
sonic jet versus 0.085 sec™! for the SCAT 16. Although detailed pilot
comments on the subsonic jet are not available, it is known that many
of these aircraft have been equipped with yaw dampers and that the
alrline pilots prefer to have the damper on during approach. This is
a significant point as a yaw damper can greatly improve the heading
control (increase w.g) as well as eliminate the need for pilot lead

in the ¢ - 55 closure.

The pilot's ability to damp the Dutch roll with r -3y feedback

is very good, as shown in Fig. 7.

The magnitude of @/B, 1.4, is comparatively small and there is no

significant problem due to the roll sensitivity to lateral inputs.

The turn coordination is very good. The angular acceleration due

to the ailerons is about the velocity vector so no initial rudder
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displacement is necessary for a step aileron input. The initial rudder

rate and the steady-state value are also low.

The roll response is satisfactory but could be improved; an

increase in maximum roll rate would appear desirable.

The rudder is quite powerful; Nér and the yaw angle achievable in
2 sec are greater than for any other configuration. Aileron power
appears marginal; for a 10-deg sideslip, nearly full aileron authority

is necessary to offset the dihedral effect.
B. BCAT 16, BARE AIRPIANE

As shown in Fig. 8, pilot closure of the @ —=0g loop can signifi-
cantly increase the Dutch-roll frequency and damping even if the pilot

doesn't use lead. Thus, the ¢ =08y closure is considered very good.

The ¥ 08y closure is shown in Fig. 9. For a 6-db gain margin
the crossover frequency is slightly less than 0.1 rad/sec and the
dominant first-order mode is only 0.085 sec™!. Table I shows this
value to be considerably smaller than that for the other SCAT config-
urations. The primary cause for the poor heading control is the low
value of §¢p¢,* which is in turn due to a low value of N} (see
Appendix B). A secondary cause is the existence of low-frequency zeros
in the ¥ numerator. The correlation with the pilot commant, "Low

directional stability, difficult to hold a heading," is obvious.

The pilot's ability to damp the Dutch roll by feeding r =5, is

very good, as shown in Fig. 10.

The magnitude of @/B for SCAT 16 is considerably less than for
SCAT 17A or 17B because of the reduced dihedral effect obtained with
the wings extended for the approach. As a result this configuration

will be less roll-sensitive to lateral inputs.

*With the ¢ =b, loop closed there is a pair of poles near the
zeros of the @/8y transfer function. The damping (t{w) of these poles
determines the magnitude of the peak on the ¥ — 8 Bode and conse-
quently is the main factor in setting the maximum gain and the cross-
over frequency.
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The turn coordination characteristics show that initially a large
amount of rudder into the turn is necessary to limit sideslip, but the
steady-state value 1is quite low. The pilots did object to the large

amount of adverse sideslip which developed in turn entries.

The roll-response time constant is very good, but the maximum roll
rate may be a little low; however, there was no record of a pilot

complaint.

For the decrab maneuver, the yaw acceleration due to rudder and
the yaw angle achievable are low. This coupled with the difficulty
in maintaining a heading could explain the pilot's difficulties in

making crosswind landings.

In summary, the major deficiencies of this configuration are the
difficulty in maintaining heading, the large adverse sideslip in turn
entries, and low rudder power. In spite of these problems the over-

all pilot rating is marginally satisfactory for normal operation.
C. SCAT 15, TESTED AUGMENTATION

The augmentation determined by experiments on the NASA approach

simulator is

CnB = 2 x basic
Cnr = 3 X basic
Cnp = =1 x basic

that is, a p-to-rudder feedback so that the effective CnB is twice the
bare-airplane value (this also changes the effective ClB)’ an r-to-rudder
feedback so that the effective Cp, is three times the bare-airplane

value (this also changes the effective C1.), and a p-to-rudder feedback
so that the effective Cnp is the negative of the bare-airplane value
(this also changes the effective Cip) -

The pilot closure of the ¢ =By loop is shown in Fig. 11. By
comparison with Fig. 8 it can be seen that the augmentation has

increased the Dutch-roll damping and increased.aﬁ,so that the aﬁ)and
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wy roots nearly cancel. As for the bare airplane, the ¢ -8y control

is very good and the pilot does not have to generate any lead.

The ¥ —+0y loop is shown in Fig. 12, The heading control is much
better than for the bare airplane because the augmentation has
increased §¢m¢ and has modified the /85 numerator so that a pair of
zeros nearly cancel the low frequency second-order mode which previ-
ously limited the heading-loop gain and bandwidth. The heading con-
trol is now very good, with the crossover frequency of 0.59 rad/sec
set by a 45-deg phase margin. The dominant first-order mode is at
0.65 sec™t.

The pilot's ability to damp the Dutch roll by an r =23, feedback
is still very good, as seen in Fig. 13.

The magnitude of Q/ﬁ is essentially unchanged as the slight
increase in Dutch-roll frequency has been offset by an increase in
the magnitude of Lé.

The coordination problem on turn entries has been eased by creating
a proverse yaw due to roll rate (Cnp > 0) to offset the adverse aileron
yaw. This is evidenced by the change in the initial rudder rate for
coordination from a large positive value to a large negative one. As
mentioned in Section IITI, the canceling effects of different signs of
the initial position and rate may result in negligible sideslip if the
pilot does not use the rudder. 1In fact, the pilot commented that

reversing the sign of Cnp made turn entries much easier.

The augmentation of Cp, has resulted in a large increase in the
amount of rudder required to hold a steady turn, a feature the pilots
complained about. This problem could be overcome by using a washout
in the r -5, feedback rather than a pure gain; the washout would

eliminate the steady-state feedback of opposing rudder during a turn.

The augmentation gives a slight improvement in the roll-subsidence
time constant and a considerable increase in the maximum roll rate (due

to the increase in aqﬁ. The roll response should be very good.
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The rudder power is still low; in fact, the achievable yaw angle
has been reduced. The pilots indicated that they would prefer a more
powerful rudder.

The augmentation included a B -—+=08y feedback to increase the
directional stiffness. During the decrab maneuver this feedback will
deflect the rudder in opposition to the pilot's input and slow down
the yaw motion. One solution is to have smzll limits on the augmenter
authority so that the pilot can easily overpower it; but, in doing so,

he effectively cuts out all rudder feedbacks.

Another solution is to use large augmenter authority with the
pllot's rudder input effectively acting as a sideslip commsnd. From
Fig. 14 it can be seen that the sideslip response to the pilot's rudder

input is
K N
8 Ko 5 Bsr K_1
o)

5
Tp « ‘ 5» | Mgs, B
Pilot's 1 QQ 2 Actual | &

rudder rudder
input position
K5 et

Figure 14. Sideslip-to-Rudder Feedback

Thus the response to the pilot's input can be increased without changing

the loop gain by

1. Increasing K

2. Increasing Kp and reducing K5 so that
KoKz is constant

3. Combination of the above
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All these methods allow a high loop gain without making it difficult
for the pilot to kick out a crab angle; however, there is the poten-
tial problem of a severe disturbance in case of a hard-over failure
in the augmenter. Various mechanizational techniques for eliminating
hard-over failures, such as hard-over detectors, are described in

Section V.
D. SCAT 16, ALTERNATE AUGMENTATION

This article describes an alternate method of augmentation which
was not tested on the simulator. The basic objective is to provide
the simplest possible augmentation, i.e., a minimum number of feed-

backs using only easily sensed quantities.

Two major deficiencies of the bare airplane (heading control and
turn coordination) can be alleviated by increasing the Dutch-roll
frequency and damping. To increase frequency it was decided to use a
lateral acceleration feedback to rudder rather than a sideslip feed-
back. An accelerometer should be easier to install, more reliable,

and simpler to maintain than a sideslip sensor.

Normally an accelerometer is located forward of the c.g. so that
the T term compensates for the acceleration due to rudder side force,
Y3,- The rudder center-of-rotation (located a distance —Ygr/Nér for-
ward of the c.g.) is often a good location. Since the simulator
dynamics used Ys,. = O, the c.g. was chosen as the accelerometer loca-

tion. The feedback proposed is

5r

Kyay
rad

where Ky, = 3.24 ———
y ft/sec2

For damping, a washed-out yaw-rate-to-rudder feedback was selected
with the gain set to give a damping ratio of 0.5, i.e.,



S

or = Kr gy T
where a = 0.5 rad/sec
Ky = 22.2 sec

Pilot closure of ¢ =8y is shown in Fig. 15. Note the additional
nearly canceling pole and zero which result from the washout in the
r -3, augmentation. The closure is again very good with no pilot

lead required.

The { =08y closure is shown in Fig. 16. Because of the augmenta-
tion, the second-order poles which go unstable have been moved to
higher frequency and damping. In addition, the numerator zeros have
been improved somewhat by being shifted to higher frequencies. The
net result is a significant improvement in the heading control over
that of the bare airplane, although not as good as the tested
augmentation.

The r =8, control is very good (see Fig. 17) and the need for
the pilot to use the rudder to damp the Dutch roll is greatly reduced
because of the high damping supplied by the augmentation.

Although the magnitude of @/B has increased slightly, the greatly
increased directional stiffness (ay = 1.79 rad/sec compared to
0.64 rad/sec for the bare airplane and 0.68 rad/sec for the tested
augmentation) will significantly reduce the roll response of the air-

plane to side gusts or an engine failure.

Although the initial rudder position and rate for turn coordination
are the same unsatisfactory values as for the bare airplane, the increased
directional stiffness with the proposed augmentation should actually

greatly reduce the amount of sideslip in aileron-alone turns.

