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PREFACE

This report presents the validation work done on the Pintle Motion Base Simulator (PMBS)
using the M149A2 Water Trailer as the test specimen on which this validation was performed.
Questions regarding the testing of lunette trailers on the Pinde Motion Base Simulator are to be
referred to the U.S. Army Tank-Automotive Research, Development, and Engineering Center,
ATTN: System Simulation and Technology Division, AMSTA-RYA, Warren, MI 48397-500,
Telephone: AUTOVON/DSN 786-6228, Commercial (810)574-6228, FAX (810)574-8667.

This validation work was primarily performed during the period of February 1994 (o March
1994.

Many parties played an important role in the many facets of this validation work some of whom
include: Aleksander Kurec for his help in the Mechanical and hydraulic portions of the work,
Mike Pozolo for his work running the many DADS models of the M 149 wrailer, Dr. Beck for his
expertise and knowledge in the area of systems, all of the technicians in the Simulation Function
Branch, their support throughout the duration of this work was invaluable, and all of the
Engineers and Technicians of MTS Systems corporation who spent many hours designing,
building, trouble shooting, and tuning the simulator.
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1.0 INTRODUCTION

1.1 Background

Recent financial cuts in the Defense Department have dictated that Army vehicle program
managers and testers seek out more efficient methods to reduce the time and costs of vehicle
development. Some typical vehicle evaluation processes are time-inefficient and consequently
costly. These traditional test methods concentrate on extensive proving ground iesting for
system validation and accreditation.

1.1.1 TACOM/TECOM Agreement

To respond to this situation, analytical and physical (motion base) simulation methods and
techniques are offered at the Tank-Automotive Research Development and Engineering Center
(TARDEQC) at the U.S. Army Tank-Automotive Command (TACOM) as a cost-effective
compliment to proving ground testing. To achieve this, the commanders of TACOM ard the
U.S. Amy Test and Evaluation Command (TECOM) established an initiative and agreement to
explore the effectiveness of motion base simulation and to determine how it could augment
proving ground testing. (Reference memo, TACOM, Commander, August 22, 1991, and memo,
TECOM, Commander, October 31, 1991). These memoranda are included in Appendix K.

1.1.2 Candidate Trailer
To carry out this endeavor, representatives of the Combat Systems Test Activity (CSTA) of

TECOM and the Directorate for Product Assurance and Test, the Trailer Management Office,
and the System Simulation and Technology Division of TARDEC, met to plan and carry out a
validation process for trailer simulator testing. Trailers were selected for two reasons; (1) they
are ideal test candidates for motion simulator usage, as they require no power train and (2) the
Trailer Management Office funded the majority of the simulation development costs. An M832
dolly set and shelter, scheduled to undergo a Product Qualification Test (PQT) in late 1991, was
selected to be the candidate system with which to compare and assess proving ground events to
laboratory events.

However, several vehicle problems and project delays were encountered with the M832 PQT.
Since the key technical objective in the simulation laboratory is to reproduce proving ground
vehicle responses (hence simulating the dynamic environment), another, more proven trailer
design was selected to be the candidate - the M149A2 single-axle 400-gallon water trailer.

This report presents our validation work, results, and recommendations for single-axle trailer
testing. It contains a presentation and analysis of very detailed trailer response characteristics
using the high-fidelity Pintle Motion Base Simulator (PMBS). Two methods of determining the
simulator drive commands are presented and discussed.

Plans have been made for the summer of 1994 to pursue a similar effort using the original
candidate - the M832 5-1/2-ton four-wheeled dolly set. Completion of this work will then
provide substantial technical validation data for two significantly different classes of trailers.



