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YAW DAMPER SYSTEMS FOR THE B-58 AIRCRAFT

A. L. HAAS

This document is subject to special export controls and each transmitta]
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FCOREWORD

This report was initiated as the result of an analog sim:lation of
the lateral-directional equations of motlon of the B-58 sircraft and associated
inner-loop controllers.

The study was underteken at the request of the Systems Engineering
Group (SEG) which was desircus of additional information for increased
confidence in their program to provide a redundant lateral-directional stability
augmentation system for the B-58.

The simulation program was accomplished through the joint efforts of
SEG, Mr. Andes and Mr. Taylor and AFFDL, Mr. Haas. The program was cecnducted
in the Control Techniques Simulation Facility (FDCL) during March and April
1G65.

Conclusions and recammendations were agreed upon by both SEG and AFFDL,
Results have been utilized by SEG in the Redundant Yaw Dampsr Program.

Information in this report is embargoed under the Department of State
International Traffic in Arms Regulations. This report may be released to
foreign governments by departments 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.

AL
H. W. BASHAM
Chief, Control Elaments Eranch

Flight Control Division
AF Flight Dynamics Laboratory
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ABSTRACT
Operational problems encountered with the B-58 aircraft led the
Air Force to direct the prims comtractor, General Dynamics, %o redesign

the lateral-directional augmentztion systom incorporating a 4mit cycle
adaptive syutem in the yaw axis.

Ny e

Wy oot

This work is part of a combined AFFIL/SEG in-house study to revicw

SR

the contractor's recommendations and conclusions concerning the B-58

s Redundant Yaw Damper Program. Two stability augmentation systems, one

’\ ? fixed gain, the other .imlt cycle sdaptive, were evaluated on a three

f i V: degree—of-frecdom lateral-directional simulaticn of the B-58 alreraft,
i The equstions of motion were based on small perturbation assumptions.
B A "cockpit® from which pilots could "f1y" the airaraft vas insluded.

Simulation results generally were in agreement with information provided

b ; by the contractor. Presentation of data 1s essentially limited to
i ‘;
‘ i coverage of topics not discassed in other reporting.
‘ i po
b -"
;; " Low speed contrullability with either augmentation systsm is
M 13
4 oot oonsidered satisfactory.
My Structural modes are not adequately definsd and inmteraction with
‘; %’_ controller modes ocould not be evaluated.
L : There exists enough doubt sbout the adequacy of bokh the sdaptive
. -
ey % and the pure fixed gain approaches to question the vorth of either
| J )
% type as designed.
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SYMBOL

SIMBOLS ARD WOTATION

RS

D ZFINITION UNITS
a Incrementsl Angle of Attack Deg
ag Trim Angle of Attack Deg
] Side Slip Angle Deg
B Rate of Change of Side Slip Angle Deg/Sec
da Afleron Deflection from Trim; Positive Left Rad, Deg
Ailercn Trailing Edge Up
bgp Aileron Deflection Dus o Damper Deg
Os Rubber Deflection from Trim; Positive Rad, Deg
Trailing Edge Left
Or,  Rudder Deflection Due to Damper Deg
Os Control Stick Deflection Deg
ba/¢ Afleron Defiection Per Roll Rate Gain Deg/Deg/Sec
bﬁlﬁl Aileron Detlection Per Yaw Rate Gain Deg/Deg/Sec
Otfay Rudder Derlectlon Per Lateral Accelerstion Gain Deg/Ft/Sec?
67° g Hudder Deflection Per Alleron Deflection Galn Deg/Deg
°f/~b Rudder Deflection Per Yaw Rate Gain Deg/Deg/Sec
. Incrementel Change -
L4 Damping Ratio -
Ta Servo Time Constant Seconds
® Incremental Roll Angle; Positive Righi Wing Down Rad, Deg
¢ Roll Rate Rad/Sec,
Deg/Sec
] Roll Acceleration Rad/Sec<,
Deg/Sec?
[TH Yaw Angle Deg
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SYMROL DEFINITION UNITS .
W Yaw Rate Rad/Sec, :
Deg/Sec y

(¢+PB) Heading Error Dog ;
wa First Order Servo Break Frequency Rad/Sec ;
wo Undamped Natural Frequency Rad/Sec ;
a Speed of Sound Ft/Sec g

Ay Lateral Acceleration Ft/Sec?,"gts"

AR} Aileron~Rudder Interconnsct -

b Wing Span Feet (56.82)

PR NPT S

< Mean Aerodynamic Chord Feet {3F.17)

Cy Rolling Moment Cosfficismt, JB2 , SbMD nt -

Cip dC /dg /deg

Cig i dCy/d (-g-%) /red

Cip, dC;/dda /deg

Cjy, 9C)/d0r /deg

Cip 4G/ a3 /rad

C,  dC/d(%E) /red

Cn Yawing Moment Coefficient {N/gq Sb) -

Cng dCn/dB /deg

Cnj dcn/a(g.sl) /red

Cny, GCn/doda /deg

Cny, dCnfdd, /deg

Cnp d Cn/d ( g’-g) /rad

Cnr  dCn/d(¥B) /red

Ct Thrust Coefficient (T/q S) -

Cy Lateral Force Coefficient (Y/q S) - :
viii
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—SMROL LEFINITION UNITS
Cyg  dCyup /deg
Cysa dCyﬂba /deg
Cyp, 9Cy/dor - RN /deg
Cyp  dly/ahB) /rad
Cy» dCy/d(%’.g) /rad
c.g Center of Gravity % MAC
f( )  Function of Variable Inclosed in Parenthesis -
8 Acceleration Due to Gravity ’ g's, ft/sec?
G.W. Gross Weight Pounds
h Atitude Fac
h Rate of Change of Altitude FtjYee
ix,ly, )z Inertia About x, y, u axes, Respectively Slug %%
Ixz Product of Ineitia About x and z Axis Slug £¢?
K Kijo or Thousand -
K Integrstor Gain 1/Sec
Kx I,/q St Sec?
Kxz  Jxz/a Sb Sec?