The roll-subsidence time constant is essentially unchanged and the
maximum roll rate has been increased by the increase in m$/uﬁ. The
roll-response factors are nearly equal to those for the tested

augnentation.
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The lateral-ascceleration-to-rudder feedback has produced a large
increase in the magnitude of the effective Ié (because of Lér) and has
thereby greatly increased I3/L§,. The increased directional stiffness
and yaw damping have also reduced the achievable yaw angle. Both the
aileron required to keep the wings level and the achievable yaw angle
could be improved to nearly the bare-airplane values by using the
pilot's rudder input as an acceleration command (in the same manner

described in subsection C for a sideslip command).
E. B8CAT 1TA, BARE AIRPIANE

The @ —=8y closure for a pilot lead of 0.67 sec is shown in Fig. 18.
This moderate amount of lead is necessary to provide a reasonable amount
of Dutch-rcll damping when the pilot is closing the @-=385 loop. With-
out the lead the allowable pilot gain would be rather limited and heading

control would be poor.

An interesting point on this configuration is that the value of aﬁ/hﬁ}
0.62, is less than the 0.75 required to avoid roll rate reversals (Ref. 1
and 3). One pilot reported that he noticed the reversal but did not con-
sider it highly objectionable. The reason for the acceptance of this

characteristic is not clearly understood.

Even with the pilot lead in the ¢ -85 loop the heading control is
only fair (see Fig. 19). The crossover frequency is 0.20 rad/sec and

the dominant first-order mode is at 0.18 sec™!.

The r -3, control (Fig. 20) is not as good as for the previous
configuration, £ .. being only 0.35, because of the relatively large
value of (L)r/(.l.‘d due to the high dihedral and low roll damping (Eq 1).

The magnitude of ¢/B is quite high and, as would be expected, the
pilot complained about the large roll motions caused by side gusts,

engine failure, and the decrab maneuver.

A moderate amount of rudder is needed for turn entries and, although
considerably less than for the SCAT 16, was still considered objectionable.

The rudder required for steady-state turns does not appear excessive.
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The airplane is quite sluggish in roll because of the relatively
high roll time constant and slightly low maximum roll rate, a deficiency

noted by the pilots.

The rudder power is much better than for the SCAT 16, but the
aileron required to offset the effective dehedral is quite high. The
1

aileron authority (15 deg) is not large enough to cancel the IB term
for a 10-deg sideslip.

In summary, the configuration does not have any one serious problem,
but instead is somewhat deficient in a number of areas. The most seri-
ous defect appears to be the tendency for the airplane to roll sharply
whenever disturbed laterally by side gusts, engine failure, or the decrab
maneuver. The over-all rating of the configuration was unsatisfactory

to unacceptable for normal operation.
F. BCAT 1TA, TESTED AUGMENTATION

This subsection describes the handling qualities of the SCAT 17A
with the augmentation which was derived during the experiments on the
NASA approach simulator. The augmentation consisted of B, p, and r

feedbacks to aileron so that the effective derivatives were

C]_B = 0.6 x basic

Clp = 1.5 x basic

C]_r = 0 x basic
and to rudder so that

CnB = 2 x basic

Cnp = -1 x basic

Chyp = 2 x basic

Note that the actual values of the augmented derivatives are somewhat
different than those listed above because the control cross-coupling
terms, CnSa and Clar’ were neglected in determining the feedback gains

to be used.
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Pilot closure of the @ -85 loop is shown in Fig. 21. With the
increased Dutch-roll damping, pilot lead is no longer necessary. The
value of mm/aﬁ_has also been increased to the point where the roll

reversal no longer occurs.

The increased damping combined with a favorable shift in the w/&a
zeros gives a significant improvement in the heading control; the

crossover frequency is nearly doubled (see Fig. 22).

The reduced dihedral and increased roll damping have improved the
r -3y control through a reduction in wp/ay (see Fig. 23). There is
also less need for the pilot to damp the Dutch roll as it is quite
well damped by the augmentation.

The magnitude of @/B has been reduced to two-thirds of its original
value. This coupled with the increased roll and yaw damping signifi-
cantly decreases the roll response to lateral inputs; however, the

pilots indicated that they would prefer an even smaller IQ/B]DR.

The initial rudder position for turn coordination is unchanged,
but the initial rate is reduced to a smll negative value by the change
in Cnp. The rudder for coordinating turn entries is reduced, but that
required for steady turns has more than doubled because of the yaw
damper. The steady-state requirement was considered excessive by the
pilots, but could be reduced by a washout in the r - &y feedback, as
previously discussed in the SCAT 16 case. It is worth mentioning that
a larger Cnr augmentation would have been used had it not increased

the steady-state-turn requirement.

The roll response is improved considerably by a 50-percent increase
in maximum roll rate (through increasing wmﬁnd) and a 25-percent decrease

in the roll time constant.

For the decrab maneuver, the aileron required to offset the dihedral
has been slightly reduced, but is still quite large. There has been a
significant reduction in achievable yaw angle, but this could be

increased by using the pilot's rudder input as a sideslip command.

33




G. SCAT 1TA, ALTERNATE AUGMENTATION

This article describes an alternate method of augmentation which
was not tested on the simulator. As for the SCAT 16 (subsection D),

the basic objective is to provide the simplest possible augmentation.

One peculiarity of this configuration is worth special notice,
that is, the aerodynamic derivative CyB is positive. Because of this
reversal in sign a conventional accelerometer feedback would decrease
the directional stiffness. One might consider changing the sign of
the feedback, but two potential problems strongly discourage this:

1. Probable reversal of Cy at large B could cause
an instability.

2. Because CyB would be negative over the rest of
the flight envelope, either the feedback could
be turned on only after the airplane is in the
final approach condition or large gain changes
would have to be made prior to final approach.

With an accelerometer feedback eliminated from consideration, the
most logical augmentation for this airplane is a roll damper (p-*»Sa)
to decrease the rolling response to lateral inputs. A roll damper,
however, will do little to improve the heading control. It was found
that an aileron-to-rudder interconnect could improve the heading con-
trol by favorable shifts in the ¢ and ¥ numerators. An interconnect
ratio of 1:1 appears to be satisfactory. With the roll damper set to

give a roll time constant of 0.5 sec, the augmentation is

o} r = 6a = Kpp
1.23 sec

where K@

Pilot closure of the ¢ =3, loop with the interconnect and roll
damper is shown in Fig. 24. The roll damper has added a considerable
amount of Dutch-roll damping, the rudder interconnect has increased

ap, and the @ =8y closure 1s very good without pilot lead.
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The heading closure is shown in Fig., 25. The combined effects of
an increased 1/TR and a more favorable location of the W/Ba zZeros
gives heading control which is much better than the bare airplane and

is essentially the same as the tested sugmentation.

The increased roll damping has also significantly reduced a&/a&
and improved the pilot's ability to damp the Dutch roll by the r =5,

closure (see Fig. 26).

The magnitude of @/B has been cut nearly in half from the bare
airplane. This means an important reduction in the roll response to

lateral inputs.

The interconnect eliminates the initial rudder position for turn
entries, but the rate is unchanged. The resultant rudder requirements
for coordination during turn entries should be modest. The intercon-
nect has increased the rudder requirement for steady-state turns to

about the same level (considered excessive) as the tested augmentation.

The roll damper has reduced the roll time constant, but has also
lowered the maximum roll rate to 7 deg/sec. The maximum roll rate
could be increased by using a very limited authority augmenter or by

using the pilot's aileron input as a roll-rate command.

Although the rudder acceleration and achievable yaw angle are
good, the amount of aileron to offset the dihedral appears to be
objectionably large.

Because of the problems of the rudder required for steady turns and
the aileron required for decrab, the handling qualities of this config-
uration may not be acceptable for norml operation without additional

augmentation.
H. BSCAT 17B, BARE AIRPIANE

The dynamics of this configuration are rather unusual. Because of the
large positive value of Cnp, the roll-subsidence and spiral modes have

been coupled into a lateral phugoid. Thus the lateral characteristics
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consist of two second-order modes of low frequency but relatively high

damping ratio.

Pilot closure of the @ =3, loop with a lead of 0.67 sec is shown
in Fig. 27. The figure clearly shows that this is a very bad closure;
the pilot is destabilizing the lateral phugoid and actual stability is
critically dependent on the pilot lead. The pilot is capable of gener-
ating much higher leads, but extreme leads always lead to poor ratings.
One pilot commented that the only way he could fly the airplane was by
pulsing the ailerons. By applying a large acceleration for a short
time the pilot can get a reasonable roll rate, and after he neutralizes
the ailerons the roll rate decays slowly because of the low frequencies
of the lateral modes.

Because of the very poor quality of the ¢ =35 closure, heading

control was not even considered.

The r -=8y closure is also very bad (Fig. 28). As with the @ -3y
loop, the closure destabilizes the lateral phugoid. The pilot experi-
enced extreme difficulty controlling the airplane whenever he used the

rudders.

The remaining handling-quality factors are unimportant as the
closed-loop control is so bad that the configuration was rated

unacceptable even for emergency conditions.
I. BSCAT 17B, TESTED AUGMENTATION

This subsection describes the augmentation which was tested on the
NASA simulator. Because this simple augmentation was successful, no

attempt was made to derive an alternate augmentation system.