1.2 Pintle Motion Base Simulator.

Engineers and technicians from the Physical Simulation Laboratory (PSL) completed installation
and check-out of the Pintle Motion Base Simulator (PMBS) in October 1993. The PMBS
consists of electronics, software, and fixwring which provide the addition of lateral,
longitudinal, and vertical force inputs to the trailer lunette in order to simulate the interaction
dynamics between the trailer and its prime mover. A methodology was developed and Remote
Parameter Control (RPC™) software has been procured which generate simulator drive
commands that reproduce known (desired) responses (remote parameters) in the lab. The
design is based on the typical motions of trailers with a gross vehicle weighi (GVW) of up to
20,000 pounds. MTS Systems of Minneapolis, Minnesota designed the simulator and provided
the electronics, software, and fixturing. Figure 1-1 shows the mechanical configuration of the
PMBS.

Forces are applied to the specimen via a bellcrank and strut arrangement. A clamping fixture
couples the lunette directly to the simulator. The trailer specimen’s tires rest directly on platens
which are attached to hydraulic actuators. A hydraulic distribution system supplies cool, clean
and controlled hydraulic fluid under pressure to power the actuators.

Figure 1-1. PMBS with M149A2 Trailer attached.

Figure 1-2 shows the PMBS control system configuration. A system of analog and digital
electronics packaged in modular form performs the operation, control and status monitoring.
This microprocessor-based system provides the operating functions of the PMBS such as
hydraulic power supply control, emergency stop, and system interlock detection programming.
Analog controllers provide for the closed loop control of the actuators, transducer conditioning,
and some interlock monitoring functions as well.
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Figure 1-2. PMBS/M149A2 System.

The digital system consists of a Digital Equipment Corporation VAX™ workstation, real-time
controller, ethernet local area network, and MTS Systems' proprietary RPC™ III software. The
RPC™ testing technique allows the near exact replication of displacement, acceleration, strain,
or force at a vehicle location remote from the excitation source. The RPC™ I1I software
accounts for nonlinearity effects and response characteristics of the simulator, specimen, and
electronics. To do this, a frequency response function (FRF) of the entire PMBS/trailer system
is calculated. An estimate of the drive command is made by convolving the inverted FRF with
the desired response signal. Since the system is nonlinear, several iterations of this process are
required to reduce the error between the actual and desired response.

The system is designed such that, once a drive command is generated, it can be downloaded to
the real-time controller which can output drive signals and record simulator and specimen
response data. This frees the VAX™ workstation for data processing and analysis by the test
engineer.

This high-fidelity simulator was particularly necessary because of limitations in the design and
signal generation method of the previous simulator (fixed lunette) shown in Figure 1-3.




The old fixed-lunette simulator consisted of two actuators (one per tire location) which provide
| vertical motion into the tires. The actators were driven with signals which represented a
1 profiled (known height versus distance) terrain at a selected speed. Although useful for testing

[ SRR

R " (‘;'

Figure 1-3 MI101 Trailer on the Fixed Luntte Motion Base Simulator

some vehicle paramelers, its control system and fixturing limited its capabilities. This simulator
needed improvement because:

. The terrain signal, when input through the actuator to the tire, would generally result in
higher trailer dynamics than experienced at the proving ground.
. The actuators only produce vertical motions at the tirc/spindle and neglected considerable |
shock and vibration at the lunette. |
. Fixture and electronic cross-coupling was difficult to measure or eliminate.
. Servo-hydraulic system response, although optimized, was limited.

1.3 PMBS Specifications

System-level specifications for the PMBS were carefully developed using a combination of
computer-based dynamics modeling and simulation, and data acquired from the proving ground.
The final design of the PMBS met all major specifications and goals of the original purpose,
which was to accurately test all lunette-type trailers of GVW up to 20,000 pounds.

1.4 PMBS Benefits
The acquisition of the PMBS will reduce the time required for the vehicle development process
and analysis. The PMBS, being a high-fidelity, multiaxial simulator, can provide experimental




test loading conditions for finite element analysis of trailer and automotive components. The
PMBS will also reduce the time required to conduct a structural durability test cycle. A
methodology is currently being developed to edit out all nondamaging events. This method will
allow the simulator to reproduce only the damaging events experienced at the proving ground in
a much shorter time. The automobile industry has noted a reduction in test time of 75 percent.

