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SUBJECT: Report of Preliminary Pitch Axis Analysis

i. | _ Enclosure: Report of Preliminary Pitch Axis Analysis
i

N
) ~
~ Gentlemen:
Results of preliminary analyses of the pitch axis control system are presehted_
" in the enclosure., These results are subject to changes as dictated by simulator
‘ and aeroelastic studies now in progress., Additional analysis results are
P available at WLO if desired, however, the enclosed report covers the significant
[ results,
STAT
| . Project Engineer
“ STAT
Senior Account Administrator
JBM:d1l
§
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Report of Preliminary Pitch Analysis

SECTION 1

ABSTRACT

This_document contains resulﬁs of preliminary analyses to determine
suitable configurations for the pitch axis stability augmentation system
and autopilot. Results are include& for studies covering:

° ‘A completely linear airplane - damper system.

° A linear damper controlling an airpléne with non-linear static

stability and non-linear manuai,control system.

° An autopilot with pitch attitude hold and Mach hold modes and

automatic trim. |

® F;ilsafety through redundant damper mechanization.

~In each of these areas, qonfiguratiqns have been establighgd which
meet or exceed performance requirements with minimum complexity. Failsafety
studies verify.satisfactory vehicle protection for stability augmentation
servo, gyro, or electronics ramp type failures. Preliminary estimates
indicate adequate protection against autopilot failures except in the low

altitude, high q region.

[
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INTRODUCTION
Objectives
vPreliminary_analysis and design have been conducted to meet three basic
design objectives: -
1. Failsafety - Design the system such that one failure knowh‘ﬁo;the
pilot plus a second unknown failure will not result in a maneuver

from which the pilot cannot recover.

Primary effort toward this objective has been design and analysis
of the redundant stability augmentation system. Continuing
anélysis of the autdpilot and auto-trim systems will verify
compliance with the objective or delineate action necessary to :
meet the objective.

2. Scheduling Complexity - Endeavor to achieve satisfactory performance

with a minimum of air data scheduling in order to enhance system

reliability.

Due'to the wide variations in aircraft dynamics, some system
parameter scheduling has been necessary to meet the minimum
perfbrmance requirements outlined in objective Number 3. At the
same time however, the parameter scheduling has allowed the »
i ni mum pgrformance requirements to be exceeded without additional
- complexity. Presently a total of 7 scheduling potentiometers
~and three altitude switches are reqﬁired in the pitch axis,
(includes damper redundancy). This represents a considerable
reduction over similar systems with narrower aircraft dynamic

" variations.
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3. Performance - Optimize performance at the design flight cpnditions;

augment static stability during the approach and lahding condition.
Vehicle must possess reasonable handling qualities at all other

flight conditions, but need not possess optimum performance.

As stated in Item 2; this objective has been reached and exceeded
for the rigid vehicle. Most of the significant variatioﬁs in
performancevwhi¢h remain are due to large variatidns,in weight
and C.G. location which cannot be easily compensated for by

scheduling.

| ' The scope of analytical work at WLO has thus far been restricted mostly
to small perturbation studies including only the rigid body aircraft
equations of motion. In view of these restrictions, the configurations:
and results included herein are subject to changes delineated by aeroelastic -

Studies and simulator results.
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SECTION 3

- SYSTEM CONFIGURATION

The pitch axis automatic control system consists of a redundant stability
augmentation system working through series servos, and a single channel autopilot
working through a parallel servo, Each available mode of the system will be
diséussed in terms of single channel operation, with aspects of multiple channel
operation being discussed separately, |

(a) Modes
(1) Stability Augmentation
The free airplane frequency and damping are augmenﬁed By aqls
5p1toh n (pitot differential pressure) scheduled prbportional pitch rate

feedback to the series servo.

At high altitudes (above 62,000 feet) the static stability is
further augmented by a laéged pitch rate signal., The gain and

time constant of this term are fixed.

The above two terms are sufficient to provide good handling
qualities throughout the flight envelope, However, the pitch
attitude loop requires better inner loop damping at high altitudes
than these two terms provide., This additional damping is obtained
by adding more proportional pifch rate at high altitudes. This is’
easily accomplished by adding a lead term to the lagged pitch rate

feedback, Thus, the damper equation is:

5(1+s) where : 55 = f(q"c)‘
- 0 ge 1 * 125 | h262,000 '_

The damper block dlagram is shown in Figure 3.1.

s

i
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(2)

(3)

‘ éignals, 4 log (R=1) and

Page 5
Attitude Hold
The Pitch Attitude Hold mode configuration is illustrated by a portion
oi‘ the block diagram m Figure 3.1, The system consists of the
Stability augmentation system discussed above and a proportional
pai'allel' servo driven by lagged pitch attitude_ error. As noted,
the low-pass time constant ié scheduled with log Ps as shown in

Figure 3.2, The gain of the pitch attitude loop, s o, is scheduled

with both log q', and log Ps as shown in Figure 3.3. The control

equation for the mode is:

6e=_ S o6 CSQL +é59 + [s(1+sgj
| 1+ T8 1+12s | pn = 62,000

" Mach Hold

Mach hold mode, described by the block diagram in Figure 3.1,
utilizes the pitch attitude hold mode as an inner loop and two

provided by the air data

computer. The air data quaﬁéiti;;;;re proportional to Mach error,
AM, and Mach rate, Ijl, respectively. The quantity R is the ratio

of total pressure to static pressure, The rat:.o Alog (R=1) (in

effect a variable gain in the Mach loop) 1s a i‘unctlon of Mach number

which decreases as Mach increases.