The role augmentation was a roll damper with gain such that

Clp = 2.5 x basic
or Oy = Kpp
where K@ = 1,7 sec
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As will be shown shortly, the roll damper makes a remarkable improve-

ment in both @ —= By and r — 8 control. It decouples the lateral

phugoid back inte a roll-subsidence and a spiral mode. It improves the

r — By closure by greatly reducing Wy

The ¢ -—=8g closure is shown in Fig. 29. Although the feedback
reduces the Dutch-roll damping slightly, the damping was originally
high enough so the effect is unimportant. This closure is very good;

no pilot lead is required.

The heading control, Fig. 30, is considerably better than any
other configuration because of the good Dutch-roll damping and the

favorable location of the ¥/, zeros.

Figure 31 shows the r =35, closure which is now very good because

of the effects of the roll damper on w, and the lateral phugoid.

While the magnitude of m/B has been greatly reduced, one might
suspect that it is still somewhat too large; simulator tests with
reduced clﬁ did show a slight improvement in pilot rating.

The turn coordination appears good and there were no pilot
complaints. The rudder requirements for turn entry are quite small
and rather than put in top rudder, or rudder out-of-the-turn (the
initial rudder rate required is negative), the pilot probably accepts
the small amount of sideslip for aileron-alone entries. The steady-

turn requirement is moderate.

The roll response is very good, with a low time constant and

relatively large maximum roll rate.

The rudder power is good, Nér and the achievable yaw angle are
guite large. The aileron required to overcome the dihedral is high
and, although a pilot complaint on this specific point was not noted,
simulator tests showed that a reduced Ié improved pilot rating.
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Figure 7. Subsonic Jet, Yaw-Rate Closure
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Figure 10. SCAT 16, Bare Airplane, Yaw-Rate Closure

43



aangoT) STSuy-Yued ‘uoryvIUSWSNY DPOIS3T, ‘9l IVOS * Ll SamITJ

(o3¢} (das/posym o o o

i oz
E-3
o
1y
Hl |
|
0Bt~
ok
01 02
UIBION #50ud LG 10) Sl QP O ! o
otf
.wgﬂl
8§
I a4 doc) pesory
9t0q doo uedp X
ozt 047z doo) wdo O
(LS gy . # -
oo ™ . “woid

[2(89)* $(89)(6))2* ;5] (S61+S)(9E0-8) g
(:29) - SlZoNeNz» ] 212~ r g wemw

L



aangoT) Sutpsey ‘uorssuUsWBNY PIISST ‘9l IyDS

ool (o98/ppiym* o ot o

}—528 O —4

jimDo) (™o

‘gl aandTd

o2~ —

WibJoW 39044 G¥ 70} 801 AP O

75 L) TR YN
gy e M e

€4+ [+ 1 2EMOYIZ « o8] 1880 4 HBINEI 2 ¢ 488 - _.h owos iy
WLhe SNL'9 + 021+ SULNIZ'IZ + 8] 2010 - 4

b— 0z —f

o'i-
F N o't- o'z-
T 1 T T
o l\f/
sjog doo pesol> §
30g4 9001 UNID X
0i87 00 U¥Q O
02

L5



Airframe: — =

Sy
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-K
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® Open Loop Zero
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Figure 13. SCAT 16, Tested Augmentation, Yaw-Rate Closure
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Figure 17. SCAT 16, Alternate Augmentation, Yaw~Rate Closure
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Figure 20. SCAT 17A, Bare Airplane, Yaw-Rate Closure
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Figure 2%. SCAT 1T7A, Tested Augmentation, Yaw-Rate Closure

55




2IngoT) oT3uy-ueg ‘UCT3BIUSWISNY 93BUISITY ‘vi. IVDS

aanSTH

o

J9s/poi)ym‘ o . /
ol (20s/p04) 1o 100
T 02- -
»
(o]
a
2
1 L
oi-
———Y—
- - :_Whoz asbyd .nvn 104 36l QP O
, !
. 8
(o)l g
I ol -
oz
(L9+%) e, . ¢ .
T E M A 4011d
! g
[[2071) + S(ZOIHIZIZ + 23[(Z + SN OO ~ §) sg_ug|og /
= 2 awpiay =
[2ue)+ sueHEE)Z + 2F] 901~ ¢

9104 dooy pesord |
90g doo udD X
0487 doo uado O

2

56




3INSOT) BulpssH ‘uoiBjuamdny 91BUISITY ‘V.: IVOS

208 ‘o
ool (0s/posym o [K+]

— B3P O —f

o8I-

(mho »

e-)9l

b——ap 07—

(L9+4)

(2'g-%)

N—¢
-3..:_H.a._r:n.;:wm:.”_wa.:.s‘x:a:.u. uu.u.n
I

(L9 5—.«30., + s(66°)EI-1R + «-H_.on. « )y~

ulBioW UIBD AP 9 10) W QP O

f-0 40 tiong

F oy

*Cg =an3tg

Qe-r

T

U

)

~—

o1~

o'e-

4

L

g

-

[ B o

3

/

\-\ial

804 doom) pesoi) ||
8j0g doo uedo X
0407 doo uedQ ©

57




58

© Open Loop Zero
X Open Loop Pole

-.23[s2 + 2014).32)s + (.32)%](s + 2.7)
(s - 004)(s + 2)[s2 + 2(.26)1.02)s +(1.02)?]

: R S
Airframe: Sr

(s -6.7)
r (s+6.7)

Pilot: Y,

r

=-K

jw

* \ | | * o
-2.0 -1.0
— -1.0
— -2.0
Figure 26. SCAT 1TA, Alternate Augmentation, Yaw-Rate Closure
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; -.2[(s +.730s2 + 2(-.1(60)s + (60)7]
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® Open Loop Zero
X Open Loop Pole — 1.0
l | l Fe 1
2.0 -1.0

Figure 28. SCAT 17B, Bare Airplane, Yaw-Rate Closure
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- 215(s +1.94)[s? + 2(122)(.37)s + (.37)?]
(s + O7INs +1.94)s? + 2(.24).73)s + (.73)?]
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Figure 31. SCAT 17B, Tested Augmentation, Yaw-Rate Closure
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J. DESIRABLE VALUES

From the comparison of the handling-quality factors for the several
configurations tested and the correlations with pilot comments, prelimi-
nary estimates have been made of the desirable values for the various
factors. This analysis indicates that the values necessary for a good

pilot rating are:
1. @ -— 8y closure: "Good" closure with pilot lead < 0.7 sec
2. ¥ —= 8y closure with ¢ —» By inner loop: wyg > 0.3 rad/sec

3. 1 — 3y closure: > 0.5

CIICB.X

ho lo/Blpg < 1.5

. Oy/0
(5r/8a) The magnitude of the sum of these two

5
6. (ér/ga)o parameters should be less than 1
g lgr/(Plss <0.3

8. TR <1 sec

9. Dpax > 10 deg/sec
0. INérl > 0.2 sec2
1. |rg/rg | <1

12. (Awmax)t=2 sec > 5 deg
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BECTION V
STABILITY AUGMENTER MECHANIZATION

The previous section considered the handling qualities of three SST
design with and without various types of augmentation. This section
illustrates the assessment of competing mechanizations for a given
type of augmentation and comparés the operational penalties imposed
upon each design by the required augmentation. Only the simpler type
of augmentation (the alternate augmentation for SCAT 16 and 17A, and
the tested augmentation for SCAT 17B) is considered for each design.

The mechanization of possible competing augmentation systems at
this time poses several problems. Although the general airframe con-
figurations for the three vehicles have been established, there is
little information regarding the structural characteristics of the
vehicles. It is impossible to establish the effects or manifesta-
tions of fuselage bending modes and, hence, the resulting number or
location of sensors. It is also impossible to define the details of
control surfaces and actuation means. As an example of the latter,
Ostgaard (Ref. 12) predicts as many as twenty surface actuators may
be required for the S5T. Thus it way be impractical to employ the
conventional series augmenter servo as a separate component in the
control system. Multi-input (e.g., manual, augmenter, and/or auto-
pilot) surface actuators may have to be employed. On the other hand,
existing electrohydraulic valves are not yet proven capable of surviving
(without cooling), for extended periods, the high temperature environ-
ment which will be encountered in the SST. Electromechanical servos
could be designed to survive this high temperature enviromment, but
the problem of achieving fail-soft or fail-operational capabilities

(equivalent to those of the electrohydraulic servos) arises,

These problems cannot be resolved here and actually need not be.

The intent of this section is to illustrate a first cut at determining
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the relsgtive reliability, maintenance, cost, etc., contributions of
the competing systems. The resulting relative qualities can be scaled
up or down at some later date to achieve a measure of the absolute
values when such details as the number of servos and/or actuators can
be established. In the light of past commercial airline requirements,
it can be assumed that unproven, highly advanced equipments or tech-
niques will be avoided to the greatest extent possible—at least in
control applications. We can therefore assume that the present state-
of-art components and mechanizational techniques will be employed and,
to simplify the analysis, assume that sufficient cooling will be pro-

vided to allow usage of electrohydraulic servos.

The following subsection will present a sumary of mechanizational
considerations and ground rules. In subsection B a selection will be
made of the most promising mechanizational scheme for each vehicle.
Final assessments and tradeoffs between the three vehicles will be

made in subsection C.
A. GROUND RULES

Before attempting to define mechanizational schemes, it is perti-
nent to summarize the ground rules and/or considerations which have a

bearing on the mechanization. These ground rules are as follows:

1. Three airframe configurations are to be considered:

a. SCAT 16
b. SCAT 17A
c. OSCAT 17B

2. Each airframe has been evaluated at a single flight condi-
tion, the landing approach. The minimum lateral augmenta-
tion requirements, based on handling-quality considerations

only, for the competing airframe configurations are:
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AUGMENTATION

VEHICLE FEEDBACKS COMMENTS
May be ay command
SCAT 16 ay, r—=3yp for final decrab

maneuver

SCAT 17A | p—=8g ; Bg—dp

Stick position may
be p command

SCAT 17B p——"5g

Only the landing approach has been analyzed; however it
is assumed that an equivalent situation exists during
takeoff. Augmentation and gain compensation requirements
have not been established for other mission phases or

flight conditions.

