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PREFACE

This report is written to record selected data from fire control
work connected with a large caliber gun (air-to-surface) study. An in-
formal and sometimes outline format is used for convenience and to min-
imize report preparation time and cost.

This limited fire control study was directed towards identifying
problem areas and a more promising fire control system for this appli-
cation. The primary risk of developing the required very accurate fire
control is in (a) keeping system accuracy in the service (particularly
combat) environment and (b) the probability of this in-service accuracy
requirement leading to a high lifecycle cost./ﬂ\
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INTRODUCTION

Figure 1 shows the coordinate system used in this report. Notation,
with units normally used are as follows:

angle of attack, mils

angle of skid, mils

initial gun projectile angle, degrees
pitch angle, degrees

roll angle, degrees

gravity drop angle, mils

elevation lead angle (aircraft coordinates), mils

> > > © @ o0 ™ K2
® o0

azimuth lead angle (aircraft coordinates), mils

air density, equivalent pressure altitude in feet
gun angle relative to aircraft axis (elevation), mils
gun angle relative to aircraft axis (azimuth), mils

target LOS inertial angular rate (elevation), mils per sec

e 8 v £ 9
L]

target LOS inertial angular rate (azimuth), mils per sec

projectile deacceleration, ft per sec per sec
slant range to target, feet

muzzle velocity, ft per sec

< ® ©
-}

true air speed, knots

“
o

time of flight of weapon, seconds

= "
m

horizontal rangewind and target motion, knots

horizontal crosswind and target motion, knots
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Figure 1.

In air-to-surface gun fire control major factors which can cause
errors are listed below.

1. Alignment
a. gun-sight boresight
b. sensor boresight
¢. parallax
2. True airspeed effects
a. as effective initial velocity direction change
b. magnitude effect on gravity drop and time of flight
3. Gravity drop computation (or estimation)
a. slant range
b. dive angle
c. air density
d. muzzle velocity
e. true airspeed
f. drag coefficient (and variation)
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g. roll resolution into sight coordinates
4., Wind and target motion

a. time of flight accuracy (dependence functionally similar
to gravity drop)

b. angular rate of target LOS
c. range rate
d. true airspeed (magnitude and direction)
e. 1nertial velocity (for wind only)
5. Miscellaneous factors
a. pilot aim error
b. sight unit error
c. computer and interface errors

d. other

In this report, except where specified otherwise, a gun system hav-
ing approximately the muzzle velocity and projectile characteristics of
the Rifle, 106mm, M40 firing standard ammunition is assumed. Appendix
A gives the approximate ballistic data used in the error analysis and
Appendix B gives data more firmly based on the above round. The varia-
tion between these two sources is minor and does not affect the error
analysis. In an actual system, of course, the true ballistic character-
istic must be known very accurately.

Figures 2-5 show in block diagram form five candidate fire control
systems. Brief comments on these are given below. Later sections give
a preliminary sensitivity error analysis on two selected concepts (The
first is chosen to give a general feel for the problem and the last is
directed toward specific problems of the more likely candidate scheme.).

Figure 2. This block diagram represents two concepts. The first
accounts for only angle of attack (and perhaps skid) effects on direc-
tion of the effective firing line. The second system would add gravity
drop based on baro-altitude, target altitude, angles, air density, and
true airspeed. The latter would be the least expensive approach to give
a full continuously computed impact point (CCIP) solution. It would not
include wind or target motion and would require target altitude and at-
mospheric knowledge not generally known in changing combat conditions.

Figure 3. Here laser range replaces baro-ranging. Additionally a
wind and target motion solution can be obtained by using the gyro sta-
bilized laser pointing platform in a lead computing circuit. The accu-

-racy of this wind solution depends on the pilot-aircraft tracking preci-

sion and time. While this crosswind lead computing has given acceptable
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accuracy for short times of flight (short range, high velocity, low drag),
it is not suitable for extremely accurate systems.

Figure 4. The addition of an automatic target tracker to furnish
accurate angular rate data (as well as angles) gives the necessary infor-
mation to use with laser slant range (and other data) to compute wind
and target motion effects and thus the complete fire control solution.
Only the variation in wind over the flight path is unaccounted for in
this concept, and if the projectile drag is designed tc be low this wind
variation* (unlike wind at release) is a relatively small effect.

