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FUM~ORDI

7~iThis report was initiated as the result of an analoig simulation of
the lateral-direct ional equations of motion of the B-50, ftircrart and associated
inner-loop control~lers.

The study was undertaken at the request of the Systems Zngimeering
Group (83;) which was desirous of additional information for increased
confidence in their program to provide a redundant lateral-directional stabilityI ~augment~ation system for the B-58.

The simulation program was accomplished through the joint efforts of
ME, Mr. Andes and Mr. Taylor and AFFDL, Mr. Haas. The program~ was conducted

in the Control Techniques Simulation Facility (FDCL) during March and April

1965

Conclusions and reconmendations were agreed upon by both SEG and APFDL.
Results have been utilized by SSG in the Redundant Yaw Dauyor Program.

Information in this report is embargoed under the Department of State
'W i International Treffic in Amns Regulations. This report may be released to

foreign governments by departmenats or agencies of the U. S. Government
subject to approval of (controlling AFSC activity), or higher authority with-
in the Department of the Air Force. Private individuals or firms require a
Department of State export license.

This technical report has been reviewed and is approved.

H. W. BASH p r
Chief, Control Element Brhanch
Flight Control Division
AF. ti ght Dynamics Laborator
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ABSTRACT

Operational problems encountered with the B-58 aircraft led the

Air Force to direct the prime contractor, General Dynamics, io redesign

the lateral-directional augmentation syatam inoorporating a liUit cycle

adaptive eytitem. in the yaw axis.

This work is part of a combined AWFL/SEG in-house study to review

the oontractor's recommendations and conclusions oonoerning the B-58

Redundant Yaw Damper Program. Two stability augmentation systems, one

fixed gain, Vae other l imit cycle adaptivej were evaluated on a three
degree-of-freedom lateral-directional sinmlation of the B-58 aircraft.

The equations of notion were based on mall perturbation assnmptions.

A "cockpit' from which pilots could Of1W the aircraft was included.

Siulation results generally were in agreement with information provided

by the contractor. Presentation of data is essentially , imited to

coverage of topics not disciassed in other reporting.

Low speed controllabty with either augmentation system is

"not considered satisfactory.

Structural andes are not adequately defined aud interaction with

controller modes could not be evaluated.

There exists enough doubt about the adequacy of both the adaptiva

and the pure fixed gain approaches to question the worth of either

type as designed.
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SD4BOIA -AND 3WTION

,* SMBonL DZINITION UNITS

a Incremental Angle of Attack D6g

at Trim Angle of Attack Deg

P Side Slip Angle Deg

Rate of Change of Side Slip Angle Deg/Sec

ba Aileron Deflection from Trim; Positive Left Rad, Deg
Aileron Trailing Edge Up

baD Aileron Deflection Due to Danper Deg

6 bf Rubber Deflection from Trim; Positive Rad, Deg

Trailing Edge Left

bro 2tudder Deflection Due to Damper Deg

bs Control Stickr Deflection Deg

'1 b Aileron Deflection Per Roll Rate Gain Deg/Deg/Sec

baf Aileron Deflection Per Yaw Rate Gain Deg/Deg/Sec

O/ b~y Rudder Deflection Per Lateral Acceleration Gain Deg/Ft/Sec 2

b¼a Rudder Deflection Per Aileron Deflection Gain Deg/Deg

OyRudder Deflection Per Yaw Rate Gain Deg/Deg/Sec

A Incremental Change

Damping Ratio

Ta Servo Time Constant Seconds

0 Incremental Roll Angle; Positive Right Wing Down Rad, Deg

* Roll Rate Rad/se,
Deg/Sec

9 03-1 Acceleration Rad/Sec2,i ~Deg/Sec2

Yaw Angle Deg
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SYMM)L DMINITION UnITS

q Yaw Rate Ra/Seec,

Deg/Sec

(t++ 13) Heading Error Deg

Wa First Order Servo Break Frequency Rad/Sec

WO Undamped Natural Frequency Rad/Sec

a Speed of Sound Ft/Sec

Ay Lateral Acceleration Ft/Sec 2 ,"g's"

ARI Aileron-Rudder Interconnact

b Wing Span Feet (56.82)

V Mean Aerodynamic Chord Feet (3(.17)

CI Rolling Moment Coefficient, (Rolling Moment)

CIA d C,/dP.q /deg
CIO dC,/d 1 /dad

Oi1a d Cl/d ba /deg

C1ir dCl/d Or /deg

c,,dWb /rad
Cn Yawing Moment Coefficient (N/q Sb)

Cnp dCn/d13. /deg

Cnjj dC /d (Lb) /red

Cnba d Cn/d ba /deg

Cnrr dCn/db, /deg

Cnp d Cn/d (i' b) /rad

Cn, dCn/d(i-) /rad

Ct Thrust Coefficient (T/q S)

Cy Lateral Force Coefficient (Y/q S)
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SDMBOL MUNItTION

Cytp dyh /dog

Cyba dCyj~J8 /deg

Cybr dCY/d 6, /deg

Cyp dCy/d(*") /rad

Cy~. d Cy/d (u /rad

C.q. Center of Gravity % 1AC

f() Function of Variable Inclosed in Parenthesis

gAcceleration Due to Gravity gs tse

G.W. Gross Weight Founds

_A

h Altitude F.

h Rate of Change of Altitude fi."e

I.y IzInertia About x, y , axes.* Respectively Slug ft 2

*~Jx Product of Inexitia About x and z Axis Su t

K Kilo or Thousand

i/Se

Ki Integrator GainI/e
Kx Ix/q Sb See2

Kxz Jý/q Sb Sec2

Kz Iz/q Sb U0c2

M Mach, or Mach Mode

N Yawing Momnent Ft/Lbs.