The Mach signals are summed into the autopilot bridge such that they

command lagged pitch attitude changes, An electromechanical integrator

is used to provide an integrated Mach error signal necessary for

accurate control of Mach number regardless. of varying trim requirements.

T
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Mach error and integral gains 6R and leR are scheduled with log'Ps
i i . as shown in Figure 3ok '

Mach rate gain is constant at 50 degrees pitch attitude
' unit of log (R-1)

sec

The control equatiOn for Mach hold is:

; o
1 : TS o L),

+ g {5g [5 Q-+ SSJ
1+ 12s h262,000'

(4) Automatic Trim
The auto-trim system represented in the block diagram of Figure 3.1

consists principally of a switch sensing parallel servo position,

an electrical trim‘actuator and‘a stability compensator, The switch
is represented in the didgram as hav1ng a deadspot and hysteresm°

A nomlnal switch deadspot of %0, 25 degrees of equivalent elevator
deflectlon is recommended together with +O 05° hysteresis. While on
duty, the trim actuator will drive at a rate of 0.1 deg equivalent
surface rate. The function of the aqto trim system.i:ftozprbvide
changes in trim elevator angle necessary to maintain 1 g flight and
VAt the same time have negligible effect on dynamic>response of ﬁhe

other automatic control modes.

(b) Redundant System

A rédnndant monitoring system was devised for the pitch damper mode to

3; _ ’ provide failsafe operation throughout the mission profile. The system

‘ f consists of duplicate channels;, Aﬁénd B, each containing a pitch rate gyro,

j damper paranmeters 5 & and 5 &, and asédciated electronic circuitry, and

 the right énd left series servos, In ;ddition, the system includes a monitor
»:channel,‘M, éontgining a pitch rate'gyro, scheduling parameters and electronic

i'circuitry, to monitor the gyro and electronics for Channels A and B. Initial
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plane for a servo analog to monitor the redundant series servo channels
' ~ were discarded because of the dlfflculty of designing an analog to duplicate
~ the serwo eharecteriseics over the entire operative temperature range of
- the profile. The block diagram of the redundant channels is shown in

Figure 3.5.

- - The redundant monitoring system detects and disengages a faulty channel

.. whenever the following events occurs

(1) The voltage proportional to the displacement from center of

a series servo differs from that of its mate in the same channel

B | , by the allowable difference &= 2,18° = (6g - &p)e

| - (2) The volt:age proportional to the output of the rate gyro and 1_;he

3 L _ gain scheduling electronics of one channel vdiffers froxn that of

:. | enother channel by the allowable difference & = 2,18° = - (& R + 1)

. The redundant pitch damper configuration was analyzed on an - analog

| computer at fourteen flight conditions which were selected to. yield a
representata.ve coverage of the mission profileo Series servo malfunctions
and gyro and electronic malfunctlons were simulated at series servo rates
varying from the maximum servo rate of 15°/s down to 0,3°/s (slow_,
“Qr‘eeping fallure), Iniboth single and multiple channel malfunction's,. the
largest incremental g's resulted from the slow, creeping type of . i‘a.ilures°

The incremental peak g's obtained at the critical flight cond:.tions 7, 8,

and 10 - all high surface éffectivéness.conditions = ave evmmgan;ze,q_"below

| : far failures in stfa.ighjb and level flight‘ at a series servo rate of 0.3°/s:
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Ist _ Failure | 7nd Failure:
'Malfunction: " Servo Gyro Servo Gyro
| XaR X5 XBr, R:
Condition 7 . .85 g"'s .57 g's 1,0 g's .75 g's
Condition 8 87 g's | .55g's | 1.1¢g's .7 _g's
Condition 10 .85 g's 6 g's 95 g's .78 g's

In f;he first failure condition, one of the redundant operating channels
- fails due to a servo or gyro failure while the second channel continues

operating.A In the sécond failure condition, an operating channel has

failed and been disengaged and a sérvo or gyro failure then occurs in the

remaining operating channel,

Nominal values of & = 2,18° = (53 =<§L) for servo malfunctions and
E=12,18° = (5R + SL) for gyro malfunctions; system dead time of
35 milliseconds, and servo recentering iag time of 50 milliseconds were

'used. The effect of varying the nominal values was also checkéd.
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| PROBLEM AREAS |

Three major problem areas are known to exist with this vehicle -
pitch-up, speed instability, and aeroelasticity.