Figure 5. Doppler-inertial velocity can be ‘used to compute wind
effect--but not target motion. The wind information is there continu-
ously (if there was time to align the platform). If this navigation
and vertical information is available on the aircraft it's very stable
data should be utilized even if an autotracker is also included.

*
The wind does often vary by large amounts over the flight path (par-

- ticularly at NWC, see Appendix C). Thus the projectile must be designed

to have low drag characteristics for use with any extremely accurate
fire control.
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FIRST ORDER ERROR ANALYSIS - GENERAL CASE

The error analysis of this section is intended to show what sensors
and quantities are the more critical factors in this application of gun
fire control. As a basis for discussion a system such as shown in Fig-
ure 3 was used; however, no (lead computing) wind solution is included.

Table 1 gives major first order error sensitivities. Not included
are computer error, interface errors, uncertainty of ballistic computa-
tion, etc. Table 2 applies Table 1 to a hypothetical system case. The
assumed errors are total quantity errors whether dbias or random. Con-
cise comments on various inaccuracies and the use of the Tables 1 and 2
follow: (With few exceptions the comments apply to Tables 3, 4, and 5
of the next section.).

Gun boresight is present in any gun system. The error ratio varies
from 1:1 depending on the muzzle velocity and aircraft speed.

Angle of attack error include boresight and corrections to convert
local sensor angle to aircraft angle of attack as well as pure sensor
error. The magnitude of lead error depends directly on the magnitude
of muzzle velocity and the airspeed. Angle of atzack (and skid) is a
difficult quantity to measure accurately both in general flight and in
flight calibration tests. Table 2 assumes the aircraft is very stable
in yaw, and not requiring measurement. Thus in this type of a system
the pilot should not skid the aircraft to correct aim error.

Slant range error includes pointing error, ete. In theory laser
range can be better than shown in Table 2, however, it is not needed
here.

In gun fire control pitch angle is not a critiical fector, however,
for large lead angles roll errors can result in mderate error in azi-
muth due to incorrect roll resolution. Often used flight maneuvers in
test and repeated attacks can result in large roll error in the stan-
dard type vertical references. Proper flying to grevent this is neces-
sary.

Air density is not a major problem as long as its measurement is
included.

Baring major air flow problems, true airspeed measurement is not a
major problem. (True airspeed is somewhat more snsitive a measurement
in Tables 3, 4, and 5.)
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If major errors are eliminated, muzzle velocity can cause a sizable
error. It is particularly important in computing time of flight. In-
cluded in this error are effects of barrel wear, barrel temperature,
propellant variations, etc.

Variation in or incorrectly used drag characteristics have also a ;%
major affect on on time of flight, and thus many second order effects. :
The gravity drop is little affected.

oain

Wind (at aircraft position) and target motion that 1s not included
in the lead computation causes an error directly proportional to time
of flight. This is not only a large error source, but also gives a bias
type error. ;

HUD errors are often two or three mils; however, here it is assumed
only limited angles are used and that the sight (e.g. electromechanical
servoed type) can be calibrated to a mil or so.

Pilot aim can be almost any value depending on experience, wind
gusts, aircraft, combat conditions, etc., etc. On test range the ave-
rage can be about three mils.,
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[Error Required to Cause one Milliradian Lead Angle Error)!

CONDITION (400 Knots & -+

10°/3000 Ft

25°/6000 Ft 45°/7500 Ft

Error Source, Units +

Elevation

Gun Boresight, v, =mils
Angle of Attack, &, mils
Slant Range, R, feet

Pitch Angle, §, degrees
Density, p, 1000 ft p. altitude
True Airspeed, v , knots
Muzzle Velocity, V , fps
Drag Variation, D, percent
Rangewind?, W_, knots

HUD, 2 , mils

AIM, A%, mils

Azimuth

Gun Boresight, ¥, mils
Angle of Skid, B, mils
Crosswindz. W , knots
Roll Angle, ef degrees
HUD, A , mils
AIM, A:, mils

1.4 1.4
3.4 3.4
160 170
4.2 1.9
2.6 1.9
26 24
43 40
8.0 5.7
2.2 1.3
1 1
1 1
1.4 1.4
3.4 3.4
1.0 0.9
2.3 2.1
1 1
1 1

Table 1. Inverse Lead Angle Error Sensitivities. IMore correctly
the inverse of the sensitivities, “wind includes target
motion, no vertical wind is assumed.

