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Abstract

This paper describes a human-in-the-loop motiordasimulator interfaced to hybrid-electric powerstsyn
hardware, both of which were used to measure thg dycle of a combat vehicle in a virtual simulatio
environment. The project discussed is a greatpyapded follow-on to the experiment published irv]1, This
paper is written in the context of [1,7] and theref highlights the enhancements. The most proriotthese
enhancements is the integration (in real-time)haf Power & Energy System Integration Lab (P&E Shiijh a
motion base simulator by means of a “long haul”ramtion over the Internet (a geographical distamfcg,450
miles). The P&E SIL is, therefore, able to respéme¢ommands issued by the vehicle’s driver anchguand, in
real-time, affect the simulated vehicle’s perforiman By thus incorporating hardware into a humathailoop
experiment, TARDEC engineers were able to evaltiaeactual power system as it responds to actualahu
behavior. After introducing the project, the pagescribes the simulation environment which wasmagded to run
the experiment. It emphasizes the design of tiperxent as well as the approach, challenges anéssinvolved
in creating a real-time link between the motionebagmulator and the P&E SIL. It presents the tesults and
briefly discusses on-going and future work.

INTRODUCTION

The Army has been developing hybrid electric prejoul technology to assess and use its many adwmtag
Among these advantages are better fuel economythendbility to maintain “silent” operations. Ascéy many
alternatives exist in the implementation of suclstems in terms of architecture, component sizimgrgy
management and control. Anticipating all of thebeices, the Army initiated the Power and EnergynGat
Hybrid Power Systems (P&E CHPS) program as a TARREHGrt to advance and develop hybrid electric powe
and propulsion technology for application to combelicles. The product of the P&E CHPS program Wl a
compact, integrated hybrid electric power systeit thill provide efficient power and energy generatiand
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management suitable for spiral integration into Flaéure Combat System (FCS) Manned Ground Vehidig\)
program. A major goal of the program includes gieisig, developing and using a full-scale hardwaféisare-in-
the-loop Power & Energy System Integration Labanat(P&E SIL for short). The P&E SIL is a full-seal
laboratory-based combat vehicle power system witgrammable dynamometers for applying road loadthéo
propulsion and power system. When combined witfhdiidelity vehicle and terrain models, the P&E Sjan be
used to predict the reaction of the power systermadility loads as well as non-mobility loads calid®y the
interaction of the vehicle with its environmenthelP&E SIL is more-fully described in [3,5,10].

In order to effectively use the P&E SIL to desigigvelop, and test a hybrid electric power system fo
advanced combat vehicles, accurate estimates aitya aycle are required. The TARDEC P&E program is
addressing this need by measuring advanced condbatle duty cycles in simulation. These duty cgctae
derived from the virtual representations of advancembat vehicles and combat scenarios using batfighiter-
in-the-loop and power system hardware-in-the-lomputation described in detail in the remainder vk tpaper.
These duty cycle measurements combine engineariad power supply systems with performance-levedlet® of
power consumption devices within a warfighter siatioin that represents several tactical scenarios.

For our purposes a military vehiclasaty cycleis specific to the mission and platform type tutidesign-
and configuration-independent representation oftsvand circumstances which affect power consumpti®uch
events and circumstances encompass (1) vehiclatigresuch as speed, grade, turning, turret/gusriggctand gun
firing plus (2) external scenario components thHech power consumption like incoming rounds, ambie
temperature, and soil conditions. The event inpatsbe distance-based when the vehicle is movirigne-based
when the vehicle is stationary, or even triggeréti some other state condition.

In order to measure such a duty cycle, TARDEC Satmh Laboratory (TSL) has been building a motion
base/ warfighter-in-the-loop simulation capabilitywhich soldiers can virtually operate their védgcin relevant
combat scenarios. This simulation is then usgaetéorm experiments in which duty cycle informatisrcaptured.
This series of experiments has been called the Bytje Experiments (DCEs). The first such expent{®CE1)
was conducted in November — December 2005 andsisritbed in [1,7]. After the completion of DCE1,cdiner
experiment was designed and executed in June 200 which was called DCE2. This experiment wayond
the capabilities of DCEL1 in several respects, dnestich was the long-haul integration of the P&H $hto the
simulation design. The fundamental challenge ia thgard is that the motion base, the Ride Mo&imulator
(RMS), and the P&E SIL are geographically separdigd?,450 miles. Add to this the fact that the igkh
dynamics (running at the TSL) and the power sygtemning at the P&E SIL) are tightly coupled compaots of
the vehicle and function best if they are run iosel proximity. This problem and its solution vii# referred to as
thelong haulinterface or thé&RemoteLinkn the remainder of this paper.