No consideration is given to the automatic flight control
system, AFCS, modes of operation or the requirement for

augmentation as an inner loop of the AFCS.

For the SCAT 17B, the augmentation system reliability
must equal or exceed the reliability requirement for a
complete AFCS, namely, no more than one fatal accident

in 107 landing attempts (flights).

From the standpoint of the FAA and the airlines, the
relative ranking of design qualities will be:

a. Fail safety

b. Reliability

c. Maintainability

d. Bulk (weight and volume)

e. Cost

Nuisance failures and false alarms must be held to a mini-
mum in order to minimize turn-around time and maintenance

actions.




B. SELECTION OF MECHANIZATIONS

Actual field experience with augmenters in military aircraft
indicates system mean-time-between-failures, MIBF, for a single-axis
augmenter, can be expected to fall in the range 140 < MTBF < 1000 hr,
depending on the complexity of the system mechanization. Assuming a
flight time of 3 hr and an MIBF of 600 hr, the probability of failure
of a nonredundaﬁt system operating from takeoff through landing is

. t p) 1

P T MIEF T B0 200
Thus it could be expected that one landing in every 200 would be made
without the aid of augmentation. To reduce the failure probability

requires some form of redundancy.

Table F-I of Appendix F presents a hierarchy of feasible multi-
plicity schemes versus major operational, maintenance, and hardware
design qualities. With few exceptions, as the level of multiplicity
increases, these design qualities demonstrate an orderly progression
of

Increasing failure protection
Increasing allowable augmenter authority

Increasing mean time to total system failure

Increasing dollar costs, weight, power require-
ments, etc.

Decreasing mean time between maintenance action

Increasing false alarm rate

It has been established in the previous section that, for the
SCAT 16 and 17A, augmentation is desirable but not mandatory.
Augmentation is mandatory, however, for the SCAT 17B. Based on the
design quality considerations of Table F-I, tradeoff and selection of
the mechanization category for each augmentation configuration can be

made as follows:

69




1. SCAT 16 and 17A

A bard-over failure during the approach and landing (or
takeoff) could result in the aircraft achieving a dangerous
attitude before the pilot could determine the cause of air-
craft motion and apply the necessary correction. The system
must be sufficiently reliable to build pilot confidence in its
availability and usefulness. False alarms must be eliminated
if possible. The system must require a minimum of maintenance
and allow the fastest possible turn-around. Bulk and cost are
to be minimized.

The minimum system meeting the fail-pulse requirement is
Category IIA (Table F-I); however, Category IIIb offers con-
siderably increased reliability at the expense of bulk and
cost. Both configurations reflect the minimum maintenance
requirement in that neither is susceptible to false alarms and
vet both allow direct isolation of a failure to a specific
channel. Both Categories IIa and IITb will therefore be

investigated further.
2. SCAT 17B

The requirement for fail-operational automatically sets
the augmentation configuration at Category VI or higher. Of
these, Category VIII, although slightly more complicated due
to the additional voters, inherently offers higher reliability
and lower mean time between maintenance action. Category VIII

is therefore the obvious choice.

Possible mechanizational schemes and the resulting MIBF calculations
for a single channel are presented in Tables IT, IIT, and IV for
SCAT 16, 17A, and 17B, respectively. In view of the low resulting MIBFs
it is obvious that reliability per flight must be drastically increased

over single-channel reliability. Furthermore, fail-safety considerations
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TABLE IT

SCAT 16 MECHANIZATION (PER CHANNEL)

2y, r—=%y

!

Shaping
Accelerometer = and > Afte J;?or
| Amplifier

Deactivation
Device

—
]
Hardover Rudder
Monitor Surface
| Actuator
e bt wosn-ou o ot | |
Y-
FATIURE RATE DATA SQURCE
COMPONENT (PER 10° HR)  (REFERENCE)
Rate gyro.ceeece. Cererssasessescenseennes . 150 13, 1k
Accelerometer....... cecrcannan Ceeesnencana 50 13, 14
Accelerometer hard-over monitor......... .o 6 15
Washout and miscellaneouS.sseecsessesncens 20 1, 15
Amplifier (3 stages)e.eeeeeeeesocnssossnns 150 1h
SErVO VAlVE..eeeeerascosnsesosannns ceteeen 500 14
Actuator hard-over monitor.ceeeceecesesena 20 15
Cylindereeceecsecsoccscossscsscssasosnsooscca 30 13
FeedbaCk DOtesesscsserssscascansscncanascns 100 14
Hydraulic 501enoidecceccscersccesccccscnns 60 13
POWET SUPDPLYeeeeorassosvsncscscscnsacnses . 50 14
Integrated test circuitry.cececevessaceses 60 15
Engage SwitChe.eceseeecosocasocosnssccnassnse 60 1h
1256
MIBF = —-———1————3 = 800 hr
1256 x 107
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TABLE III
SCAT 17A MECHANIZATION (PER CHANNEL)

p—0y ; By —0r

Stick ‘
Position
Shaping Servo
g Am(:)r;?fier Actuator ﬂ" Aileron
Rate ] Surface
Gyro Actuator
Hardover _ | Hardover
Monitor ~ | Monitor . '
| p——-
i
Motor
and
Screwjack
1
Four
3a Bar b 3p
Linkage
FATILURE RATE DATA SOURCE
COMPONENT (PER 100 HR)  (REFERENCE)
Stick position SEnsSOT.eeesscsscsss cesnenas 80 14
Rate gyroseecsceccecss Cesssesetenesssananns 150 13, 14
Sensor hard-over monitOre.eeceeesscessesss 6 15
Amplifier (2 stages)sceeseesecoscencsoaass 100 14
Miscellaneous CirCUibry.eeeeesseceecococns 20 14
SETVO VALVEeeeeeosonsasosassssnssssssasnsss 500 14
Actuator hard-over monitor.eecec.. ceencsas 20 15
Cylinder....‘.......I........‘............ 60 13
Feedback PObesescscesossaccssssaness ceeese 100 14
Hydraulic solenoid....... tescesansanessans 60 13
POWET SUPPLY esesescosssansossnsnsonsasnans 50 14
Integrated test circuitryeeeeeeseseccecens 60 15
Engage sWwitCheceeoeeoen Ceeecerasenn cecesns 60 14
Motor and SCrew jacCKessosseseossscsescsees 100 14
1366
MIBF = —————> & 730 hr
1366 x 107
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TABLE IV

SCAT 17B MECHANIZATION (PER CHANNEL)
p—=25%g

Shaping
and
Amplifier

Stick l

Position Voter
‘ Servo l
Voter I Actuatorl

Rate 1
Gyro | Voter Aileron

Voter 1
Surface
Actuator

A

FATIURE RATE DATA SOURCE

COMPONENT (PER 10° HR) (REFERENCE)
Stick POSitiOn SENSOTeesececcssscccccesens 80 14
RALE ZYTOccessescessanscscsscsnsscncscanses 150 13, 1h4
Amplifier (2 stages).eeveseccscccsassccaes 100 1h
Miscellaneous shaping cirCuitIy.eceeeseess 20 14
On-line voters (3)ececeseccscssccsccsnnnss 120 1k
Off-line voters (4/3).cieeeciceccaccaanass 80 14
Servo valve (2/3)ceccescccccsccsssccnccens 333 1h
Cylinder (2/3)ceiierccnrccncnscconcanannns 40 13
Feedback Pot (2/3)ceccecescccsscecncsanass 67 14
Hydraulic so0lenoid (2/3)eecceaccccccsccces Lo 13
POWET SUPPlY:eecsscesocscoccccssosonccocsas 50 14
Engage switch (1/3)cceeecerccccccccosncone 20 14
MOdEL (1/3) ceeceuenceecencenncasanannnnons 20 14
1120
1 o

MIBF = % - 890 hr
1120 x 107




dictate the minimum levels of redundancy noted above. Additional
redundancies and/or operational usage leads to three possible situa-

tions:

Situation I. Minimum, fixed-gain, fail-safe augmenter
operated during takeoff and landing only. The augmenter is
turned off during climb-out and is not re-engaged until a few
minutes prior to landing.

Situation II. Augmenter operated during the entire flight.
Stand-by redundant system employed in SCAT 16 and 17A. The
augmentation is assumed to be gain-compensated at an addi-
tional failure rate contribution of 250 x 107° per hour per
channel.

Situation III. Dual-redundant system for SCAT 16 and 17A
and triple-redundant system for SCAT 17B, each operated through-
out the flight with a stand-by, fixed-gain Category Ila aug-
menter available for emergency back-up for landing. If the
cruise augmenter fails during flight, the landing augmenter
is not turned on until the landing is to be undertaken. If
the cruise augmenter is still operable during approach, the
special landing and takeoff augmenter remains in stand-by.
The cruise augmenter is assumed to be gain-compensated at an
additional failure rate contribution of 250 x 10-6 per hour
per channel. This mechanization reguires a minimum of three
independent hydraulic power sources.

