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FOREWORD

This report presents work which was performed under the Joint Army-Navy
Aircraft Instrumentation Research (JANAIR) Program, a research and
exploratory development program directed by the United States Navy, Office

o~ of Naval Research. Special guidance is provided to the program for the Army
Electronics Command, the Naval Air Systems Command, and the Office of
Naval Research through an organization known as the JANAIR Working Group.
The Working Group is currently composed of representatives from the following
offices:

e U. S. Navy, Office of Naval Research, Aeronautics, Code 461,
= Washington, D. C.
- Aircraft Instrumentation and Control Program Area

= ° U. S. Navy, Naval Air Systems Command, Washington, D. C
3 - Avionics Division; Navigation Instrumentation and Display
e Branch (NAVAIR 5337)

- Crew Zystems Division; Cockpit/Cabin Requirements and
Standards Branch (NAVAIR 5313)

° U. S Army, Army Electronics Command, Avionics Laboratory,
™ Fort Monmouth, New Jersey
- Instrument Technology Area (AMSEL -VL-I)

The Joint Army-Navy Aircraft Instrumentation Research Program objective

f is: To conduct applied research using analytical and experimental investi-

. gations for identifying, defining, and validating advanced concepts vhich

may be applied tc future, improved Naval and Army aircraft instrumentation
systems. This includes sensing elements, data processors, displiys, controls,
Y and man/machine interfaces for fixed-and rotary-wing aircraft for all flight
regimes.
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ABSTRACT

The objective of this study was to evaluate pilot performance in manual IFR
formation flight with varying levels of autopilot assistance and pilot workload.
The study was conducted for a conventional helicopter, i.e., the UH-1Iroquois,
and an advanced vehicle, the AH-56 Cheyenne. Man-in-the-loop simulations
of these vehicles were conducted to evaluate pilot performance under six
levels of autopilot assistance, ranging in sophistication from the free vehicle
to outer loop hold modes in heading and altitude, and under three levels of
pilot workload, consisting of a forced-pace, secoandary concomitant task.
Results of the study, within the constraints imposed by the simulation,
indicated that increasing the level of autopilot assistance resulted in a less
demanding task for the pilot and provided greater system stability. This was
borne out in terms of both quantitative performance data and pilot opinion.
However, position errors were not consistently reduced beyond the levels
obtained during manual flight control modes where the highly quickened dis-
play was used. Only at the highest workload level tested did autopilot as-
sistance serve to reduce the position errors from what was experienced under
the manual control conditions.

oty




i £ hs o on b il i e i

18
2 i i CONTENTS
i 3
't -§r Page
1 B SECTIONI  INTRODUCTION 1
{
. ’ b | SECTION II BACKGROUND 3
i E = Selection of Vehicles for Evaluation 3
i ¥ .. Automatic Flight Control System (AFCS) 3
i gé : Free Vehicle 4
B Yaw Stability Augmentation 4
. Three-Axis Stability Augmentation 4
y Heading Hold 5
i Altitude Hold 5
! Heading and Altitude Hold 5
B Pilot Workload Assessment 6
g Concomitant Tasks 6
- Information Sampling Techniques 8 !
1§ 1 SECTION III SYSTEM DESCRIPTION 11 :
G E T Simulation Facility 11 r
N . . : " Aircraft Dynamics 11 ]
o B Display and Control System _ 12 ;
I Formation Configuration 12 |
i ‘ " Plan Position Indicator (PPI) Display Format 12
. ag SECTION IV UH-1 AFCS DESCRIPTION 16 3
é - Free Vehicle 16
S Yaw Stability Augmentation 19
- Three-Axis Stability Augmentation 19
Pitch SAS 19
- Roll SAS 12
] Heading Hold ' 19
Altitude Hold o , 20
_.g Heading Hold and Altitude Hold 25
- SECTION V EVALUATION OF LEVELS OF AFCS AND 26
WORKLOAD FOR UH-1 ‘
.Preliminary Simulations _ 26
Display Quickening 26
Subject Training and Maximum Workload Selection 27
Formal Experimentation 27

Experiment I - Effect of Autopilot and Workload on 28
Pilot Performance - UH-1

vii




A ML Wl AR Lo W R, TR, 2

bl b i e P YR G g

M
AR
1.0 Independent Variables 28 1
2.0 Dependent Variables 30 i
3.0 Constants 34 . %
i 4.0 Experimental Plan 35 ; of
-l| 5.0 Analysis of Data 35 * 3
¥ 6.0 Results - Experiment I 39 it
gz i
SECTION VI AH-55 AFCS DESCRIPTION 85 i |
| Pitch Attitude Hold 85 |
i Roll Attitude Hold 88 7 |
: Heading Held 88 . 4
Altitude Hold 90 :
g Yaw SAS ’ 93 |
i Control Stick Steering (CSS) 97
Pitch 97 ‘e
Roll 97 . |
Yaw 101 Ty
Pusher Prop Commands 101 1§ ; 1
SK/FF Autopilot Modes Mechanized 105 R
Free Aircraft 105 T I
Yaw SAS 105 R
Three-Axis Stability Augmentation/Attitude Hold 105 - f
Heading Hold 105 ]
i Altitude Hold 106 -’
Heading and Altitude Hold 106 ‘
SECTION VII EVALUATION OF LEVELS OF AFCS AND 107 iy
WORKLQAD FOR AH-56 Ly o1
Prelimirary Simulations 107 0
Display Quickening 107 TN
Formal Experimentation 109 f o
Experiment II - AH-56 Autopilot Evaluation 109 '
Objective 109 N
1.0 Independent Variables 109 13, i
2.0 Dependent Variables 110 |
3.0 Constants 110 .
4.0 Experimental Plar 111 Iy
5.0 Analysis of Data 112 <
6.0 Results - Experiment II 4 115 , ;
SECTION VIl SUMMARY AND CONCLUSIONS 168 .!..!
Summary of Results 168 -
UH-1 168 0
AH-56A 169 L
Conclusions 169

viii H
[




O SOREF S———

A
9

oy

w&j
.