This paper describes the simulation which was aesigand constructed to execute the DCE2 experinient.
then goes into depth regarding the rationale, desigl implementation of the long haul long haugiifgtce. It then
discusses the scenario which was used in the empeti Finally, it presents some results and figsshvith
conclusions and future work.

SIMULATOR ARCHITECTURE AND DESIGN
Top-level Design

The DCE2 experiment was composed of several inadbpgnsystems that were integrated to provide the
functionally necessary to support two vehicle ofms each controlling a crew station cockpit iniammersive
synthetic battlefield environment. For this expent the driver's crewstation was mounted on a enobase
simulator, while the gunner’s crewstation was etaiy. In this experiment, the motion is providedthe ride
motion simulator (RMS) on which the driver’s statiis mounted. The crew interface for the drived gnnner are
provided by the Crew-integration and Automation tle=d (CAT) crewstations. The simulation backb&nm¢he
Embedded Simulation System (ESS) which providesstile interface to the CATSs, the interface to OTiie
weapons model, and generates the visuals for the digplays. OneSAF Test Bed (OTB) was used to igeae
both the red and other blue forces. The dynamiesrasponsible for generating own-ship vehicle onsias
generated by the response to driver commands, gaonamands, traversal of the terrain, and inteonaxternally
generated events. Such motion is then used t@® dhg RMS and visual channels via the ESS. Theepow
component is a modeled representation of the P&Er@&hning locally in the TSL. The power system rabd
vehicle dynamics and P&E SIL will be described hie hext sections and then the Long Haul componédhbey
described.



Power System M odel Description

The power system model is responsible for modetegViGV's hybrid-electric power system at the T8Lmodels
power generation, storage, conversion and managesystems. It receives commands from the drivergumner
and provides torques to the vehicle dynamics modehe power system is implemented in Simulink@adgrary
of standardized interconnected power system compend his toolset is calledHPSPerf The power system is in
a series hybrid-electric configuration and useseaal engine coupled to an induction motor/genenatit (Prime
Power in Figure 1) to provide continuous electripalver through an inverter to an unregulated highage DC
bus. A battery pack (Energy Storage in Figure Zpaito provide P&E silent watch and P&E silent ntibbi
functions is attached directly to the bus and na@mnst bus voltage at approximately 600 Volts. Atetho the high
voltage bus are two independent induction motorgHe left and right sprocket drives (Traction RriMotors in
Figure 1) capable of providing 410 kW of continuqumwver and over 900 kW of burst power for brakimgl a
acceleration functions. A brake or dump resist@i$® attached to the bus to protect it from owdtage conditions
that might arise due to heavy braking or long darategeneration events.

Vehicle Dynamics Description

The vehicle mobilitymodel is responsible for the computation of theislets position, velocity, and acceleration as
influenced by the power system and the terraingelterates the commands for the motion base sionudaid
updates vehicle global position for the ESS. Beedhe vehicle dynamics model feeds motion commémdse
RMS, it must model the tracks, suspension, anditeto a high degree of fidelity. As such it wagplemented in a
real-time dynamics code called SimCreator’'s® miitdy dynamics component library [8,9] which implertsethe
algorithms developed by Walker and Orin [11].

McCullough and Haug [6] developed a tracked vehioledel that calculates forces from both track and
ground using the kinematic state of the vehicle apglies these forces through the wheel, sproc, idler
centers. The SimCreator® track model used for ¥peement also transfers the track/ground interfacees to the
chassis in a similar manner. The track-terrainrfatee includes a soil model based on the work ofkBe as
reported in Wong [12]. The model accepts sprotkefues from the power system, as well as othartsfsom the
ESS. It outputs vehicle state (position, orieotatiand acceleration) information.

P& E SIL Description

The P&E SIL houses a full scale combat hybrid eiecpower system in a highly instrumented labonator
environment [5]. The objective power system wasedes hybrid with a 250kW diesel engine/generatog,
410kW traction motors, and a 50 kW-hr battery pemknected via a 600V bus. Over 120 sensors wecgded to
capture the power system’s duty cycle performangkbility loads were imposed in the lab using hiedtional
dynamometers coupled to a local real-time trackekicle model [3]. Non-mobility loads were imposed the
power system using a 250kW AeroVironment AV-90Qivectional power supply. For DCE2, the power syst
under test was similar to the FCS objective powstesn except a single traction motor was operaticiber than
two. To achieve realistic power system results sheond traction motor was simulated in softward #re
associated mobility load or supply was imposedhenhardware using the AV-900.