Kz I1,/q Sb Seo?

M Magh or Mach Mode -

N Yawing Moment Ft/Lbs

P Rolling Angular Velocity Rad/Sec
gqQ Dynamic Pressure Lbs/Ft2
S LaPlacian Operator -

S Wing Area Ft2(1542)
t Tins Secouds
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STMROL, _DEFINITION
T Thrust Along Thrust Line
ty Subscript Indicating Trim Condition
wo Wasbout
x Axis; Along Projection of Relative Wind
Y y Axls; Perpendicular to x and z Axes
(Latsral Axis)
Y Lateral Foros
4 z Asis; Perpendicular to x and y Axes
(Vertical Axis)
CHA Afleron Hinge Moment Coefficient
Chag dCriafda
Chap  dCHafda
Cuap  4CHA/dDGR;)
Cxo Elevon Hinge Moment Coefficient at Zero
Elevon Deflection
Cuk Rudder Hinge Moment Coefficient
Chry, dCHR/db;
CHry, 9CHR/dda
Chrg, dCrr/up
HMA Afleron Hinge Moment
HMg  Rudder Hinge Moment
MAp, Homent Ares of Aileron
MARp Momeni Area of Rudder
Rybr,Rlb;-_R“br Flexibility Ratios for Rudder
' X‘;g Location of eg on x-axis
icg Roferance Location of cg on x-axis
Z2cg Location of cg on g-axis

Pounds

Pounds

25% MAC
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icg Reference Locetion of cg on z~axis

UNITS

L Rolling Moment Due to Tramsverse Fuel Skift
K1

Constants Defining Transverse Fuel Shift
K2

fAy

AXES ARD RELATED ANGLES

8.67 £t
£4t-1ba
ft-1b/g-sec
£i-1b/g
£4-1%/g
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INTRODUCTION

This report is a summary of a lateral-dirasctional simulation atudy
of the B-58 aircraft. The effort was undertaken in order to provide
SEG with technical data for eviluatior of proposed yaw augmentation
system changes iun the B-58,

Numerous incidents/accldents incurred in operational usage of the
B-58 were considsred the fault of poor reliability in tho laterai-
directional stability augmentation sysiem (Reference 1). As a result
of this, the Air Force directed Gunewal Dynamles to design and incorporate
a new system, the baslc philoscphy being to significantly increase
rellability while maintaining or improving exlsting handling qualities.
The pertinent details of the system specification are listed below,

YAW STABILITY AUSMENTATION SPECIFICATION
s (Flying Qualities)
The modified yaw stability augmentation (S/A) system shall meet

the requirements of MIL-F-8785 as amended by this specification. 1In
case of conflict, the requirements of this specification shall apply.
Rangeg of Operation

MIL-P-8785 as amended by this apecification ahall apply throughout
the design operational envelope (Mach Number and Altitude) including

all operational acnfigurations; center of gravity wositions, and

¥
alrcraft welghts within structiral and mansuverabdlity limits,
Anended Requirements
Genarsgl: All requirsmsnts sball bs met with the pilot out of the
loop and with the pilot im the loop controlling in his normal mamnex,

1

[ 17 Ry
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(e.g., during and subsequent to an engine failure, the pilot normslly
will attempt to hold a wings-level attitude by use of aileron stick
inputs only).
Lateral Dagping

Accveptseble damping of the lateral-directional oscillatiors and
acceptable values of the #/Ve rolling parameters are indicated in
Figure 1 of MIL-F-8785 except as modified below. Residual undamped
oacillations may be tolerated only if the amplitude is no greater
than 0,2 degree peak-to-poak sideslip. Dampers on configuration shall
meet bombing and firing requirements.
Dytch Roll Fatural Froguency

Acceptable values of the dutch roll natural frequency (wp) are
given by 1 < wp< 6 rad/sec,
Rolling Capabllity

(Exception to MIL-F-8785) 1t shall be possible to roll to and
atabllize at 60 degrees of bank angle in three seconds or less.
Lateral Frequency Ratdo

The ratio of the second order mmerator frequency (Wg) to the
dutch roll frequency (wp) of the roll-rate-to-aileron transfer
function shall be given by 0.9<W o/Wp < 1.0 for {p < 0.3; and
0.9 W o/Wp< 1.0 for { > .3. The ratio #/p shall not be
> 6.0 nor < 1.0s TheW g/wy requirement shall be considered an
objective for { p > 0.35. However, the dutch roll damping ratio,

{ p should not be degraded in attempting to comply with the w¢/w D
ocbjective,




[V TR

&

ale

&

ﬂ-{L_—_n\, )

PO MR, i IE U I 1SN HR SR, Lo A T4 4= T o Y

[ P

.

-

.

