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ABSTRACT

This report describes the basic principles of
operation and performance of the Cybernetically Coupled
Research Vehicle.

This vehicle (consisting of two coupled Ml13
APC's) offers significant improvements in cross-country
mobility, particularly in obstacle negotiation, and has
demonstrated its potential as a research tool for ex-
ploration of the principles of controlling articulated
vehicles with and without force feedback.
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I. INTRODUCTION

As part of the Army's "New Initiatives Program",
one of the missions of the Surface Mobility Division
of the U. S. Army Tank-Automotive Command (TACOM) has
been to conduct research in the area of cybernetic
force feedback servo mechanisms to improve man-machine
interaction and responsiveness and, thereby, to enhance
the off-road mobility of existing or future Army
vehicles. The Cybernetically Coupled Research Vehicle
is part of that program,

Studies with the Jeep Train, the Polecat and
other articulated vehicles have already demonstrated
that coupling and/or articulation produces sufficient
gains in mobility and allows the coupled units to
negotiate certain terrain features which would be im-
passable to a single-frame vehicle. The improved per-
formance comes from both the additional flexibility of
the systemand from the inter-vehicle assist.

Recently, studies with the Cobra have demonstrated
that a significant additional improvement in coupled
vehicle' capabilities can be achieved by controlling
pitch articulation, However, this increased capability
imposes a difficult control and information processing
problem on the driver. Consequently, an important part
of this study was to employ existing knowledge of cy-
bernetic feedback control in order to provide the
driver with additional information which can make his
driving task easier, thereby enhancing the performance
of the man-vehicle- system.

Two production M113 APC's were chosen as the basic
vehicles for this study since they are readily avail-
able, reliable, and have an obviously apparent appli-
cation. Using them could also demonstrate that it is
possible to retrofit a special purpose system on
existing hardware, and there would be available single-
unit counterparts for direct comparison of performance.

The operational and performance specifications
chosen for the proposed system were:

1. Climb vertical steps up to 5 foot high.



2. Cross trenches up to 10 feet wide.,

3. Climb a 60% slope of 15 foot length with soil
parameters of a coefficient of adhesion equal to c = 1
psi and an internal friction angle of 0 = 250.

4. Pitch articulate t450; yaw *300.

5. Cross a 2-1/2 foot high obstacle at 2-1/2 mph.

6. Operate over various adverse terrains.

7. Be able to be controlled from either front or
rear unit.

8. Be able to enter into, cross and exit from
inland waterways.

To meet these requirements, a design was chosen
which basically consists of connecting the two' vehicles
by means of a ball joint with roll, pitch and yaw
freedom. Controlling this motion were two hydraulic
cylinders (Figure 1).

II. OBJECTIVES

The principle objectives of this program are;

1. To investigate the potential of a controlled
articulation joint between two identical vehicles
employing cybernetic feedback.

2. To compare the differences in mobility,
especially obstacle crossing characteristics (including
water obstacles), between the coupled vehicle system
and the single vehicle.

On a longer term basis there are also the following
objectives:

3. To use this, test bed as a research tool in the
study of articulated vehicle systems.

4. To provide input data to the theoretical analysis
of such systems.
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5. To provide a means of verffying the theoretical
analysis and mathematical models of cybernetically
controlled articulated vehicle systems.

6. To. apply the theory established to the design
of future vehicle systems employing articulation with
or without cybernetic feedback.

III. SYSTEM DESCRIPTION

The cybernetically controlled articulation joint
coupling the two vehicles features positive pitch and
yaw control with roll freedom. Force feedback is pro-
vided for the pitch motion only. The system is con-
trolled by a single "joy-stick" lever located in the
driver's compartment. Both the engine and transmission
controls of-each unit are sychronized so that the vehicles
can be driven as one unit from either cockpit. The'
individual vehicle integrity is not disturbed so each
vehicle can operate independently when uncoupled.