(a) Pitch-Up

The aircraft Cm;L curves taken from wind tunnel data reverse slope
indicating static instability at high altitudes and high lift
coefficients. For this reason static stability is augmented with

a lagged pitch rate feedback at altitudes above 62,000 feet. The V

choice of gain and time constant on this term is based on the
. éssumption that the aircraft willlnever exceed 1% ¢ negative

static margin.

If future data shows that a negative static margin of more than 1%
C can exist, or, that violent static instability can exist at’

lower altitudes then a damper change may be required.
(b) Speed Instability

The trim elevator versus Mach number curves show a speed instability
prqblem at Mach numbers between 0.5 and 1.1 for altitudes beloﬁ
3§!Q00“fe9to‘ Inhthis_{egion.the pilot-w9u;d!be requiredlﬁo pqll
@gcgrquyhgtspickﬂgfper an increase in speed. This is opposite

to normal stick feel.

The problem is common to most high speed aircraft. However, it is
accentuated in this case, because it occurs during refuelingr when

the pilot is attempting to maintain precise control.
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(Cont 'd)
Several schemes are available for providing an elevator irim angle

as a function of Mach number.

The seriousness of the problem together with the schemes for
alleviating it are currently being studied on a moving cab

simulator.
Aeroelasticity

Eafly structural analyses have shown that the vehicle will have
five symmetric bending modes below 10 cps. The lowest frequency .
(or fundaﬁental) will be in the neighborhood of 2 cps. The °
highest vehicle short period frequéncies will be 'in the neighbor-
hood of 1 cps. Thus, allowable low frequency phase margin will .
not permit extensive filtering, and, as a result, selection of a

favorable gyro location becomes a necessity.

The analyses shown in this report are based on the assumptlon of a
rlgid vehicle and hence the gyro has no structural pickup. As a

:esult_the damper is likely to require some modifications once the

‘aeroelastic problems are fully known.

cedA
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AﬁALOG COMPUTER SIMULATIONS
Analog computér-wiring diagrams used in the various pitch axis studies
are included in this section. Separate diagrams are included for the
linear damper and autopilot studies, for the nonflinear damper study and
fo? the'failsafety study. A single list of airframie potentiometer settings,
applicable to all of the diagrams,is given in Table 501;
(a) Linear Damper and Autopilot
| The computer simulation is showh in Figure 5.1, For the linear
damper studies, only the lift and pitching moment equations were
used to describe the aircraft. The series servo was simulated as
,a-seqond_order‘system with natural ffequency'of lhoé cps and damping
ratio of 0.7, 'Earlyadampef studies used a frequency of 30 cps,
but traces included_in this report are based on 1L.2 cps. Servo
authority was set at fh,5°.eqﬁivalent surface deflection, Unity
gyro dynamics were_ﬁsed,'and the power actuator was represented

by a first order lag of . 0.03 seconds.

Piteh attitude hold'studies were also conducted with a two degree-
of -freedom airplane. The parallel servo used in the attitude
hold mode was,simhlated as a seéond order system ﬁith a natural .

frequency of 10 cps and a damping ratio of 0.9.

A third degree ofrfreedom provided by the airspeed equafion was
ihél@ed in the Mach hold studies to provide a computation of Mach
=9rro?.' Altitude rate was also computed to proyide an additionai
‘term in the Mach error computation accounting for the effect of
temperature lapse rate on Mach number., Dynamics of the air data
cpmputer have thusfar'been simulated as a linear second order
gqgat;bn. The ADC has two separate channels, one driven by a'é'c

signal and the other by a Pg signal. Although both loops affect

Declassified in Part - Sanitized Copy Approved for Release 2014/05/29 : CIA-RDP67B00945R000200040001-4
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(a) (Contfd) '

Mach error computation, separate simulation of both channels is not
%f" v ‘ justified in a preliminary analysis. The slower of the two channels,
| the Py channel, was simulated to be conservative,v The natural‘v
frequency varies from 2.3 radians/sec. at maximum altitude to

23 radians/sec. at sea level. A damping‘ratio of 0.8 was used.

Each of the air data pressure sources Py and Pg has a tubing lag
associeted with it. It was agreed that this lag should not exceed
3 seconds if good Mach hold performance is to be maintained etemax—
imum altitude. A single lag, Tss, was simulated with a linear

- variation on a semi-log plot from 3 seconds at maximum altitude
‘through 0.1 seconds at 30,000 feet. Both the pressure source::
lag and the ADC dyhamics were applied to thevehm of all of the

Mach signals to avoid multiple simulation.

‘Simulafion of the auto-trim switch is accomplished with e pair of
feley amplifiers which are biased to energize when parallel ser§o
displacement exceeds the bias. One relay simulates each side of
ﬁhe switch., When a relay is energized, a second bias signal is
switched into the eircuit to provide switch hysteresis. When
either relay is energized it also provides a step input to the
ftrim actuator and the stability compensating lag network.

