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Preface

2009 marked the beginning of the fourth year of research within the National Science Foun-
dation sponsored Engineering Research Center (E®GFompact and Efficient Fluid Power
(CCEFP). 2009 was a critical year for us in theCE® it was during this year's NSF site visit
that the decision to fund us for an additional seyears would be made. | am very happy to re-
port that the site visit team was thoroughly impegswith our work to date and decided to renew
funding for our center. | would like to extend inanks to all ERC researchers. The CCEFP is a
$21 million fluid power research initiative commesof 7 collaborating universities. The Center
is strongly supported by 60 industrial partnerdudimg the National Fluid Power Association.
At the Maha Fluid Power Research Center, our rebeaithin the CCEFP is focused on new
technologies to reduce energy consumption in fhoder systems by 30% or more. Simulation
studies of displacement control in excavator hylitaudemonstrated possible energy savings of
up to 50% over traditional load sensing systembe fEam is concentrating on the development
of new system solutions including controls for md&d machinery and power trains. We are also
discovering ways to improve the efficiency of punapsl motors which form the heart of any flu-
id power system. In 2008, we began investigatingw method for designing a critical interface
in piston pumps and motors. Early this past yeadeveloped, manufactured and tested a proto-
type valve plate in collaboration with one of ondustrial partners and were able to demonstrate
an improvement in total pump efficiency of nearl}?d due to this special new surface design.
In addition to our involvement in the ERC we congd our successful co-operation with indus-
trial partners. Our achievements were also notedPlrdue University President France A.
Cordova and Provost William R. Woodson when theydd the research center on March 30,
2009.

This year 1, along with one of my Master’s studemizvelled to Linkoping, Sweden for the 11th
Scandinavian Conference on Fluid Power. From th@rarneyed to Finland to participate in a
PhD defense at Tampere University, assessed rbspangrams at Helsinki university, and
evaluated the progress of Aalto Univerisity, thretfprivate university in that country. My travels
also included the Bath/ASME Symposium on Fluid Poared Motion Control Conference in
Hollywood with several of my PhD and Master’s stoidepresenting, as well as the ERC Annual
Conference at North Carolina Agriculture and Tedbgy State University.

2009 also marked the successful defense and gradudtGanesh Seeniraj, my first PhD gradu-
ate at Purdue since making the transition to thigedrStates. | am very proud to say that he has
elected to return to Maha in order to begin higgostoral research. We also joined in congratu-
lating three of our master’s students, Reece GaB8htkhar Degaonkar and Rohit Kumar. Reece
is currently working for Electric Boat in Connectic Shekhar has returned to his home in India
and is working for Eaton India, Private Limited.oli® graduated with his degree after success-
fully defending his Master’s thesis. We also sgaddbye to several other team members. Kyle
Williams has joined another former Maha graduat@atker Hannifin in Cleveland, Ohio and
Jonathan Baker moved to Boston this past summieedo graduate studies in the field of tech-
nology-policy at MIT.
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Despite the departures, the Maha team continuggote. Back in the fall, we welcomed two
new PhD students and several new Master’s studeisirew Schenk and Jacob Mcleod, both
from Kettering University in Michigan, joined as Plstudents. The Master’s students include
Michael Cross from Univeristy of Tennessee at KnibxvPurdue alumnus Roman Ivantysyn,
Matt Kronlage from lowa State University, and JBsse and Brent Warr, both from Brigham
Young University in Utah. The lab also enjoys thesifege of hosting visiting scholars from
around the world. Marcel Tkocz, new to the lal2@98, continued his stay here until returning
to Germany in May of this past year. New for 200@ Maha Lab welcomed Marco Zecchi and
Federica Franzoni from ltaly. Finally, we were ywdrappy to welcome back a former team
member, visiting researcher Najoua Jouini.

I would like to thank all team members for theicebkent work in 2009. It is a great pleasure to
present the following survey of our activities andin achievements during this past year.

| am confident that we will continue our excitingsearch. | wish all the members of our team
much success during 2010.