The articulation motion .is controlled by an electro-
hydraulic servo system, the engine and transmission con-
trols by an electro-mechanical servo system. All the
components are standard off-the-shelf commercial items
with the exception of the drawbar and the cylinder
mounts.

The inter-vehicle connection basically consists
of a spherical ball joint and two hydraulic cylinders.
The ball joint socket is mounted in the apex of an
A-frame which is rigidly attached to the base of the
rear vehicle. The connection to the forward vehicle
extends from this ball joint which is the geometric
center of rotation between the two vehicles and pro-
vides the necessary freedom in roll, pitch and yaw
(Figure 2). The two hydraulic cylinders mounted on the
adjoining top corners of the vehicles provide the
forces and moments necessary for both pitch and yaw
control. Thus, the design may be called a "three-point
coupling". The basic layout of this coupling system
is shown in Figure 3.

In order to counteract the nose-heaviness of the
M113, the bhll joint was located as close as possible
toward the forward vehicle. This increases the moment
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Figure 2:. rnter-VehiCle joint, Free 
to pitch,

Yaw and Roll
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arm between the pitch pivot point and the center of
gravity of the rear vehicle, thereby increasing the
pitch angle of the forward vehicle during pitch articu-
lation. The two hydraulic cylinders generate pitch mot.ion
by simultaneous contraction or extension (Figures 4 and
5). Yaw motion is generated by simultaneously contracting
one cylinder and extending the other (Figure 6). Roll
motion is not controlled but the vehicles are allowed to
conform to the terrain. The available pitch motion
is 25 degrees up and 28 degrees down, mechanical re-
strictions make greater angles impractical. Yaw motion
is 31 degrees in both directions.

All of the hydraulic components and their controls
are located in the forward vehicle. Each hydraulic cy-
linder (actuator) is powered by its own 45 gpm, variable
delivery, in-line piston pump. The rate of actuator
travel is a function of both pump speed and pump stroke.
Both pumps are driven by a common shaft connected by
a coupling to the transfercase power take-off, thus
pump speed is directly proportional to engine speed.
The amount of pump stroke, and therefore the flow
direction and delivery of each pump is controlled by
an electronic servo control system. Flow in one
direction will cause the cylinder to contract; flow
in the other, to extend. The times to reach maximum
pitch from a level attitude are 2 and 4 seconds
respectively for full up and down. Maximum yaw takes
5 seconds to either side from straight ahead.

The electronic servo system which controls the
pump stroke responds to a command voltage proportional
to control stick position. In order to be able to
control pitch and/or yaw attitude between the two
vehicles (actuator displacement as distinguished from
actuator velocity), a position feedback potentiometer
was attached to the rod end of each actuator. With
this added feature, percent pump stroke is therefore
a function of the difference between the control stick
position and actuator displacement., Because the position
feedback potentiometer on the actuator piston nulls the
command signal from the control signal when the appro-
priate actuator displacement is achieved, the pumps
automatically return to neutral stroke (zero flow) and
the desired vehicle attitude is maintained. Without
this position feedback potentiometer a distinct actuator
displacement could not be maintained since a conventional
hydraulic servo system is inherently a velocity (flow)
control system.
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Figure 6: Coupled Vehicles in Yaw
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Thus, the hydraulic control system is now a
positional control system that responds to the differ-
ence between the control stick and the feedback poten-
tiometer signals. Rearward motion of the control stick
causes both pumps to simultanwously displace fluid into
the rod end of the actuators,, thus producing a pitch up
motion. Actuator displacement (pitch motion) stops when
the feedback voltage equals the command stick voltage.
Forward motion of the control stick produces a pitch
down attitude. Sideward motion of the control stick
causes the two pumps to pump in opposite directions,
contracting one actuator while extending the other thus
producing yaw motion between the two vehicles. The
control stick can also be moved in any oblique direction
in order to obtain simultaneous yaw and pitch motion and
is self-centering so that both the control and the
vehicle will return to zero pitch and yaw when released.