11
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BASIC SYSTEM

CONDITION (400 Knots & - 10°/3000 Ft 25°/6000 Ft 45°/7500 Ft

Error Source +

Elevation
Gun Boresight, 1 wil 0.7 0.7 0.7
Angle of Attack, 8 mils 2.4 2.4 2.4
Slant Range, 30 feet 0.1 0.2 0.2
Pitch Angle, 1 degree 0.0 0.2 0.5
Density, 00 ft p. altitude 0.0 0.0 0.1
True Airspeed, 5 knots 0.1 0.2 0.2
Muzzle Velocity, 25 fps 0.2 0.6 0.6
Drag Variation, 2 percent 0.0 0.2 0.3
Rangewind*, 10 knots 1.6 4.5 7.9
HUD, 1 mil 1.0 1.0 1.0
Pilot Aim, 3 mils 3.0 3.0 3.0

Azimuth
Gun Boresight, 1 mil 0.7 0.7 0.7
Angle of Skid, 4 mils 1.2 1.2 1.2
Crosswind*, 10 knots 8.5 10.1 11.0
Roll Angle, 1 degree 0.2 0.4 0.5
HUD, 1 mil 1.0 1.0 1.0
Pilot Aim, 3 mils 3.0 3.0 3.0

Table 2. Sample System Accuracy. These errors all optimistic values.
*Wind includes target motion. Second order terms not in-
cluded. Since these errors are part bias and part random
they must be combined accordingly.

12 ’m
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FIRST ORDER ERROR ANALYSIS - ANGULAR RATE CASE

If accurate target LOS inertial angular rate and LOS slant range is
available two of the major errors discussed in the last section--angle
of attack (and skid) and wind and target motion are nearly eliminated.
Of course, an error dependence on angular rate and a change in other
error sensitivities occurs. Table 3 and 4 shows the results of this
type fire control concept.

The primary error sources in an autotrack system for a fixed forward
gun are: (1) boresight, particularly between HUD and gun; (2) HUD pip
placement; and (3) pilot aim.

The HUD error can be eliminated, the aim error reduced, and the bore-
sight made an easier task by using a direct (mechanical and/or optical)
coupling between a trainable gun and the autotracker.* This allows the
pilot (or observer) to lock the tracker on the target and the gun aimed
independently of small aircraft steering variations. If extreme accuracy
(i.e. a few mils) is required this approach is the most feasible concept
for the gun-fire system. (Table 5). More comments on this are in a
later section.

*Uith a fixed gun the effect of the HUD errors and the pilot aim error
can be decreased by firing automatically (if the trigger is depressed)
as the elevation lead angle is approached. This lets the pilot concen-
trate on azimuth steering. (The tracker must be locked on the target.)

13
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AUTOTRACKER-LASER SYSTEM

[Error Required to Cause One Milliradian Lead Angle Error)!

CONDITION (400 Knots & +

10°/3000 Ft 25°/6000 Ft 45°/7500 Ft

Error Source, Units ¢

Elevation
Gun Boresight, v, mils
Angle of Attack, a, mil
Slant Range, R, feet
Pitch Angle, §, degrees
Density, p, 1000 ft p. altitude
True Airspeed, Voo knots
Muzzle Velocity, V , frs
Drag Variation, D, percent
Range Rate, R, fps
Angular Rate, &, mils/sec
HUD, Xe’ mils
AIM, A3, mils

Azimuth
Gun Boresight, y, mils
Angle of Skid, g, mils
Roll Angle, 0, degrees
Angular Rate, w_, mils/sec
HUD, Aa’ mils
AIM, Xa‘ mils

1.4 1.4 1.4
20 25 30
310 250 233
25 4.2 1.9
14 2.6 1.9
74 11 7.3
100 43 40
83 8.0 5.7
110 36 25
0.66 0.28 0.21
1 1 1
1 1 1
1.4 1.4 1.4
0.0 0.0 0.0
1.2 1.0 0.9
0.66 0.28 0.21
1 1 1
1 1 1

Table 3. Inverse Lead Angle Error Sensitivities. IMore correctly
the inverse of the sensitivities.