&
[ =

=y

‘ umu.l :m-«.. I..-m_.x: !a S ...' [ e .w&‘h!

k3

APPENDIX A

APPENDIX B
APPENDIX C

APPENDIX D

GLOSSARY 171
REFERENCES 174

ANALYSIS OF VARIANCE SUMMARY TABLES FOR
EXPERIMENTS I AND II

SIMULATION EQUIPMENT DESCRIPTION

MATHEMATICAL MODEL - UH-1 ANALOG
REPRESENTATION

MATHEMATICAL MODEL - AH-56 ANALOG
REPRESENTATION

ix




Figure

N U e W N

10

11
12
13
14
15
16
17
18
19
20

ILL USTRATIONS

Methods for Measuring Information Workload
Display Interruption Sequence

Simulation Block Diagram

Layout of Experimental Apparatus
Heavy-Right Formation

PPI Format

UH-1 Longitudinal Axis AFCS

UH-1 Lateral Axis AFCS

UH-1 Lateral-Directional Anaiog Responses-- Free
Vehicle, Yaw and Roll SAS, and Heading Hold

UH-1 Longitudinal Axis Analog Kesponses -- Pitch
SAS and Altitude Hold

Mean Max. Attitude Rates versus Activity Index

Mean Max. Attitudes versus Activity Index

Frequency (CPS) versus Activity Index

Fxperimental Design

Phase 2 (Acceleration}: RMS Errors versus Workload
Phase 2 (Acceleration): Activity Indices versus Workload
Phase 3 (Climb): RMS Errors versus Workload

Phase 3 (Climab): Activity Indices versus Workload
Phase 4 (Right Turn): RMS Errors versus Workload

Phase 4 (Right Turn): Activity Indices versus Workload

10
11
13
14
14
17
18
21

23

31
32
33
36
40

41
41
42
42

poaremsay
[evs—

Jo——

PR,
]




B e e acanca i
—— Ll -

P T e g
» )

Figure Page
21 Phase 5 (Descent): RMS Errors versus Workload 43
22 Phase 5 (Descent): Activity Indices versus Workload 43
23 Phase 6 (Left Turn}): RMS Errors versus Workload 44
24 Phase 6 (Left Turn): Activity Indices versus Workload 44
25 Phase 7 (Straight and Level): RMS Errors versus 45

Workload
26 Phase 7 (Straight and Level): Activity Indices versus 45

Workload
27 Pbase 8 (Deceleration): RMS Errors versus Workload 46
28 Phase 8 (Deceleration): Activity Indices versus Workload 46
29 Phase 2 (Acceleration): RMS Errors versus Mode 48
30 Phase 2 (Acceleration): Activity Indices versus Mode 48
31 Phase 3 {Climb): RMS Errors versus Mode 49
32 Phase 3 (Climb): Activity Indices versus Mcde 49
33 Phase 4 (Right Turn): RMS Errors versus Mode 50
34 Phase 4 (Right Turn): Activity Indices versus Mode 50
35 Phase 5 (Descent): RMS Errors versus Mode 51
36 Phase 6 (Descent): Activity Indices versus Mode 51
37 Phase 6 (Left Turn): RMS Errors versus Mode 52
38 Phase 6 (Left Turn): Activity Indices versus Mode 52
39 Phase 7 (Straight and Level): RMS Errors versus Mode 53
40 Phase 7 (Straight and ievel): Activity Indices versus Mode 53

xi




B s Cons s 5 3 s

Figure

41
42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Phase 8 (Deceleration): RMS Errors versus Xode
Phase 8 (Deceleration): Activity Indices versus Mode

Phase 2 {(Acceleration): RMSx Errors versus
Pitch Activity by Mode and Workload

Phase 2 (Acceleration): RMSy Errors versus
Roll Activity by Mcde and Workload

Phase 3 (Climb): EMSyx Error versus Pitch Activity
by Mode and Warkload

Phase 3 (Climb): RMSy- Errors versus Roll Activity
by Mode and Workload

Phase 4 (Right Turn): RWiSx Errors versus Pitch
Activity by Mode and Workload

Phase 4 (Right Turn): RMSy Error versus Roll
Activity by Mode and Worklcad

Phase 5 (Descent): RMSx Error versus Pitch Activity
by Mode and Workload

Phase 5 (Descent): RMSy Errors versus Roll Activity
by Mode and Workload

Phase 6 (Left Turn): RMSy Errors versus Pitch
Activity by Mode and Workload

Phage 6 (Left Turn): RMSy Errors versus Roll
Activity by Mode and Workload

Phase 7 (Straight and Level): RMSx Errors versus
Pitch Activity by Mode and Workload

Phase 7 (Straight and Level): RMSy Error versns Roll
Activity by Mode and Workload

Phase 8 (Deceleration): RMSy Errors versus Pitch
Activity by Mode and Workloa

Phase 8 (Deceleration): RMSk, Errors versus Roll
Activity by Mode and Workloa

xii

56

57

57

58

58

29

60

60

61

61

62

62

B

P
e

o oy

~.

=1

»

'JM:

sy

e
L]

Gari By Y

| BN

3

3

el |

Cq-.«“ :—N

20V e A 4 A e o

e ——
TEPLY

¥
oo o ot .




God imwi Smd G GEN N9

iCH

‘, wa l—*w‘ 'ma«‘ ng

Figure

57

58

99

60

62

63

64

65

66

67

68

69

70

71A
71B

et 1 e

Phase 2 (Acceleration): RMSz Errors versus Mode
by Workload

Phase 3 (Climb): RMSz Errors versus Mode by
Workload

Phase 4 (Right Turn): RMS; Errors versus Mode
by Workload

Phase 5 (Descent}: RMSz Errors versus Mode by
Workload

Phase 6 {Left Turn): RMS, Errors versus Mode
by Workload

Phase 7 (Straight and Level): RMSy Errors versus
Mode by Workload

Phase 8 (Deceleration): RMSZ Errors versus Mode
by Workload

Phase 2 (Acceleration): Lateral and Longitndinal
Position Erreor by Mode

Phase 3 (Climb): Lateral and Longitudinal Position
Error by Mode

Phase 4 (Right Turn): Lateral and Longitudinal
Position Error by Mode

Phase 5 (Descent): Lateral and Longitudinal Position
Error by Mode

Phase € (Left Turn): Lateral and Longitudinal Position
Error by Mode

Phase 7 (Straight and Level): Lateral and Longitudinal
Position Error by Mode

Phase 8 {Deceleration): Lateral and Longitudinal Position
Error by Macde

Analog Traces of Pitch and Roll Activity Indices

Analog Traces of Pitch and Roll Activity Indices

xiii

Page
63

63

64

64

65

65

66

69

70

71

72

|

L ¢ i

FOTE N T T

RIS

o




Figure
72
73

74

AH-56 Longitudinal Axis
Pitch and Roll Attitude Hold
AH-56 Lateral Axis
Heading Hold