LONG HAUL INTERFACE

Problem Statement

The goal of the long haul interface is to provideomination and coupling between the soldier-irHtiap

simulation at the TSL and P&E SIL, while operatimgth in real time at a distance of 2,450 miles.isThng haul
integration must provide realistic driving and gimnexperiences in the TSL without any abrupt, yerkotion

caused by the long haul connection (i.e. it shd@ldeamless to the driver and gunner). SecorHbpiild provide a
realistic power system response as a function @ RRE SIL’s current state, meaning that the presesfcthe
hardware affects the vehicle performance at the. T#ewise the long haul integration should provideaningful
power system results in the P&E SIL. Finally, batbbility and non-mobility loads generated by thever and

gunner at the TSL need to be reflected on real pey&em hardware.
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over the chosen communication channel.

In addition to these goals of the long haul intégra the design is subject to several constraifthe first
constraint is that both the TSL and the P&E SlLatréixed locations separated by 2,450 miles. Bécthe RMS at
the TSL is manned and therefore the long haul mastcompromise its safety. Third, the long hauégnation
must not compromise the closed-loop stability dfiei the TSL's or the P&E SIL’s local control loop$ourth,
there are components at both the TSL and the P&BEnrBich are not readily changeable (i.e. TSL's &&E SIL's
system latency, communication delays and relighiR&E SIL's speed controller, P&E SIL hardwardjinally, the
simulation design was limited by the maximum parfance of the P&E SIL hardware, which is exceeded by
current FCS MGV propulsion designs.

Given these goals and constraints, a top-levelrdiagof the minimal information flow for the long ula
interface is shown in Figure 2. The informatioawl begins with the human participants who develepisie
commands to include throttle, brake, steer, and fyem the driver and commands from the gunneresehvehicle
commands flow to the power system which uses themetelop torque at the sprockets of the vehicldese
torques are then transferred to the vehicle dyramiaich uses them along with information regarding local
terrain to solve the forward dynamics of the vehiclAs part of this solution the vehicle sprockpeexds are
updated, which are then sent back to the P&E Slikewise the solution of the forward dynamics isablsed to
develop the motion commands for the RMS and provipdated position information for the ESS visuatsl a
weapon systems. The motion and visuals subsegumatvide feedback to the driver and gunner whoettgy new
commands to respond to what the see and feelcthsimg the loop.

The fundamental technical challenge of the longl nategration is the closed-loop coupling betweba t
P&E SIL and the vehicle dynamics over the chosemroanications channel. This is challenging in saler
respects. First, both the vehicle dynamics andP&E SIL are dynamical systems in their own rigl@iven that
they are separated by approximately 2,450 milesetlis significant delay in the communication chennlt is
known that coupling two dynamical systems with gletgroduces instabilities in the coupled systefie solution
must therefore address the delay to assure syabiiecond, the communication channel may not habte and
may be subject to outages of varying duration. 3dlation, therefore, must account for the expecgdidbility of
the channel. Third, the delay of the communicatibannel will not be constant but will likely belgect to jitter.

Choice of Communication Channel

The first task in the design and implementatiothef long haul was to evaluate different communicatihannels.

In this regard our desire was to find a channelctvlgxperiences minimum delay and maximum religbilitn our
evaluation we considered two alternatives (1) daddeld connection over 56K bps modems and (2) adedlicated
connection over the Internet. Benchmark testingeated that an Internet-based communication chanaesl
preferable to a modem channel. Once the Interastaliosen as the communication channel, we nexbhatbose
the transport protocol, UDP or TCP. Further tegtiavealed that UDP and TCP experienced the saemags
delays, but TCP experienced longer delays and jittedelay times. Thus, UDP was chosen as ourspart
protocol. A UDP benchmark test was performed o4& hours and involved the round trip measuremént o
215,777 packets of which 209 were dropped for @ date of 0.1%. The delay times varied from 31ton&88 ms
with the typical round trip time being 94 ms. (Kdhat round trip time limit is 26 ms.)