The flight (mission) profile will be assumed to be divisible into three

phases: 1. Warmup and takeoff, 10 min.

2. (Climb, cruise, and letdown, 160 min.

3. Approach and landing, 10 min.

Thus, the total flight time is 3 hr and systems which are turned on
only for takeoffs and landings will be operated for 20 min. per flight.

The probability of system failure per flight, Pp, probability of
maintenance required per flight, Py, probable maintenance hours per
flight, M, and total system hardware "cost" (using the formulas in
Appendix F), C, are presented in Table V for the three aircraft con-
figurations and three usage situations. Note in Table V that the

difference in hardware "cost" between a fixed-gain and a variable-gain
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system is considered negligible. These values are also plotted in

Fig. 32 and 33.
TABLE V

AUGMENTER COMPARISON SUMMARY

CATEGORY (x10%) (x10%) (x103) ¢

SITUATION I

SCAT 16eeeecnces . TIIa 420 0.42 0.3 1

SCAT 17Acecucenns Ila 460 0.46 0.38 1

SCAT 17Besscosess VIII 0.155 2.4 2.0 3
SITUATION II

SCAT 16ecesessess IIIb 10.2 k.5 3.7 2

SCAT 17A.0"..-01 IIIb 11.8 )4'08 400 2

SCAT 17Beceeessss VIIT 18.4 26 22
SITUATION III

SCAT 16eecececess IITb + IIa 0.0021 4.5 3.7 3

SCAT 17Aeeececess IITb + IIa 0.0027 4.8 4.0 3

SCAT 17Becece. eee VIII + Ila 0.0036 26 o2 L

Recalling that the SCAT 16 and 17A vehicle configurations are
capable of being landed without augmenters in an emergency situation,
it would appear that the Situation II case would suffice for these
vehicles from a handling-quality standpoint. That is, employing the
Category IIIb mechanization throughout the normal mission wherein one
system is active and a second is available on stand-by, roughly one
landing in one hundred thousand would be made without augmentation.
This would be accomplished at a reasonable maintenance expenditure
(approximately 4.5 maintenance actions per thousand flights) and
hardware cost (dollar and bulk).
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Cost in Dollars , Weight

Volume , Power Required

Probable Number of Maintenance Actions Required

(Per Cent of a Single Non-

/] SCAT I7a
28
SCAT 178
26 - s "B
< Note: -w‘ W
42 10+ Approximately 50 minutes |:::. Ny
© down time per maintenance |- 22003
w action
o 8 ]
o
o
& 6
4
2 -
w
B i g e et
SITUATION I SITUATION II SITUATION III

Redundant Augmenter)

ML

e e i
SITUATION I SITUATION II

SITUATION I

Figure 33. Probable Numberl of Maintenance Actions

and Augnmente:r "Coust"
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For the SCAT 17B vehicle, which is considered unflyable without
augmentation, one is forced to select the Situation III case wherein
a triple-redundant augmenter is employed as the nominally active
system and a separate landing augmenter (fixed-gain) is available as
an emergency device. This mechanization would probably require the
further complexity of automatically switching to the emergency stand-by
system in event of complete failure of the triple-redundant system
during the actual approach and landing. This is necessary to elimi-
nate the pilot's time lag in determining that total failure of the
triple system has occurred and in then activating the stand-by system.
It'is also desirable to eliminate the extra burden on the flight crew
during a most critical time period. If the triple-redundant system
were to fail prior to the approach phase, suitable means would have
to be provided to avoid its automatically turning on the landing
auvgmenter. With this combination, the reliability requirement of one
failure in 107 landings is actually exceeded by a factor of 30. The
system cost in terms of maintenance actions (26/1000 flights) and
hardware 1s extremely high, however, and obviously is due to the
characteristics of the SCAT 17B which make a fail-operational system

mandatory.

For fully automated landings in which the augmenter is an inner
loop to the path control modes and the same 10=71 probability of failure
is imposed on the complete AFCS, it is likely that the Situation III
case would become a requirement for all three vehicle augmenters.

That is, with the added complexity involved, the reliability appor-
tionment for the inner loops would be much more stringent than it is

for the present manual control situation.

As a final comment, it is to be recalled that these calculations

are rough estimates based on current aircraft-type components.

It might be expected that components will be improved during the time
span between now and the date of actual design of the S5T and hence

the reliability of components will improve. This has not necessarily
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proven to be the case in the past. For example, vendors have steadily
improved upon the design and manufacture of flight control system
components over the past ten years. Yet, actual field data indicate
that the over-all system failure rate has been increasing for augmen-
tation systems during this same time span. It is concluded that the
system performance requirements, complexity, and environmental severity
are outdistancing the component improvements. There is no reason to

believe this same situation will not also be true for the SST.




SECTION VI

SUMMARY

The design of a stability augmentation system must include the three

essential steps:
1. Analysis of the handling qualities of the basic airframe to
determine what deficiencies, if any exist.

2. Determination of stability augmentation requirements for
satisfactory handling qualities.

5. Assessment of the operational tradeoffs among the various
mechanizational possibilities.
A simple analytical method for performing these steps has been presented.
The method was developed for the lateral-—directional augmentation of

- large transport-type aircraft in landing approach, but portions can be
applied to other situations.

Factors for the handling-quality evaluations of steps 1 and 2 have
been developed. Preliminary estimates of the values of these factors
necessary for a good pilot rating have been developed from previous
studies and from tests of several supersonic transport configurations

evaluated on the Transport Landing Simulator of the Ames Research Center
of the NASA, as follows:

1. @-—=08g closure: "Good" closure with pilot lead < 0.7 sec
2. ¥ 5%y closure with @—=03, inner loop: wyy > 0.3 rad/sec

5. r-—=08; closure: > 0.5

Crax

he lo/glpg < 1.5

o (6r/6a)o The magnitude of the sum of these two param-
. eters should be less than 1
6. (ar/aa)o

7' ISI‘/CPISS < 0’5

8. Tp <1 sec




9. Prox > 10 deg/sec
10, |N§ | > 0.2 sec?
1. lLé/Lgal <1
12. (A"’max)tzesec> 5 deg

It is recommended that a combined analytical—simulator study be under-
taken to better define the parameter values necessary for a good rating

and to refine the definitions of handling-quality factors.

The results of one of the example sugmentation system assessments
are of special interest. The handling qualities of configuration
SCAT 17B were considered unacceptable even for emergency operation and
pilot opinion was that the airplane could not be landed. With a simple
roll damper the handling qualities were considered acceptable for normal
operation; however, with current state-of-the-art components the relia-
bility requirement of one failure, or less, in 107 flights is not quite
met by a triple-redundant augmenter used only during takeoffs and land-
ings. The requirement could be met by a triple-redundant augmenter
used throughout the flight plus a single-channel back-up system to be
used only during landings (this system requires three independent
hydraulic supplies). The operational penalties (in terms of mainte-

nance, weight, bulk, and cost) for such a system are obviously severe.
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APPENDIX A
TRANSFER FUNCTIONS

The lateral transfer functions used herein are based on the

following form of the equations of motion (body-fixed axes®):

.y B swo + g cos 60 sUO — g sin 90"1 " . -
v VT, sV &
! b
-Lé s(s—Lp) - Ly = = Ly | B (A-1)
~Ng —-sNé (s —Ny) r N8
where © can be either 8y or Oy
Additional variables are given by
¢ = p+r tan 6, (A-2)
: r
‘lf - coS 90 (A_B)
ay = Vpo(YyB +Y§8) = Vp B — Wop + Upr — g cos 6,9 (A-4)
ay = ay + L& — 1D (A-5)

The transfer function of a dependent variable is written in the form

A(s) NKS(S)

5(s) =AY (A-6)

where A =B, p, r, @, etc.

*
For stability axes Wg = 0, Uy = Vp,, and 65 is the flight path
angle.
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The denominator, A(s), is given by

A(s) st

+ 55('Yv‘ Il'a‘Nx")

+ 52[-\% (UoNB - Wolg) + LpNy — LNy + Yy{Ip+ NI'-)]
(o]
Uo Tt [ WO Tt tart
+ S[V—%(IBNP- LPNB) + V—TO(LBNI.- LI.NB)
= Yy(Iphy - LyNp) — V—i;(Lé cos 6g + Né sin 90)]

+ v‘]gjg".(LéNl'.- LyNg) cos 6, + (IpN - IgNp) sin GO] (A-7)

The numerators are given by

1
s3Y§ + g° -Yg(LI')+NI‘.) + W(-)(wolé - UoNé)]
L.