Altitude Hold

AH-56 Free Aircraft and Pusher Propeller
Response (Bp) '

Yaw SAS and CSS Responses

Experimental Design

Phase 2 (Acceleration): RMS Errors versus Workload
Phase 2 {Acceleration): Activity Indices versus Workload
Phase 3 (Climb): RMS Errors versus Workload

Phase 3 (Climb): Activity Indices versus Workload
Phase 4 (Right Turn): RMS Errors versus Workload
Phase 4 (Right Turn): Activity Indices versus Workload
Phase 5 (Descent): RMS Errors versus Workload
Phase 5 (Descent): Activity Indices versus Workload
Phase 6 (Left Turn): RMS Errors versus Workload

Phase 6 (Left Turn): Activity Indices versus Workload

Page
86
87
89
91
95

99

103
112
116
116
117
117
118
114

119
120
120

Phase 7 (Straight and Level): RMS Errors versus Worklcad 121

Phase 7 (Straight and Level): Activity Indices
versus Workload

Phase 8 (Deceleration): RMS Errors versus Workload

Phase 8 (Deceleration): Activity Indices versus Workload

xiv

i ot a5 o

121

122
122

=

e

Pl

[as———

[} M“}

L
av

.
1

¢

P T T




T A

TEE AT T

ET i e —

94
95
96

97

98

L |

99

gt |

100

Sond

]
.

101

o=,

102
103
i}
104
} 105
106
H 107
108

109

110
j 111
112

113

Figure

Phase 2 (Acceleration): RMS Errors versus Mode
Phase 2 (Acceleration): Activity Indices versus Mode
Phase 3 (Climb): RMS Errors versus Mode

Phase 3 (Climb): Activity Indices versus Mode
Phase 4 (Right Turn): RMS Errors versus Mode
Phase 4 (Right Turn): Activity Indices versus Mode
Phase 5 (Descent): RMS Errors versus Mode

Phase 5 (Descent): Activity Indices versus Mode
Phase 6 (I.eft Turn): RMS Errors versus Mcde
Phase 8 (L“'eft Turn): Activity Indices versus Mode

Phase 7 (Straight and Level): RMS Errors versus Mode

Phase 7 (Straight and Level): Activity Indices versus Mode 129
Fhase 3 (Deceleration): RMS Errors versus Mode 130
Phase 8 (Deceleration): Activity Indices versus Mode 130
Phase (2 cceleration): RMSx Error versus Mode 133
by Workload

Phase 2 (Acceleration): Pitch Activity Index versus 133
Mode by Workload

Phase 3 (Climb): RMSx Error versus Mode by Workload 134
Phase 3 (Climb): Pitch Activity Index versus Mode 134
by Workload

Phase 4 (Right Turn): RMSx Error versus Mode 135
by Workload

Phase 4 (Right Turn): Pitch Activity Index versus Mode 135
by Workload

XV

\%{g

*
s Palha———




Figure
i14

115
116
117
118
119
120
121

122

124

125

126

127

128

129

Phase 5 (Descent): RMSx Error versus Mode
by Workload

Phase 5 (Descent): Pitch Acitivity Index versus Mode
by Workload

Phase 6 (Left Turn): RMSx Error versus Mode
by Workload

Phase 6 (Left Turn): Pitch Activity Index versus
Mode Lty Workload

Phase 7 (Straight and Level): RMSx Error versus
Mode by Workload

Phase 7 (Straight and Level): Pitch Activity Index
versus Mode by Workload

Phase 8 (Deceleration): RMSX Error versus Mode
by Workload

Phase 8 (Deceleration): Pitch Activity Index versus
Mode by Workload

Phase 2 (Acceleration): RMSy Errors versus Mode
by Workload

Phase 2 (Acceleration): Roll Activity Index versus
Mode by Wnrkload

Phase 3 (Climb): RMSy Errcrs versus Mode
by Workload

Phase 3 (Climb): Roll Activity Index versus Mode
by Workload

Phase 4 (Right Turn): RMSy Errors versus Mode
by Workload

Phase 4 (Right Turn): Roll Activity Index versus Mode
by Workload

Phase 5 (Descent): RMSy Errors versus Mode
by Workload

Phase 5 (Descent): Roll Activity Index versus Mode
by Workload

T — e tn, v -

Page

136

136

137

137

138

138

139

140

140

141

142

142

143

143

. h..—..-]
N A S T T Ty ——

. IS

A S 0 AR

Y T RU—




g

—
ne

Fimean.,

LSS

Figure
130

131

132

133

134

135

136

137

138

129

140

141

142

143

144

145

Phase 6 (Left Turn): RMSy Errors versus Mode
by Workload

Phase 6 (Left Turn): Roll Activity Index versus
Mode by Workload

Phase 7 (Straight and Level): RMSy, Errors versus
Mode by Workload

Phase 7 (Straight and Level): Roll Activity Index
versus Mode by Workload

Phase 8 (Deceleration): RMSy Errors versus Mode
by Workload

Phase 8 (Deceleration): Roll Activity Index versus
Mode by Workload

Phase 2 (Acceleration): RMS, Errors versus Mode
by Workload

Phase 3 (Climb); RMSz Errors versus Mode by Workload

Phase 4 (Right Turn): RMS, Errors versus Mode
by Workload

Phase 5 (Descent): RMSZ Errors versus Mode
by Workload

Phase 6 (Left Turn): RMSz Errors versus Mode
by Workload

Phise 7 (Straight and Level): RMS; Errors versus
Mode by Workload

Phase 8 (Deceleration): RMS7 Errors versus Mode
by Workload

Phase 2 (Acceleration): YLateral and Longitudinal Position
Error by Mode

Phase 3 (Climb): Lateral and Longitudinal Position Error
by Mode

Phase 4 (Right Turn): Lateral and Longitudinal Position
Error by Mode

xvii

Page
144

144

145

145

146

146

149

149
150

150

151

151

152

153

154

157




T
B i R

o ol aibabd S

Figure
146

147

148

149

150A

150B

Tabie

L A o -~

rra— F " o FETTN ST~

Page
Phase 5 {Descent): Lateral and Longitudinal Position 158
Error by Mode
Phase 6 (Left Turn); Lateral and Longitudinal Position 159
Error by Mode
Phase 7 (Straight and Level): Lateral and Longitudinal 160