P Rolling Angular Velocity Rad/See

S LaPlAcian Operator

t Time Seconids

• I



S!• , _L MFINIT ON =3JNIS

T Thrust Along Tbrast Line Pounds

tr Subscript Indioating Trim Condition -

• -•W/o Washout

X x Axis; Along Projection of Relative Wind -

y .• Y y Axis; Perpendicular to x and z Axes -
(Lateral Axis)

y Lateral •oore Pounds

Z z Axis; Perpendicular to x and y Axsa
-A (Vertical Axis)

CHA Aileron Hinge Moment Coefficient

"CNAG dC.•A/da /deg

CI4A6 dCHA/Ifd /deg

C41A dCN~dhvb-)/radi

C+10  Elevon Hinge Moment Coefficient at Zero /deg.. • i levon Den, orion,

CHN Rudder Hinge Moment Coefficient /deg

CHer dC4R/dbr /deg

CHR6 dCHR/dba /dOg

CNRtp dCW/df3 /dog

HMA Aileron Hinge Moment ft-lbs

HMIt Rudder Hi•ge Moment ft-lbs

MAA Momwnt Area of A-leron ft 2

MAgt Moment, Area of R~udder ft 2

Rybr.RIRnk FPldbility Ratios for Rudder

"Xcg Location of ag on x-axis % MAC

Xcg Referanos Location of ag on x-a3ds 25% MAC

Zcg LDcation of Cg on z-axis ft
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Zcg Referenoe Location of og on z-a3is 8.67 ft

L Rolling Moment Due to Transverse Fuel Shift ft-lbs

Ki ft-lb/g-sec
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K2. ft-lb/g
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i e iINT1ODUCTION

This report is a summary of a lateral-dIrectional simulation study

of the B-58 aircraft. The effort was udertaken in order to provide

SEG with technical data for evuluation of proposed yaw aupintation

system changes in the B-58.

Numerous Incidents/accidents incurred in operational usage of the

B-58 were considered the fault of poor reliabhtIty in the lateral-

directional stability augmentation syazem (Reference 1). As a result

ý .of this, the Air Force directed Guner Dynamics to design and incorporate

a new system, the basic philosophy baing to significantly increase

re-ijability while maintaining or iproving edsting handling qualities.

The perLtnent details of the systen specification are listed below.

A Y STABIL AO NEATION SPECIFIGION

rmnSRguret (Flying Qual~ities)

The modified yaw stability ane•ntation (S/A) system shall meet

the requirements of HEL-F-87S5 as amended by this specification. In

case of oonf.ict, the requiremenma of this specification shall apply.

Ranges of Operation

NIL-F-8785 as amened by this specification shall apply throughout

the design operational envelope (Mach Number and Altitude) including

afl operattional ensfigonatlones, cernter of graavity psitiJons rImv

aircraft weights within struct-ral and mneuverability limits.

4! General: All. reqairezants &ball be jot with the pilot out of the
loop and with tU pilot in the loop oontroling in his normal manner

-.I"!g
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(e.g., during and subeequent to an engine failure, the pilot normully

will attempt to bold a wings-level attitude by use of aileron stick

,4 inputs only).

Acceptable damping of the lateral-directional oscillations and

acceptable values of the 0/Ve rolling paranmters are indicated in

Figure 1 of IL-F-8785 except as mdified below. Residual unda ped

oscillations my be tolerated only if the amplitude is no greater

than 0.2 degree peak-to-peak sideslip. Danpers on configuration shall

meet bombing and firing requirewets.

Dutch Roll Natural FreauenoT

Aoceptable values of the dutch roll natural frequency (wD) are

given bY 1 < WD < 6 tad/sec.

Rolline Capabilitv

(Exception to MIL-F-8785) It shall be possible to roll to and

stabilize at 60 degrees of bank angle in three seconds or less.

Lateral FreauenaT -Ratio.

The ratio of the second ordar numerator frequency (W$) to the

dutch roll frequency (WD) of the roll-rate-to-aileron transfer

function shall be given by 0.9<w dWD < 1.0 for < D < 0.31 and

0.9 < W O/WD< 1.0 for D > -.3. The ratio 0/0 shaUl not be

> 6.0 nor < 1.0. The w O/wj requirement -ha11 be considered an

objective for (D > 0.35. However, the dutch roll damping ratio,

SD should nt be degraded in at pting to comply with the w PV/W D

objective.