- (b) Non-Linear Damper |

%;!‘, " : . The non-linear damper‘eimulation consisted of the linear short

| period pitch aircraft characteristics at flight conditions 17 and

below, At flight conditions 18 aﬁd above, the non-linear slepe

of the variable PZXCZ, (the pitching moment due to angle of attack

changes times the angle of attack change,) was simulated on a

DY -
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(b) (Cont'd)
non-linear function generator. The dynamics of the series servo
were meéhanized as a second order loop with natural frequency of
& = 30 cps and damping ratio of % = 0.8, The servo rate
limits of 15°/sec and displacement limits of %4.5° were included.
A first order lag of 1 represents the actuator dynamics,
| T+.038 :
; and the rate gyro dynamics were neglected. The manual control
system breakout force of 2.5# stick force was simulated by a
deadspot circuit. The coulomb friction of 2.5# stickforce was
approximated by a hysteresis circuié° The effect of the bobweight
was included in the simulation by feeding a normal acceleration
signal at 5#/g into the stick force circuit. A second order
loop was used to simulate a spring rate of 3.9#/in. and a viscous
damping term sufficient to make jr = 0,7, A control system mass
of 0.3 slugs was used. The non-linear gearing of the stick, 6561 s

was simulated on the non-linear function generator,

The computer diagram is shown in Figures 5.2 and 5.2 b,

(e) Failsaféty, Redundant System
The pitch aircraft equations of motion for angle of attack and
pitching moment variations were.u‘ééd° At flight conditions 17 and
below, the variations were 1inear; At flight conditions:;B and
above, the non-linear slope of the variable Maawas simula;;edx on

‘function generators.

The redundant channels A, B, and M were simulated with identical
circuitry on analog computers. The pitch rate gyro, the series
servo, and the hydraulic and linkage thresholds were simulated
as one lumped system'%hreshold of 0,052 deérees of surface in

‘ channel A and in channel B to conserve amplifiers. The gyro

’ Declassified in Part - Sanitized Copy Approved for Release 2014/05/29 : CIA-RDP67B00945R000200040001-4
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threshold in channel M was neglected. The gyro dynamics were
neglected in all channels. The servo dynamics of &/ = 30 cps
and :5 = ,8 were simulated in a éecond order loop fofleach
redundant servo. The servo rate limit of 15 °/s was iﬁcluded°
A first order lag of 1 was used to approximate the

1+ .038
actuator dynamics. The actuator rate limits of 30 °/s were not
simulated. Sincélﬂhe manual control system was not simulated,
and no manual elevator commands weré used in the analysis,{the

elevator summing amplifier was limited to the series servo

authority limits of *4.5°.

The hardware mechanization of the redundant series servos utilizes

a series hook-up between the A and B channel servos in each right
a@d left actuator linkage (Reference Figure 3.5). Here, the two
servos track together to drive the associated actuator in normal
system operation; The servo output authority is 15°/s énd $),,5°.

Jof actuator motion whether one or boﬁh servos are operating. The
electrical analog of the mechanical system utilized a paréllel
hqokﬁup between the A and B chanpel servos in each right and left
actuator simulation to achieve thé same servo behavior effect in
both normal and malfunctioning operation. Here, each servo shared
the load of driving the right and left actuators in normal operation.
During malfunctioning operation, the gain of the servo output is
doubled té provide full authority to each servo in the malfunctioning
channel. The analog computer diagrams are shown in Figure 5.3.a

and 5,3.b,




R
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The detection and disengagement of a faulty channe} was simulated ..
with relay iogic;- The voltage difference between two servos
outputs (.for example XAR énd X7, in channelA) was fed to a biased
relay amplifier. In the event that a malfunction occurred, this |
difference exceeded»the bias, and the relay energized and fed a
fixed voltage into an integrator. After a predetermined time delay
or systemvdead time elapsed, the integratof output exceedéd the
bias of a second relay amplifier. The second relay‘then energized
and its contacts disengaged the malfunctioning channel by rémoving
the input and recentered the servos in that channel with a first
order lég netwofk in the servo simulation. A similar process
occurredvfor gyro and electronic malfunction simulations. In this
analysis, a 5:1 time scale (machine time = 5 x real time) was used

to minimize the inherent relay lags.

The servo and gyro malfunctions were simulated by feeding ramps

of varying rates into the appropriate amplifiers.,
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TABLE 5.1 CORRECTED ANALO' GOMPUTER POT SETTINGS FOR
LINEAR DAMPER AND AUTOPILOT STUDIES
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SECTION 6

PRESENTATION AND DISCUSSION OF RESULTS

Representative results of the various pitch axis design studies are

- presented here together with discussions of significant points of interest.

(a) Linear Damper
Figure 6 A shows the free aircraft characteristics for normal acceleration
(at the c.g.) response to elevator deflection, Lines of desirable
characterist;gg are sﬁperimposed on this plot (dotted lines). The

desirable lines are tempered by:

- a, the low fundamental structural frequency (which sets
an upper limit on augmented frequency)

b, a'compromise between system performance and system simplicity.