Position Error by Mode

Phase 8 (Deceleration): Lateral and Longitudinal Position 161
Error by Mode

Analog Traces of Pitch and Roll Activity Indices: 165
Pilot Pitch Control Inputs

Analog Traces of I ‘tch and Roll Activity Indices: 166
Pilot Roll Ccntrol Inputs

TABLES
Page
Autopilot Modes of Operation 7
Experimental Schedule (UH-1) 317
Experiment Summary (UH-1) 38
Control Loss Record M
Experimental Schedule 113
Experiment Summary 114
Control Loss Record 163
xviii

| e

1

BT DL T

I T —

o




o B, T

M e s

4 ed

&

wid g

[
[ L]

LIST OF ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS

A/C Aircraft

AFCS  Automatic Flight Control System

BDHI Bearing distance heading indicator

CSsS Control stick steering

IAD Indicated airspeed dial

IAS Indicated airsbeed

IFR Instrument flight rules

JANAIR Joint Army/Navy Aircraﬁ Instrumentation Research (Committee)

PAI Pitch activity index |

PPl Plan position indicator (display format)

RAI Roll activity index 3

RMS Root-mean-square (i.e., XIE , where XE is longitudinal
position error)

SAS Stability augmentation system

SK/FF Station keeping/formation flight

SD Standard deviation ( \/-——-E(x-}—(), where X is the mean and X the
raw measurement of a sa%ple distribution)

VFR Visual Flight rules

SYMBOLS

B Bearing from follower to leader

D Drag of vehicle

E Elevation angle from follower to leader

xix




T

Gravity
Scale factors for quickening symbol movement

Gains for velocity terms in quickening equatioas

Gains for pitch and roll attitude terms in quickening squations

Gains for attitude rate terms in quickening equations
Gain for heading term in quickening equations
Vehicle mass

Noise introduced into bearing measurement

Noise introduced into elevation measurement

l\foise introduced into range measurement

Range from follower to leader

Sampling period

Time

Longitudinal, lateral, and vertical position coordinates,
respectively

Position error - difference between actual and commanded
positions

Inertial position coordinates
Inertial position coordinates referenced to leader's heading

Distance from represented command position to quickening
symbol position on PPI display format

X. Y, and Z velocities
Longitudinal accelerations
Pitch cyclic control movement
Follower position errors

Velocity difference between follower and leader

XX

I sy
| Je—. )

S

A s,

B

P

o J

-i—

] s § m’
& oo d [ e

:oﬂ“

¢y
-

o =

P P S

_ e o ————

ewe

o~ — e

3
4
it o, o, s, S . « A . . 1 P et

-
FIome

V rr




¢] Pitch attitude of follower
Follower's pitch attitude rate
Follower'!s Roll attitude

Follower!'s roll attitude rate

Heading of leader

Heading of follower

€ € € o o o
wu -

(0]

Vg -¥; (heading difference)

() Denotes the nominal or command value of ¢ given parameter

xxi




SECTION I
INTRODUCTION

The development of an effective helicopter IFR formaiion flight capability o
increase the helicopter’s effectiveness in future military opcrations is one of
the objectives of the Joint Army-Navy Aircrast Instrumentation Research
(JANAIR) Committee. As part of this program, Honeywell has performed ¢
series of studies to define the display/control requirements for the maaual
IFR helicopter formation flight problem. The first study (Reference 1) was
conducted to investigate basic information requirements ard to develcp and
evaluate display concepts customized for the helicopter formaticr: flight task.
The results o{ this study indicated that IFR formation flight may be a realiz-
¢ble goal with the aid of digital computer-generated dispiay formats. A
secciid study (Reference 2), conducted to evaluate an existing formation flight
system, demonstrated the important effects on system performance of filter
lags, system update rates, and display quickening. The third study (Refer-
ence 3) investigated the effectiveness of conventional flight instrumentation in
the manual formation flight situation. Two state-of-the-art electro-mechanical
displays (i. e., e flight director and a horizontal situation indicator) were used
to display the required information and were evaluated under alternative dis-
play formats. The results indicated that it was possible for the pilot to
maintain precise position coiitrol with the electro-mechanical displays
under the simulated conditions. The primary objective of the fourth study
(Reference 4) was to relate total system performance to variations in the data
rate and accuracy of the displayed information for the manual [FR helicopter
formation flight mede. This study demonstrated the significant effects on
system performance of the interactions between the rate quickening gains,
display update rate, and data 2ccuracy.

The objective of the present study was to relate pilot performance during
mamial IFR formaticn flight in two different classes of helicovters to various
levels of autopilot assistance. All of the simulations conducted in the pre-
vious studies were performed using a JH-1 helicopter cquipped with a
three-axis stability augmentation system (SAS). The decision to include the
three-axis SAS was based on the resuits of earlier analytical work performed
in support of a station-keeping autopilot coupler study. This study suggested
that an SAS woulid be required to provide the precision necessary for forma-
tion flight with the UH-1 helicopter in manual flight modes. Simulation re-
sults indicated that the UH-1 helicopter can be flownr in the station-keeping
flight mode with considerable precision with the simulated thiree-axis SAS.
However, it represents additional cost to thie basic UH-1 helicopter. As
such, this cost must be justified in terms of improved system performance. -
The basic question to be answered by this study was the extent to which auto-
pilot assistance could be expected to improve pilot performance, reduce pilot
workload, increase pilot acceptance, and improve the operational capabilities
of a helicopter in the manual formation flight mecde.
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Six lewvels of automatic flight control were investigated in this study, ranging
in complexity from the free vehicle (no flight control agsist) to outer loop
hold mcdes in altitude and heading. To broaden the applicability of ‘the re-
svlts, two helicopters were simulated -- a current conventional vehicle, the

UH-1 Iroquois, and a high-performance compound vehicle, the AH-55 Cheyenne.