2
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Automtic turn coordination shall mean the autoutio reduction of

sideslip during banking maneuvers. The automatic turn coordination

should not allow a awriujm transient sideslip larger than 8.5 degrees

to develop during rolls to 60 degrees bank angle with abrupt aileron

input at 1.4 V spa VPais to be interpreted as the speed at which

1 "g" flight is maintained at 17 degrees angle of attack at the

particular flight gross weight, center of gravity, and altitude. At

all higher speed flight conditions, the maxi3mw transient lateral

acceleration should, as an objective, not exceed 0.1 "g" and shall

Snot exceed a ma-f- allowable of 0.3 "g" during nwma-m abrupt

St aileron input rolls to 60 degrees bank angle. Steady state lateral
2 .

acceleration shall not exceed 0.03 "g".

A Sudden Enzine Fajlure

After an outboard engine failure, at any permissible flight

condition,. with the other engines developing na~own A/B power for

that flight condition, the resulting maximum sideslip nmst mot exceed

that specified in Table 1.

TART 1

ALLOVABLE SIDESEIP FOLLOWING SUDDEN ENGIN~E FAILUREZ

,•Mach No. Maximum Sideslip (Dearees)

*0.3 8.5
0.6 6.5A 1.24 3=5
1.6 3.5
2.0 3.5

SOr the speed associated with 1 Ngn flight at 17 degrees angle of

attack at the particular loading condition.

3
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Saturation Charagc&istic
Is.4 The system shall exhibit stable and unwmgnified response to

. disturbanoes which cause control satum-ation; i.e., system shall be

designed so that it will not be amplitude sensitive.

Spiral Mode Time Constant

The spiral mode tim constant (TS) may be divergent, but the

4 rate of divergence shfall not be so great that, following a mall

disturbance in bank, the bank angle Is doubled in less than 2D seconds.

Correction for the wing heavineiss caused by transverse fuel shift

due to lateral acceleration shall be provided. The performance shall

be considered acceptable if the lateral acceleration is maintained at

approximately zero in the steady-state condition. In any event, wing

X-1 I heaviness shall be controlled,9 at the worst loading conditions from a

wing heavi•ess consideration of half-full aft fuel tank, such that not

more than one degree of aileron control will be required to mintain

a wings-lovel trimmed attitude. This is to be accomplished assuming

fyammtrioal thrust from the engines and nc rud&,r oonz4 by the pilot.

4An an objective, this should be acoraplisaed without an integral of

rudder per lateral acceleration gain.

* I Cross Wind Reauirements

Tk3 pilot shall be able to exercise directional control In order

to sideslip the aircraft for •landi in a crosswind per paragraph

3.4.11.1 of MIL-F-8785, without having steady state yaw damper

opposition to the pilot's rudder comwand. Thus, it will be neoes-ary
Si4
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to make provisions foe° deaotivating the rudder-per-side-acoelerationt

gain to acomplish intentional sideslips for crosswind operation and

to provide yaw dampi during these intentional sideslips.

DESGN REQUIREMENTS

i YI= A-•matation

General: The yaw S/A design will be based on the following

specific modifioations to the existing S/A and flight control provisions.

a.. A fixed mechanical aileron-rudder interconnect of 1:1 with

no electrical intercorneat.

b. The aileron-per-yaw-rate, bogq , shall be switched in

automaitcally upon loss of yaw S/A. A positive interlock shall be

provided to insure that the ba/q signal is not fed into the roll

damper when the yw damper is functioning.

* o. A fixed aileron per roll rate gain in the roll S/A function.

! Gain Chani

A self-adaptive type gain changer of flight proven-capability

shall be used. The acceptable technique uses a high gain limit cycle.

The adaptive logic shall be so designed that response to gust

disturbances, structural bending effects and electrical noise inputs

Sill not result in gain changes that degrade system performae

below hiJs= req•irementa specified herein.

The gain changer time response characteristics shall be stable

and adequate during normal rapid changes in aircraft flight conditions

and characteristics.

2. I II
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The SWa/AUTMDL in-house simulation effort was a omparative evaluation

of the Bendix adaptive sytMs and the General Dynamios fixed gain system

(General Dynamics favors a fixed gain system even though the Air Force

* spec requires a limit cycle adaptive system). A detailed description

of the Bendix system is presented in Reference 4.

4W General Dynamics performed a comprehensive simulation study as part

of the Redundant Yaw Damper Program. This in-house evaluation spot

chocked the results of the General Dynamics evaluation and their

, t assessmnt of problem and then carried the effort to additional areas,

oovering items considered unresolved by AFFL and SEG.

This report only documents those problem areas not reported

elsewhere by General Dynamics but oonsidered by the Air Force to be

worthy of note. Significant problems previously reviewed by the

contractor include the sensitivity of the adaptive system to random

(gust or pilot) inputs and its tendency to reduce gain under this

condition (Bendix study) and the amplitude sensitivity of both systems

(General Dynamics study).

"No attempt was made to evaluate the present stability augmentation

system. This has been the subject of numerous contractor and Air Force

efforts in the past (Reference i). The present aircraft has been

considered as having acceptable fl4ing qualities for augmented mode

of operation (poor to unacceptable unaugmented).

It should be emphasized that results obtained through this effort

are only as good as the available data and the assumptions made.