The resulting modified desirable characteristics for the 129 are plotted

as solid lines on Figure 6 A,

Wﬁén'the damper loop is closed with a proportional pitch rate feedback
both the natural frequency and damping are increased, In regions where
the pi;ching moment due to elevator (Mag ) is high and the aerodynamic
time»constant (Té) is low the frequency is rapidly increased while the
QAmping ratio is, in comparison, slowly increased. In regions where Mg,
is small and T; large the reverse is true, i.,e, damping ratio is rapidly
inéreased in comparison to frequency., If static instability should occur
in this second region (imaginary natural frequency) then it sometimes
becomes necessary to augment the frequency separately from the damping,
Separate frequency augmentation can be obtained from:

‘a, a lagged pitch rate feedback

b, a normal acceleration feedback

?. . Declassified in Part - Sanitized Copy Approved for Release 2014/05/29 : CIA-RDP67B00945R000200040001-4
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| In the case of this.iehicle, Méé is small and T very large for conditions
20)thrqugﬁ 30° In addition static instability can occur at several of
these flight conditions when the vehicle is pulling normal acceleration
.beloﬁ.the limit load factor. Thus separate static stability augmentation

~is required at high altitudes,

Since pitch‘rate is readily available in the system, lagged pitch rate is
used for separate frequency augmentation at altitudes above 62,000 feet.,

The results for a fixed gain and time constant on this term are shown in

Figure 6 B, The proportional gain,cgé, is scheduled with q',. The

schedule is shown in the inset,

Many of the flight conditions fall outside of the desired region, However,
improving these conditions would require a much more complicated schedule.
For example, conditions l and 5 are the same Mach number and altitude thus
they have the same gain, Since condition h‘has a lower weight than 5, Mo
is larger and the gain is much more effective than at condition 5. The same

is true of tonditions 7, 8, and 9,

With the 1aggéd pitéhvrate term the high altitude conditions fall within
the desired regio;l° However, the low damping ratios; while sufficient

for manual operation, will not.provide an adequate inner loop for autopilot
modes, Thus it is desirable to have more proportional pitch rate at the |
higher altitudes during autopilot operation. A fixed gain of 1 degree

per degree per second of pitch rate will provide sufficient additional
damping for autopilot operation at altitudesvabove 62,000 feet. Since

the lagged term and the additional pitch rate are fixed and both switched
in at the sdme altitude they are combined into a single term;

- 1+ 5 6 (1 + 28)
- + 1+ 128 = T+ 1%s

which converts the lagged term to a lag-lead term,
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'The results of this configuration are shown in Figure 6 C, The
v hexagonal boxes show the vcharacterisﬁics of perturbations from trimmed

- 2g ( dn =1 g) flight for the conditions where My is non-linear,

(,Condiﬁions 18-30) -

Figures 6.1 through 6,12 show the transient responses for & gusts and &

- steps, .The free and augmented aircraft are shown together for the

purpose of direct comparison, For brevit-,y,'- only the landing,-.takeoff,

refueling, and design flight conditions are shown, Data on other flight

conditions are available.upon request,

Since the landing and takeoff characteristics are of extreme importance
the pitch rate response to an elevator step for conditions 1, 2, and 3

are shown separately in Figure 6 D,

The analog computer studies (both damper and autopilot) show that the

lag-lead term can be reduced to 5 (1 + s) without noticeable effects,
: ' 1l + 12s ' '

. The results shown in Figures 6.1 through 6,12 include this modification,

- The damper control e‘quation then becomes:

=0 $¢ 5(1+s) o . E
1+ 12s hZ 62,000 '

where: 59 = f (q'c)

The damper gain schedule,g'o = £ (q'e), is shown in Figure 6 E. Transient
results for both 1 g and 2 g (primed conditions) at high altitudes are

shown in Figures 6.5 through 6,12,
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”A A better evaluation of the damper is obtained by studying the acceleration

(b)

response due to stick forceo This type of study can include the effects of
non-linear gearing, bobweight, and fuel system, In addition the non<linear

charécteristic:of My at high altitudes can also be simulated moré-exactly°

- This type of study has been done. The,resuits are given in Section 6 é;

Pitch Attitude Hold

The principal objective of attitude hold analysis was to define schedmling

curves for the pitch attitude gain é;éL and the filter time constant Tg

and at the same time, minimize any damper changes° The selected criteria
for pltch attitude response to step commands were é response time to 90%,‘.
t90, of 3 to 5 seconds and & maximum overshoot of 25%. It was soon

apparent that sufficient damping was not available to meet these criteria

at the higher altitude flight conditions, As a result an additional

1 deg/deg/sec of straightathrough piteh rate gain was added to the pitch
damper (discussed in Item a of this section), Resulting performance;,

with the ‘SOL and T0 schedules of Figures 3.2 and 3,3, gave response times
of from 1,5 to 6 seconds ard overshoots of less t.han420%° At a constant
altitude, both response time and ovemshoqt tend to be larger for the 1ow§r'
Mach:numbers° Some representative time histories of attitude hold responses-
are shown in Figures 6.13 through 6°i8; These responses for the "starred"®
design flight conditions only, Responses to bo@h atﬁitude step commands andv
vertical gusts are shown, In computing these résponses, +2 degree v |
displacement limits were plémed on the ;arallel servo., Figures 6°l7maham6’23-‘
show the effect of these Iimité if’inputs‘are large enough to "bottom" the

servo. .In practice, the parallel servo will be force limited rather than

displackment limited, Further analysié will determine a safe level of fbicé-'

limiting,
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(e)