A description of the autonilot modes used for each vehicle, the testing pro-
cedures followed, and the final evaluation based on the test results are
describad in this report.
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SECTION II
N BACKGROUND
Pk -
E; - This section provides a general description of the philosophy used in this
‘ % i study to relate pilot performance during manual helicopter IFR formation
' g ' flight to various leveis of flight control assistance to the pilot.
e
i B 3
g U SELECTION OF VEHICLES FOR EVALUATION
y ! E - Since the extent to which the results of this study could be generah ~2d was
i dependent on the number of different classes of helicopters represented in
e this study, it was decided to examine both a current conventional vehicle and
1 N an advanced class of vehicle envisioned to be operational in the 1970s. It is
} obvious that any autopilot requirements derived solely for one class of vehicle
4 cannot be generalized to all other helicopters because of differences in basic

! vehicle stability and response characteristics. The UH-1 Iroquois helicopter
was selected to represent the conventional class of helicopters, and the AH-56
Cheyenne helicopter was selected to represent the advanced class of high-
speed, high-performance helicopters. '

- ‘:

iy L840
-t et %
s

Wy,

The display concept for the UH-1 in the station keeping/formation flight (SK/FF)
mission has been thoroughly analyzed in previous Honeywell studies and is

! an optimal configuration for that helicopter. Although a comparable analysis

| has not been done for the AH-58, for the purposes of this study the UH-1
display format and form of the quickening law were also used for this com-
pound vehicle,

Geimtoanda 3
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"{ The AH-56 differs from conventional helicopters in that it incorporates short,

ol fixed wings, a rigid rotor, and a pusher-propeller in its design. For control
purposes, the most important difference is the pusher propeller. Optimum

1 control of fore-and-aft (X-axis) position in the AH-56 is accomphshed by .

l maintaining zero pitch attitude and varying the twist-grip pusher-propeller

control. The situation is somewhat complicated by vehicle cross—coupling,
which results in the variations in pusher-propeller power causing variations
in pitch and roll attitude. The importance of these cross-coupling effects is
a function of the autopilot mode and workload at any given time.

ﬁ o

AUTOMATIC FLIGHT CONTROL SYSTEM {(AFCS)

Six levels of automatic flight control were selected for each vehicle, ranging
in sophistication from a free vehicle to outer loop hold modes in heading and
altitude. Ideally, as the level of flight control augmentation is increased, the
pilot's task would become easier. Finally, with both altitude and heading hold
engaged, the pilot's task is reduced to manual control of only a single axis
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(1.e., airspeed) and monitoring of the other axes. The autopilot modes
selected for evaluation were

® Frev vehicle

® Yaw statility augmentation

® Three-axis stability augmentation

® Heading hold

e  Altitude hold

® Heading and altitude hold
As mentioned previously, a basic difference between the UH-1 and the AH-56
was the addition of a pusher-prcp control on the AER-56 which permitted a
separate control input for airspeed, while airspeed is contreiled by pitch
attitude and collective power on the UH-1. This difference between vehicles
required that separate piloting techmques be developed for each vehicle. The
mechanization of the autopilot modes was also influenced by this control dif-

ference between vehicles. The mode of operation for each level of autopilot
and each vehicle is discussed below.

Free Vehicle

UH-1 -- In this mode of operation the pilot flies the vehicle without the aid of
either ineer-loop stabilization or automatic outer-loop control. Airspeed is
controlled with pitch attitude and ccllective power.

AH-56 -- Same as the UH-1 except that zero pitch attitude is maintained and
airspeed is controlled with the pusher-prop.

Yaw Stability Augmentation

UH-1 and AH-56 -- Inner-loop yaw axis stability is provided whenever this
mode is engaged. As with the free vehicle, the pilot must manually control
attitude, airspeed, heading, and altitude.

Three-Axis Stability Augmentation

UH-1 -- This mode of operation is identical to the yaw stability augmentation
except that the two remaining inner loops (i. e., pitch and roll) are stability
augmented in addition to the yaw axis. This level of angmentation is the same
as that simulated in the previous station-keeping studies.
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AH-58 -- This mcde of operaiion for the AH-56 is actually an attitude hold
mode in pitch and roll plus yaw axis stability augmentation. ‘The mode was
mechanized in this manner to be cornsistent with airspeed control used for

tne AH-56, i.e., hold zero pitch attitude and use the pusher-prop for airspead
control. The vehicle's pitch attitude at mode engagement is maintained by

the AFCS. Mode engagement is effected by reduction of pilot-applied pitch
cyclic stick force below 2 Lreakout level. Whenever the roll attitude hold
mode is engaged, the AFCS commands the vehicle to return to a wings-level
roll attitude. Reduction of pilot-applied roll cyclic stick force engages the
mode. Apgain, the pilot will have to manually control all of the outer loops.

Heading Hold

UH-1 -- When this mode is engaged, the vehicle heading selected by the pilot
13 maintainea by the AFCS through the roll axis. Minor lateral position errors
can be corrected by pilot override. In addition, a switch is provided for the
pilot on the ccntrol column to disengage heading hold when making turning
maneuvers. The three-axis SAS is also operating during this mode. The
nlot's task is to manually control airspeed and altitude and to monitor heading
and make corrections as necessary to null lateral position errors.

AH-56 -- The same as for the UH-1 except that pitch, attitude hold, and yaw
SAS are in operation.

Altitude Hold

UH-1 -- When the altitude hold mode is engaged, the command altitude is
maintained by the AFCS with collective pitch.