According to General Dynamics, the derivative Cnp has somewhat

..62,:
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different and mre variant values than, those used in this Air Force

A study. This would represent greater variation in surface effectiveness
, A

"-VU• resulting in a greater airfrnae gain variation than that encountered

"in this study. Previous computer analyses of the B-58 aircraft have

been based on mall perturbation assunptions including purely linear

aerodynamic characteristios. This studf also attempted to determine

system performance with nonlinear C and (ip included whe side-

• ,• •slip U fo)srered to large excursions. Additionally, a limited
'parametric study was acomplished to evaluate the aerformnce of the

I two proposed systems with reasonble variation of the predicted

&linear aerodynamic characteristics.

AM Structural n data supplied by the contractor is not acceptable

for analysis to determine structural mode interaction with other system

Snodes.

4 •The analysis recently performed by General Dynamics in evaluating

Sthe augaentation systems did not include a man in the loop, with the

i' ? exception that a simulated pilot inputs were used for the rolling

•I pullout maneuver (MO) and for single ong failure (SEF) corrective

"+ I action. It is considered that these inputs were optimized to obtain

desired performance for these two problems. In order to better

' evaluate the aircraft's performance and whether or not it meets spec

requirements, a cockpit was ut'iized as pAr-t of +this Air -orce a 4

lation, and a mnmber of runs were made with a pilot "flying" the

i sicwlation.

1 7
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DISCUSSION

The approach tRken in this study was to evaluate the proposed

yaw augmentation systems through a three-degree-of-freedom lateral-

directional analog computer simulation of the B-58 aircraft. An

edxsting General Dynamios analog computer program was used as the

basis fur the siUmlation which was set up at the Control Techniques

Similulation Facility. This was done in order to insure direct

correlation between ocutraotor and Air Force results and to utilize

data provided by General Dynamics in Reference 2. In general, the

General Dynamics and the Air Force simulations can be considerod

identical. The simulation of asrodynanic 6haracteristics is based

on small perturbation assumptions and is considered inadequate for

any cituation where relatively large amplitude disturbances are

encountered (the equations are no longer valid and also, the

derivatives are nonlinear). Simulations of the control syrotens did

include all nonlinearities and were representative of the actual

systems. Whenever possible, results obtained in this study were

bompared with previous analog amd/or digital simulation results in

order to verify the simulation. A problem frequently encountered

with the limit-cycle type of adaptive system is the interaction of

structural =des and oontroller modes. Data supplied by General

Dynamics and their analog representation of this data are considered

unrealistic and unuseable for analysis of the structural mode problem.

Analog circuit diagram of the GD representation of structural mdes

are presented, but were not utilized. The question of mode interaction

rei "



The equations simiLated are listed in Figure 1. Analog circuit

diagrams are presented in Appendix A. In order to study response to

oatboard engine failure (SMW), a portion of the function generation,

the thrust decay curves (Reference 2), was mechanized on a Litton I
digital c•xputer rather than with the analog representation utilized

* by General Dynamics.

Pot settings (see Appendix B) were determined by a digital conputer

•.iI iprogram (Reference 2) which additionally presents free aircraft trseasfer

functions for the selected flight condition.

Review of data obtained from a previous in-house study (not covered

by this report) to compare the performance of the Bendix adaptive system

"and a Honeywell adaptive system (equivalant perfoi'mance for the

conditions investigated) showed very large excursions in sideslip for

• J~ithe rolling pullout maneuver (RP0) and suddan engine failure (S&) at

* the low speed flight conditions. This led to generation of the plot

shown in Figure 2 for use in this study. The A for zero slope was

estimated through review of B-58 and other high performance aircraft

M data for particular flight conditions.

The analog representation of this curve is shown in Appendix A.

AdA•ttedly, this is a rough approximation, but the available aerodynamic

data does not warrant a more sophisticated representation of the

nonlisearity.

*., The sensitivity of the control system's performance for smell

amplitude disturbances to errors in predicted aerodynaics was

* evaluated b7 varying the value (up to ±20%,) of various derivativ'es.

[9
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* EQUATIONS OF NOTION
FIGURE 1

APPROXIATION F NO-INEAR&O tIE

FIGURE 2
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Figure 3 is a listing of the flight conditions checked, and

Flgur 4 is a listing of the tests run at each flight oondition with

the coding utilized on the tims histories.

The cockpit was used to deter~mine trends in overall controlla-

bility. Detailed pilot evaluation/interpretatica van not attempted.

A block diagam of the adaptive system in presented in Figure 5,,

and Figur3 6 is the block dilagram for the fie gain system.

The simulation equipment used consisted of two EAI 231R analog

computers (Figure 7), a Litton CG-820 digital omputer (Figure 8) with

D'to A interface, and a cockpit (Figure 9) with rudder pedals and a

jforuation type" control stick. Flight information was presented to

the pilot through an all-attitude indicator and a sideslip indicator

(no notion or external visual wues were provided).