LORNT LR RE

s penh Rt f 3R T

e

T A b O o

P LR

Jurp Coordination
Avtomatic turn ooordination shall mean the automatic reductiocn of

sideslip during banking maneuvers, The automatic turn coordination
should not aliow a meximum transient sideslip larger than 8,5 degrees
to develop during rolls to 60 degrees bank angle with abrupt alleron
input at 1.4 Vgpe, V apa is to be interpreted as the speed at which
1 "g" flight is maintained at 17 degrses angle of attack at the
particular flight gross weight, center of gravity, and altitude, At
all higher speed flight conditions, the maximue transient lateral
acceleration should, as an objective, not exceed 0.1 "g" and shall
nct exceed a maximum allowable of 0.3 "g" during ma:-immm abrupt
aileron input rolls to 60 degrees bank angle. Steady state lateral
acceleration shall not exceed 0,03 ¥gh,

E b ()

After an outboard engine failure, at any permissible flight
condition, with the other engines developing maximum A/B power for
that flight ocondition, the resulting meximum sideslip must nct exosed
that specified in Tahle 1.

TABLE 1
ALLOWARLE SIDESLIP FOLLOWING SUDIEN ENGINE FAILURE

Mach No, Maxizgun Sideslip (Degrees)
%0,3 8.5
0.5 6.5
1.2 3.5
1.6 3.5
2.0 3.5

* Or the speed assoclated with 1 "g" flight at 17 degrees angle of
attack at the particular loading condition.
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Saturqtdon Characteristics

The system shall exhibdt atable and ummagnified response to
disturbances which cause control saturation; i.e., system shall be
deaigned so that it will not be amplitude semsitive.
Seiral Mode Tine Constant

The spiral mode time oonstant (Tg) may be divergent, but the
rata of divergence shall not be so great that, following a small
disturbance in bank, the bank angle jis doubled in less than 20 seoconds.
¥ing Reaviness

Correction for the wing heaviness caused by transverse fuel shift
due to lateral acceleration shall be provided. The performance shall
be oonsidered acceptable if the lateral acceleration is maintained at
approximstely zero in the steady-state condition., In any event, wing
heaviness shall be contrclled, at the worst loading conditions from a
ving heaviness oconsideration of half-full aft fuel tank, such that not
more than one degree of aileron contral will be regquired to wmaintain
a wings-lovel trimmed attitude. This is to be accomplished assuming
dymmetrical thrust from the engines and nc ruddor command by the pilot,
A5 an objective, this should be acoémplisned without an integral of
rudder per latersl acceleration gain,
Cropa Wind Requirements

Tt 2 pillot shall be able to exercdse directional ocontrol in order
to sideslip the airoraft for landing in & crosswind per paragraph
3e4.11.1 of MIL-F-8785, without having steady atate yaw damper
opposition to the pilot's rudder ooamand. Thus, 1t will be necessary
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to maks provisions for deactivating the rudder-per-side-acceleraticn

Ty e

gain to acoomplish intentional aidesiips for erosswind operation and

T

40 provide yaw damping during these intentionsl sideslips.

PR

DESIGN REQUIREMENTS
Xav_Auggentgtion
General: The yaw S/A design will be based on the following
specific modificatiors to the existing S/A and flight control provisions,
8. A fixed mechanical aileron-rudder intercomnect of 1:1 with
no electrical intercommect.

e TRt i i e I e |

b. The alleron-per-yav-rate, dafW , shell be switched in
automatically uponioa’s of yaw S/A. A positive interlock shall be
provided to insure that the ua/ai; signal is not fed into the roll
damper when the yar damper is functioning,

T

: ' ¢. A fixzed alleron per roll rate gain in the roll S/A function.
Self-Adaptive Gajg Changing

A self-adaptive type gain changer of flight proven-capability
ghall be used. The acceptable techunique uses a high gain limit cycle.
3 The adaptive logic shall be so designed that response to gust

disturbances, structural bending effscts and elscirical noise inputs
will not result in gain changes that degrade system performance
belov minimumm requiremsnts specified herein.

The gain changer time response characterlstics shall be stahble

and adequais during normal rapid changes in airoraft flight conditions
and characteristias,
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The SEG/AFFIL in-house similation effort was s ocomparative evaluation

of the Bendix adaptive system and the General Dynamics fixed gain system
(General Dynamics favors a fized gain system even though the Air Foroe
spec requires a limit cycle adaptive system), A detalled desoription
of the Bendix system is presented in Reference 4.

General Dynamics performed a comprehensive simulation study as part
of the Redundant Yaw Damper Program. This in-house evaluation spot
checked the regults of the General Dynamics evaluatiosn and their
asgaasment of problams and then carried the effort to additional areas,
oovering items considered unresolved by AFFDL and SEG.

This report cnly documents those problem areas nct reported
elsewhere by Genoral Dynamios but considered by the Air Force to be
worthy of anote, Significant problems previcusly reviewed by the
oontractor include the sensitivity of the adaptive system to random
(gust or pilot) inputs and its tendency to reduce gain under this
oondition (Bendix study) and the amplitude sensitivity of both eystems
(General Dynamics study).

No attempt was made to evaluate the presert stabllity augmentation
system. This has been the subject of numerous coniractor and Alr Force
efforts in the past (Reference 1). The present aircraft has been
considered as having acceptable flying qualities for augmented mode
of operation {poor to unacceptable unaugmented).

It should be emphaslized that results obtained through this effort
are only as good as the aveilabls data and the assumptions made.
According to General Dynamics, the derdvative anr bas somswhat
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different and sore variant values than those used in this Air Force
study. This would represent greater warlaticn in surface effectivensss
resulting in a greater alrframs gain variation than that sncountered
in this study., Previous camputer analysea of the B-58 aircraft have
been based on small perturbation assumptions including purely linear
aerodynamic characteristics, This study also attempted to determine
system performance with nonlinear C:u‘S and C Ig included wben side-
elip ( B ) 1s forced to large excursions. Additionally, a limited
rarampetric study was accomplished to evaluate the performance of the
two proposed systems with reasonahle variation of the predicted
linear serodynamic charscteristics.