The three-axis SAS is also engaged. A switch on the collective stick dis-
engages this mode during climbing and diving maneuvers. The pilot is re-

quired to control the vehicle's airspeed and heading and to monitor altitude
error.

AH-56 -- The same as for the UH-1 except that attitude hold and yaw SAS
are in operation rather than three-axis SAS.

Heading and Altitude Hold

UH-1 and AH-56 -- This mode is a combination of the previous two modes.

It represents the most sophisticated mode of AFCS for the SK/FF mission
short of automatic control through an autopilot coupler. The pilot's tracking
task is reduced to controiling longitudinal position with airspeed and monitoring
heading and altitude.




Table 1 15 a summary of the ruodes of operation for each vehicle. These modes
! are described in Sections IV and VI.

PILOT WORKLOAD ASSESSMENT

Since one of the primary objectives of an autopilot is tc reduce pilot workload,
: one of the independent variabies of the simulation experiment was pilot work-

1 load. It was assumed that the incorporation of pilot worklcad into the experi-

ment would tend to separate performance data and to provide a clearer picture
of the advantages of the various levels of flight control. A brief discussion

of workload methodology follows.

Figure 1 provides a classification of the various measures which can be used
for establishing the reserve capacity of an operator. Review articles by
Brown (Reference 5) and Knowles (Reference 6) summarize the more impor-
tant studies relating to these measures.

CONCOMITANT

TASKS
A\

INFORMATION
SAMPLING

SUBSIDIARY INTERMITTENT EYE
LOADING TASKS TASKS DISPLAYS MOVEMENTS
Egkﬁmceo EEEI?NA)AACREYD FORCE PACED SELF PACED

Figure 1. Methods for Measuring Information Workload

Concomitant Tasks

Concomitant tasks are of a class of tasks which are.highly quantifiable in
nature and are performed simultaneously with the primary tracking task.
These tasks usually involve simple observable responses such as reading

numbers, tapping illuminated switches, etc.

The procedure for assessing workload using concomitant tasks requires that
the subject's maximum response rate be determined on the concomitant task
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in isolation from the primary task. Then the concomitant task is introduced
simultaneously with the primary task, and the subject is required to perform
both tasks at tite same time.

Depending on the instructions to the subject, or the manner in which the tasks
are employed, the resulis obtained using concomitant tasks can differ signifi-
cantly. Basically there are two ways the concomitant tasks can be employed
-- as subsidiary tasks or as forced-pace tasks.

Subsidiary Tasks -- The rationale for the use of subsidiary tasks is that, as

the information processing load of the primary task is increased, the operator's
information rate on subsidiary tasks must be decreased. If it is assumed

that these rates are inversely proportional, then it is possible to obtain a direct
measure of primary task workload through the decrease in the information
processing rate on the subsidiary task.

The subsidiary task, by instruction, is performed when the subject ''feels"

that he can respond with no decrement in performance on the primary task.

This is the basic weakness in the use of subsidiary tasks for workload measure-
ment. Because any subsidiary task will cause some decrement in the primary
task, the subject must decide how much decrement is tolerable. The subject
must resolve this question on a subjective basis, and, based on previous ex-
perience, there are wide individual differences amoung subjects as to the
amount of degradation that will be accepted. This makes any evaluation of

the resultant data extremely difficult.

Forced-Pace Tasks -- The rationale for using the forced-pace task is similar

to that for the subsidiary task in that as the requirements of the forced-pace
task increase the performance on the primary task will decrease. The basic
difference between the administration of the two types of tasks is that on the
subsidiary task the subject establishes his own response rate while on the
forced-pace task the experimenter sets the rate at which the subject must
respond, thus avoiding the problem of subject-bias. The subject is instructed
to maintain his performance on the primary task at the highest possible level
while responding to the forced-pace task. The experimenter adjusts the pace
of the task (i. e., the rate of stimuli, etc.) over the workload levels of interest.
These workload levels are then related to performance on the primacy task.

Information Sampling Techniques

The rationale for the use of information sampling techniques in workload
determination is that the measurement of information sampling frequencies

and duration permits the quantification of operator workload on various tasks.
One frequently used method in simulation to assess the required sampling
frequencies and durations is the intermittent display. Intermittent displays

(i. e., displays which can be taken away from the operator for short periods

of time) are used to determine the amount of time that an operator has available
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to sample information sources other than the primary display. Stated simply,
the critical assumption inherent in this technique is that, if an operator per-
forms the primary task at an acceptable level when the display information is
available to him only 30% of the time, it is assumed that he can direct 70% of
kis time to other tasks. '

One major weakness of this technique is that subjects can use the interval
between display presentations to respond o the system. This is particularly
true if the system dynamics are slow or if the display sampling cycle is shoxrt.
A better arrangement is one where the subject is forced to perform another
task during the interval when his primary display is interrupted. By forcing
the subject t. attend to a forced-pace concomitant task during the time that

his primary display is interrupted, it is possible to combine the better features
of both the concomitant task and interrupted display techniques. This method
was used in the previous SK/FF studics. The simulation was programmed so
that the display format could be inteccupted (i. e., blanked out) at preselected
frequencies and for preselected interwals. During the interval when the dis-
play was interrupted, random single-digit numbers were displayed sequential-
ly in the center of the CRT at a rate of 1. 25 numbers per second. The subject's
task was to read the number aloud. The on-cycle of the SK/FF display for-
mat was set at 1 sec, and the display off-cycle was varied to achieve the
desired workload level. (Figure 2 demoastrates tne display interruption
sequence for the 40 and 70% worklnad levels. )

o

O I S

{ The 1-sec display on-time was chosen as a compromise between display view-
- ing time and display off-time at the highest workload level. Since the subject's
eyes are always focused (reading numbers) at the center of the display area
during the off-cycle, eye movement time and eye focus time do not have to be
considered when setting the minimum display on-time. Therefore, *he dis-
play must be on just long enough tuv allow for information processing and
decision mgking. However, the display off-time depends on the display on-
time when using the interrupted display techrique for woriload evaluation.