14
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AUTOTRACKER~LASER SYSTEM

CONDITIONS (400 Knots & -+ 10°/3000 Ft 25°/6000 Ft 45°/7500 Ft

Error Source +

Elevation
Gun Boresight, 1 mil
Angle of Attack 8 mils
Slant Range, 30 feet
Pitch Angle, 1 degree
Density, 100 ft p. altitude
True Alrspeed, 5 knots
Muzzle Velocity, 25 fps
Drag Variation, 2 percent
Range Rate, 30 fps
Angular Rate, 1/4 mil/sec
HUD, 1 mil
Pilot Aim, 3 mils

e o o o
« o+ o

OO WONEOO MW

.

LWCHOOOCOODOOOOO
WHOODOOOOOOOCO
COWRMNOOUWNMODON =N
WHNMMEMOOODOOOO
COMNMNWO NI WN

e o o 2 e o

Azimuth
Gun Boresight, 1 mil 0
Angle of Skid, 4 mils 0
Roll Angle, 1 degree 0
Angular Rate, 1/4 mil/sec 0
HUD, 1 mil 1
Pilot's Aim, 3 mils 3

Table 4. Sample System Accuracy. These errors all optimistic values.
Second order terms not included. Since these errors are
part bias and part random they must be combined accordingly.

15
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CONDITIONS

(400 Knots & - 10°/3000 Ft 25°/6000 Ft 45°/7500 Ft

Errvor Source +

Elevation
Gun Boresight,
Angle of Attac
Slant Range, 3
Pitch Angle, 1
Density, 100 f
True Airspeed,
Muzzle Velocit

Angular Rate,
Pilot Aim, 0.3
Servo, 0.5 mil
Azimuth
Gun Boresight,
Angle of Skid,
Roll Angle, 1
Angular Rate,
Pilot's Aim, O
Servo, 0.5 mil

Drag Variation, 2 percent
Range Rate, 30 fps

1 mil
k, 8 mils
0 feet
degree
t p. altitude
3 knots
y, 25 fps

e & o o o
e o o o
o o

.
e o o o o

1/4 mil/sec
mil

MWSLWONOOO MW
o . . o .

VWO LO N WS
MW WD WS

1 mil

4 mils
degree

1/4 mil/sec
3 mil

COO0CO0OC COO0COCCOCOOCOCOCO
COoO~OOO CO+HMHOOOOOOCOO

COO0OO0O0OO0O OCCoCcCCOO0OOOCCOOCC

VwWwoesOoOw

Table 5.

Sample System Accuracy. These error values are not
necessarily representative, instead they represent a
goal such as to approach the desired system results.
Computer, interface, etc. errors must be similarly
small., (Second order terms not included.)

i
¢
j
|
s
1
!
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EXPLORATORY DEVELOPMENT SYSTEM COMMENTS

The generalized system shown in Figure 4 with a trainable* gun
directed directly by an autotracker is the only apparent concept which
could approach the desired accuracy in a fire control.

The initial tracker lock-on technique coula be similar to those used
with the A-4M IWDS (ARBS) fire control. For example, a roll in towards
the target and using the HUD (boresighted to the tracker axis) lock on
to the target or nearby; then using the hand controller and viewing the
TV monitor change the lock on point to the desired location.*¥

After lock on the computed lead angle is inserted between the tracker
axis and the effective gun axis by servo control of the trainable gun.
Then the pilot may fire at will.

Accuracy is the primary problem in this fire control design. Thus
as seen in the error sensitivities sections, all sensors must be chosen
or designed with this a prime concern. Boresight, particularly Letween
the autotracker and gun, must be insured at all times. This will require
special automatic or semi-automatic optical techniques designed into the
equipment.

Self test and service test equipment must be a basic part of the de-
sign from the start of development if service use is to approach test
results.

Gun-projectile ballistics must be known very accurately and the pro-
Jectile must have low drag characteristics. Service use muzzle velocity
variations will likely represent a major error source.

*An alternate system is one using a fixed gun (again, directly coupled to
the tracker) which is fired in like manner as bombs are dropped in automa-
tic release from A-4M IWDS (ARBS) or the A-7E. The firing is automatic
(if allowed by pilot trigger depression) based on elevation lead. Azi-
muth lead is presented on the HUD as an error signal which is nulled.