NBS

1 L 1 1 U 1 L 1 b 4
+  s|vE(LpNy - L) + V—'I?—O(LpNg- LaNp)

wO oot (] =3 1 1
+ —— (L - LsN + —=—{Lsg cos 65 + Ng sin 58
VTO( Ng - Lly) VTO( o} o] B o)

+ %[(L}Né- L&N;) cos 6 + (IEN) - LiNS) sin eo] (A-8)

Mo = sLy + s2[vgi — gy, + ning - 14m]
LY Tart A ' Tat U a7t Ta7!
+ S[Y”g(LI.NB - IgN,) + Yy(Ighp - Lelg) + V'Ji (LaNg - LﬁNg,)]

g 1.1 1ot .
+ V—T—O(IBNS - LSNB) sin 60 (A—9)
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Npy = soNg + sg[ngé — Y g + LgNp — %Né]

K Tt . 1ot 1ot WO Tt tort
+ s[Ya(LBNp- LoNg) + Yy(Lplg - LgNp) + V—TO(Lal\IB - LBNS)]

g
+ VE;(LéNé"IéNé) cos 6,

Np6 + tan QONrS

S

Nr6

s cos Bg

VTOSNBB - WONpa + UONI.6 — g cos GONcp6

Vi, (Yylpg + Y50)

Ng, + 1xsNpy — lZsz6

y

(A-10)

(A-11)

(A-12)

(A-13)

(A-1k)



APPERDIX B
NUMERICAL DATA

Numerical values of reference dimensions, inertias, dimensionless
stability derivatives, dimensional derivatives, and transfer function factors

for the various configurations are summarized in the following series of

tables.
TABIE B-I
REFERENCE DIMENSIONS
PARAMETER UNTTS SUBSONIC JET | SCAT 16 | SCAT 17A | SCAT 17B
s £t° 2,892 3,000 5,100 5,200
b ft 1424 69.7 105 106.3
Uo ft/sec 223 231.4 218.1 243.2
Wo ft/sec 779 17 L6 29.9
m slugs 5,590 7,540 7,860 6,520
I, 100 siug-t2 3,3 2,63 1.86 2.8
I, 106 slug-ft2 8.3 13.1 13.%5 16
Tyy 106 slug-rt2 0 0 0 0
6o deg -0.86 1.2 9 4
g deg 2 b2 12 7

87




DIMENSIONLESS STABILITY DERIVATIVES

TABIE B-IT

PARAM. SU%%%FIC = 1;;sted - 1125ted = 1;isted
Bare Ave. Bare Aug. Bare Aug.
cyB -0.82 -0.492 -0.492 0.109 0.109 -0.143 -0.143
Cyg, | © 0 o) o) 0 0 0
cy6r 0 0 0 0 0 0 0
ClB -0.18 -0.249 -0.297 -0.142 -0.116 -0.180 -0.180
C1p -0.42 -2.20 -2.52 -0.172 -0.317 -0.264 -0.660
C1, 0.35 1.3% 1.52 0.33%8 0.127 0.156 0.156
Cl6a -0.1%4 -0.h17 -0 -0.086 -0.086 -0.1014 | -0.101k
Cls, | 0.010 | 0.0177 | 0.0177 | 0.0203 | 0.0203 | 0.0211 0.0211
QB 0.13 0.211 0.422 0.145 0.294 0.151 0.151
cnp -0.12 -0.709 0.709 -0.138 0.131 0.327 0.026
Cn,. -0.20 -0.406 -1.22 -0.597 -1.22 -0.586 -0.586
Cng, | -0-009 -0.0141 | -0.0141 | -0.0067 | -0.0067 | -0.077 -0.077
Cng, | -0+13 | -0.0773 | -0.0773 | -0.0952 | -0.0952 | -0.0871 | -0.0871
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TABLE B-III

DIMENSIONAL STABILITY DERIVATIVES

N — SUBJSE OTNIC SCAT ; :Ste SCAT 1T7ez: _ SCAT 1T7BS .
Bare Aug. Bare Aug. Bare G
Y, |sec71| -0.112 | -0.054 | -0.05% | 0.019| o0.019 | -0.033 | -0.033
vg |secT'| O 0 0 0 0 0 0
Y§ . [sec”l| 0 0 0 0 0 0 0
I see@l -1.33 | -1.27 | -1.5:1 2.2V s1.97 | -2.54 ) -2.5h
Ly sec™'| -0.99 | -1.68 | -1.93 | -0.69 | -1.27 | -0.8 -2.02
Ly |see~l{ 0.8 1.02 1.16 1.35 0.51 0.48 0.48
g, |sec™®| -1.03 | -2.12 | -2.12 | <146 | <146 | <143 -1.43
1, |sec=®| o0.07% | 0.090 | 0.090 | 0.35 0.35 0.30 0.30
Ng sec™@| 0.38 0.22 0.43 0.3k 0.70 0.37 0.37
Ny |secT!| -0.11 | -0.11 0.11 | -0.077 | 0.073 | 0.17 0.014
N. |secl| -0.19 | -0.062 | -0.19 |-0.33 | -0.68 | -0.31 | -0.31
N3, |sec™®| -0.026 | -0.014 | -0.01k | -0.016 | -0.016 [ -0.19 | -0.19
Ng . |sec™®| -0.38 | -0.079 | -0.079 | -0.23 | -0.23 | -0.21 -0.21
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TABIE B-1IV

TRANSFER FUNCTION FACTORS

SUBSONIC SCAT 16 SCAT 17A SCAT 17B
PARAMPTER JET Bare Tﬁgg?d Bare Tﬁﬁg?d Bare Tﬁﬁé?d
- i 1 V(2 2
N = (s + TS)(S + TR) (s + 26qugs + (Dd)
or
(52 + 2@1(1)1 s + (L?)
1/Tg (¢y) -0.011 | -0.03%0 | -0.036 0.051 0.130 | (0.29) 0.071
1/Tg (ay) Tk 1.68 1.95 0.78 1.10 (0.40) 1.9k
ta 0.10 0.12 0.19 0.087 0.37 0.64 0.24
w3 0.82 0.64 0.68 0.99 0.94 0.71 0.73
NCPBa = qu(s2 + EQCPQ)EPS + (,L)c%)
Ag -1.0% -2.12 -2.12 =147 -1 o7 -1.44 -1.44
o 0.24 0.13 0.19 0.26 0.40 0.25 0.25
gy 0.66 0.48 0.67 0.61 0.8k4 0.85 0.85
l N | n c
Y 1 1 1
It = — s + — s + —— S + —
GO (7 [ (o
or
(s + 2fyays + of)
Ay -0.026 | -0.014 | -0.014 | -0.016 | -0.016 | -0.19 -0.19
1/T¢1 0.7k 0.50 17.7 .47 5.98 1.97 1.97
1/TW2 (gw) -1.07 -0.6k4 (0.21) | -2.24 (0.80) | (0.16) | (0.16)
1/T¢5 (mw) -2.97 |-1k4.2 (0.71) | -4.65 (1.26) | (0.60) | (0.60)
N = A 1) (s2
rs, = rS+T; (s +2Cr“)rs+"~%)
A -0.38 -0.079 | -0.079 | -0.23 -0.23 -0.21 -0.21
1/T, 1.13 1.81 1.80 0.76 1.10 0.73 1.94
€ -0.0035| 0.093 0.093 0.025 0.065 | -0.11 0.12
Wy 0.40 0.28 0.28 0.60 0,34 0.60 0.37

90




AFPFENDIX C
PILOT MODEL

When flying an airplane the pilot can be considered to be operating
in one of the following modes (Ref. 16 and 17):

1. Precognitive
2. Pursuit
5. Compensatory

When the pilot is operating in the precognitive mode, he is applying
a learned set of control manipulations without any feedback of the
actual airplane motion. For example, on a calm day a skilled pilot
could execute a turn entry in a precognitive manner, i.e., his move-
ments of the ailerons and rudder could be a completely predictable
learned sequence which he could do with his eyes closed. Because
precognitive behavior is essentially open-loop control, the pilot
cannot operate in this mode unless all inputs, disturbances, and air-
plane responses to the controls are completely known. Predictability

i1s a necessary but notsufficient condition for precognitive behavior.

When the situation is not predictable, the pilot will operate in
either the pursuit or compensatory mode. In either of these two modes
the pilot is operating closed-loop, i.e., he 1is using the sensed motion
of the airplane to modify his control actions. In the pursuit mode the
pilot is able, either mentally or through an appropriate display, to
separate the airplane motions due to his control movements from those
due to external disturbances (gusts). For example, in making a visual
approach with a moderate amount of turbulence the pilot can distinguish
between the motions due to his control inputs and gusts. When he can-
not separate the motions he is in the compensatory mode; an instrument

approach during severe turbulence is an example.

The above modes of pilot behavior have also been postulated as

steps in human skill development (Ref.16). When first confronted with
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a control task, the behavior of a human operator is compensatory. As
he becomes more familiar with the task, he may be able to separate his
input effects from the disturbance effects and operate in the pursuit
mode. Finally, if the disturbances are predictable, the control may
become precognitive. The amount of training necessary to progress
from one mode to the other depends on the size and predictability of

the disturbances and the complexity of the controlled element.

An excellent example of this progression is given in Ref. 16:

The foregoing hypothesized development can be given
intuitive substance by considering, in an introspective
manner, how certain common motor skills have developed.
As an illustration, consider learning to steer an auto-
mobile. Many beginners start by relating a fixed object
on the automobile to a guideline on the road. Thus a
novice, concentrating on the many details of driving,
steers the automobile so that a constant distance is
maintained between the hood ornament and the curbing.
This is an effective compensatory display since the
operator is attending to the error only. As the driver
in training acquires facility and confidence he is able
to increase his perceptual capacity for external stimuli,
50 his effective field of view or perceptual aperture
increases. In the course of this process he becomes
aware of the separate characteristics of the hood orna-
ment and the curbing. In other words, he can attend to
input signal and control responses independently. He
thus achieves a pursuit display type of organization of
his visual field, and can make use of the regularities
and predictable features of the road. Finally, on
achieving complete familiarity with the controlled
element, the driver can view the entire visible field,
sampling it as necessary, and can steer the automobile
as necessary with deft, discrete movements. The inter-
val between these short duration open loop control
responses is dependent on the degree to which the road
winds, the speed of the car, and the amount of traffic.
Other examples of driving in an open loop fashion for
brief intervals of time occur during such emergency
maneuvers as steering out of a skid.