Structural mode data supplied by the contractor is not acceptable
for analysis to determine structural mode interaction with other system
modes. |

The analysis recently performed by Ceneral Dyneamics in evaluating
the auguentation systems did not include a man in the loop, with the
exception that a similated pllot imputs were used for the rolling
puliout mansuver (RPO) and for single engine failure (SEF) corrective
astion. It is ocomsidered that these inputs were optimized to obtain
desired performanoce for these two problems, In order to better
evaluate the aircraft's performsanse and whether or not it meets spec
reqguirements, a cockpit was utllized as part of this Alr Forse simu-
lation, and a number of runs vere nmie with a pilot "flying" the
aisiation,
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DISCUSSION

The approach taken in this study was to evaluate the proposed
yaw sugmentation systems through a three-degree-of-freedom lateral-
directional analeg computer simulation of the B-58 sircraft., An
existing General Dynamics analog computer program was used as the
basis fur the slmudation vhich was set up at the Control Techniques
Sipulation Facility, This was done in order to insure direct
correlation between occutractor and Air Force results and to utilize
data provided by General Dynamics in Referemce 2, In general, the
Gensral Dynamics and the &ir Force simulations can be considered
identical. The simulation of acrodynamic characteristics ls based
on small perturbation assumptions amd is considered inadequate for
any situation where relatively large amplitude diaturbences are
encountered (the equations are no longer valid and also, the
derivatives are nonlinear), Simulations of the control systems did
inglude all nonlinearities and vere representative of the actual
gystems. Whensver possible, results obtalned in this study were |
compared with previocus analog and/or digital similation results in
order to verify the simulation. A problem frequently encountered
with the iimit-cysle type of adaptive system is the interaction of
structurel modes and controller modes. Data supplied by General
Dynamics and their analog representation of this data are considered

unrealistic and unmiseable for analysis of the structural mode problem.

Analog circuit diagrams of the GD representation of structural modes

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

rezsins unanzwsred,
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The equations simiated are listed in Figure 1. Analog circuilt

disgrams are presented in Appendix A, In order to study response to

outboard engine fallure (SEF), s portion of the function generation,
the thrust decay curves (Reference 2), was mechanized on a Litton
digital computer rather than with the analog representation utilized
by General Dymamics,

Pot settings (see Appendix B) were determined by a digital computer
program {Reference 2) which additionally presents free aircraft transfer
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 (equival:nt performance for the
conditions investigated) showed very large excursions in sideslip for

the rolling pullout mansuver (RPO) and suddsn engine failure (SEF) at

the lov speed flight conditicns. This led to generation of the plot

shown in Figure 2 for use in this study. The B for zero slops was
estimated through review of B~58 and other high performance alrcraft
data for particular flight conditions.

The analog representation of this curve is shown in Appendix A,
idmittedly, this is & rough approximation, but the available aerodynsmic
data does not warrant a more sophisticated representation of the
nonlinearity,

The sensitivity of the coutrol system's performance for smsll
amplitude disturbances to errors in predicted aerodynamics was
evaluated by varying the valus (up to +20%) of various derivatives.

9
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Figure 3 is a listing of the flight oonditions checked, and
! Figure 4 is a listing of the tests run at each flight condition with
_tha coding utﬂized‘on the time historiss,
; The cockpit was ussd to determine trends in overall controlla-
bility. Detailed pilot evaluation/interpretation was not attempted.
A block dlagram of the adaptive system is presented in Figure 5,
and Figurs 6 is the block diagram for the fixed gain system.
Eculmment Used
The simulation equipment used consisted of two EAT 231R analog
computers (Figure 7), a Litton CG-820 digitel computer (Figure 8) with
D-to A interface, and a osckpit (Figure 9) with rudder pedals and a
"formation type" control stlck. Flight information was presented to
the pilot through an all-attitude indicator and a sideslip indicator
(no motior or external visual cues werse provided).

! FLIGHT CONDITIONS CHECKED A
] Condltden  Mach  Alitude  Gross Welsht  Gemter of Gravity
002 .33 0 £t 150,000# 288
004 239 0 ft 80,0004 28%
006 91 0 £t 150,0008 28%
008 91 40,000 £ 120,000# 30%
010 1.386 25,000 £% $0,0008 33%
o1l 1.2 - 40,000 £t 120,0004 33%
013 2,0 44,200 £t 120,000# 33

FIGURE 3
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BASIC PERFORMANCE DATA

Bun 1 - Fres i/F check
Run 24 - A1l dampers in

2B = Roll damper out
Run 3L - RPO (0-60°)

3B = RFO vith nonlinear Cna

3C - RFO with pilot (WR indicates rudder used)

3D - RPQ with pilot and n:m].imalr(:nB

3E - RF0 with noniinsar GnBand clB

3F - RFO with pilot and nonlinear cnﬂﬂndclp
Run 4A - (1-coset) B gust (2°)
Bun 5A - Outboard enyine out (SEF)

5i' - Engine out with monlinear Cpg

5AY - Engine out with nonl.‘i.new:.x'(.‘.,,‘B mdclp
Run 5B - Engine out (wings levsl)

5B! - Engine out {wings level) with nonlinear GnB

5B" - Engine out {wings level) with nonlinear G‘B and clB
Ran 5C - Engine out with piiot (primes as above; WR indicates rudder used)
Rung 6 = 9 are senaitivity analysis