If the target is being tracked (by the autotracker) this scheme elimi-
nates the HUD errors (position & boresight) and allows the pilot to con-
centrate on azimuth steering. This approach would avoid the complexity
of a trainable gun at the expense of some loss of azimuth accuracy.

The CCIP symbol can be displayed for alternate use. Its use gives the
advantage of tracking one point and shooting at a mearby target (no
target motion correction).

*if a laser spot tracker (LST) is used the pilot would not adjust lock
point unless he wished to switch to TV mode.

17
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APPENDIX A

TRAJECTCRY DATA USED IN ERROR ANALYSIS

A R SN S 5. N A AR 5 N i o 0 e TS

Trajectories were computed on a HP 9100A/9101A calculator based on
drag data of the 20mm M56 round and a multiplicative factor 0.4. This
factor was determined by fitting trajectories to table values for ground
firing for the Rifle, 106mm, M40, firing cartridge, HEP-T, M346. This
method was used because it was available immediately, and was suffi-
ciently accurate for error analysis use. Table A~1 compares one case
computed this way and by more precise methods used for Appendix B.

Table A-2 gives the trajectory data used in the error analysis.

AR 18- 0

METHOD R v § v A t
L M. e R

HP 9100A 7575 1650 45 400 27.4 4.88

1108 7575 1650 45 400 27.2 4.83

Table A-1. Comparison of Appendix A and Appendix B data.
The derivatives used in error semsitivities
vary less than the angle and time of flight.
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TRAJECTORY DATA

v‘(fps) S{deg) R(fe)

675 10
675 10
675 12
700 10
675 25
675 25
675 27
700 25
675 45
675 a5
675 47
700 45
675% 10
675% 25
675% 25
675% 45
675 0
675 0

Table A-2.

3,000
2,800
3,000
3,000

6,000
5,800
6,000
6,000

7,500
7,300
7,500
7,500

3,000
3,000
6,000
7,500

3,000
6,000

A\ (mils)
8

t.(sec) &, (

NOVEMBER 1974

{ps) n‘(fps)

{ {
10.91 1,521 1,682 42.
10.02  1.404 1,720 39.2
10.83  1.520 1,683 41.8
10.067 1.504 1,703 41.6
25.47 . 3,399 1% 78.6
24,21 3.438 1,250 75.8
24.99  3.596 1,225 7.3
24,89  3.557 1,237 77.8
27.60]  4.860 1,062 77.7
26.41  4.681 1,084 75.4
26.56  4.861 1,065 74.9
26,97  4.809 1,076 76.8
16:7 1.30F 1,718 41.9
9.85  1.302 %728 38.6
TR T T 78.4
26.54  4.736 1,118 76.9
SR 5, SR I S O & L 42.7
28.91  3.652 1,181 88.2

£ and n are velocity components along and per-
pendicular to the initial projectile velocity.
The muzzle velocity was usad as 1,625 feet per
These computed for an air density change
of 2,000 feet in pressure altitude or a 6.07 per-

second.

cent drag decrease.

19
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APPENDIX B

TRAJECTORY DATA FOR REFERENCE

This data was compiled by John Peterson, NWC, Code 5115. It repre-
sents more precise data than that of Appendix A. It is included here for
later convenience. The round is the 106mm M346Al.

20
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TIME

DIST

OH

CHA

ENG

THETA

DRAG

YAW

MACH

SPIN

S6

TEMP

Q.E.

NOVEMBER 1974
LEGEND
TIME OF FLIGHT, SECONDS
HOR1ZONTAL RANGE, FEET
SLANT RANGE, FEET
VELOCITY, FEET/SECOND

GRAVITY DROP, FEET

STATIC MOMENT COEFFICIENT

ENERGYs FOOT=POUNDS

IMPACT ANGLEs DEGREES

ALTITUDE, FEET

DRAG, PQUNDS

YAW OF REPOSE, DEGREES

MACH NUMBER

REVOLUTIONS/SECOND

GYROSCOPIC STABILITY FACTOR (disregard)