Monika Ivantysynova

Maha Professor of Fluid Power Systems
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1 Research Activities
The Center for Compact and Efficient Fluid Power

Much of the research activity in the Maha Fluid Ro®Research Center is part of a large research
effort called the Center for Compact and Efficiehiid Power (CCEFP). The CCEFP is an En-
gineering Research Center (ERC) funded by the Nati®&cience Foundation inaugurated in
2006. The center is dedicated to advancing rekearftuid power science, technology and edu-
cation. Purdue is one of seven universities regmtesl in the CCEFP. Other participating uni-
versities are Georgia Institute of Technology, énsity of Illinois at Urbana-Champaign, Uni-
versity of Minnesota, Milwaukee School of Enginegti North Carolina A&T State University
and Vanderbilt University. Dr. Ivantysynova sits the center’'s executive committee and is the
leader of Thrust Area 1: Efficiency. The other tharust Areas consist of Compactness and Ef-
fectiveness. Together the three Thrust Areas suppsearch aimed at overcoming the current
technological barriers facing fluid power with thiéimate goal of making fluid power more effi-
cient, compact and quieter. Currently there ave furdue faculty members as well as their
graduate student teams participating in the CCEMBnika Ivantysynova, Steven Wereley, Ste-
ven Frankel, John Lumkes and Ashlie Martini. 2@0€o saw the graduation of three Purdue
ERC students Reece Garrett, Jeff Dougan and JohmweMiaolz all three graduated with their
Master's degrees this past year. Reece is workittg General Dynamics Electric Boat, John is
currently working with John Deere and Jeff holdseagineering position at ThyssenKrupp Saf-
way Inc. Jonathan Baker, who graduated as a MuBlest in 2008 but extended his research at
Maha for a semester also left the lab in 2009 teogelIT where he has begun work towards his
PhD.

2009 Annual Meeting

The second annual CCEFP conference was held Ocfobe®, 2009 at North Carolina A & T
State University in Greensboro, North Carolinardee was well represented in the proceedings,
as the following list of posters and presentatiaitssts.

Presentations

* 1A.2: Optimal Power Management with Displacememt@uled ActuatorsChristopher
Williamson (PhD Student)

« 1B.1: Advanced Surface Design for a New Generaiidhumps and Motordlatteo Pe-
losi (PhD Student) and Marco Zecchi (visiting rasber)

» 1B.2: Surface Effects on Start-up Friction andrtiigiplication to Compact Gerotor Mo-
tor Design Jose Garcia (PhD Student)

e 1E.2: Coupled Multi-Domain Modeling and SimulatiohHigh Speed On/Off Valves,
Mark Batdorff (PhD Student) and Gabe Wilfong (M&d8nt)

» 1E.3: High Efficiency, High Bandwidth Actively Cawolled Variable Displacement
Pump/MotorMichael Holland (PhD Student) and Kyle Merrill (PHRudent)

* Test Bed 1: Heavy Mobile Equipmedsh Zimmerman (PhD Student)
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Posters

1A.2: Optimal Power Management with Displacememt@aled ActuatorsChristopher
Williamson (PhD Student)

1B.1: Advanced Surface Design for a New GeneratfidPumps and MotordJatteo Pe-
losi (PhD Student), Marco Zecchi (visiting reseaghand Andrew Schenk (PhD Student)
1B.2: Surface Effects on Start-up Friction andrtigiplication to Compact Gerotor Mo-
tor DesignJose Garcia (PhD Student)

1E.2: Coupled Multi-Domain Modeling and SimulatiohHigh Speed On/Off Valves,
Mark Batdorff (PhD Student) and Gabe Wilfong (M&d8nt)

1E.3: High Efficiency, High Bandwidth Actively Cawolled Variable Displacement
Pump/Motor Michael Holland (PhD Student) and Kyle Merrill (PHRudent)

Test Bed 1: Heavy Mobile Equipment - Excavafmsh Zimmerman (PhD Student)

Industrial Support

Although academic research is the primary focushef CCEFP, there is considerable support
from industrial sponsors. After the 2007 annuaktimg in Atlanta, a cadre of industrial repre-

sentatives was selected to work directly with CCEfilents and faculty to support their re-
search and promote the future transfer of ideam fewademia to commercial production.