Long Haul Design

Given the network performance numbers describedegghoe chose to design the long haul interfaceettokerant
of packet loss and jitter. In addition, because ¢bupled system would affect the motion of the RMf8 the
behavior of the P&E SIL, the system had to safth@event of complete loss of the communicatiomobd We
therefore designed it so that if the communicatibannel were lost, the P&E SIL would gracefully slown and
the TSL would be able to continue the experimemheuit the P&E SIL

In order to obtain this robustness, the logicateysshown in Figure 2 was implemented as showngarg
3. Observe that two components (highlighted bydfmltline boxes) have been added, namely the Pawan
Observer and the Vehicle Dynamics and Terrain Qiaser In this design, the Power Train Observer egras a
proxy of the P&E SIL so that the vehicle dynamiosigling to the power train is tight. Converselye tVehicle
Observer serves as a proxy of the TSL vehicle dycarso that the P&E SIL has tight coupling betweka
hardware and the vehicle dynamics. At both the FRE and TSL, the power trains receive driver anchrger
commands, which in turn develop sprocket torqueshvpropel the vehicle dynamics over the terraid Bikewise
the vehicle dynamics provides sprocket speeds tmattle power train. In effect this design impletsemvo parallel
simulations, one running at the TSL and one runaintpe P&E SIL. It may now be clearly seen thathie event of
a loss of the communication channel, the TSL hiathat it needs to continue the simulation safetlyits own. The
P&E SIL on the other hand would not have driverfggmcommands available in the event of communindties
and would therefore shut down gracefully in sucteaant.

Because the design incorporates two parallel sitionis and because the Power Train Observer does not
exactly represent the P&E SIL hardware, the twousated vehicles will drift apart in their stateseotime if not
otherwise kept together. It is particularly im@ont that the vehicle observer position be condistéh that in the
TSL (e.g. when traversing a bridge). In order @intain consistency between states which are deémgattant,
both the Power Train Observer and Vehicle Obsewere designed to track the states of the P&E Sid B8L
vehicle respectively (indicated by the state flow$igure 3). The techniques used to implemers tfsicking are
referred to astate Convergend&C) in the remainder of the paper.

State Convergence

The state convergence approach is summarized hdrdiscussed in much greater detail in [2,4,13}e ©bjective
of state convergence is to have the outputs ottimtrolled system track the outputs of the obsesystem. The
observer does this usingfeed-forwardterm to give a near-term estimate of the systehmbier and deedback
term to give long-term tracking. The balance betwaear-team and long-term tracking is controligdhe choice
of the correction function. Ultimately this bal@nis chosen based on the nature of the noise iaytem and the
accuracy of the estimated dynamics. Additionafitime horizon of the correction term is much larghan the
communication channel delay, then the correctiomuegll not destabilize the system.

State convergence inputs can be applied via systguts (augmented inputs) or by artificial inputs
(skyhooks) to the rates of change of the systemestaBoth approaches have their pros and con® afificial
inputs approach, oskyhookapproach allows complete control over the stateshe observer, however, the
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skyhooks do work on the system and therefore addroove energy to/from the system. Ideally thekndwne by
the skyhooks should be small as compared to th& dame by the actual inputs. On the other harelatigmented
inputs approach is more physical in nature bec#@uswdifies the states through the system inputg. (grottle,

brake, steer command), however the ability to srfice the states is limited by the controllabilifyttee system. As
it turns out, both approaches were used to implémhenstate convergence in the final system.

Mobility State Convergence. Mobility state convergence provides inputs to B®E SIL's vehicle dynamics
model to ensure the position and velocity track T8 's mobility model in real time. The P&E SIL mhel
represents the observer and the TSL’'s model repiset®e truth, or reference. In the case of thbilityp model, the
dynamics of the observed system are exactly knawhaae given by the SimCreator® dynamics modelutised
earlier. Therefore, we should expect that the heam-tracking will be very accurate.

Power System State Convergence. Power system state convergence is also implemesgean observer-based,
non-linear control system problem. However, instltiase, the P&E SIL Power Model was only a rough
approximation of the actual P&E SIL. CHPSPerfhe tbserver to the P&E SIL's hardware referencéhe T
observed state for the experiment was the P&E Sbu's voltage. Bus voltage tracking provides realis the
experiment by including the influence of real powgstem hardware. As a result, variations andditiains in the
P&E SIL’'s power system can influence how the drigad gunner operate the simulated vehicle. Thiktmme
coupling between vehicle operation and real hardwsower system response is a distinguishing featdnieh
separates the DCE2 experiment from DCE1 and o#fward-and-playback approaches.

