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INTRODUCTION

Acceptable performance of a weapon system is ultimately determined by how
well it performs under combat conditions. Since the costs of fielding a system
are immense, testing is performed throughout both the development and production
cycles to insure that the ultimate goal of successful combat operation is met.

The testing of a weapon system consists of either costly and time-consuming
field exercises or simple function-firing tests on a hard mount. To provide an
effective test mechanism between these two extremes, the Army has developed a
physical simulation testing capability. Physical simulation, the testing of
systems under conditions duplicating those that will be encountered in the field,
enables test engineers to identify and correct destructive interactions between
the systems and their environment.

Background

This report describes ARRADCOM's physical simulation capability for testing
small caliber weapon systems and automatic cannons. The test facility, the Ware
Simulation Section of the Technical Support Directorate, is physically located at
Rock Island Arsenal, and includes both one-degree-of-freedom (1-DOF) and six-
degree-of-freedom (6-DOF) simulators. The 1-DOF simulator provides a variable
spring rate mounting platform from which weapons are quickly tested under firing
conditions to assess the interaction between the weapon and its mount. The 6-DOF
simulator is capable of supporting sections of vehicles, such as helicopters or
tank cupolas, and providing a realistic vibration environment while weapon sys-—
tems undergo firing tests. Both these simulators are connected to an automated
data acquisition and reduction system that allows analysis of test data within
minutes of test completion.

Physical simulation has significant advantages over conventional weapon
testing. Tests performed from either simulator provide more results per test
dollar, either by reducing the requirements for costly field tests or by provid-
ing more realistic test conditions, than conventional hard stand tests. In addi-
tion to cost savings, other advantages of physical simulation include:

1. FEliminating variances ian test results caused by surrounding environ-—
ment, since tests are performed under controlled laboratory conditions.

2. Mounting instrumentation to measure critical weapon parameters more
easily than in the field.

3. Obtaining analysis of test results immediately after completion of
the test, since a data~reduction facility is in close proximity to the test
ranges.

Automatic cannons (up to 30mm) firing target practice ammunition or grenade
launchers (up to 40mm) firing dummy projectiles can be tested at the Ware Simula—
tion Section. This limitation is caused by lack of ammunition storage facilities



at Rock Island Arsenal for larger caliber ammunition. All simulation testing is
performed in indoor ranges to remove test variations caused by weather condi-
tions. The 6-DOF simulator is located in a range 25-m long, while the 1-DOF
simulator may be used in either a 25-m or 100-m range. All test rounds are
captured by a sand impact area.

ONE-DEGREE-OF-FREEDOM SIMULATOR

The 1-DOF simulator (fig. 1) allows motion of a weapon system only along the
direction of fire. The spring rate and damping of the simulator are adjustable
so that the weapon—-mount resonance frequency can be varied and the effect on
weapon characteristics can be determined easily.

This simulator is made up of a mounting table rigidly attached to a pair of
leaf springs (fig. 2). The bottom ends of the leaf springs are bolted to an
outer frame that is anchored to a concrete inertia mass. Stiffness of the leaf
springs 1is controlled by a moving assembly which is positioned by a servo-
controlled hydraulic actuator. Hydraulically operated clamps also engage the
leaf springs to produce the desired spring stiffness; a shift in the cantilevered
length of the leaf springs changes the stiffness of the springs according to the
following equation:

& w JEL )

where K = spring rate (kN/m), L = length of spring (cm), E = Young's modulus
(mPa), and I = moment of inertia of cross section (cm“).

The range of spring rates for a pair of leaf springs is therefore determined
by Young's modulus, the cross section, and the variable length. For the 1-DOF
simulator, the length of the leaf spring can be varied by 30 cm to 68 cm.

Thus, for titanium alloy springs with a thickness of 1.3 cm, spring rates
can be varied from 175 kN/m to 1750 kN/m. Different materials and thicknesses of
springs are used to achieve different ranges of stiffness. The achievable spring
rates of the 1-DOF simulator are listed in table 1. Also listed in this table is
the maximum weight that can be supported by each set of leaf springs and the
maximum round impulse so that the fatigue limit of the leaf springs 1s not ex-—
ceeded.