CCEFP Industrial sponsors of Maha research and tygiesentatives included:

Caterpillar: Chris Beaudin, Bryan Nelson, Jim Aande

Eaton:Richard Lyman, Srinivas Patri, Dennis Szukste, Jamie LeClair

Enfield Technologies: Dan Cook, Edwin Howe

Evonik-Rhomax: William Cleveland

Gates: Dan Hergert

HUSCO Intl: Dwight Stephenson, Joe Pfaf

John Deere: Jeff Dobchuk, Mike Brammer

Netshape Technologies, Inc: David Moorman, Wileyné&b

Moog, Aircraft Group: Thomas A. Greetham

Parker Hannifin: Joe Kovach, Bruce Larkin, RollihrGtiansen, Blake Carl,
Kyle Williams

Poclain Hydraulics: Ludovic Loiseau, Simon Rempt&ujllaume Charrier

Sauer Danfoss: Jeff Hansell, Robert Rahmfeld,Reffin, Mike Betz

Toro: John Heckel

Trelleborg: Mark Sitko
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Education and Outreach

Educational outreach is another mission of the G&R#ith programs to promote the teaching of
science and technology concepts related to fluidlgpaat the secondary and graduate levels and
to encourage participation from underrepresentetbriies. The Research Experience for Un-
dergraduates (REU) program places undergraduaieesing students in ERC laboratories for
10 weeks in the summer, where they work with gréslséudents doing original research. In
2009, the Maha Fluid Power Research Center hosted¥EU students:

e Andreu Husien, Purdue University
» Paul Kalbfleisch, Purdue University
* Jamie Scott, Purdue University

* Nathan Strong, Purdue University

Andreu worked with PhD student Josh Zimmerman, stigating the potential for an alternate
hybrid hydraulic system with accumulator energyage for a 20-ton excavator. Paul worked
with PhD student Rick Klop, measureing sound intgna order to estimate total sound power
radiation of a hydraulic pump/motor inside a seme@hoic chamber and performing a
simulation investigation to discover quiet hydrdistéransmission designs. Jamie, supervised by
Jonathan Baker and PhD student Matteo Pelosi, workéh Maha’'s simulation model,
CASPAR, investigating the performance and charsties of the tribological systems characte-
rizing hydrostatic axial piston machines under fiilin lubrication conditions. Maha’s final
REU/SURF student, Nathan, worked with PhD studdmisCWilliamson in developing control
strategies for the CCEFP Test bed 1 - a Bobcat-Bkoavator.

Research Areas at Maha

Our research activities are focused in three ma@aasa

1) Advanced energy saving hydraulic actuators, newesysrchitecture and controls
2) Fluid Structure Interaction in critical piston puimwtor interfaces

3) New computational design methods for piston punmgsraotors

4) Investigation of pump and transmission noise s@urce

5) Advanced hydraulic hybrid power trains and control

Research related to the first three listed areaspported by the NSF through participation in the
CCEFP and by several industrial partners. Therdtpecs are mostly funded by industry.

Advanced energy saving hydraulic actuators

The aim of this research is to develop new vahgelsalraulic actuator concepts including neces-
sary motion control strategies for different apafions that avoid energy dissipation by resis-
tance control. The focus of this work has beem @oncept known as “displacement control” in
which the motion of a linear cylinder is controllddectly by controlling the oil volume dis-

placed by a variable displacement axial piston punip years past this technology has been
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demonstrated by our research group on wheel loadets skid-steer loader, but in 2009 it was
successfully demonstrated on a Bobcat excavatothel past displacement controlled joint rotary
actuator concepts have been developed and sudégsggimonstrated for large mobile robots us-
ing our JIRA test rig. This rig has been modifiecserve as a test bench for studying the dynam-
ic response and control of the pumps used in displ@nt controlled actuators. Currently, work
Is being done regarding active oscillation dampgwaged on displacement control for off-road
vehicles. A Bobcat skid-steer front loader seia®she test vehicle for this reasearch.