The system can be operated either with force feedback
or without it. The control and operation of the
articulation system is the same in either case. The
only difference between the two cases is that with the
force feedback active, the reaction forces in the control
stick vary with inter-vehicle forces, thus providing
"a "sense of feel" as an additional driving cue.

The cybernetic force feedback control system applies
"a force to the control stick proportional to the forces
generated by the actuators. The control signal for the
force feedback control system is generated by four
pressure transducers responding to the pressures developed.
by the hydraulic system. The electrical output signals
of these sensors are proportional to the pressures
generated and are paired such that their signals add when
pitching up or down and cancel in yaw. This signal is
amplified and transmitted to an electromechanical actuator
which produces a forward or backward force on the control
stick. Thus, the force feedback system applies a force
to the control stick proportional only to those forces
acting to pitch the vehicle.

Ignoring dynamical forces, inter-vehicle forces
arise only from the interaction of track and ground. As
designed, the force feedback mode will always seek to
reduce the inter-vehicle pitch moments to zero. In
this manner, the force exerted by the force feedback on
the control stick can-also perform a function similar
to that of an auto-pilot. However, the operator can,
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and must at times in order to fully exploit the con-
cept, provide manual control to supplement or over-
ride the force feedback. Because the force feedback
servo responds only to pitch moments, it does not
influence yaw behavior. The result is an automatically
self-centering steering system.

IV. RESULTS OF TESTS CONDUCTED TO DATE

To date the coupled vehicle system has been tested
with and without force feedback for proper functioning
of all components and to establish its operational
capabilities, especially in obstacle crossing.

P

The coupled vehicles have negotiated v-ditches of
6, 8 and 10 feet in width (Figure 7); open trenches of
5, 7, 9 and 11 feet in width (Figure 8); and rigid
vertical obstacles of 2, 3, 4 and 4-1/2 feet in height
(Figure 9). By comparison, the single vehicle is
limited to an 8 foot v-ditch, a 7 foot open trench and
a 2 foot vertical wall. Wider and higher obstacles
are being constructed in order to ascertain the per-
formance limits of the coupled vehicles.

The coupled units exhibit stable ride and steering
characteristics while operating at' all speeds cross-
country. The operational performance of the coupled
system is superior to the single vehicle in all respects
with the exception of the turning radius. For the
coupled system it is 40 feet; for the single unit it
is 14 feet.

Drawbar pull tests have been conducted in both the
coupled and single unit configurations. The tests reveal
that both the maximum drawbar pull/weight ratio and the
maximum tractive efficiency are about equal for both the
single and coupled units. However, the coupled units
maintain the maximum tractive efficiency over a signifi-
cantly wider range of slip conditions; thus the coupled
units display superior mobility in soft soils.

The slope climbing ability of the coupled units
is superior to that of the single unit. On short slopes
the unit on the level assists the one climbing; on long,
steep slopes the rear unit has a higher maximum traction
than the single unit because of weight transfer.
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Figure 7: Negotiation of the 10' V-Ditch
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Figure 8: Negotiation of the 11' Trench
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Figure 9:. Negotiation of the 4-1/2' Step
Obstacle
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Most of the testing to date has been performed
without cybernetic force feedback, however, those
tests performed with the cybernetic system have indi-
cated that the feedback system is an asset in vertical
obstacle climbing. During the climb the system seeks
to maintain zero pitch moment between the two vehicles,
thus making a smoother ascent. Initially, the driver
must "lift" the front vehicle onto the obstacle; after
that he often need not supply further control. However,
when crossing the wide trenches (those beyond a single
vehicle's capability), it is necessary to override the
force feedback, otherwise the unsupported portion of the
vehicle will tend to drop into the ditch.

The response rate of the force feedback servo system
is sufficient for the speeds required for obstacle
crossing, but lacks sufficient response at cross-country
speeds in excess of about 15 mph. No problems are
encountered above this speed, however. The system just
acts as if there were no force feedback to the control
stick, and the operator is still capable of performing
all necessary control functions.