To assure accuracy, a static calibration is performed on each set of leaf
springs with its associated mounting table. For very high spring rates (greater
than 875 kN/m), it is difficult to remove the effects of the mounting table
stiffness. The equivalent stiffness of the simulator is then given by

1/K = 1/Ksprings + 1/Ktable (2)
The equivalent stiffness of the simulator is then reduced from the leaf-
spring setting. TFor a spring setting of 9,000 kN/m and a table spring rate of
35,000 kN/m the equivalent spring rate of the system is 7,200 kN/m.



Table 1. Characteristics of 1-DOF simulator

Spring thickness (cm)

0.65 1.3 2.5 3.5
Spring rate (%gJ
Maximum 175 1,750 11,400 24,500
Minimum 35 175 1,750 8,800
Maximum weight on firing 45 110 160 200
table (kg) '
Maximum impulse* (N-s) 22 110 310 670

*Dependent on rate of fire and number of rounds fired; a function of fatigue
limit.

A hydraulic damper is available to vary the damping coefficient of the simu-
lator. Fluid flows between two hydraulic pistons through an annular space be-
tween a damping ratio pin and a cylindrical sleeve. The damping ratio, a func-
tion of the length of the pin inserted into the cylindrical sleeve, can be varied
from 0.05 to greater than 1.0. The actual damping ratio is measured by a self-
calibration feature of the 1-DOF simulator.

The gun mounted on the 1-DOF simulator may be represented as a second order
spring-mass—damper system given by

mx + cx + kx = F(t) (3)
The resonant frequency of this system is given by
£ = 1/2w/k/m (%)

If the resonant frequency of the weapon mount approaches the firing rate of
the weapon, malfunctions in weapon operation may begin to occur, particularly in
self-powered weapons. A typical study of such weapon—mount interactions was
performed on the 7.02-mm machine gun M240El. This weapon, mounted on the 1-DOF
simulator, is shown in figure 1, while the variation in firing rate as a function
of spring rate is shown in figure 3. A distinct decrease in firing rate is
apparent at a spring rate of 700 kN/m. The displacement of the mounting table at
a spring rate of 260 kN/m is shown in figure 4, which also shows that mount dis-—
placement continues to increase as long as firing continues.*

The 1-DOF simulator is also capable of testing automatic cannons, both self-
powered and externally powered. The 20-mm automatic cannon M197 is shown mounted

*This testing was used in the design of the mount for the production weapon.



on the 1-DOF simulator in figure 5. This weapon will continue to fire under all
mount conditions, since it is externally powered; however, the forces transmitted
to its mount and the weapon dispersion can vary considerably as a function of
mounting conditions.

SIX-DEGREE-OF-FREEDOM SIMULATOR

The 6-DOF simulator,develcped to suspend helicopter fuselages or turrets from
armored personnel carriers, supplies a spectrum of vibrations to these mounted
systems. Firing tests can be conducted from the suspended systems to study
interactions caused by the shock and blast of the firing weapon. The fuselage of
an AH-1G Cobra helicopter mounted on the 6-DOF simulator is shown in figure 6.
The fuselage is suspended through the lift link which is normally attached to the
helicopter rotor. The simulator platform is controlled to respond to firing
impulses as the helicopter would in flight.

The simulator consists of a fork structure attached to a large tower. A
gimbal system allowing controlled pitch and yaw motion is mounted between trun-
nions attached to the fork structure. Six actuators are connected between the
gimbal system and a mounting platform. The helicopter is attached to the mount-
ing hardware terminating at the 1lift link.

The .six actuators are hydraulically controlled by a unique adaptive control
system that allows the spring rate and damping of the mounting platform to be
controlled in six-degrees—of-freedom. This allows the motion of the weapon plat-

form during firing to duplicate the motion that would be encountered in the
field.