Computer based pump & motor design

This research focuses on the performance optiroizaind noise reduction of pumps and motors.
These research efforts have involved the desigspetial experimental test rigs to develop a
fundamental understanding of the complexity of ptaiseffects taking place in displacement
machines. One important result of this researchbumps and motors has been the development
of the multi-domain simulation program CASPAR [€dation of Svash_Fate Type Aial Piston
Pump/Motoj. CASPAR represents the first program worldwidat ppredicts flow ripple, instan-
taneous cylinder pressure, oscillating swash ftates, gap heights, friction forces and volume-
tric losses of swash plate type piston pumps anrmo

Currently, CASPAR is undergoing some significandaes. The aim of the project is to develop
a detailed, fully coupled fluid-structure-multi-bpdhodel for benchmarking the complex physics
of the primary lubricating gap interfaces in axpgdton machines. The interaction between the
fluid and structure in these type of gaps is vempartant. Unlike other interfaces, which primar-

ily only fullfill either a bearing or sealing funon, these interfaces must simultaneously fulfill

both a sealing and bearing function under highlyadyic load conditions. The current kernal of

CASPAR includes a fluid-structure interaction modetl non-isothermal gap flow model for the

piston/cylinder and cylinder block/valve plate ligating gaps. These modules currently exist
outside of the iteration loop.

The objective of the current work with CASPAR isdrtend to the gaps the Thermal-Elasto-
Hydrodynamic (TEHD) lubrication theory which coupl¢he Reynolds Equation, universally
used to model film thickness behavior, with thethemnsfer to the solid parts (T) and the surface
elastic deformation of the solid parts (EHD) duegtessure and thermal induced strains. Being
able to predict the heat transferred from the tinng gaps to the solid parts will allow an accu-
rate determination of the boundary temperaturesafbetter prediction of the fluid viscosity.
The fluid viscosity in fact is strongly influencdxy the temperature distribution and is very im-
portant for the gap behavior. Also, the surfacestedadeformation of the solids parts is deter-
mined both by the dynamic pressure fields generatgde the gap and the thermal loading con-
dition which leads to thermal expansion. Thesectdfstrongly influence the film thickness and
therefore the oil load carrying capabilities. Therkvis currently focused on the development of
such a model for the piston/cylinder interfacecsithis interface is one of the most critical inter
faces and special test-rigs (the EHD and OLEMSrig}tin the lab will allow us to confirm the
numerical results. Such work has also begun feraylinder block/valve plate interface and
slipper/swash plate interface.

Using the current kernel of CASPAR, research & concentrate on developing methods for
surface optimization that increase power density@ectrease losses in the lubricating gaps. Two
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patents have been filed for novel micro-structwsedaces applied to the cylinder block and pis-
ton respectively. Further research focuses on tmgp#uid and structure borne noise sources.
A recent PhD thesis focused on the developmenh afpdimization method for the reduction of

noise emission from pumps and motors. Work hasirmeed on the development of a model for
the prediction of noise in hydrostatic transmission

Investigation of pump and transmission noise source

This research focuses on one of the main probldragesy hydraulic system — high noise levels.
The airborne noise emitted from the hydraulic systean be attributed to two main sources,
namely, Fluid Borne Noise Source (FBNS) and StmectBorne Noise Source (SBNS). The
hydraulic displacement units (pumps and motorsuateally the main source of noise generation
in a hydraulic system. And, the demand for the ldisgment units to be quieter is increasing as
the units are widely being employed in systems widnying operating conditions. In this
research, the problem of noise in the hydraulitesys is being approached from two directions.
The first approach aims to reduce noise generattotme source (FBNS and SBNS) level i.e.
directly at the pumps and motors. A multi-parametalti-objective optimization procedure has
been developed to reduce sources of noises fronpgpwand motors which operate in a wide
range of operating conditions. The optimizationgaaure has been implemented as a software
(VpOptin) which assists a pump designer in a search towamdsptimal rotating group design
which will have the minimum possible noise souricea wide range of operating conditions.