Laboratory testing of vehicles has several advantages over proving ground testing. Laboratory
motion simulators offer repeatability of dynamic events, since the simulator drive commands are
controlled by a computer. Also, weather influences, driver variability, and course maintenance
introduce variables at the proving grounds which make it difficult for the vehicle designer to
isolate the cause of performance differences among different vehicle modifications.

Vehicle designers and Program Managers need assurance of the performance and reliability of
their systems before they are sent (o the proving ground for extensive testing. Very high costs
are incurred when vehicle systems fail proving ground tests, since these typically require
extensive personnel, logistics, and facility equipment. The PMBS should be used to quickly test
trailer system changes before extensive proving ground testing.

2.0 OBJECTIVES

The objectives of this work were twofold; (1) to determine the performance of the PMBS and its
ability to reproduce actual service-life conditions, and (2) to gain acceptance of the motion base
simulation method by the test and evaluation (T & E) community.

The performance of the PMBS has been quantified and an acceptance test was performed by
TARDEC engineers and technicians with the assistance of MTS Systems Corporation. The
results presented in Section 3.0 and in Table 5-1 indicate conformity to the contract
specification.

This report contains statistical and graphical information which quantifies the ability of the
PMBS and the associated simulation methodology to reproduce proving ground and service-life
response data. The data are compared to proving ground-collected data. T & E community
analysts and assessors now have the information necessary to determine the usefulness of the
PMBS and how it can be used in their future test programs. The data can also be used in future
tactical vehicle simulators for trucks, since the required fixturing and control system
methodology share many similarities with that of trailers.

3.0 RESULTS AND CONCLUSIONS

The data produced and presented in this report clearly show that the PMBS and RPC™ method
greatly improve the fidelity of simulation testing of trailers. The bandwidth of the PSL's trailer
simulator has been increased by a factor of 4, from 10 Hz to 40 Hz. Acceleration is used as the
control parameter for all of the control channels except for the longitudinal lunette, which uses
strain. Acceleration was found to be a suitable parameter of control for inertially reacted mass.




Extensive testing and analysis, however, proved that strain is a far better control parameter in the
longitudinal direction at the lunette. The error rate between desired and simulator response daia
averages only 6 percent. '

How accurate does one need to be in matching simulation data with proving ground data? Do
the proving ground tests always match the user’s service-life conditions? These are difficult
questions which are very important in any testing situation. Since fatigue failure is still a
phenomenon not fully understood, controlled testing in a laboratory may be more effective than
in the actual service environment.

No failures or problems arose during any of the tests which were done on the M149A2 trailer.
None of the tests, however, were intended to evaluate the durability of the trailer, so failures
were not expected. Accumulated mileage data were not recorded, but the total mileage is
probably less than 100 miles for all tests.

In addition to these benefits, the PMBS, as a whole, increased our ability to test lunette trailers.
It adds the ability to move the hitch of the tested trailer as it would move at the proving ground.
It will be shown that the stresses and strains experienced at the proving ground can be
reproduced accurately within the bandwidth of control. Also, the spindle control bandwidth has
been greatly improved. Spindle accelerations can be accurately reproduced out to 60 Hz,
whereas 10 - 12 Hz was the limit with the fixed-lunctte test method. This method of testing also
allows the engineer to use the output from a Dynamic Analysis and Design System (DADS)
model as input to the control process. Although this method is not perfected yet, work is
underway to improve the accuracy of the DADS modeling techniques so that the DADS outputs
are accurate enough to be substituted for proving ground data. Our goal is to accurately
implement and execute physical simulations on the PMBS with the RPC™ control techniques
using only computer-based inputs.