The spring rate and damping of each actuator is individually controlled;
however, a digital computer program is available to determine individual actuator
settings to provide a desired 6-DOF spring rate and damping setting. These set-
tings are manually set via the 6-DOF simulator control console shown in figure
7. The General Data NOVA 2 Computer, with 16K memory, which is used to perform
all necessary calculations for the setup of the simulator is also shown in figure
7. A digital tape cassette unit is used for program and data storage.

Physical characteristics of the 6-DOF simulator are listed in table 2. The
6-DOF simulator can suspend weights up to 8,000 kg, including the mounting
adaptors which attach a vehicle to the simulator. The simulator may be pitched
down 10° and up 45° and yawed 70° either right or left. The Cobra fuselage can
be pitched up only 26° and yawed 35° because of the limitations of range size.
The Cobra is shown pitched up 20° in figure 8.

In addition to controlling the simulator response through the spring rate
and damping setting, vertical accelerations and pitch and yaw motions are sup-
plied to systems attached to the simulator. The magnitude of these motions is
determined by the mass and inertia of the mounted system. The sinusoidal yaw
motion limits for the Cobra fuselage attached to the simulator are shown in fig-
ure 9. This capability allows weapon control systems, including stabilization
systems, to be tested under simulated target tracking conditions.



Table 2. Characteristics of 6—-DOF simulator

Weights
Tower
Structure 23 ton
Sand 54 ton
Fork structure 16 ton
Gimbal 14 ton
Maximum suspended weight 8200 kg
Distance from floor to mounting surface 2.5 mm

Motion with AH-1G mounted

Pitch 10° down
26° up
Yaw 35° left
35° right
Firing range 7.6 m wide
6.7 m high
25 m long
Impact area sand butt
Projectile size limit 30-mm TP round

40-mn TP grenade

An adaptor to suspend cupolas or combat vehicle turrets is also available.
An artist's concept of this adaptor with a mounted cupola is shown in figure
10. This adaptor contains an additional hydraulic actuator to provide and con-
trol the pitch motion of mounted turrets. Turrets may be pitched up or down 15°
with this actuator.

The simulator is also used to test selected portions of a weapon system
mounted to the 6-DOF simulator. The 20-mm automatic cannon M35 mounted on a
Cobra helicopter wing stub is attached to the simulator in figure 11. 1In addi-
tion, weapons can be mounted directly to the simulator to test operation in a
vibration environment. The simulator is capable of providing vertical acceler-
ations of 0.5 g to the mounted systems at frequencies up to 20 Hz.

The versatility of the 6-DOF simulator proves that the concept of simulation
technology is feasible as a substitute for a significant portion of field testing
at substantially reduced costs.



DATA ACQUISITION AND REDUCTION SYSTEM

To assure the validity of simulations and to measure weapon characteristics,
a sophisticated data acquisition and reduction system has been developed by the
Ware Simulation Section. A block diagram of system interconnections is shown in
figure 12,

Transducers measuring weapon system parameters are connected to a junction
box located on the wall of the firing range. This junction box is hard-wired by
underground shielded cables to signal conditioning equipment located in the data
acquisition room. This conditioned data is then recorded on an analog tape re-
corder so permanent records of all test results are available. An electronic
calibrator, which can be operated either manually or under computer control, is
available to input accurate electronic signals into the network so that procedur-
al gains are quickly set up and to assure proper operation of the system.

Test data is also input to a Honeywell DDP-516 digital computer through a 16
channel analog-to-digital converter. This data 1is stored on a random access
moving—head disc during test firings. Upon completion of a test, the data is
sorted, converted to engineering units, and plotted on a graphics terminal.
Thus, test personnel are provided with hard copies of test data within two min-
utes of the completion of a test.

In addition, if test data falls outside of predetermined 1limits, various
types of data analysis routines are available for more complete study of the
data. These techniques include time expansion of data, integration and differen-
tiation of parameters, spectral analysis of parameters, and mechanical impedance
data analysis.