The second approach aims to reduce the noise gemead the system level. The system chosen
here is a hydrostatic transmission which employsggiand motors usually running at varying
displacements, speeds and pressure levels. A gioruk@ol (TransMode] has been developed
which includes a time-domain model of the transmisgoupling the pump and the motor using
a line. TransModelhas the capabilities to investigate different destsuch as rotating group
design and hose dimensions which have an effetttenverall noise of the system.

A semi-anechoic hydraulic transmission test facilst available in Maha Fluid Power Research
Center to measure the sound power radiated froradheces. The facility has two electrical units
which are used as electric motor/generator comioimadhese two electrical units are coupled
with hydraulic displacement units to recreate thiére hydrostatic transmission. The facility also
enables to investigate noise levels of differersigie of displacement units and transmissions.

Advanced energy saving hybrid power trains

Research in this area focuses on investigatindeisbility and performance of alternative drive
line technologies for different types of vehicleBhe aim is to develop system concepts for mi-
nimizing exhaust emissions and fuel consumptiomavit limiting the vehicle’s driving power.
A special software tool called PSDDo{wer $lit Drive Design) has been developed to support
virtual prototyping of power split drives, multietor hydrostatic transmissions and hydraulic
hybrid power train configuarations. The researctivdies are supported by performance mea-
surements using pump and motor test rigs and aMaaedin-the-loop power train test rigs based
on hydrostatic dynameters. Some past studiesdaclu

* Working on power split hydraulic transmission faalry on/off road hydraulic vehicles
» Virtual prototyping of power split drives and hydta hybrid power trains
« Advanced system and control strategies for multienbydrostatic transmissions
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» Development of generic methods for prognostics e€matronic systems of off-road ve-
hicles
* Power management or hydraulic hybrid power trains

Maha Research Projects in 2009

In 2009 work has been done on the following redeprojects:

» Active vibration damping for off-road vehicles ugidisplacement controlled linear ac-
tuators

* Optimal power management strategies using displanenontrolled actuators

« Development of a elasto-hydrodynamic (EHD) modehefslipper/swash plate for ad-
vanced gap flow simulation

» Development of a modeling tool for predicting trefprmance and losses of bent-axis
axial piston pumps and motors

* Investigation of the effect of piston surface shgpn losses in the lubricating gaps of
axial piston pumps and motors using CASPAR

* Investigation of micro-waved surface designs fetgn pump interfaces

* Development of a coupled line-pump-motor modehteestigate transmission noise
sources

* Semi-anechoic chamber construction

» Virtual prototyping of power split drives and hydha hybrids

* Vehicle drive-line control towards optimized prirggrower consumption

The described research activities are accompanjeektensive experimental work. During the
last ten years a comprehensive fluid power resdatmtratory has been built and equipped with
pump and motor test rigs, actuator test rigs, dirnve control and transmission test rigs including
test machines as well as several specialized itgsfor investigation of tribological systems of
displacement machines.
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2 Research Results & Software Tools
Research Reports in 2009

Ivantysynova, M. and Zimmerman, J 2009.Excavator Baseline Fuel Test Repdviaha Fluid
Power Research Center. Research Report MAHAOQ1-#009-

Ivantysynova, M. and Baker, J 2009. Measurement and Simulation Comparison: 1Sdile78
cc unit. Maha Fluid Power Research Center. Resd@egort MAHA02-2009-in.