The following conclusions can be drawn from the above results:

. Duty cycle reproduction has been dramatically improved over the old (fixed-lunette)
method.
. The PMBS is appropriate for many applications such as:

- "old" vs. "new" comparisons.
- Contractor down-selections
- Component failure reproduction.

. Lunette strains correlate in the frequency range of 0.6 to 40 Hz.

. Spindle accelerations correlate in the frequency range of 0.6 to 60 Hz.

. The current DADS-derived control generation method results in somewhat higher than
realistic spindle acceleration and lunette strain.

. A flexible-body DADS model with lunette/pintle model would improve correlation.




40 RECOMMENDATIONS

4.1 M832 Dolly Set _

Several recommendations to continue the work effort are presented here. The results presented
in this report indicate marked improvements in fidelity with regards to simulation testing of light
single-axle lunette trailers. A logical continuation of the work is to conduct a validation

program on heavier trailer systems. One such system is recommended - the 5-1/2-ton M832
dolly set and shelter system. It is an ideal candidate because a workable proving ground data set
exists with which to correlate lab results. This work is currenuy scheduled to occur in the
TARDEC PSL in 1994,

4.2 Structural Analysis

The M149A2 trailer proving ground data collection exercises included only two channels of
strain. These were axial and bending strain just aft of the lunette. No structural damage was
noted at the proving ground or the PSL during this work. If additional strain data were
available, estimates for fatigue life and potential damage assessment could have been made
which are important for structural assessments. The downside to this request for additional
channels is that it creates a burden for instrumentation engineers and is more costly. Additional
strain gages will be considered for future proving ground and laboratory trailer validation tests.

4.3 Dynamics Model

There are limitations to the use of the DADS method for the prediction of desired forces for the
PMBS. This limitation can clearly be seen in Section 5.3.5. This is primarily because DADS is
a rigid-body methodology. However, there is work ongoing in the area of flexible body
dynamics which will model the structural characteristics of the trailer. Further development and
refinement of flexible-body dynamics and its applications in trailer/prime mover interaction will
provide the physical simulation engineers with more accurate drive command determinations for
the testing of trailers using analytically generated responses. Accurate acceleration, force, and
strain predictions from these analytical models would alleviate some of the proving ground
testing burden and expense, while providing a suitable desired data set in the event that proving
ground testing is not possible or feasible.

4.4 Test & Evaluation Acceptance

It is recommended that the Army Test and Evaluation community consider the new simulation
test methodology presented in this report. This method and test fixture provide a good starting
point for serious consideration of using simulation to augment proving ground testing in
reducing test costs while providing the Army with better-designed, more-durable trailers.

4.5 Other Applications

The multiaxial test fixtures along with RPC™ can also be applied to light- and medium-duty
trucks. Tactical vehicle managers would also enjoy the savings and reliability that this
simulation method offers.




4.6 Instrumentation Considerations

Some of the difficulties encountered when running the simulator tests and developing the
method resulted from the instrumentation choices made for the proving ground test. After using
the proving ground data to control the simulator for the first time, it could be seen that the
instrumentation and respective locations could have been chosen better. Some of the necessary
improvements include:

. Placement of accelerometers on the lunette even closer to the attachment point, possibly
even on the ring of the lunette itself.

. Notch the lunette and other strain-gaged areas for better signal levels.

. Use more strain gages for correlation channels instead of accelerometers.

. Acquire linear displacement transducers which are similar to Aberdeen Proving Ground's

(APG) linear potentiometers.
5.0 DISCUSSION/TESTING

5.1 General
The PMBS validation effort was actually a series of tests done on the M149A2 Water Trailer.
These tests was done (as stated earlier) for two reasons:

(1) o determine the accuracy of each test with respect to proving ground results and,
(2) to provide the test and evaluation community with simulation results.

This section describes the pintie motion base simulator and its theoretical operation. It also
describes the setup, execution, data, and analysis of each test of the M149A2 Water Trailer. A
comparison of PMBS results to proving ground results is presented.