(6 Cnyy 7 Clps 8C1pg, 9 Cnpg with A+ and B-)

“RON GOIE
Ix _ PORM x
Deasignates ~ Designatus Fixed Galn Denotes Run
Flight Czse ©  or Adaptive System

Example: 013 F 24 1s Flight Case 013, Fixed Gain System, Run 2A (ell dawpers in)

FIGURE 4

s
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RESULTS

A sushary of tha results obtalmed in this study is presented in
Figure 10. A hrief review of each flight condition is then presented
including noteworthy time histories with appropriate discusasion. For
each flight condition evaluated, free airframe responses were checked
for agreement with tabulated dynamic characteristics provided by
General Dynamics in Reference 2, In all cases, very close agresment
exists, For the low speed flight conditions where sideslip was laxgs
for RPO and SEF (augmented wehicle), the results are questionable
becsuse of amall perturbation assumptions, When the curve in Figure 2
was utiliszed to represent nonlinear cn.g and 013 for these lcw speed
conditions (note that equations were not changed), controllability is
a problem, and the system can be driven tc divergence., General Dynsmics
did not concur with our representation of nonlinur GnB and clﬂ
(Figure 2) and referenced FZE-4-020 (Reference 3). Review of this
document provided mno justification for great faith in any curve
becauge of insufficient data points., However, it did indicate that
for the low speed 17°a oconditicns an is serc at X¥P and clB
is zero at 25° 8 . Consequently, those results including monlinsarities
letting ths slope of GnB and/or C'J_B be zero at 15° (for low speed,

G = 17° conditions only) are invalid. Soms of these results are
included to graphically show trends caused by the nonlinesrities. In
those situations where only an alope is gero at 20° B , results are
congidered valld; but for both cna and clﬁ » results are conssrvative,

18
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Elight Condition 002

Flight oondition 002 is ope of ths two low speed flight conditions,

Rasults for this ocondition, along with thoss for flight condition 004,
were gignilicantly affected when nonlinear clp and Cnﬂ were

incorporated., For this flight condition, the free airframe is unstable.

Response of the aircraft with the fixed gain system (roll damper on)
was well damped; howaver, low amplitude residual osciliation exlsts,
Tha ARI variation produoced nc significant resulis as the response to
the 2° initial sideslip input vas roughly ihe same for the various
ARI poaitionr selected. For the fixed gain system, the reaponse of
the aireraft to the 2° initial beta input with the roll damper out is
poor. The airplans is lightly damped (close to nsutrally stable).
For the adaptive system, the reaponse to a 2° beta initial input

(all dampers on) is satisfactory; however, sgain the small residual
oscillations wers noted, For the case of the roll damper out, the
aireraft is very lightly damped. For the ,rolling-pullout maseuver
vith the fixed galu system and with the similated piiot, the rasponses
vere not satisfactory. Including the nonlinearities with the slopes
going to zero at 20°8 produced an unflyahle situation as the aircraft
was not controllable with the aimulated pilot, Utilizing the cockpit
with an actual pilot, the alreruft was only ooutrollable with large
application of rudder. BRolling velocity r.versal did occur, and 1t
vas impossible to precisely control the alreraft rolling from +30°

to -30° Pilots generally were not ahle to precisely roll to a given

roll attitnde or to roll ocut on a desired hsading. Varylag the BRI

2
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for the rolling-pullout maneuver, agaln produced no significant changes.
The 2° B gusts wers also applied to both the fixed and the adaptive
gain pystems without any significant results being recorded. For this
flight condition under the engine out test, the aircraft rolls (with
either asystem) over rapidly with no wings level conirol, For the fixed
guln gyatem with the wings level, clreult resulis were acceptable., With

the fixsd gain, nonlinear C s and the wings level circuit in, the

aircreft rclls over, Later:f acceleration, tailload, and sideslip are
excesaive.

With the wings level, fixed gain, nonlinear CnB and clB » the
aircraft again rolls over. The ARI was changed (.3, .5, .7), but it
produced little differences in the traces. For the adaptive system,
englue out with wings level cirouit in and no nonlinearities, the
aireraft recovers quickly. However, with the wings level circuit in,
angine out and nonligsar an » the eircraft slowly rolls over, Sideslip
was held to 16°. With the nonlinear Cag and C1g » the wings level
circuit in the airaraft rolls out of control. With the fixed gain for
ehgine out flown from the cockpit, the aircraft was quits oontrollable
vith oo nonlinearities in the cirouit; however, rudder was used, With
the nonlinear Cna s the pilot wes again able to oontrol the aircraft
utilizing rudder., The same performanoe held true for monlinear Gna
and GIB + Generally, the airoraft was ocontrollabls for this condition.
The adaptive systea sppeared easier to fly than the fixed gain system,
The simulated pilot (wings level) significantly degrades performance,
Variation in derivatives for this fiight case did not produoe
significant resulta,




-

Lol

HOS. WY

o

Loew
1

i 2
e B

aprdd

(v

:ﬁﬁféﬁf‘"‘ R e

#,.‘Hﬁ;f‘“ LA
P LA

L Y
‘I» ': e

g

¢

-1 g! ’
I Y FERTY e
R )

a.

-

[

et X :
AV
G

SNy

co2r 28

oL N O Y
RS

e, Ny g
[ g

FIGURE 231

L

INITIAL SIDESLIP

e

e

L




-————

s w—v~

L,

2, o ’ﬂ%‘" -v"z:-"-‘ Al 2
- - o
IS v 1 ~

>

!
oo
" ’.:

3

tdry
i

H

'qoarpu un-.n ' l," 002F3A. ARLY

- .,,“

= ‘o02r 24 mh.x. =
$hrpreian -

b et me oot e - e

FIGUIRE 12 ART VARYATION, INITIAL SIDESLIP




EY
ey
[y

i ,les-_ - .;.4;_.