Figures 6,1 through 6,12 include résponSes of the dampered airplane with the

_revised pitch rate network 5 (1 + s) ., Although the autopilot responses

1+ 12s _ .
shown here do not include this network, sufficient analysis has been conducted

to determine that the change does not seriously harm autépilot pefformance°
Mach Hold
Determination of éuitable Mach displacement, integral, and rate gains
has been based upon the following criterias
"Follqwing a step input command of pitch attitude, the
resulting Mach error should decrease from its maximum
value to 10% of that valué in from 5 to 25 seconds and
reduce each overshoot by at least 60%."
Experience has éhown that the longer response time is more desirable
from the'pilot's viewpoint and that zero overshoot should be an objective

if not a requirement,

It was found that the Mach gains most suitable for the high altitude
conditions resulted in responses at lower altitude which were too fast

and exhibited too much overshoot, After applying the gain schedules

as shown:in Figure 3.L, response times over the flight envelope varied -

from 15 to 28 seconds and overshoots were less than 30%. Mach rate gain

was included primaril&_for its effect on conditions in the left half of

the flight envelope, 'Transient responses for the "starred" flight conditions

are given in Figures 6,19 through 6;2l,
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(d) Automstic Trim

The configuration of the auto-trim system is based on the capability of

the vehicle to change flight condition and on the stability requirements
of the auto-trim loop, Maximum.rates of change of altitude and Mach number
dictate that a‘trim rate of 0.1 deg/sec is necessary., Since the trim
actuator and the parallel servo displacements sum in parallel to drive thé
power actuator, recentering of the parallel servo during the trimming
process would be accomplished entirely by feedback through the eirplane
pitch axis if a-stability compensator was not employed. Without
compensation, the phase lég through the airplane and back to the parallel
serfcxis such that the stability of the attitude and Mach hold modes

is significantly altered by the auto-trim loop.

The compensator, however, begins to recenter the servo immediately upon
activation . of the trim actuator, As a result the net perturbed surface
motion during the trimming process is greatly reduced together with sub-

sequent aircraft motion. - It can be seen from the block diagram (Figure 3.1)

~ that, once the parallel servo stabilizes within the switch deadband, the

compensator output decays to zero and has no effect on steady-étate trim.
The effects of the auto-trim ibop on attitude and Mach hold responses to
disturbances are illustrated by Figures 6,13 through 6.2L. ‘It will be
noted in Figurés 6.13 through 6,18 that the commanded value of © is not
always'attaiped with auto-trim opera:_bion° These static errors result
because ‘integral control is not used on attitude hold., The maximum error
is proportiocnal to the auto-trim switch deadspot and inversely proportioﬁai
to pitch attitude gain, At the'désign flight conditions, where attitude

gain is high, the maximum attitude error is less than 0.1 degree with a

0,25 degree switch deadspot, Selection of the deadspot size was affected

to some extent by parallel servo motion during a disturbance, Smaller
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values of deadspot (more desirable from an accuracy viewpoint) resulﬁed
in higher frequency on-off cycling of the trim system as the trim
conditidn was approached. It was reasoned that less frequent stick
motions of somewhat larger amplitude would be more desirable,

Non-Linear Damper Study

‘Thé results of the non-linear damper study, utilizing a non-linear slope

for the variable My at conditions 18 and above, and including the non-linear
effect of the manual control systém, indicated-that
(1)‘ Rescheduling of the pitch rate parameter,<5§, to break at
800 q'c instead of 750 q'c had little, if any, effect on the
damper performance., This chénge makes all q'c scheduling
potentiémeters iﬁ the damper identical and thus interchangggble.

(2) The fixed lagged pitch rate term, 5 (1 + s) , could be switched
(1 + 12s) -

into the damper configuration at an altitude between 50,000 feet

"and 70,000 feet.
The  transient normal acceleration responseé to stick force commands with
the:bobwéight'éet at 5 #/g were very similar to those obtained with the’
linear.damper simulation aﬁ con&itiOns 17 and below. At conditioné 18 and

above, the transient normal acceleration responses to large stick force

- cormands with the bobweight set at 5 #/g did differ from that of the

" linear damper primarily as a result of the non-linear slope of My °

Representative responses at conditions 26 and 27 are shown for stick
force commands near one g in Figure 6.25, A pilot lag of 0.5 seconds was

used, Here, stable g commands can be held to the limit of the series servo

. authority at condition 26, However, lack of adequate stability augmentation

allows pitch up to occur at condition 27 although the series servo is:

not saturated prior to pitch up, Additional responses in Figure 6,26

 indicate the effect of changing the lagged pitch rate term at these

conditions,
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The bobweight will add a normal acceleration feedback (destabilizing)
to the damper configuration, The effects of this feedback vary with ,
the bobweight size, the force deadspots in the control system, and the

amount of damping provided by the pilot.,

If the bobweight is held within the force deadspots of the con£r01 system
then ﬁhe destabilizing feedback to the damper will only be "seen! at
conditions where the incremenhai load factor excéeds lg. Analog computer
‘runs were made with the boﬁweight set at 5 1lbs/g and 10 lbs/g. The loss
of damping resulting from the 10 #7g bobweight is quite noticeable with
pilot lags up to 0;2 sec, The 5 #/g bobweight shows no ‘detrimental
performance with "g" commands up to the limit load factor and no pilot
lag. Since it is very difficult to evaluate the bobweight without a
pilot in the loop, it is recommended that the bobweight be held to

5 #/g until the final value can be determined through simulator tests.
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(£) 'Failsafety, Redundant System |
The results of the analog computer analy51s of the redundant pitch damper
- system indicate that automatic failsafe protection is provided for the flrstv
damper failure throughout the mission profile, In addition, automatic
failsafe protectidn is provided for.the second damper failure at all
inherently statically stable conditions in the profile, At statically
Qnstable flight conditibns$ such as condition 13, the vehicle will slowly
pitéhiup upon disengagement of the damper system. Since the incremental
load factor resalting from the damper failure does not exceed the maximum
allowable load factor of 1.5 g's until lh‘seconds have elapsed at condition
13, recovery by the pilot is possible. The term "damper failure®" is defined
as ramp type failures in the series servo, pltch rate gyro or electronic
-_circultry° In thls studyg only failures occurring in straight and level
flight were considez_'ed° Thus, the second damper failures simulated at
conditions in the non-linear M, ol region were failsafe because the low
surface effectiveness yielded small angle of attack changes from trim

within the statlcally stable portion of the anéslope°

The logic equations used in the failsafe analysis to detect and disengage a
malfunctioning channel are described belows
Let £ = allowable difference between channel displacements.,
A" represents ’XAR - XALI-f £ Normal operation in Channel A
A represents ,XAR - XALI7£ , either right servo, X,
or left servo,Xay , failed in

channel A
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represents IXBR - XBL/ < £ s ndrmal operation in channel B
represents ,XBR - X‘BL/ > & s either right éervo, XpRs, or
| left servo; Xp;, failed in
channel B
represents 'XA - XB I < £ s normal operation in gyro
channels A and B '
représents : IXA - XB’ > E ~, gyro and electronics of either
| | channel A or B failed
represents { X, - X, / £ £ | normal operation in channels’
A and M .
represents / Xp - XM I > £ gyro and electronics of either
channel A or M failed
represevnts / XB - Xy / £& "~ 5 normal operation in channels
| B and M
represents I XB - Xy / > £ s gyro and electronics of either

The malfunctioning

discrimination:

channel B or M failed

channel is detected and disengaged by the following

FA = A or C and E, channel A failed

FB = B or C and F; channel B failed

Fy = E and F, channel M failed

In the event of multiple failures, the combination of one gyro ‘channel

failure plus a monitor failure will disengage the remaining good

channel. However, the combination of one channel servo failure plus

a monitor failure will not disengage the remaining good channel,

The remaining channel will continue opera‘oiﬁg until a third ';t‘ailu.r_e_

disengagés thiat channel.
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The failure types considered in the faa.lsafe analysis are described belows

a,

First Failure: servo

£ = 2.18 degrees = 5R - SL’ differential
Here three servos can oppose the malfunctioning servo, The
malfunctioning servo can drive the right actuator, 5 R> ‘»'(or the:
left, 5L) up to the full authority of 15 degrees/s and ih.S degreeé
as commanded by the ramp failure, The mating servo in the 5 R
channel (or the 5 L Channel) can oppose the malfunctioning servo up
to the full authority as commanded by the feedback parameters 5
and 5 8L The two servos in the oppos:.te 5 (or g R) channel track
together to drive that actuator at full authority as comma.nded by the :
fgedback parameters g 8 and 5 gr, © When the error signdl 5 is
exceeded, condition A or B exists and the malfunctioning.ché.nnel A
(or B) servos are disengaged and recentered, The remaining Cha_nnnei B
(or &) servos continue to drive g r and 5 r at full authority as .
commanded by the damper feedback parameters,

Second Failure: servo

E = 2,18 degrees = &, R - 51;’ differential

Here, one servo can oppose the malfunctioning servo as one operating
channel has been previously disengaged; The malfunctioning servo’ can
drive its actuator at full authority as commanded by the ramp failure
and the remalnmg good servo can oppose. .it by drlvmg its actuator at
full authority as commanded by the damper feedback parameters. When
the error signal £ is exceeded,. condition A or B exists, the damper
servos are disengaged and recentered,v and the unaugmented vehicle

remains,
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c. First Failure: Gyro

£ = 1.09 devlgrees = SR - SL
Here, a gyro or electronic fai_liire drives one servo in each
right and left actuator channel at full authority as commanded
by the ramp failure. The femaining servo in each 5 R and 5 L
channel can oppose the gyro rﬁalf_unction at up to full authority
as commanded by the damper feedback parameters. When the error
signal 3 ~ is exceeded, condition C and E or F exists; the
fa:'uljl;y g“y'ro‘wchannel is disengaged, and the servos are recentered.