FLICMf CONDITIONS CEC]ED

Co o Hih Center of Gravity

002 .33 0 ft 150,000# 28%
004 .239 0 ft 80po,0-00 28%
006 .91 0 ft 5..o,000# 28%
008 .91 40,000 ft 120,000# 30%
010 3.006 25,#AW ft VU90,0 U3
011 1.2 40,000 ft 1208,00V 33%
013 2.0 44,200 Vt 120,000# 33%

FIGURIE 3
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2B - Roll da•per out

-ia 3L - RPo (0-60°)

3B - IO with non~I 4ea C

30 -RPO with pilot (WR indioatei rudder used)

3D - RPO with pilot and nonlinea C

A - IPO with noni I near C., and Clo

3F - RPV with pilot and nonlinear C a Clp

Run. 4A- (1-aot) gu•t (20)

Run, 5A - Outboard engin out (sEP)

5:1. -Engine out wih nol4 neia

5P. - Engine out with non, ear C an CIp

Run 5B - Engine out (Ange level)

5B' Engine out (wing- level) with nonlino- Cnea

5B - Engine out (wings level) with nonlinear 0 n and Cl

Ran 5G - Egine out with pilot (prime an above5 WR indicate. rudder used)

Rns 6 - 9 are sensitivity analysis

(6 Cng, 7 Clp, 8 Clp, 9 Cnp with A+ and B-)

-RUN 001

m FORM IX

Designates De.gnatus Fixid Gain Denotes Run
Flight Case or Adapsive System

Wpl.: 013 F 2L In Flight Case 013., Fixed Gain System, Run 2k (all damer in)

FIGMaE4
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RESULTS

I mmay7 of the results obtained in this study is presented in

Figure 10. A brief review of each flight oondition is then presented

incl.uding noteworthy tine histories with appropriate di~sweason. For"

each flight condition evaluated, five airfram responses were cheoked

for agrement Vith tabuilated dy1iaxic characteristics provided by

Gene3al Dynamics in Referenoe 2. In all oases, very close agreezent

ezists. For the low speed flight conditions whbre sideslip was large

for RPO and SF (augmented vehicle), the results are questionable

"because of sma perturbation assumtions. mn the curve in Figure 2

was utilised to represent nnUlinear O and Olp for t'ese low speed

Sconditions (note that equations were not changed), controllability is

a problem, and the system can be driven to divergence. General Dynamics

did not concur with our representation of nonlinear Cu and Clp

(Figure 2) and referenced FV,4-O20 (Reference 3). Review of this

document provided no Justification Jor great faith in any curve

because of insufficient data points. Howevers it did indicate that

for the low speed 170 a conditiona Onp is zero at 2 0P 1 and C0 h

is wo at 250 . Con•sequently, those results including n•oIn3larities

l the so of &iun'ux. be zeo at 150 (for lov speed,

4 =170 conditions only) are invalid. Som of these results are

included to graphically show trends causd by the nonl3nearities. In

those situations where only Cup slope is zero at 2P 13 , results are

Sonsidered valid; but for both C and O , results are aonservative.
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n ion

Flight condition 002 is one of the two low Mpeed flight oonditions.

4Results for this condition, along with those for flight condition 00(4,

were significantly affected when nonlinear 0#and Cpwere

inoporated. For this flight oonditiou, the free airfram is unstable.

Response of the aircraft with the fixed gain system (roll damper on)

was well damped; howevers low amplitude residual oscillation exists.

The AM variation produced no sigiflcant results as the response to

the 2P initial sideslip input was rougbly the saae for the various

AU positionw selected. For the fixed gain system, the response of

the aircraft to the 2° initial beta input with the roll damper out is

poor. The airplane is lightly damped (close to neutral• y stable).

For the adaptive system, the response to a 20 beta initial input

(all dampers on) is satisfactory; however, again the small residual

oscillations were notAd. For the case of the roll damper out. the

aircraft is very lightly damped. For the ,rolling-plout naaeuver

with the fixed gain system and with the similated pilot, the responses

were not satisfactory. Including the nonlinearities with the slopes

going to zero at 2O13 produced an unflyable situation as the aircraft

was not controllable with the sisa ated pilot. Utilizing the cockpit

with an actual pilot, the aircraft was only controllable vith large

application of rudder. Bo"i velocity r.vesasl did ocow, and it

was impossible to preoisely acontrol the aircraft rolling from +300

to -30P. Pilots generally were not able to precisely roll to a given

roll attitude or to ro!! wut on a dir-ed, head' Vtw g the ARI

20
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for the rolling-pullout maneuver, again produced no significant changes.

The 20 it gusts were also applied to both the fixed and the adaptive

gain systems without any significant results being recorded, For this

fligbt condition under the engine out testp the aircraft rolls (with

either system) over rapidly with no wings level control. For the fixed

gain system with the ieins level, circuit results were acceptable. With

the fixsd gain, nonli C and the wings level circuit inthe

aircraft rolls over. Lateral acceleration, tailload, and sideslip are

excessive.

With the vwigs level, fixed gain, nonlinear Cn and C3 , the

•1: aircraft again rolls over. The ARI was changed (.3, .5, .7), but it

- produced little differences in the traaes. For the adaptive system,

engine out with wings level cirouit in and no nonlinearities, the

aircraft reoovers quickly. However, with the wings level circuit in,

engine out and nonlinear On P the aircraft slowly rolls over. Sideslip

v was held to 160. With the nonlinear CnD and CIp , the wings level

circuit in the aicraft rolls out of control. With the fixed gain for

GI2g Tn out flown from the cockpit, the aircraft was quite controllable

with no nonlinearitles in the cirdAit; however, rudder was used. With

the nonlunear c , the pilot was again able to control the aircraft

utflisiDg rudder. The sase performance held true for nonlinar C

an GIo. Generally, the aircraft was controllable for this condition.