‘¥,
5

B T

s ER ) i
TS U P

‘wh

~

s 5B P b

»

4
-
4

.j 4
» l
P

o e vt

N e}

PEES TRLARNE S S

s e 531

i
4 "y
R~ AL BT
P 3 Al

1’;

FIGURE 13 RPO MANEUVER (SLOPES = 0 at £= 20°)




& . " 5

AN

BT N —
B

cz{'s’;';;a'-t_’—i

LT TTREEPCTTALTY

I

. b
X

L

il

!

‘
b
RO

S M

ey
R

3‘5!',1:.!!"'; ey
i

obk t:.aensi-. ek

P e

i FIGURE 14 HPO WITH PILOT (3LOPES = 0 at B = 20°)

3
o IOV— e
;
{




o,

I SR

]
i

1]

_—r

e

&

I

i

&

¥

i
W2 ety
fur el 3 YT

[t '

. ’!!?’.Eﬂ-f.
: u,f:f:-.,:"

R

h.

26




: |
! !
i
:
%
¥
*
;

[ T

I EppE————— P S A el

SR s s 4 AR ¢

. FIGURE 16 ENGINE OUT WITH PILOT (SLOPES = 0 at @ = 20°)

27




m

= E
Lo — el e

E TS
N I A

R

IO

d
o

L

=

"

"

« dai BN

s

w

v
B B

o 1

»
USSR

.

AL

’l‘!

TR %
e 4

-

iy

Sl

e i

ELigkt Conditdion 004
This flight ocondition is one of the two for which General Dynamics!

time historles were available, Generaily, the responses obiained in
this study matched those provided by the contractor, |

At this flight ocndition, the free alrframe is unstabie. With
both 10ll and )aw augmentation operating, the fixed and the adaptive
gain systems exhibited acceptable response to a two-degree initisl
sideslip input, With roll damper out, both oconfigurations were lightly
damped,

The rolling-pullout (RPO) mansuver, as psrformed by the simulated
pllot, matched the oontractor's time historles for both the fixed gain
and sdaptive gain systems. The aideslip obtained during the HPO vas
roughly 15° (without asrodynamic nonlinsarities). Witk nomlinsarities
introduced, the results were oonsiderably differont. For the fixed
gain system with cnﬂ going to 0 at 15°8 and also at 20°@ , the system
is stable; however, excessive rolling velocity reversel occocurs and
considsrable difficulty exists in rolling from O to 60°, In general,
performance of the RPU maneuver is poor. In attempting tc fly from
f.he ocockpit with the sams nonlinsarities, it was not possible to
precisely control the airareft im a roll from 20° to -20°, The same
comments are also trus for ths adaptive system, HhenbothCnB and
c]_ﬂ were set up to be nonlinear, the results were worse, The alroraft
waa very difficult to oonitrol for ail attompts to fly from the cocikpit.
Prelinionsry runs were made with roll oontrol only; and after the first
sequence of runs, the pilot sleo utiiized the rudder pedals. Well
coordinated rudder inputs provided significant improvement in

h e an.
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controllability. Sideelip wes held to lower amplitudes; and consequently,

the aircraft did mot go out of control as quickly. A 2°B gust input
was introduced to the system, and the results vere insignificant; but
for a 15°8 gust (nonl‘l.nu.rﬂns' )5 the system diverged, The fired gain
and the adaptive gain systems exhihited equivalent responses to the
‘gust. For the fixed gain system, similated pilot in the loop, (wings
level cirouit) rolling and sideslip were not severe for engine failure,
Engines failure was slso chmxbat‘l\.l:l.‘l'.hmml:l.mea:t.‘l‘.nB andclp + The
aircraft is unflyshls with nonlinearities included, For the engine
out test, there was little differencs in performance betwesn the fixed
'gain and the adaptive gain systems. Without either monlinsarity and

a pilot "flying®™ from the ococipit, rudder pedal imput was required to
prevent divergencs., With nonlinear Gna and GlB s the alrcraflt was
unﬂ,yahle, the oontrolling factor being the exosssive sidsslip which
‘exceeded 20° in 3 § seconds. With the fixed galn system and nonlinsar
-an s the alrcraft was flyabie if rudder pedal was applied. The
.rudder dasper seturated at 20° for pilot controlling wings level only
and the aircraft diverged. Results for the adasplive system were
comparable; sgain aideslip and pilot rudder lnput being the dominating
characteristics. A sensitivity analysis was oonducted by varying Cng,
Clp ’ Glﬁ , and G“B + (Acocmpllished by changing the potentiometer

‘ssttings.) There did mot sppear tc be any apprecizble differencs in

the sysiem response to small initisl 8 inputs.
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Flight Condlilon 006 l
The frae airframwe resporses sgreed with the data found ix the
Generel Dynawics data vequirements document (Refersnce 1) used as

e b A 1

refercnce for verifs-ation of system psrformances throughout this
simlation. For the dazped eirframe, fixed gain system, all dampers
on, vesponses are satisfactory. Variation of the Aileron Rudder
Interocnnsct (ARI) did not appaar to change the damped airframe

e e N e et e e

traces. On this flight case, the roll dsmper out trace appears to :
be . :tisfectory . . the fixed galn system, and the ARI was again

changed to .3, ,5, aud .7 with no sppreciatle differeny .niicated

in the traces. The RPO wmancuver was successfully accumplished with

the £ix9d gain system. For t.3 RPO moneuver with the astual pilot

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

RIC maneuver with the adaptive system, the response looked quite
good, With the pilot "flying"™ from the cockpit, no problems were
sneonatered,

For tuf. £light case with the fixed gain, the engine oul regponses
vere ruu for vhe alr¢raft, ARL set at .3, .5, and ,7. Theas changes
were mate fthout significantly altering the basle trace for the

ART = .., which wss catisfactory.
¥ith tue sngine tailure snd the adaptive system, the aircraft
~dds over gquite rapiiiy without the wings level cirouit.