CONCLUSIONS

The combination of the simulators and the data system available in the Ware
Simulation Section provide a unique and modern method of obtaining information on
weapon functioning and system interactions at a cost considerably below that for
field testing. Also, the simulation techniques developed provide a more complete
test of weapon systems than the standard, hard stand, go-no—go methods at no
Increase in cost. These techniques have been used successfully with a number of
weapon systems to identify problem areas before full production. Simulation
techniques can be confidently applied to acceptance testing of more complex sys-—
tems, including turret stabilization components.



= 10lBTNUTS JOQ-T UO poIunoWw und SUTYDIBW (pgW °T 9InSTj

BRSNS
i e




I01BINWIS JOQd-1 "z oandty

"SIBN UOTI0BAY 03 P2ITRQ SININILG
RN NN AN KRN RAN ////(N// A

e |

i i

sdweTo
JITNeIpAY JamoT

\Uﬂﬁ.ﬂ-h o3 HHDH.N.._HE l]lll]ll-l/

% i et g W
edmeTy M

ST mRIpAY FI5Td elquacy
Sutadg Juat |\

7=

ﬁ 3798l Fujjuncy uodeey \ %
[

|

Tadureg /_ (

S
B
I/i\\\\

.| Jsdureg




ung outyoew QpzW IoF 93ex Sutads sa 93ex Sutatd ¢ eandty

(ww/N mo: 931ey buLadg
0°0¢ 0°0l 0°t 0°¢ 0°1 v°0 ¢°0
I | 1 | | | |
$1S3] JO S3LJ43S puodas - V
$S3S9] 40 S3LU3S 3Sul4 - X

xdq

X

008

006

0001

o0tLlt

(WdS) @3ey bBurLuLy



0vZW xoF Butaty Jutanp juswedeTdsIp 9[qel "¢ 9IndT]

NI/S8713S " 1=HS °8LNHrO1 'Yp1 LS3L OP2U
LN3W3IBI4SI0 318HL 6 HI
1+01 X SONOJ3S NI 3UIL
Qv 0¢

| |

Zl-

30-

00

0+01 X WU

30

Z1

10



103BTNUTS 40Q-T UO pajunow ‘/6TW und JT1BWOINE UMI-(7

e e P2
.

i 1 .l

*G @and1j

11



F03eTNUTS J0Q

9 uo pajunou 3a3erasnI WIG0D OT-HV

*g 9an3ryg

12




I01BTNUIS JOQ-J I0F 9T0SUOD [OI3U0) ‘7 2andty




ol

g
5,
[~
-r-l
L
¥

002 dn peys31d o8eresny vygon

LA

9T-HY

‘g sandty

14



3FBIDITE HI-HV I0F s3tutl Surizerado mex ‘g 2andtyg

<

4
( H) AONANDIAL .
1 1°0

001 01
_____/_/q_ ! __:7___ | _______ | !
\
X N
X
N —
\ =
AY -
~
~ AY =
\ i
Nomm\a<m G*Z LIWIT NOILIVYdTIADDV = X —
.. b v
0dS/Avd 9G6°0 — IIWIT ALIDOTAA = X
0SL7 LIKIT INIRIAOVTASIA = @
\
\ ~

1°0

(se9183(Q) IANLITAWY

01

001

15



I01BINUTS J0Q-9 103 Isidepe 3axan] ‘@[ oInd14g




I03BTNUTS J0J-9 UO pajunow S¢W Und OTIBWOINE WW-(7

“IT 9@an3tyg

17



wa3sAs uUOTIONPaI pue UOTITSTnbo® BlR(Q

"ZT 2an3ty

—

tlun adoy |p41biQ
98|(Q $S920y wopuDy

VdOLlS ViV

¥32NA0Nd 3N |
3dvl

907TVNY

=g
4304003y

3dvl
907TVNYV

9

.n-:t” aulT

d9}i0|d A-X
|puiwia] sa|ydoig

d431NdW0OD
vLi9ig

- — — —S3UJ|q |0J}u0)

saulq binQ

43143ANOD Q/V B
d3X3TdILTINW

40Lvd8I7vD
H JINOY12373

..A]_Izo_._.ﬂzuz:mhmz_

400-9
400-1
SHOLVINWIS

ONINOILIONOD
TUYNOIS

18



~%

DISTRIBUTION LIST

Commander
U.S. Army Armament Research
and Development Command

ATTN: DRDAR-SC
DRDAR-SCS (2)
DRDAR-SCA (4)
DRDAR-SCF (2)
DRDAR-TSE-E
DRDAR-TSS (5)
DRDAR-GCL

Dover, NJ 07801

Administrator

Defense Technical Information Center
ATTN: Accessions Division (12)
Cameron Station