After an operator has learned a particular control task his
behavior may vary, depending on the disturbances. Thus, for a parti-

cular maneuver a pilot might operate in the pursuit mode on a calm
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day and in the compensatory mode in the presence of severe turbulence.
For this study the critical task is an instrument approach in the
presence of beam noise and severe turbulence, and the pilot should be
operating in the compensatory mode. It has been shown that even when
the pilot is operating in the pursuit mode, a compensatory model of
the pilot gives a good prediction of the closed-loop characteristic

roots, albeit a conservative estimate of the closed-loop performance.

A highly successful analytical model of compensatory pilot behavior
has been formed from numerous single-loop tracking experiments (Ref. 3).
While the model does not give a point-by-point match of the operator's
response, it does closely match his time-averaged response character-

istics. In this model the pilot's transfer function is represented by

KP(TLS +1)e~TS
(Trs + 1)(Tys + 1)

¥p

where T is the reaction-time delay (T = 0.15 sec), Ty is the neuro-
muscular lag (Ty = 0.1 sec), and Kp, Ty, and Ty are adjustable by the
pilot .

It has been shown that the pilot will generally adjust his gain,
lead, and lag in much the same way a servo designer would do if pre-

sented with the same control task with the variable compensation

Kp(Trs + 1)
TIS+1

There are, however, limits on these pilot parameters, the most restric-
tive limit being the amount of lead the pilot can generate. The maximum
value of Ty is unknown, but if the pilot is required to generate much
more of a lead than Ty, = 2 sec, his behavior becomes quite nonlinear

and his opinion of the system is very poor.

The pilot adjusts his characteristics to minimize the deviations

of the airplane from the IIS beam. When interpreted in the language
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of the servo analyst, this minimization becomes the adjustment rules:

1. The closed-loop system must be stable.

2. When the closed-loop system can be approximated
by a third-order system, the damping ratio of
the closed-loop oscillatory roots should be 0.25
or more.

3, For the landing approach situation, phase margins
should be on the order of 40 to 60 deg.

i, The closed-loop system should have good low-frequency
response, i.e., for frequencies less than the band-
width of the equivalent input, the open-loop ampli-
tude ratio should be much greater than 1. The
equivalent input is the airplane-alone response to
the turbulence.

Pilot opinion is a function of the pilot's success in suppressing
the disturbances and of the characteristics he must adopt. Highest pilot
ratings are for tasks where the pilot can act as a pure gain. His
opinion will be degraded slightly if he is required to generate lags.
Tasks which require pilot lags take longer to learn well and require
more training. The most severe degradations in pilot rating are due
to requirements for pilot lead. If the pilot is required to generate

a 1-sec lead his opinion will not be greatly degraded, but with a 2-sec

lead his rating of the system will be poor.

Pilot opinion will also be very poor if the control sensitivity
or gain is much too high or low. Unfortunately it is not possible at
this time to analytically predict the optimum control gain as this
depends on the task and type of control device; however, it is a
simple task to determine the optimum gain from simulator studies.
Because of this gain effect, the predictions of pilot opinion and
rankings of various characteristics should be based on the use of the

optimum gain for each set of characteristics.

The above discussion has only considered the pilot in single-loop
tasks. The extension to multiloop situations appears straightforward

if two additional factors are considered. The first factor is the
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loop-closure adaptability of the pilot. In flying an airplane the
pilot has several parameters available to him for control, and he may
select any one of a number of combinations of loop closures or pilot
techniques. For example, he will normally control pitch attitude with
elevator, but he can control altitude with either elevator or throttle.
By trial and error the pilot will ultimately select the set of loop
closures which makes it easiest for him to control the airplane. In
the analysis of the multiloop pilot-airplane situation, it is there-
fore necessary to consider many different pilot techniques to establish

the most likely one.

The second multiloop factor is a possible increase in the pilot's
transport lag (time delay) because he may have to scan several instru-
ments to get the data for closing the loops. TFor multiloop tasks in
which the pilot must sample several instruments, his transport lag
will be increased above the value measured in single-loop tasks. For
the analyses deseribed in this report an effective reaction-time delay,
which combines the neuromuscular and reaction-time lags, of 0.3 sec
was used. This in turn was approximated by a first-order Padé form

so that the pilot model actually used was

Kp(Trs + 1) (-0.158 + 1)
o = (s # 1) (0.15s 1)

-Kp(Tgs + 1)(s — 6.7)
(Trs + 1)(s + 6.7)
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APPENDIX D
UNIFIED SERVO ANALYSIS METHOD

The basic problem in servo analysis is: Given the open-loop transfer
function, G(s), what are the closed-loop characteristics of the system?
The heart of the servo analysis problem is then to find the zeros of
1 +G(s), i.e., those values of s for which G(s) = -1. These values of s
are the closed-loop poles of the system. For very simple systems the
roots can be found directly by factoring the characteristic equation,

1 +G(s) = 0. For most systems factoring is impractical and provides the
designer with no appreciation for the effects of the various open-loop
parameters. Consequently, a number of graphic tools have been developed

to provide information about the closed-loop system.

The most significant feature of the Unified Servo Analysis Method
(Ref. 18) is the combined use of the root locus diagram and the general-
ized Bode diagram. The conventional Bode diagram is a graph of the
amplitude and phase of the open-loop transfer function, G(s), versus
frequency, w, where s=jw. In the generalized Bode the amplitude and
rhase of G(s) are plotted for variations in s other than just along the
imaginary axis. The most useful of these plots is the "Siggy," which
is the graph of the amplitude and phase of G(s) for s =0, where ¢ is g
real number, i.e., for s varying along the real axis. Note that the
phase of a Siggy plot is either O or 180 deg since G(*o) must be a real
number, either positive or negative. The portions of the Siggy for
which the phase is 180 deg, G(*o) negative, are the more significant,
as they graphically illustrate the variations of the real closed-loop
roots with gain. When the phase is 180 deg, the intersections of the
Siggy and the zero-db line (amplitude equals unity) define all real
closed-loop poles because, by definition, the closed-loop roots are

those values of s for which G(s) = -1.

A simple example of the combined use of root locus and Bode

diagrams is given in Fig. D-1. The Bode diagram has the conventional
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Bode plots as well as those portions of the Siggy for which the phase

is 180 deg. To illustrate the use of the Siggy in locating real roots,
consider the case of k=1. From the intersection of the Siggy and the
zero-db line, it can be seen that the real roots are at s=-0.31, -0.6k,
and -5.05, points a, b, and c, also shown on the root locus. The Siggy
also shows the frequency, 0.45 (point d of both plots), and the gain,

K =1db = 1.12, at which two of the real roots are identical.

As illustrated in Fig. D-1 for the zero-db line along A-A, the
conventional Bode indicates the phase margin, 32 deg, and the gain
margin, 11.5 db, directly. It also shows the gain, kK = 29.5db = 30
in linear units, and the frequency, 2.24, at which the system becomes

neutrally stable (point e of both plots).

The principal advantage of the root locus is that it graphically
illustrates the movement of the closed-loop roots in the s plane as
the gain is varied. Unless various gain values are indicated on each
branch of the locus, the locations of all the closed-loop roots for a
specified gain are not obvious. The generalized Bode, on the other
hand, shows all the real roots directly as a function of gain. Because
of the logarithmic scales, it is also simple to include roots which are

different by several orders of magnitude.

Perhaps the most useful property of the Bode is the ability to
indicate which open-loop poles and zeros have the most influence on
the closed-loop characteristics. On the Bode it i1s simple to see in
what frequency regions |G(jw)| > 1 or |G(jw)| << 1. In those regions
for which |G(jw)| >> 1, G/(1+G) = 1 and the closed-loop poles are
neagrly equal to open-loop zeros. Consequently, variations in the
open-loop poles and zeros in these frequency regions have little effect
on the closed-loop characteristics. Similarly, in regions for which
la(jo)| << 1, G/(1 +G) = G and the closed-loop poles are nearly equal
to the open-loop poles. Consequently, variations in the open-loop

zeros in these regions have little effect on the closed-loop poles,
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The combined use of root locus and generalized Bode plots results
in a powerful analysis technique. The advantages of the individual
plots are complementary and tend to offset the shortcomings of one

another.
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APPENDIX E
MULTILOOP ANALYSIS TECHNIQUE

The multiloop analysis technique developed by STI provides a valuable
tool for analyzing or synthesizing a control system for a vehicle with
two or more independent controls. This technique is very useful for
analyzing the lateral dynamics of an airplane when there are a number
of aileron and rudder feedbacks. A detailed development of the method
is given in Ref. 19 however, the basic principles can be illustrated by

the following simple example.

Consider a three-degree of freedom system with two separate controls.