The remaining channel carries on at full authority.

d. Second Failure: Gyro.

(E=1.09degrees = Sp = &
Here, one channel is disengaged and a gyro or eleétronic mal-
functiqn in the remaining channel can drive each surface
actuator as conunahded by the ramp failure with no opposition.
The gyro monitor, M, alf,hough not an operative channel, does
e‘r‘niut a volf_,age proportional to the damper feedback parameters
times the pitch rate generated by the failure. Thus, the

"'érx_'oi:‘ signal E is exceeded and conditions C, E and F exist,
before the surfacé moves the full error amount. The damper
is disengaged and only the unaugmented vehicle remains

operative, .
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Various failure combinations, such as a servo failure in one

charmel followed by a monitor failure which is théh followed

by a gyro failure in the remaining channel, are covered by

the preceding failure conditionéo Here, the gyro and electronics
of the first channel (gervo ifailure) would étill be available |

to serve as a monitor for the third channel gyro failure,

The failsafe analysis used the nominal values of

2 =‘v2,18 degrees = SR - SL for 'servo failures,

E = 1,09 degrees = SR = 5L'for gyro and electronic
failures, servo fecenteri_ng time of t63% = 50 milliseconds
and system dead time of 35 milliseconds. An increased dead
time of 115 milliseconds was used on slow, creeping failures.
Ygriations in the nominal values were checked at three

critical flight conditions. .

The transient responses to a series of ramp inputs tq the four
failure types previously described are shown at flight

conditions 7, 8 and 10 in figures 6.27 through 6,32, Peak

failure load factors up to 1.1 incremental are obtained at

these flight conditions because of the high surface effective-l
nes#. The peak failure load factors are'plétted against pitot
differentiai pressure, q';, at»the flight conditions checked
for ramp inputs of 15 degrees/s, the maximum series servo
rate, and 0.3 degreés/s,va typical slow creeping type of
failure, for four failure types in figures 6.33‘through 6.36.
These figures indicate that peak failure léad ractorsfare
predicted in the pitot differential pressure region of 800

to 1000 psf.
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The peak failure load factors at the critical conditions Ty

|
-
x
|
8 and 10 are plotted against the ramp inputs for four failure
types in figure 6.37. For servo failures, the ramp input ié
the rate at which either the rlght or left surface would
be driven if no pitch rate feedbacks were present. For gyro
or electronic failures, the ramp input is the rate at which
the right and left surfaces would be driven if no pitch rate
feedbacks were present,- Thus, it can ?e seen that the gyro
£a11ures produce a surface rate roughly twice that of the
servo failures. In addition, the allowable error signal
for servo failures is 2.18 degrees = & p - &p. That is,
if no pitch rate feedbacks are considered, one surface would /
have to move a full 2.18 degreeé displacement before the
rglay logiciwould disengage the‘channel. In the casé of
| gyro failures, the allowable error is 1.09 degrees = g R® é Le
Here, if no pitch rate feedbacks are considered, each surface
would move 1.09 degrees displacement before the relay logic
would'disengage the chamnel, As a result, a gyro failure at
t a ramp of‘0.3 degrees/s would cause a total surface motion
nearly equivalent to that of a servo failure at, fouf times
0.3 degrees/s or 1,25 degrees/é. This can be checked by
referfing to figure 6.37, ~Since the peak failure load
factors occur at the sloﬁ,»cfeeping failure rates, the servo
failures naturally would produce the highest load factors

for a given slow ramp input.
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The peak failure load factors at the critical flight conditions

7, 8 and 10 are plotted in figures 6.38 through 6.40.for
variations in & for four types of failures. The maximum
allowable £ caused by tolerance deviations can be 3 degrees =

S R ch for servo‘-fgilureﬁ'a'n‘d 1.5 degrees = rSR ﬁgL for gyro

failures without.eéxceeding the peak load factor of 1.5 g incremental,

The effect of varying the system dead time and tﬁe servo
recentering time on the peak gyro faildre load factors at
condition 7 is plotted in figure 6.4l. As would be expected,
1arge.system dead times greatly increase the peak load factors
at the fast failure rates; whereas the effect is negligible

at the slow, creeping failure rates. The mitigating effect

of the pitch rate feedback on the surface motion can be seen
by comparing the peak g's obtainéd with a 200 millisecond dead
time on the first gyro channel failure with that of the second
gyro channel failure., Variations in servo recentering time

have far less effect on the peak g's than system dead time

variations.
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