V. THE FUTURE

Present plans call for winter tests to evaluate
performance of the coupled system over snow and ice
and spring tests to evaluate performance afloat and
while exiting from water, and against larger obstacles.

If funding permits, additional instrumentation
will be installed and the vehicle will be used as a
research tool to Validate theoretical analyses and to
investigate the man-machine relationship. Verified
analysis and design procedures can then be used, to-
gether with the widely variable characteristics of this
research vehicle, to check out future designs of vehicles
employing controlled articulation.

The success of the program to date indicates that
this system has many potential applications in military
hardware.

1. A kit could be developed to provide increased'
mobility to selected vehicles of a unit.

16



2. Commercial vehicles of limited mobility could
be employed in the coupled configuration to meet
military requirements.

3. Amphibious vehicles tould be coupled to
reduce hydrodynamic resistance and to aid in negotiating
the berms and escarpments found on beaches.

4. Vehicles with superior mobility may be coupled
to less mobile vehicles for special purpose applications.

5. Tank-infantry teams can operate more closely,
utilizing the armor protection of the tank partially
to shield the thinner skinned vehicle, and at the same time,
to improve mobility.

VI. ACKNOWLEDGMENTS

The authors wish to express their appreciation to
the personnel at Stevens Institute of Technology for
the detailed design and fabrication of the mechanical, hy-
draulic and electrical hardware components, to the test
personnel provided by the Waterways Experimental Station
for the ride dynamics testing, to the personnel of the
Cold Regions Research Laboratory for the drawbar pull
tests conducted and to the personnel of the U. S. Army
Keweenaw Field Station whose efforts during all phases
of the testing made it all possible.

17



DISTRIBUTION LIST

Please notify USATACOM, AMSTA-RUR, Warren, Michigan 48090
of corrections and/or changes in address.

No. of
Copies

74 Commander
U. S. Army Tank-Automotive Command
Warren, Michigan 48090

ATTENTION:

Chief Scientist, AMSTA-CL (230) .(i)
Direetor of RD&E, AMSTA-R (200) (1)
Deputy Director of RD&E, AMSTA-R (200) (1)
Foreign Intelligency Ofc, AMSTA-RI (200A) (1)
Systems Development Division, AMSTA-RE (200A) (6)
Concept & Techndlogy Division, AMSTA-RH (200A).(6)
Vehicular Components Division, AMSTA-RK (200B)(4)
Surface Mobility Division, AMSTA-RU (215) (5)
Research & Analysis Function, AMSTA-RUR (215) (20)
PropulsionSystems Division, AMSTA-RG (212) (6)
Canadian Forces Liaison Office, CDLS-D (200) (1)
U.S. Marine Corps Liaison Ofc, USMC-LNO (200) (5)
Project Manager ARSV, AMCPM-RSV (Deqr) (3)
Project Manager MICV, AMCPM-MCV (Deqr) (3)
Product Manager XM861, AMCPM-CT (Deqr) (2)
Project Manager M60, AMCPM-M60 (Deqr) (1)
Project Manager XM-l, AMCPM-GCM (Deqr) (3)
Technical Library, AMSTA-RPL (200B) (3)
TRADOC Liaison Ofcr, TRADOC-LNO (200) (5)

4 Office, Chief of Research & Development
Department of the Army
ATTN: Major Trevino, Mr. M. V. Kreipke,

Dr. V. Zadnik
Washington, D. C. 20310

2 Commander
U.S..Army Weapons Command
ATTN: AMSWE-SY (Dr. Hung, Mr. Rankine)
Rock Island, Illinois 61201

18



No. ofCopies

2 Director
U. S. Army Corps of Engineers
Waterways Experiment Station
P. 0. Box 631
Vicksburg, Mississippi 39180

6 Director
U. S. Army Corps of Engineers
Waterways Experiment Station
ATTN: Mobility & Environmental Laboratory
P. 0. Box 631
Vicksburg, Mississippi 39180