The adaptive systca appeared easier to fly than the fixed gain system,

The simulated pilot (wings level) significantly degrades performance.

Variation in derivatives for this flight ecse did not produce

significant results,

21
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This flight oondition is one of the two for which General Dynaeical

tim histories were available. Generally, the responses .obtained in

'4this study matched thoee provided by the contractor.

it this flight covditionp the free airframe is unstable. With

both roll and ,iw agmentation operating, the fixed and the adaptive

- gain system exhibited acceptable response to a two-degree initial

sideslip input. With roll damper out, both configurations were lightly

damped.

The foling-pullout (RPO) maneuver, as performed by the simulated

pilotj natched the oontractor's time histories for both the f gain

X--4 and adaptive gain systems. The sideslip obtained during the REF)

rougbly 159 (without aerodynamic nonlinearities). Wit4 nonlinearities

" trodnoed, the results were oonsiderably different. For the fixed

gain systen with O.going to 0 at 150p and also at 2001 s the system

is stable; however, excessive rolling velocity reversal occurs and

•onsiderable difficulty exists in rolling from 0 to 600. In general,

performance of the RM maneuver is poor. In attempting to fly fra

the cookpit with the same nonlinearities, it was not possible to

precisely control the aircraft in a roll fro 200 to -2D'. The sam

omments are also true for the adaptive atu. When both and

i CI were set up to be nonlinear, the results were worse. The aircraft

was very difficult to control for all attempts to fly froz the coftit.

Preliminary runs were madie with roll control only; and after the first

sequence of runs, the pilot also utilized the rudder pedals. Well

coordinated rudder inuts piovided significant imrovemat in

28
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I contcollabLity. Sisuup wea bald to lower auplitudenj and conhequently,

the airwaft did jot go out of coutzol as qdoay. A 20° gust inptt

va intoue to Ums tem, and the remults we Insignificant; but

-for a 1 0P gust (nom'lizMa CA ) p the systom diverged. The fixed gain

-~ and the adaptive gain system zhbibted equivaent rsonses to the

"* level circuit) raoling and siAeslip we"e not sevee for ergine failure.

-Z Enie failure wasn also chocked with nonlinear qAand Ci The

aircraft I,@ u"f,,Able with no,,In,,ai.ties included, For the engine

out test# there was little difference in performance between the fiod

~ -~ gain and the adaptive gain sstems. Vithout either' unlinearity and

a pilot .flyirw f-om the ookpit,, rudder pedal input was required to

prevent divwrgenos. With nonlinear CU. and Olp 8 the aircraft mws

Siu able# the otrollin• g factor being the e suve sideslip which

'exceeded 20 n 3 IA seconds. With the fixed gain system and nonlinear

7711 no , the aircraft was flyabl if rudder pedal was applied, The

rudder damper saturated at 200 for pilot oontrolLing wings level only

and the aircraft diverged. Reaults for the adapjpvo system were

ciomparable; again videallp and pilot rudder Laput being the dominating
abaraoiutios. A senelti'ity analysis vas oondcted by varying Cn.,

Clp r-, .and 01 . (AooauFLiabed by changing the potentiometer

settings.) Taere did niot aup r to be any appreoiable differena in

the systom. z'ponse to sfl ini'tial. inputs.

~*S~

' 2

S" i i i



44

oio

a'4

all L

l0k. q I -7

xq~

FIG 17 DUZ 4

I.30



740

0_ 0

2040K loxAU
. . T*L

40 s:o~ - 40"

00ýF8004U34

ZIA

FIGURE 18 VOXANW= (SWPE 0 at 1=50 )

31

a



4 1-

0 ~ %@*

MWW_7;t 7
21 .

tat~-

FIG=F 19~ M WIH-M(mz t 10

-~32



40 
4L

toI

A t 

*K

'~ 
-~~2..-~-'L1~ 

2&

wi,

2-0-

I0

.4.

06r a iL W1 00 4

L 

oil.

q %I

*Jk-(

A i



Fltt Condition 006

The frae airframe responses agreed with the data found in the

General Dynavics data --equirewnts document (Reference 1) used as

reference for verifl-sttion of system performances throughout this

similation. For the pda airframe, fixed gain system, all dampers

on. i-3sponses are satisfactory. Variation of the Aileron Rudder

Interonnect (ARI) did not appear to change the damped airframe

traoes. On this flight case, the roll damper out trace appears to

be L•.isfaCory . the fixed gain system, and the ARI was agaiu

changed to .3, .5, mAw .7 with no appreciable differen4 .Aicated

in the traces. The RFO manouver was successfully accomplished with

the fized gain system. For t.- RPO maneuver with the actual pilot

in the loop, there was no significant sideslip. For the 0 to 600

RPO maneuver with the adaptive system, the response looked quite

9ood. With the pilot "flying" from the cockpit, no problems were

For t..i., flight case with the fixed gain, the engine out responses

were run for the aircraft, ARI set at .3, .5, and .7. These changes

were sg Ahout isaificantly altering the basic trace for the

ARI = .•which ww• -atisfacoroxy.

yWI h #egina and he adaptive system, the aircraft

%J•ls over quite r&pi~lJ without the wings level circuit.