SURFACE (MSL) TEMPERATURL

DIVE ANGLE, DEGREES

21
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BALLISTIC DATA

PROVECTILE DIAMETER 10600 MILLIMETER
PROJVECTILE LENGTH 3¢8 CALIBERS
PROJECTILE WEIGHT : 12.%5 POUNDS
AXTAL MOMENT OF INERTIA " o00918U0 POUND=INCH S7e
TRANSVERSE MOMENT OF INERTIA «0675000 POUND=INCH S3e
AflAL RADIUS OF GYRATION 03752641 CALIBERS
TRANSVERSE RADIUS OF GYRAT]ON 140175775 CALIBERS
CENTER OF GRAVITY, FROM BASE 1¢502 INCHES
MUZZLE VELOCITY 16500 FEET/SECOND
BARREL TwlSTY 14,86000 CALIBERS/TURN
RIFLING EXIT ANGLE ' 7 DEGREES 3 MINUTES
YAW=DRAG COEFFICIENT, PLR RADIAN SQUARED S.8
"ROLL DAMPING MOMENT CUEFFICIENT, PER RAD/SEC -,01p0
22




TN 4070-51-74

NOVEMBER 1974

DRAG COEFFICIENTY AND STATIC MOMENT COEFFICIENT TaABLE

MACKH

ol0

60
le25
le45
1460
le?s
2.05
2.10
2.20
2.30
2.40

2.50

co0

0232
o174
+ 404
« 604
«591
«573
532
«532
532
532
532

«532

23

MACH

ol0

«90

97
1.00
1.20
l.50
170
1.99
2025
2.50
J.00

3.60

CMaA

2970
3100
3.190
3. 110
2850
2590
24460
2290
2160
2040
1890

1830
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ALY1YUDE:

VELOctTY?

TIME X
THETA b4

«00 0.
«lneQ0 800,
ei0 226
elQeNA 440
020 447,
«iNel b 421,
'30 652.
elNe24 JR2.
40 072;
«lnNeld 44,
¢S50 1N27.
elnNeyt Iné.
o$N 1277«
«10eS0 269
«?20 1473,
=10e59 233
¢80 1664
«lnNes?9 197
e90 1851
«lDe?8 is6le
fenN0 20024 6
«lNeBA 127
1e10 2212,
a«]De9AR 92,

TRAJECTORY TARLE NUMAFR

S00eN FFET

400eN KXTAS
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APPENDIX (
SELECTED WIND DATA, NWC ARBS FLIGHT TESTS

Table 1 gives wind data taken before an ARBS bomb drcp flight test.
Table 2 gives wind data before and after particular flights (of approx-
imately l-hour duration). Note the variation in both magnitude and
direction. The rangewind is approximately North-South. This data is a
small sample of summer afternoon NWC weather conditions. Good bombing
results were obtained in these conditions with NWC's ARBS.

TABLE 1. Wind Components (ft/sec) as a Function of Altitude.

Date | 6-9-71 6-22-71 | 6-24-71 6-25-71 6-28-71 6-29-71

AGL cw RW cw RW cw RW cw RW Cw RW cw RW

500 NA NA NA NA NA NA NA NA NA NA -15 10

1,000 -0 | 24 5 120 ] 37 -5 | 40 15] 0o |10 |-12 8

2,000 | -5 | 16 2 |23 |30 s | 3 1mf 2 3| -2 | -2

3,000 | -7 | 20 0 20 )40 |-12 )20 | -5} S s | -7 | -2

4,000 | -7 [ 15 | 17 [ 22 |40 [-12 {35 {-30]| 4 8 | -19 | ~-20

5,000 ] -5 | 20 17 |22 |3 |-10]3 |-22] o 0 |-28 | -20

6,000 | -5 7{Na|NAJ25|-10740 |-13]-8 5 | -29 | -21
Y ~ Ground level altitude . CW Crosswind
v approximately 2,200 ft MSL. RW Rangewind

NA Not available
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TABLE 2. Wind Components (ft/sec) Before and After an ARBS
Test Flight (nominally 12 bomb drops per flizht).

Date 6-10-71 6-11~71

Wind o RW cw : RW

AGL B | A B | A B A B A
1,000 -7 | NA| 7 |NA 5 u1-8
2,000 -5 708 5| -3 ]-25| 10
3,000 | -15 20 -5 | -6 | -20| -4
4,000 -3 10 -15 -5 | =10 0
5,000 |-12( -4 [13 [15 | -15 | -8 0| -4
6,000 |-15|-5]10 [16 | -15 | -10 0| -5

Ground level altitude
approximately 2,200 ft

MSL.
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CW Crosswind

RV Rangewind

NA Not available

B Preflight conditions
A Post flight conditions
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