If the display is off for a long period, the problem can become uncontrollable.
If, for example, the display were on for 2 sec, the display off-cycle must be
4,617 sec in order to achieve a 70% workload level. An off-time of this mag-
nitude is unacceptable for the helicopter formation flight control problem.
Thus, the 1 sec display on-time was judgea as adequate to allow time for
information processing without making the display off-time unacceptable in
terms of controlling the helicopter.

The following sections of this report describe the man-in-the-loop simulation
program conducted to evaluate the effect of the various levels of flight control
augmentation and pilot workload on the pilot's control of the UH-1 and AH-56
vehicles. .
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SECTION III
SYSTEM DESCRIPTION

SIMULATION FACILITY

by

All simulations were performed on the Honeywell hybrid simulation facility.
This facility, consisting of both digital and analog computers, was designed
specifically for simulation programs where real-time performance measures
are desired under varied experimental conditions. Appendix B describes the
hybrid facility. Figere 3 illustrates now the facility was used in this problem.
The analog portion of the facility provided the solutions to the vehicle equations

B g
w

Trrammne

i of motion and the control authority calculations. The digital portion of the
4 system performed the display calculations and controlied the total simulation.
-
0 .
[§ - DISPLAY  }— PILOT |—p CONTROLS

- '
} i 1
i ~ T T
L E e I ‘
1 ﬁ v é ! PRESET DATA
| F 1= AND LEADER ‘ -
—~ = v INFORMAT ION
1] =< , VEHICLE
)i ' l l | DYNAMICS
! 4
. , ERRORS BiSPUAY P05 IT1ON—
[ - £RRORS ATT I TUDES ——
- e ERRORS CALCULATIONS L cates
i
- Figure 3. Simulation Block Diagram

AIRCRAFT DYNAMICS

The UH-1 Iroquois helicopter and the AH-56 Cheyenne helicopter were sim-
ulated for this study. A description of the simulation of the UH-1 is supplied
in Appendix C and its autopilot modes are described in Section IV. A similar
description of the AH-56 simulation is provided in Appendix D and its auto-
pilot modes are described in Section VI.
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DISPLAY AND CONTROL SYSTEM

The simulat~d control system consisted of a collective stick, a cyclic stick,
and foot pedals mounied i a configuration with the same basic dimensions
as the UH-1 pilot station. Appendix C describes the contrcl system charact-
eristics. The following data describe the pilot's station: '

® The pilot's seat is constructed with its reference point fixed
at the neutral position.

® The cyclic stick's centering posit{on is fixed.
® The stick forces assume that the hydraulic boost is activated.

All of the alternative display formats were generated electronically and
presented on a 19-inch CRT located approximately 39 in. from the subject.
The laycut of these controls and displays is shown in Figure 4.

FORMATION CONFIGURATION

The formation being simulated throughout this study was a four-aircraft
heavy-right configuration as shown in Figure-5. The aircraft fiown during
simulations was the No. 3 aircraft. the first aircraft behind and to the right
of the leader. It was assumed that the other three aircraft always remained
ir: their exact commanded positions.

PLAN POSITION INDICATOR {PPI) DISPLAY FORMAT

The Plan Position Indicator (FPI) display {Figure 6) presents a plan-view of
the four-aircraft, heavy-right platoon formation. The display is referenced
to the lead zircraft, whose position and heading remain stationary on the
display. The dimensions of the PPI are 8 in. by 8 in. The display is scaled
at 1-in. equals 500 ft in both the X and Y axes ancd thus provides a 4000-{t-
square area to the pilot. A triangle denoies the lead aircraft, while circles
denote all follower aircraft, including the pilot's.. A cross indicates the com-
mand position for the pilot's aircraft. :

The display presents an altitude error analog showing £190 ft of altitude error
scaled at 1 in. .0 100 ft.

This display was supplemented with an array of conventional flight instruments
which served as backup or secondary information sources. Following are
the conventional instruments included as part of the simulated display panel:

e Indicated Airspeed (IAS) - This display indicates follower's
velocity over the range of 0 to 250 knots. An index marker on
the perimeter of the display presents the leader's airspeed.
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e Bearing-Distance-Heading-Indicator (BDHI) - The BDHI
presents the command bearing to the leader, the actual
bearing and actual range to the leader. Range is pre-
sented in feet on a drum counter. Follower aircraft
heading is presented on this display in the conventional
manner with a fixed lubber line over a rotating compass
card. An index marker incicates lead aircraft heading.

® Barometric Altimeter - This altimeter presents follower!'s
altitude, in feet, to 9999. Thousands of feet are displayed
on a one-digit counter, and the dial is scaled from 0 to
1000 ft. An index market presents leader's altitude on the
periphery of the display. In the simulation, the leader never
flies at altitudes greater than 1000 ft.

e Climb Rate Indicator - This indicator presents altitude rate,
in feet per minute, over z range of 0 to +2400.

e  Attitude Indicator - A two-dimensicnal representation of an /
attitude ball shows own aircraft roll and pitch; 1 in. of
vertical translation of the horizon represents 20 deg of
pitch.

15
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SECTION IV
UH~1 AFCS DESCRIPTION

This section describes the various automatic modes which were simulated
for the UH-1 portion of this study. These nicdes consisted of the following
levels of autopilot assistance.

e Frec vehicle
e Inner !oops

>  Yaw stability augmentation

» Three-2xis stability augmentation
e Quter loops

» Heading hold

»  Altitude hold

» Heading and altitude hold

These UH-1 autopilot modes were defined in a study for the Army Electronics
Command on advanced automatic flight control (Reference 7). Functional
block diagrams of the longitudinal and lateral axis autupilot modes are shown
in Figures 7 and 8 for the 88-knot flight condition,

FREE VEHICLE

The free-vehicle pitch attitude response to a cyclic step input is essentially

a rate response. Hcwever, at high speed it does not maintain the steady rate
response for relatively long periods after the step input. This is due to the
attitude feedback nature of the stabilizer bar. The function of the stabilizer
bar on the UH-1 is to improve the stability of the free vehicle. It is equivalent
to providing a large time-constant lagged pitch rate feedback of low gain. A
heavily lagged pitch rate appears to be similar to giich atiitude.