W'ith the wings level. circuit in, the system appears to be lightly

d&mped with resir0. oscillations.
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"Flight Condition 008

The free airzfram isv7 nhtly dWW. The dnW airforne wth

Sthe fixed gain suytm was satisfaotory. Variation of the ARI apparently

!e had no effect with respect to the aircraft response for a 20 initial

input. The airaaft response with the roll damper out was only

moderately damped although satisfactory. The response to a 2" initial

sideslip input for the adaptive asytea, roll damper on, looks slightly

better than the fixed gain response. Again the ARI variation had no

effeot. The rolling-pullout maneuver for the fixed gain system looks

4 good; responses were satisfactory with regards to spec requirments.

Aguin in this condition, the roll damper authority was Inadvertently

limited to slightly less than 301 however, the data obtained with the

damper on is still consided valid. Flying" the rolling-pullout

Smaneuver frm the cockpit was relatively easy in this flight condition,

although as in the other oaes, it was somewhat touohy and dependent

upon the pilot epplied rudder. For both the fixed gain and the

adaptive gaia syotem, +Ie response of the aircraft to low amplitude

9hst irputs was acceptable. In the enginu out tests, both yuteaw

perfoo~wd satifacteeorly.., The aipln vv quite flyb•l fr the

cockpit. There was no aturation in the yaw channe. The engine out

oawes were ruz with AUI variations, and again no noticeabl, effect

was founde The parameter variation 5tudy produced no notioeable

effects (the deriv.tives we", varied :20% in this case).
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S1.h ondion 010

The free airframm is heavily danipads and the period and the

A. transient peak ratio agre. with the printed digital data received

K from Gneral Dynamics. For fixed gain, (damped t) the US 24 al

condition responsea heavily damp. Changing t mechano al

aileron rudder intarconnect to .7j .5, and .3 did not appear to have

any major effect on the damped airframe as the traoes remained about

the ameo For the ftixed gain yaw damper with the roll damper out,

traces are satisfactory. Cbanging the rudder-aileromn interoonnect

$ , •again did not cause any significant change in response, The adaptive
. system with rol.l damper in and also with roll damper out performed

satfaaftori3,y giving well damped responses. No ARX chaages were

recorded tor the adaptive oyatem. For the RPO maneuvers with the

simunlated pilot In the loop, the traces are vatisractory. The roll

attitude holds at 600 indi.ating n, spiral livergence. Sideslip,

taifloads &ad lateral acceleration are avAil for this flight condition.

_or the fixed gain system, pilot in thea cokpit, and the nonlinear C

and nionlingea G, the oyatwm aaLA~bited good flying charactedastics,

For the RU maneuver with the adiaptive systez, the traces are

satistactory. The nmnlinwarises did not have W effect. Pilot

in the loop oharact~e-aticu'e"r eatisfactoy. Sidealir., taJlload,

and latweal acmaleration iere small ( did not attain saffioment

amplitude to enter the nlinear approximation).

' No ge egine failures rre u for this fJ.4±t condition,

in g•anral, a ponounoed tende for ringing a noted at this

flight Oondition.
•. i 41
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Flight Con•diton 011

The free irframe i lightly damped. Response of the airframe,

with either the fixed gain or the adaptive gain system, rol2 and yaw

(augmentation on, looks quite good. The airplane has a tendency to

roll off, indicating spiral divergence. The oases for the roll

damper out appear to be well damped. Variation of the mechanical

aileron-rudder interoonneot had negligible effero, zor the 20 A latial

condition. For both tho flxad gain and the adaptive systmaa, the

rolling and pullout maneuvers were satisfactory (sideslip amplitude

was small). For this flight oondition, the roll damper limits

drifted to approximately 2.50 which is leas than the actual 30 damper

authority. While parforuin the rolling-pullout maneuver from the

oookpit, it was noted that the airplane was sensitive to control

Inputs, tending to cause over-oontrol. The system was stable in the

maneuver, and the aidealip amplitudes were reasonably low. Utilization

of the rudder pdedals sig•itiostly improved the performance. The low

amplitude gust input to the simuation was handled satiasfaotorily by

both systeas. The aircaft responses t. #ngine failure for both the

fixed gain and the adaptive systems were satisfactory. Tailloads,

lateral acoeleration, and aideulip were aoupttble. There was no

problem in ,cmt.rolling the aircraft wben l•.ine the sinlation

through the cockpit. Generaly, no significant e ffect was noted for

the variation of stability derivatives with small amplitude disturbance

inputs.
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S•flight Condition 013

This is the second oawe for which we had General Dynamics tim

histories to compare with ours. Complete agi.eement was obtained. For

this flight oondition, the free airframe is w•derately danped. With

the fixed gain yaw augmentation, roll damper in, the response to a 2°

initial 0 is well damped. This is also true with the roll damper out.