EXPERIMENT DESIGN

The experiment was designed to measure the dutg ofthe MCS vehicle given the scenario. Eacheexpental
run incorporated three soldiers (2 subjects and experimenter). The experiment was designed ttuatea the
duty cycle over twelve teams each consisting ofieed and a gunner. A total of twelve soldiers aveised to
compose these teams and these soldiers participatiee experiment in groups of four per week. thg beginning
of their respective week, each soldier was assigmeslibject number and also assigned a partneriglpart
determined based on their working together in themmal duties). Each soldier would then exechieexperiment
twice as a member his team, once as the gunneroamod as the driver. Each different configuratioasw
additionally assigned a team number, which cornedpd with the subject number of the soldier who dragng.

Scenario Description

To measure a proper duty cycle, the choice of secemeas very important. In the design of the ekpent, the
TSL engineers wanted a scenario which stressedytem and yet was militarily relevant. The UrfitAection
Maneuver Battle Laboratory (UAMBL) at Ft. Knox, Kigreed to develop such a scenario. The TSL wrote a
document describing its desirable aspects, i.¢.itl@ntain particular events such as hill clinggimain gun use,
defensive system use, etc. UAMBL recommended theKiox terrain for the DCE2 experiment becauses it
within the continental U.S. and it contains thedgrdeatures necessary to stress the power systdm.scenario
consists of two phases, the first being a road mara the second being a tactical maneuver. TigtHeof whole
route traveled was approximately 13 km and typycadbk approximately 35 to 40 min to complete. Risimount
forces were placed in ambush positions throughweistenario and were equipped with RPGs. In thtak were
nine areas in which these RPG teams could be plaitkoh range of the passing convoy.

OTB Implementation
The scenario as described above was implement€@h&SAF Test Bed (OTB) v2.5. The balance of the MCS

platoon was implemented in OTB and all of the rextés were implemented in OTB. The terrain on Whtwe
OTB was run was a CTDB version of the Ft. Knox date.



EXPERIMENT RESULTS
M easured Duty Cycles

Of the twelve teams which performed the experimetets of them ran to completion, the other two hade
aborted mid-way through and had to be resumedeapdimt where the simulation stopped. Of the teelns, the
P&E SIL began running with the TSL on six of thefor four of these runs the P&E SIL and/or TSL hadbort
the run due to a technical difficulty, two of thens saw the TSL and P&E SIL run to completionthiese two runs,
the long haul solution was shown to be robust éngresence of variable propagation delays. Intjpemthe actual
round trip delay was measured to be approximat@ Bs and during one run the Internet communication
experienced an outage of 7 seconds and grace&diwered. A plot showing the round trip delay elstaristic is
shown in Figure 4.

All pertinent vehicle and power system duty cycédadwere recorded for each run and archived fahéuar
use and analysis. All crew behaviors were recotdeimclude instantaneous driver and gunner commarieor
those runs with which the P&E SIL ran, time-cortethP&E SIL data were recorded. Figure 5 showsxample
of some of this time-recorded data with some ralevairrent plots. For non-mobility loads, all dfetfire and
detonation events for both the red and blue fovee® logged. Figures 6 and 7 show some more imaditduty
cycle data. Figure 6 shows grade as a functioth@fdistance traveled. Figure 7 shows driver canas and
speeds as a function of distance traveled. Motaldd duty cycle results are presented in [13].

Approximate Elevation and Grade Performance (measured from vehicle global position)
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CONCLUSIONS

In this paper we have presented an approach tgratteg two Army laboratories in a real-time harde/enan-in-
the-loop experiment. We discussed the unique ehgdls in developing such a simulation and preseoted
approach to solving them using the observer-basa® €onvergence approach. We discussed the dasign
execution of the experiment and have presentedtsesith respect to the performance of the longHsalution.
Finally, we have presented some data which areseptative of the types of results measured IiD{DE2.

After having successfully completed the DCE1 andER@xperiments TARDEC's Mobility Business Group
and the TSL have planned an additional three folbowexperiments in FYQ7. The first, called DCE-T,O®
intended to measure the fuel economy of hybriddactvehicles, the second, called DCE3 is intendea follow-
on to DCEZ2, and the third, called DCE4 will evakitte combat duty cycle of a future hybrid tacticsticle.
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