1 Superintendant
U. S. Military Academy
ATTN: Professor of Ordnance
West Point, New York 10996

Director
U. S. Army Natick Laboratories
ATTN: Technical Library
Natick, Massachusetts 01760

2 Commander
U. S. Army Materiel Command
AMC Building, Room 8S56
ATTN: Mr. R. Navarin, AMCRD-TV
Washington, D. C. 20315

1 Commander
U. S. Army Materiel Command
ATTN: AMCRD-GV, Mr. J. Carr
Washington, D. C. 20315

1 President
U. S. Army Arctic Test Center
ATTN: STEAC-IT (Mr. Dufendach)
APO 409
Seattle, Washington 98733

2 Commander
U. S. Army Test & Evaluation Command
ATTN: AMSTE-BB and AMSTE-TA
Aberdeen Proving Ground, Maryland 21005

19



No. o f
Copies

2 Director
U. S. Army Ballistic Research Laboratory
Aberdeen R&D Center
Aberdeen Proving Ground, Maryland 21005

3 Director
U. S. Army Cold Regions Research & Engineering Lab.
ATTN: Dr. Freitag, Dr. W. Harrison, Dr. R. Liston
P. 0. Box 282
Hanover, New Hampshire 03755

1, Commander
U. S. Army Logistic Center
ATTN: Mr. E. Hurford, ATCL-SCE
Ft. Lee, Virginia 23801

Director
U. S. Army Human Engineering Laboratory
ATTN: Mr. Eckels
Aberdeen Proving Ground, Maryland 21005

2 Grumman Aerospace Corporation
ATTN: Dr. L. Karafiath, Mr. E. Markow
Plant 35
Bethpage, Long Island, New York 11714

1 Dr. Bruce Liljedahl
Agricultural Engineering Department
Purdue University
Lafayette, Indiana 46207

1 Director
U. S. Army Advanced Materiel Concepts Agency
ATTN: Mr. Rymiszewski
2461 Eisenhower Avenue
Hoffman Building
Alexandria, Virginia 223-14

Dr. W. G. Baker
Civil Engineering Department
University of Detroit
4001 W. McNichols
Detroit, Michigan 48221

Director
U. S. Army Concept Analysis Agency
Long Range Studies
Bethesda, Maryland 20014

20



No. of
Copies

1 Professor E. Niemi
Keweenaw Field Station
Rural Route 1
P. O. Box 94D
Calumet, Michigan 49913

3 Director
U.S. Army Materiel Systems Analysis Agency
ATTN: 'Messrs D. Woomert, W. Niemeyer, W. Criswell
Aberdeen Proving Ground, Maryland 21005

2 Library
CALSPAN Corporation
Box 235
4455 Genessee Street
Buffalo, New York 14221

2 Director
National.Tillage Machinery Laboratory
Box- 792
Auburn, Alabama 36830

2 Chrysler Corporation
Mobility Research Laboratory, Defense Engineering
ATTN: Dr. B. Van Deusen, Mr. Je Cohren
Dept. 6100
P. 0. Box 751
Detroit, Michigan 48231

20 Director
Defense Documentation Center
Cameron Station
Alexandria, Virginia 22314

2 President
U.S. Armor Board
Ft. Knox, Kentucky 40121

1 Food Machinery Corporation
1105 Coleman Avenue
P. 0. Box 267
Technical Library
San Jose, California 95103

1 Southwest Research Institute
ATTN: Mr. R. C. Hemion
8500 Culebra Road
San Antonio, Texas 78228

21



No. of
Copies

1 U. S. Marine Corps
Mobility & Support Division
Development and Education Command
ATTN: Mr. Hickson
Quantico, Virginia 22134

1 Mr. H. C. Hodges
Nevada Automotive Test Center
Box 234
Carson City, Nevada 89701

1 Mr. W. S. Hodges
Lockheed Missile and Space Corporation
Ground Vehicle Systems
Sunnyvale, California 94088

2 Commander
Yuma Proving Ground..
ATTN: STEYP-RPT, STEYP-TE
Yuma, Arizona 85364

1 Mr. A. M. Wooley
West Coast Test Branch
Mobility and Support Division
Marine Corps Base
Camp Pendleton, California 92055