Free-vehicle roll attitude response to a cyclic step input is shown in Figure 9.
This trace clearly shows that the vehicle has the desired rate response;
however, the control authority is in excess of 20 deg/sec/in. roil cyclic. It
is desirable to have the high-speed control authority fall within the range of
14 to 20 deg/sec/in. cyclic input. In addition to the large control nuthority,

) the%response is characterized by large overshoots in excess of the desirable
10%.
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Figure 8. UH-1 Lateral Axis AFCS
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YAW STABILITY AUGMENTATION

Simulation results for both the free and augmented vehicle are shown in
Figure 9. Vehicle dynamics were tested with side velocity initial condition.
Note that under this test condition the Dutch roll mode is obviously under-
damped. The augmentation system is a conventional high-passed yaw rate
feedback where K = 0.075 deg {ail rotor per deg per sec and thjpags = 3.0
sec. The yaw SAS timne history of Figure 9 clearly shows that the augment-
ation system results in a smooth, well-damped directional axis.

THREE-AXIS STABILITY AUGME:TTATION

This level of stability augmentation includes roll and pitch SAS along with
yaw SAS discussed earlier.

Pitch SAS

The SAS control law used for the UH-! pitch axis is

- ]o.ss |:
8y = °ec 0.5 5s5+1] ©

Pitch attitude response of the UH-1 with SAS to a step cyclic stick input is
shown in Figure 10. Note that this response is a well damped rate, and it
falls within the performance criteria defined for the UH-1.

Roll SAS

The control equation used to augment the stability of the UH-1 is

6, = 6¢C-0.055¢

Roll attitude response to a cyclic step input is shown in Figure 10. The
high-speed response is a well damped rate. The control authority, measured
approximately 1 sec after initiation of the input command, is 15 deg/sec.

During the developinent of the UH-1 control laws, the desired control authority

was defined to be within the range of 10 to 20 deg/sec.
HEADING HOLD

Heading hold consists of a heading error feedback that is fed to the roll axis
to command kank angle changes as a function of heading error.

19
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" = K¢[¢ * K%(Tbé)%] “Kp ¢
where
K¢ = 0.055 deg/deg ¢
K = 0.055 deg/deg/sec ¢
Kd"P = 0.7 deg roll servo/deg heading error
IIJE = heading error

Heading error transient response is shown in Figure 9. This response is
quite fast, about 9 sec to 90% of initial error reduction, and overshoots about
10%. The heading hold mode is automatically disengaged if the pilot makes a
roll cyclic input. A switch on the control stick was also provided for the
pilot so that he could lock out heading hold during turns.

ALTITUDE HOLD

The altitude hold mode was mechanized to control altitude through the collective
pitch axis. Altitude (h) and altitude rate (h) are fed through suitable gains to
the collective pitch servo in addition tc the SAS being engaged. The control
equations used for the altitude hold mode are:

(=
n

\
fo.5]-288 . 1
o = %_ [0'510.5s+1,9+ 0'22‘°’|o.2s+1)"]
6

+0.2
L S

Note that an integrating servo is used in the collective axis. This prevents
bias errors which lead to altitude hang off. Also, a pitch attitude hold mode
is engaged (through the cyclic axis) to provide attitude stability. Analog
simulation results for a step altitude error input are shown in Figure 10. It
is seen that the ailitude error transient response for this configuration is
very good.

-(0.0025 h + 0.001 h)

Alss shown in Tigure 10 is an altitude hold/pitch SAS maneuver. This maneu-
ver was performed by engaging the pitch SAS mode, applying a simulated
collective pitch command, flying to an altitude of 200 ft, and then re-engaging
altitude hold. This recording clearly shows that the altitude hold maneu-
vering performance was very good and that large transient activity in the col-
lective and cyclic servos. A switch on the collective control stick was used to
engage the altitude hold mode.
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HEADING HOLD AND ALTITUDE HCLD
This ccafiguration is a simultaneous engagement of the heading and altitude
hold modes. The mcde mechanization and performance is the same as
described under the individual modes.

The analcg simulation of the UH-1 dynamics and autopilot is describad iz
Appendix C.
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SECTION V

EVALUAT(ON OF LEVELS OF AFCS AND
WORKLOAD FOR UH-1

PRELIMINARY SIMULATIONS

Preliminary simulations were conducted to (1) determine optimum gains for
the PPI quickening model, (2) select an appropriate maxiimnum workload level,
and (3) provide subject training in each autopilot mode and at each workload
level prior te fcrmal data collection.

Display Quickening

S L T e

The quickening model was the same as that used in previous Honeywell
studies (References 1 and 4) for the PPI display format. The equation
describing this model and the gains selected for use in the UH-1 autopilot
study were as defined below:

= c 2 [ (-9
XQ KXAX"’KXAK‘*‘COS\Ue K99+K99]

- s [k ?+K- ? +K
sin \pe K, +K¢ :.(/we]
YQ=KYAY+K?AY+cosw€[K¢¢+ Ky 6+ Ky ¥ ]

+sinwe[xee+xéb]

where
XQ, YQ = distance from cross to the asterisk
KX’ KY = scale factor
AX, AY = foliower position error
K)'{. KY = gains for velocities
AX, AY = velocity difference between follower and leader
0 = follower pitch attitude
] = follower pitch attitude rate
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- & o . = =8 3 dc »
I:\ﬂ, K¢. I‘B’ K¢ gains for attilude terms

KW gain for heading term
'Z

€

Y foliower - Y leader = heading error

The gains selected for this study were the same as those which were
utilized for the previous study on data rates and accuracies {Reference 4) and
were as defined below:

It

Ky =0.11in. / fps of veiocity difference

Kg = 0.1in. /fps of velocity difference
K() = -13.3 in. /rad

Kq& = 13.3 in. /rad

Ké = -13.3 in. [rad/sec

K3y = 7.8 in. [rad/sec

K\’/ = 13.0 in. frad of heading difference

Subject Training and Maximum Workload Selection

Each subject was trained in each autopilot mode/workload combination uatii
his performance stabilized. It was found during these training sessions that
the proposed workload level of 80% consistently resulted in total loss of con-
trol. Since a 70% workload level could be handled by the subjects most of the
time without total loss of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>