Alexandria, VA 22314

Director
U.S. Army Materiel Systems
Analysis Activity
ATTN: DRXSY-MP
DRXSY-D
Aberdeen Proving Ground, MD 21005

Commander/Director
Chemical Systems Laboratory
U.S. Army Armament Research
and Development Command
ATTN: DRDAR-CLJ-L
DRDAR-CLB-PA
APG, Edgewood Area, MD 21010

Director
Ballistics Research Laboratory
U.5. Army Armament Research
and Development Command
ATTN: DRDAR-TSB-S
Aberdeen Proving Ground, MD 21005

Chief
Benet Weapons Laboratory, LCWSL
U.S. Army Armament Research
and Development Command
ATTN: DRDAR-LCB-TL
Watervliet, NY 12189

19



Commander
U.S. Army Armament Materiel
Readiness Command

ATTN: DRSAR-LEP-L
DRSAR-ASR (2)
DRSAR-LEI
DRSAR-QAL
DRDAR-TSE-SW (10)

Rock Island, IL 61299

Director
U.S. Army TRADOC Systems
Analysis Activity
ATTN: ATAA-SL
White Sands Missile Range, NM 88002

Department of the Army
‘Program Manager
Fighting Vehicle Systems
ATTN: DRCPM-FVA

DRCPM-FVS-SE
Warren, MI 48090

Commander

Rock Island Arsenal

ATTN: SARRI-EN
SARRI-ADL (2)

Rock Island, IL 61299

Project Manager Cobra
ATTN: DRCPM-CO-TM
4300 Goodfellow Blvd
St. Louis, MO 63120

Program Manager

Advanced Attack Helicopter
ATTN: DRCPM-AAH-TM

4300 Goodfellow Blvd

St. Louis, MO 63120

Office of the Deputy Undersecretary of
Defense Research and Engineering

Pentagon Room 3D1098

Washington, DC 20301

Commander

Combined Arms Center
ATTN: ATCA-COF

Ft. Leavenworth, KS 66048

20



Commander
Headquarters, Army Materiel Development
and Readiness Command
ATTN: DRCDE
DRCIRD
5001 Eisenhower Avenue
Alexandria, VA 22333

Commanding General

Training and Doctrine Command
ATIN: Library, Bldg 133

Ft. Monroe, VA 23651

Commander

Army Tank Automotive Research and
Development Command

ATTN: DRDTA-UL, Library

Warren, MI 48090

Commandant

U.S. Army Aviation Center
P.0. Box O

ATTN: USAAVNT, Library
Ft. Rucker, AL 36362

Commander

Harry Diamond Laboratory
2800 Powder Mill Road
ATTN: DELHD-PP

Adelphi, MD 20783

Commander

U.S. Army Aviation Research and
Development Command

P.0. Box 209

ATTN: DRDAV-EVW

St. Louis, MO 63166

Headquarters

U.S. Army Research and
Technical Laboratory

Ames Research Center

ATTN: DAVDL-AS

Moffett Field, CA 94035

Commander (Code 3176)
Naval Weapons Center
ATTN: Technical Library
China Lake, CA 03555

21



Department of the Navy (Code 5323D)
Naval Air Systems Command

ATTN: Technical Library
Washington, DC 20361

Commander (Code G22)

Naval Surface Weapons Center
ATTN: Technical Library
Dahlgren, VA 22448

Commander

Air Force Armament Laboratory
ATTN: Technical Library

Eglin Air Force Base, FL 32548

22