With the wings level clrouit in, the system appears to be lightly

dempad with residul osciilations.
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FIGURE 20 INITIAL SILESLIP
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Flight Copdition Q08

The free airframe is very lightly damped. The damped airframe with
the fixad gain syntem was satisfactory. Variation of the ARI apparently
had no effact with respect to the aircraft responss for s 2° initial §
input. The alircraft response with ths roll damper out was only
moderataly damped although satisfactory. The response to a 2° initial
gideslip ioput for the adaptive system, roll damper on, looks siightly
better than the fixed gain response. Again the ARI variation had mo
effact. The rolling-pullout mansuver for the fixed gain system looks
good; responses were satiasfactory with regards to spec requirements,
Aguin in this condition, the roll damper authority was inadvertently
limited tc alightly less than 3°; however, ths dats obtalned with ths
daupers on is still oonsidered valid. "Flying" the rolling-pullout
maneuver frow the cockpit vas relatlvely easy in this flight oconditilon,
although as in the other cases, 1t was somewhat touchy and dependent
upou the pilot epplied rudder. For both the fixed gain and the
adaptive gain system, *he response of the airoreft to lov amplitude
ghst inputs was acoeptable, In the engine cut tests, both systems
performed satisfactorily. The alrplane was quite flyable from the
cookpit, There was no saturation in the yaw channel. Thes engins out
oases were rur with ARI variations, and sgain no notivesble effect
was found, The parameter variation study produced no notioeable
effects {the derivatives were varied +20f in this case).
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Elight Gopdition Q10

The fres airframe is heavily dawpsd, and the period and the
transient pesk ratio sgrees with the printed digital data received
from General Dynamics. For fixed gsin, (damped airframe) the § fnisisal
ocondition responses are heavily damped, Changing the mechanical
aileron rudder interocmneot tc .7, .5, and .2 did not sppear to have
any major effect on the demped airframe as the trasces remailned about
the same, For the fiwxed gain yaw damper with the roll damper out,
traces are satlsfactory. Changing the rudder-aileron interocnnect
again did not cause any significant change in responso. The adaptive
system with roll damper in and alsc with voll damper out performad
satisfactorily, giving well dsmped responses. No ARIL changes vere
recorded for the aduptive system. For the RO mansuvers with the
slmlated pllot in the loop, the traces are satisfactory. The xoll
attitude holds at 60° indicating no spiral divergence, Sideslip,
tailload; and latersl acosleration are swall for this flight ocomdition,
For the fixed gain system, pilot in tbs cockpit, and ths nonlicear an
and nonlinear °1ﬁ s the aystum exhibited good flying characteristios,
For the RFO maneuver with the aZaptive system, the traces are
satistactory, The nunlinsarities did not hawe say effect., Pilot
in the loop characte-latios wers satisfastory. Sideallr, tailload,
and lateral accalerstion were small { B did not attain safficient
amplitude to euter the nonlinsar approximation).

No single sugine fellures were rux for this flight condition.
Iz ganarai, & pronocunced tendency for riuging was noted at this
Llight condition,
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Elight Condition Oll

The free sirframs is lightly damped., Response of the airframe,
with either the fixed gain or theo adaptive gain system, roll and yaw
auguentation on; locks quite good. The airplane has a tendency to
roll off, indlcaiing spirsl divergenocs. The cases for the roll
damper out appea: to be well damped. Vardation of the mechanical

aileron-rudder intsroonnect had negligihle effeci 1or the 2° [ iaftial

condition, For both tie flxsd gain and the adaptive systems, the
rolling and pullout maneuvers were satisfactory (sideslip amplitude
vas swall). For this flight oondition, the roll damper limits
drifted to approximately 2,5° which is less than the actual 3° damper
authority. While parforaming the rolling-puilout mansuver from the
ocockpit, it was noted thaet ths alrplane was gensitive to ocontrol

inputs, tending to cause over-ocontrol. The aystem was stakls in the

mansuver, and the sideelip amplitudes were reascnably low, Utilization

of the rudder pedals significantly improved the performancs. The low
amplitude gust input to the simulatiocn was bhandled asstisfuctorily by
both eystems. The airaraft responses ic ¢ngire failure for both the
fixed gain and the adapiive systems were satisfactory., Tallloads,
lateral acoeleration, and aideslip were socuptuble., There was no
problex in controlling the alraraft when “flying® the simulation
tbrough the wakpit, Generally, no significant e ffeoct was noted for

the variation of stahility derivatives with amall amplitude disturbance
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Ellght Copdition 013
This is the second case for which we had General Dynsmics time
histories to compare with ours. Complete sgieement was obtained, For
this fiight condition, the free airframs is moderately damped., With
the fixed gain yaw augmentation, roll damper in, the response to a 2°
initial B is well damped. This is also true with the 101l damper out.
For the fixed gain RPO manouvers, the system performed quite
well; the pilots (human and computer) had no trouble accomplishing
the 0° - 60° roll meneuver and holding. Tailload, sideslip, and lateral
acceleration were small, The 2° B gust was usad to disturb the system,
but the results were insignificant. Witk the fixed galn system for
the engine out .run with no pilot, the airaraft rolled over quite
rapidly. With the simlated pilot in ths loop (wings level circuit),
response to the eangins failure is accepiable with slight #, B,
Ty» and Ay. It is significant to note that large (over 15°) yaw
damper inputs were required tc ocompensats for engins fallure.