1 Mr. R. D. Wismer
Deere & Company
Engineering Research
3300 River Drive
Moline, Illinois 61265

1 U. S. Forest Service
Division of Engineering
ATTN: Dr. B. Y. Richardson
1621 N. Kent Street
Arlington, Virginia 22209

Mr. Irja Johnsson
SFM, Forsvaretsforskningsanstalt.
Avd 2
Stockholm 80, Sweden

1 Oregon State University
Library
Corvallis, Oregon 97331

22



No. of
Copies

1 Mr. Sven E. Lind
SFM, Forsvaretsforskningsanstalt
Avd 2
Stockholm 80, Sweden

1 Mr. Robert W. Forsyth
Lockheed Aircraft Service Company
P. O..Box 33
Ontario' California 91764

1 Engineering Societies Library
345 East 47th Street
New York, New York 10017

1 Dr. M. G. Bekker
224 East Islay Drive
Santa Barbara, California 93101

2 Dr. I. R. Ehrlich
Stevens Institute of Technology
Davidson Laboratory
Castle Point Station
Hoboken, New Jersey 07030

1 Mr. Frank*S. Mendez, P.E.
Technical Director
U. S. Army Tropic Test Center
ATTN: STETC-TA
Box 942
Fort Clayton, Canal Zone

2 Mr. Rolf Schreiber
c/o Bundesamt Fuer Wehrtechnik
Und Beschaffung - KG II 7 -
5400 Koblenz
Am Rhein 2-6

23



UNCLASSIFIED
Security Classification

DOCUMENT CONTROL DATA -R & D
(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

I. ORIGINATING ACTIVITY (Corporate author) 2s.. REPORT SECURITY CLASSIFICATION

U. S. Army Tank-Automotive Command UNCLASSIFIED

Warren, Michigan 48090 2b. GROUP

3. REPORT TITLE

Cybernetically Coupled Research Vehicle

4. DESCRIPTIVE NOTES (Type of report and Inclusive dates)

An Interim Report
S. AUTHOR(S) (First name, middle initial, last name)

Ronald.-R. Beck, Surface Mobility Division and Irmin 0. Kamm,
Stevens Institute of Technology

6. REPORT DATE 74. TOTAL NO. OF PAGES 17b. NO. OF REFS

January 1974 30 None
4. CONTRACT OR GRANT NO. Ba ORIGINATOR'S REPORT NUIBER(S)

DAAE07-72-C-0164
b. PROJECTNO. 1G662601AH91 Report No. 11870

C.T162112A045 9b. OTHER REPORT NOtS) (Any other numb,, thatay be assignedthis report)

d. 1T062112A045 LL-145
10. DISTRIBUTION STATEMENT

Approved for public
release; distribution
unlimited

II. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U. S. Army Materiel Command

13. ABSTRACT

This report describes the basic principles of operation and per-
formance of the Cybernetically Coupled Research Vehicle.

This vehicle (consisting of two coupled M113 APC's) offers
significant improvements in cross-country mobility, particularly in
obstacle negotiation, and has demonstrated its potential as a research
tool for exploration of the principles of controlling articulated
vehicles with and without force feedback.

FORM REIPLACES 00 VORM 147S. ¶ JAN 04. WHICH to. .. ,DD ,.v.1473 s Om0LCTK FOR ARMY Us9. UNCLASSIFIED
"2 4 Security Classification



UNCLASSIFIED
security Ciaatsficatica _______ ______

. .LINK A LINK 9 LINK C

REV ROLE WT ROLM WT ROLE WT

Articulated Vehicles
Force Feedback Control
Cybernetic Control
Electrohydraulic Servo System
Obstacle Crossing

UNCLASSIFIED

Secuity clesslfic~tion