For the fixed gain RPO manouvers, the system performed quite

well; the pilots (human and oomputer) had no trouble accomplishing

the 00 - 600 roll maneuver and holding. Tailload, sideslip, and lateral

"acceleration were small. The 2 3 gust was used to disturb the system,

but ths results were insignificant. With the fixed gain system for

the engine out run with no pilot, the aircraft rolled over quite

rapidly. With the simulated pilot in the loop (wings level circuit),

response to the engine failure is acceptable with slight $, ,
TL, and Ay. It is significant to note that large (over 150) yaw

damper inputs were required to oompemsatq for engine failure.

In general, the adaptive system deonstrated similar performance.
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Flight Condition 01.3

This is the second aase for which we had General Dynaxioi time

histories to compare with ours. Complete agreement was obtained. For

this flight coriditiou., the free airframe is moderately damped. With

the fixed guiu yaw augmentation, roll damper in, the response tU a 2n

initial 13 Is well damped. This is also true with the roll daxper vut.

For the fixed gain RPO maneuvers, the system perforated qn.ie

well; the pilots (human and computer) had no trouble aeoompliabing

the 0° - 60° roll maneuver and holding. TaXlload, sideslip$ and latoral

acceleration were small. The 21 0 gust was used to distuirb the system,

but the results were insignificant. With the fixed gain system for

the engine ý-vt rn with no pilot, the aircraft rolled over quite

rapidly. With the simulated pilot in the loop (wings level circuit),

response to the engine failure is acceptable with slight ¢, J I
TL, and Ay. It is oignifi•cat to note that large (over 159) yaw

4 • damper inputs were required to oompeasatq for engine failure.

In general, the adaptive system clamnstrated •iinlar performance.
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AI
4 ! CONCLUSIONS

- Air Force and contractor siYwlation studies to date (including

this study) have not been adequate for accurate flight safety

determination and handling qualities evaluatiorns of the B-58 aircraft.

"- " Use of GD specified transfer functions for, simulating the pilot

in specific maneuvers and emergency recovery tasks in va.ring flight

conditions is invalid. Assumptions of small diesrabdances and liuvew

aerodynamica are not appropriate lor' ;ae B-58.

2 For the problems encountered %,Sth the B-58, a sophisticated

4 motion simulator with appropriate 4Vrnal visual cues is n2dred

an essential piece of equipment for obtaining a very high degree of

confidence in ground based simAl, 1tion results.

Neither of the evaluated control systems is acceptablA an

_! mechaaized. Both systems exhibit amplitudn sensitivity (General

Dmamics study). The adaptive system gain drives down for random

input signals (Bendix study). Predicted aerodynamic characteristics

are still undergoing change which leaves the adequacy of the fixed

X .iain system in doubt. Both systems exhibit undesirabli characteristics

for low speed, high angle of attack flight when subjected to large

disturbance inputs (large aileron deflection, sudden engine failure

and large amplitude gist disturbane•s). Unsatisfactory definition of

structural modes leaves the question of the adaptive systei• interaction

' with these modes unanswered.

The low dutch roll damping demonstratea by both sy a •t flight

condition 002 when the roll damper was out is not considered • fail

operational perforinnoe for sing.Le failure.
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It is suggested that the poor low-epeed cbaracteristics are also

exhibited by the present aircraft configuration and are the underlying

cause of the sometimes encountered "stick lock problem".
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RECOMMENDATIONS

It !j recommended that the following actions be taken by the

I, organization referred to.

SEG should undertake a comprehensive review of the Redundant Yaw

Damper Program. This review should include (1) a study of the
j
"4 requirement specifying a limit cycle eystem, (2) a comprehensive

"simulation effort by General Dynamics Incorporating aerodynamic

nonlinearities including a cockpit with three degree of freedom motion

and visual cues, and (3) a program to correct known deficiencies in

the control systems.

SEG should proceed with the flight test program for the redundant

damper system (with desired system modifications). As part of this

,j program: the #ixed owe.4-n chould .. .luatw; .Li jxaltol wiun

the adaptive system (this can be done by driving the adaptive gain

to the required fixed level). Results of the flight test program

should be reviewed with caution, keeping in mind the test pilot is in

an idealized -enironment with reference to the operational pilot. Flight

test results should also be correlated with results of the above

* mentioned si~mzlation program. Any discrepancies should be completely

resolved before the system is approved for retrofit.

7Pr BEG should look into a controller incorporating multiple (two or

three) fixed gains/coapensators with simple switching as a back-up

system in the event neither the adaptive or the fixed gain system is

adequate*

AFFIL should increase rsearch efforts in the area of analysis

and synthesis of multiple input systems. This should include application1

50
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of advauced control teahniques to lateral-directional control. The

existing heavy emphasis on longitudina! control should be removed.

In addition to seeking the universal controller, 07EL .hould

spend equal effort on application of advanced techniques to specific

control problems and should emphasize the limitations and nonuniversnaity

"j of proposed control techniques. This chould include exposure of any

lack of knowledge regarding a system and/or any intended application.

AFFEL should prov-ide updated stability and control and flight

control system specifications or drop the standardized approach to

these specs.

Contractors in general should cease the present practice of

extreme optimism concerning aerodynamic stability and control

charactoristics. A practically realizable aerodynamics/flight control

pa•kage should be sought from proposal stage through operational use.

-'
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ANFP]NDIX A

COMPUTER CIRCUIT DIAGRAMS
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