In general, the adaptive system demonstrated similar performance.

45
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46

e S M e e i = S -

o ———




L

. "
%

it B

1

Tl s od

!
B
I

LN

i -

[ 4

¥

™

. @ Ay - v
E B _I’i%?,l:..“mm:k\,‘_-t._y ?M&—%”;}"‘L":' -

.

;ﬂ; A Mg

Elight Conditdon OL3

This 18 the seoond sase for which we had General Dynamins time

histories to ocompare with curs., Complete agreement was obtained, For

this flight condition, the free airframe is moderately damped, With
the fixed gulu ysw augmentation, roll damper in, the response tz a 2°
inilisl B 1is well damped, This is also true with the roll damper out,
For the fixed gain RPO mansuvsers, the system performed gnite

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

the 0° ~ 60° roll mansuver and holding. Tailload, sideslip, and lateral
acceleration were small, The 2° P gust waz used to disturb the system,
but the results were insignificant, With the fixed gain system for

tbe engine out rin with no pilot, the alrearaft rolled over quite
rapidly. With the simlated nilot in the loop (wings level circuit),
response to the engine failure is acceptable with slight @, B,
T, and Ay It is significant to note that large (over 15°) yaw
damper inputs were required to compensstq for engines failure.

In gencral, the adsptive system demonstrated wsimilar performancc,
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CONCLUSIONS

Air Foroe and coptractor sisalation atudies to date (including
this study) have not been adequats for accurate flight safeiy
dotermingtion and handling qualities evaluations of the B-58 aircraft.

Use of GD gpecified transfer functions for simulating the pilot
in specific maneuvers and emergency recovery tasks in varyang flight
conditions 1s invalid, Assumptions of smell disturvances and liusar
asrodynamics are uot appropriate Iov wue B-58,

For the problems encountered with the B-58, a sophisticated
motion simulator with appropriats sxtevnzl visual cues 1s concidered
an ezsential piece of equipment for obtaining a very high degree of
confidence in ground baged simulaiion results.

Neither of the evaluated contiol systems is acceptabla as
mechanized., Both systems exhibit amplitude sensitivity (General
Dynamics study). The adaptive system gain drives down for random
input signals (Bendix study). Predicted aerodynamic churacteristics
are still undergoing cliange which leaves the adequacy of the fixed
gain system in doubt. Both systems exhibit undosirabls characteristics
for low speed, high angle of attack flight when subjected to largs
disturbance inputs (large aileron deflection, sudden engine failure
and large amplitude gust disturbances), Unsatisfactory definiticn of
structural wdes leaves the question of the adaptive systew interaction
with these modes unanswered,

The low dutch roll damping demonstrated by both aysiwsy ot £light
condition 002 when ths roll damper was out ie not oonsidered lvus fail

cperational performance for sipgie failure.
48
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It is suggested that the poor low-gpeed cheracterlstics are also
exhibited by the present aircraft configuration and are the underlying

cause of the sometimes encountersd "stick lock problem",
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RECOMMENDATIONS

It 43 recommended that the following actions be taken by the
crganization referred to.

SEG ghould undertake a comprehensive review of the Redundent Yaw
Damper Program, This review should include (1) a study of the
requirement specifying & 1limit cycle eystem, (2) a comprehensive
similatior effort by General Dynamics incorporating aerodynamic
ponlinearities including a cockpit with three degree of freedom motion
and visual cues, and (3) a program to correct known deficlencles in
the control systems,

SEG ghould proceed with the flight teat prograw for the redundant
demper system (with desired system modifications)., As part of this
vrogram, the fiyxed gein opoien zhould Lo svaluated ii parallel wiin
the adaptive system (this can be done by driving the adaptive galn
to the required fixed level), Resuits of the flight test program
should be reviewed with caution, keeping in mind the test pilot 1is in
an idealized environment with reference to the operational pilot. Flight
test results should also be correlated with results of the above
mentioned slmulation program, Any discrepancies should be completely
resolved befors the system is approved for retrofit.

SEG should lock into a controller incorporating miltiple (two or
thres) fixed gains/compensators with simple switching as & back-up
syster in the event neither the adaptive or the fixed gain system is
adequate,

AFFIL should increase rsseurch efforts in the area of analysis

ardi synthesls of multiple iuput systems. Thise should include applicaticn

50
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of edvanced control techniques to lateral-directional control, The
existing heavy euphasis on longitudinal control should be removed,
In addition to seeking the universal controller, AFFDL ahculd
spend equal effort on epplication of advanced techaiques to specific
control problems and should emphasize the limitations and nonundversulity
of proposed control techmiques, This should include exposure of any
lack of knowledge regarding a system and/or any intended application,
AFFIL should provide updated stabllity and control and flight
control gystem epecifications or drop the standardized appreach to
these specs.
Gontractors in general should cease the presemt practice of
extrems optimiem concerning aerodynamic stability and cortrol
charscturistics., 4 practicaily realizable serodynamics/flight control
package should be gought from propogsl stage through operatiopal uss.
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APPENDIX A
COMPUTER CIRCUIT DIAGRAMS
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