The equations of motion can be written as

a1q(8) aqo(s) a15(s) X1(s) b”(s) byo(s) 5 (5)
ap(s) apa(s) aps(s) [|Xa(s)} = | voy(s) boo(s) 51(3) (E-1)
a51(s) 352(3) 355(8) XB(S) b51(s) b52(s) 2

or, more compactly, [A(s)] [X(s)] = [B(s)] [6(5)] (E-2)

Examples of the resultant conventional transfer functions are given in
Eq. E-3 and E-4.

b1y a12 213
bpy apo ap3
X, Mg bz azp a3z

= = (E-3)
& o a1l a2 a13

a1 apz2 823

8x1 832 833

X RN 217 812 Py
3 2 1 N
5 - < = x| 821 a2 beo (E-4)

8.51 8.52 b32
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A central question in an analysis of this system is: If Xj is fed
back to ®7 through equalization Y [@.e., 81(s) = —Y1(S)X1(Si], what
is the response of X, to 857 Using conventional block-diagram
algebra and transfer functions like Eq. E-3 and E-4, one would obtain

the expression:

I
~~~
7
\J
S

82 + Y

By working with the matrix equations, E-1 and E-2, directly, one

obtains the equivalent but simpler-looking result given in E-6.

X1 %o
N 4+ Y.N
(Xg) i M & (5-6)
5o = -
2ly, s, &+ gy

The coupling numerator Nglgg in E-6 is defined by

XqXp b1 Dbi2 a3
st]ag = bp1 bp2 ap3
bz bz azz

The primary advantage of using coupling numerators and the multi-~
loop technique is a greatly increased physical understanding of the
effects of feedbacks (a secondary benefit is a significant computa-
tional reduction). It becomes a far easier task to keep track of all
the effects of each feedback as evidenced from a comparison of E-6
with E-5. In some cases it has been found that the most beneficial
feature of one feedback is that it modifies a particular numerator
(for example, NX262 in E-6) so that a second feedback can produce the
desired changes in the system. This was not evident at all when the

more conventional methods were employed.

101




APPENDIX F

REDUNDANCY IN STABILITY AUGMENTERS

To place the major consequences of multiplicity or redundancy in
automatic flight control systems in a perspective which facilitates
tradeof'f's between potential competing mechanizations, it is conveni-
ent to form a matrix of practical redundant mechanizations versus
major operational, maintenance, and hardware design qualities. Such
a matrix can serve a second purpose by focusing attention on areas
requiring special consideration in achieving a successful design for

any given mechanization.

One form of such a matrix is presented in Table F-I. 1In this
table the system configuration hierarchy progresses from a conven-
tional single active channel to a triple-redundant configuration with
both on-line and off-line monitor—voters. The design guality assess-
ments are expressed in general terms; however the quantitative values
indicatled therein are based on detailed investigations of military
squadron-level operations (conducted as a part of previous STI studies)
backed up by a comprehensive library of aircraft operational relia-
bility, maintainability, and cost data which have been gathered by
STI over a period of nearly ten years. This material reflects actual
field experience with the A3J, AkD, B-52, B-58, F8U, F9F, F-100, F-102,

S2F, X-15, 707, and numerous other aircraft.

Definitions and assumptions necessary to develop the table are

presented below.
1. 8ystem Configuration

a. A single active channel consists of sensing (S8), actuation (A),

and the necessary interconnecting and shaping electronics (E).

b. A hard-over monitor (H) consists of a simple logic circuit

triggered either by signal amplitude or by a specific
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combination of semnsor output sign and amplitude and

actuator output sign and amplitude.

A model channel consists of sensor and electronic units,
identical to that of an active channel, plus an electronic

model of the actuator dynamics (M).

A decision element (D) consists of a single threshold
device which will disengage its associated active channel
whenever the difference between the outputs of the actuator

and its model exceeds some predetermined error (threshold).
A voter (V) consists of solid-state circuitry and-or gates
operating as

(1) Majority rule for off-line voting,

(2) Mid-value select for on-line voting.

Actuators connected by unbroken lines are assumed to be duzl

tandem.

Failure Protection

Fail-hard. OSystem can fail such that the surface will
deflect to the limit of augmenter authority. A failed
augmenter must be detected and turned off by the pilot.

Fajl-pulse. System can fail such that the suface will
momentarily deflect to the limit of augmenter authority.

The system is then automatically turned off by its monitor.

Fail-soft. System is capable of automatic disconnection
in the presence of any single failure without substantial

disturbance to the aircraft.

Fail-operational. System is capable of withstanding any

single failure without substantial alteration of system

performance.
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Note from the matrix that the following groupings can be made:

Configuration
Failure Protection
First Failure Second Failure
Fail-hard I, ITTa IITa, IVb-2, V
Fail-pulse 1T, 1I1Tb, IvVa, V I11Tb, IVa, VI, VIIT¥
Fail-soft IVb-1, IVb-2 VIi, VIIT*
Fail-operational | VI, VII, VIIT VIIT*

3. Mean Time Between Fallure

a. All systems are in the constant hazard or constant failure
rate portion of their useful lives and failures are random
with an exponential distribution. Hence the system mean

time between failure is a measure of the system reliability.

b. Mean time between failure is the reciprocal of the summa-
tion of the failure rate contributions of all components

comprising the system configuration.

c. Mean time between failure of a model channel is twice that

of a complete channel.

d. The failure contribution of a stand-by system is negligible
when not energized. This is recognized to be optimistic;
however, it is considered valid on the basis that components
containing moving parts (e.g., sensors, actuators, relays,

switches, etc.) are by far the greatest failure contributors.

*Configuration VIII can fail-pulse only if both failures are in
the positional servo and if the second failure is a hard-over fail-
ure. It will fail-soft if the first and second failures occur in two
of any other three parallel units. For any other combination of
first, second, or third failures it is fail-operational.

104



On-line or off-line majority voters are solid-state circuits
resulting in negligible contribution to the total system

failure rate (in the quantities indicated herein).

The mean time to second failure assumes that the first and
second failures are completely independent, that the equip-
ment associated with the first failure is effectively
isolated from the unfailed equipment upon occurrance of the
first failure, and thus the remaining equipment enters a

new period having the MIBF indicated.

4. Probability of Complete Systems Failure

The basic expression for probability of failure for Config-

uration I is

-t/T . t t
e = 7§ where T-<< 1

ot
Il

the mission time

the system MIBF

Approximate expressions are employed in many instances to

avoid lengthy entries in the table.

The entry for Configuration VIIT is valid only for the case

of three voters per channel. The general expression is

n J
n-k
Pp o= 1-|1 - X ®@*0-p)
k=1
where n = redundancy level
ry = number of failures to cause shutdown
P = DPprobability of failure of each element

105




5.

106

Mean Time Between False Alarms

Qe

There are many potential (and actual) causes of false alarms.
Fundamentally the problem is that signals in parallel paths
differ, for one reason or another, by an amount sufficient
to cause the decision device or voter to take action even
though a time failure has not occurred. Potential causes

include:

(1) Difference in channel or component nulls,
drift, or wear-out.

(2) Differences in integration rates. Leads to
squeeze modes.

(3) Differences in component or channel nonlinearities.
(4) Differences in component tolerance build-ups.
(5) Crosstalk in between wires in cable bundles.

(6) Power supply variations (where each channel has
a different supply).

(7) Reguirement for relatively low disconnect
thresholds.

(8) A single outer loop operating on one phase of
electrical power while one or more of the
redundant augmenters are operating on other
phases.

The mean times to false alarm presented here are based on
current experience with two dual-redundant systems which
have been flying for some time, the X-15 and the A3J-1.

For both aircraft the false alarm rate appears to be
approximately eight times the actual augmenter failure

rate. False alarms tend to occur at low g flight conditions
where gains are highest in variable-gain systems, i.e.,

landing, takeoff, and high altitude.

The mean times to false alarm for Configurations VI, VII,

and VIII are extrapolations of the dual-redundant case




since there is no flight experience with triple redundancy.
For Configurations VI and VII it is assumed the voter con-
tains three differencing devices, hence the false alarm
rate is increased by a factor of three. The purpose of the
on-line voters in Configuration VIII is to reduce the possi-
bility of false alarms by avoiding error build-up through
the separate channels. This is accomplished by a mid-signal
selection process in each on-line voter. A common signal is
then fed to the succeeding blocks. For the three stages of
voting indicated, it would be expected that the error build-
up, hence false alarms, would be approximately one-third

that of a dual system.

6. Authority Limitation
Whether authority limitation is, or is not, of consequence depends on

a. Fail-safety requirements (structural, controllability, etc.).
b. Required authority for augmentation purposes.
c. Use of the augmentation system as the inner loop of the AFCS.

d. ©Specific actuator design and installation.
T. Mean Time Between Maintenance Actions

a. Assuming the maximum failure protection capability of the
system must be available prior to aircraft takeoff, mainte-
nance action will be required following every flight on
which a channel trip-out is obtained (false alarm or actual

failure).

b. The rate of required maintenance is the sum of the false

alarm rate and the failure rate.

107




8. Mean Time to Accomplish Repair

a. From visits to military squadrons, maintenance records,
etc., it has been determined that the average time to work
off a squawk at the flight line level is approximately
2-1/2 hr. Of this time approximately 1-1/2 to 1-3/h4 hr is
fixed, i.e., apply power, open up equipment bay, obtain

part from stock, button up aircraft.

b. Assuming each augmenter channel to contain built-in self-test
features, it is estimated that the time to trouble-shoot the
system, remove and reinstall the proper component, and to
verify proper channel operation will vary from 1/4% to 3/4 hr,
depending on the specific redundant configuration. Thus the
estimated mean time to accomplish repair is T = 2 hr for

military operations.

c. It is assumed that since electrical and hydraulic power are
readily available to commercial aircraft during ground oper-
ation and parts supply can be located essentially adjacent
to the aircraft, the fixed maintenance time can be reduced
to approximately 1/2 hr. Assuming a further increase in
skill level (and incentive) for the commercial mechanic in
accomplishing trouble-shooting, it is estimated that the
mean time to accomplish repair will reflect a base of

T = 50 min. for commercial airline operations.

d. Assuming that the probability of successful repair has an
exponential distribution with time, the availability of a

down aircraft can be expressed as

A = 1- e-t/T

where t is the maintenance time interval allowable.
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