5.2 Motion Simulator

5.2.1 General

The fixed-lunette testing method, which utilized only tire coupled inputs, could not impart forces
at the lunette in a controlled manner. The PMBS, however, adds three full degrees of freedom
(DOF) to the lunette of an attached trailer, where there had been none previously. This
simulator, therefore, is a five-DOF simulator and was designed to impart the correct motions and
forces into the lunette of a trailer. The PMBS essentially consists of four separate components,

(1) Simulator Hardware (Fixturing, actuators, hoses, manifolds)

(2) 458 MicroConsole™ Analog Controllers (Proportional-Integral-Derivative (PID)
control)

(3) 498 Automated Site Controller™ (ASC)

(4) 3100 VAXstation™ M76.

Each of these individual components is shown in relation to the others in Figure 5-1.
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Figure 5-1. PMBS Test System.




5.2.2 Pintle Motion Base Simulator Hardware

The simulator hardware can be seen in Figure 5-2. Two fixture stands support the longitudinal,
vertical, and lateral inputs. A tire-coupled actuator supports each tire. The lunette of the trailer
is attached to the simulator via the clamping device shown in Figure 5-3. This fixture uses
approximately 200,000 pounds of force and a soft metal crush washer to hold the lunette firmly
in place and eliminates any slop
between the lunette and the
simulator. Forces and motions
are imparted into the lunette via
friction in the longitudinal and
lateral directions and through
direct mechanical coupling in
the vertical direction. The three
orthogonal struts which act on
the lunette are each moved by
actuators coupled through bell
cranks. Bell cranks are used to
limit the physical size of the
simulator as all of the bell crank
ratios serve to trade force at the — . )

lunette for displacement at the Figure 5-2. PMBS with M149A2 Trailer.

lunette. The position and force

limits of each orthogonal direction on the simulator are given in Table 5-1. Each strut contains a
load cell which provides the ability to control and/or monitor the load on each strut. The
simulator is capable of two methods of control (1) position control at the actuator or (2) force
control at the strut/load cell. Both of these methods of control are implemented by the 458
MicroConsole™.

—m—

i3

Figure 5-3. PMBS Lunette Clamping Hardware.
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Table 5S-1 PMBS Specifications and Achieved Values.
| Trailer payload: — § 20,000 Ibs 0,000 Ibs

e T

! Displacement:
Lateral +- 4 inch +- 5.25 inch ]
Longitudinal | +-4inch +- 5 inch f
Vertical | + 7.5inch +- 8.62 inch }
| Pitch (passive) | +- 10 deg +- 10 deg 3
i Roll (passive) |+ 14 deg +- 15 deg :
[Vetocity —
| Lateral { +- 30 in/sec + 60 in/sec
| Longitudinal | + 30 in/sec +- 51 in/sec ,
Vertical | +- 72 in/sec +- 78 in/sec ;
| Acceleration (moving mass): !‘
Lateral 5g (700 Ibs) 16.7g (700 lbs)
Longitudinal 12g (1700 Ibs) 16.1g (1700 lbs)
Vertical 17g (700 Ibs) 26.4g (700 Ibs)
Force:
Lateral 3,500 lbs-f 11,700 1bs-{
Longitudinal 20,400 1bs-f 27,300 Ibs-f
Vertical 11,900 Ibs-f 18,480 lbs-f
Bandwidth: *
i Lateral | 80 Hz 40 Hz
Longitudinal § 80 Hz 40 Hz
Lunette vert | 80 Hz 40 Hz

3 Spindle vert

5.2.3 458 Micro( :gnsglgm

The 458 MicroConsole™ is a configurable analog controller. It is a microprocessor-based
control unit which houses the analog electronics for closed-loop control of a servo-hydraulic test
system. Specifically the MicroConsole™ provides the following operating functions:

Emergency stop
On-Off, Hi-Low control of the hydraulic power supply and hydraulic service manifold
Power storag