Ivantysynova, M. and Baker, J 2009.Cylinder Block Gap Surface Deformation Field Plots
Maha Fluid Power Research Center. Research Rep®itAA3-2009-in.

Ivantysynova, M. and Garrett, R. 2009.AW Piston Report (Ribbed Pistons)aha Fluid Power
Research Center. Research Report MAHAQ04-2009-in.

Ivantysynova, M. and Baker, J 2009.Influence Matrix Generation for Bent Axis Unildaha
Fluid Power Research Center. Research Report MAHZAED-in.

Ivantysynova, M. and Baker, J 2009.DM.9 vs. Standard: Additional Simulation Results fo
2000 rpm Operating Speellaha Fluid Power Research Center. Research RE#A06-
2009-in.

Ivantysynova, M. and Kumar, R. 2009.Reynolds Equation for Step Boundary Conditidvia-
ha Fluid Power Research Center. Research Report AOXF2009-in

Ivantysynova, M. and Williamson, C 2009.PCA018 Progress Repoi¥laha Fluid Power Re-
search Center. Research Report MAHA08-2009-ex.

Ivantysynova, M. and Baker, J 2009.CASPAR Key Generator User Guidéaha Fluid Power
Research Center. Research Report MAHAQ09-2009-ex.

Ivantysynova, M. and Baker, J 2009.Simulation Results for 75 cc axial piston pump gsin
Caspar_October_2007_standard and Caspar_May_20@8dsrd Maha Fluid Power Re-
search Center. Research Report MAHA10-2009-in.

Ivantysynova, M. and Cross, M 2009PCA018 Pump Analysis using fast servovahaha Flu-
id Power Research Center. Research Report MAHADDB-20.

Ivantysynova, M. and Williams, K. 2009.Accumulator study: Affects on fuel consumption in
the hybrid dual stage power split transmissibtaha Fluid Power Research Center. Research
Report MAHA12-2009-ex.

Ivantysynova, M. and Williams, K. 2009.Engine management for the hybrid dual stage power
split transmissionMaha Fluid Power Research Center. Research RE#itA13-2009-ex.
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Ivantysynova, M. and Garrett, R. 2009.Knowledge Manual for Tribo-RigMlaha Fluid Power
Research Center. Research Report MAHA14-2009-in.

Ivantysynova, M. and Baker, J 2009.Slipper Gap Heights: Results Obtained with Updated
CASPAR versiarMaha Fluid Power Research Center. Research RE#d#A15-2009-ex.

Ivantysynova, M. andScott, J 2009.Error Running Caspar June 2009 Standakthha Fluid
Power Research Center. Research Report MAHA16-#009-

Ivantysynova, M. and Baker, J 2009. EfficiencyMeasurement Results of 78 cc pump Operat-
ing with a Standard Valve Plate and DM.9 Waved &xgie Valve PlateMaha Fluid Power
Research Center. Research Report MAHA17-2009-in.

Ivantysynova, M. and Pelosi, M 2009.CASPAR Piston-Cylinder and Cylinder Block Coordi-
nate System Clarification®aha Fluid Power Research Center. Research RE#GHA18-
2009-in.

Ivantysynova, M. and Pelosi, M 2009.CASPAR Piston-Cylinder and Cylinder Block Coordi-
nate System Clarification®aha Fluid Power Research Center. Research RE#GHA18-
2009-ex.

Ivantysynova, M. and Degaonkar, C 2009.Power Split Transmission for Special Truck Appli-
cation Maha Fluid Power Research Center. Research RE#G#A19-2009-ex.

Ivantysynova, M. and Seeniraj, G 2009.Sound Pressure Level Measurements for Two Differ-
ent Valve Plates for a 75cc Punigaha Fluid Power Research Center. Research Report
MAHA20-2009-ex.

Ivantysynova, M. and Baker, J.2009.Comparison between Pocket and Waved Structured Sur-
face design Modificationddaha Fluid Power Research Center. Research RE#dHA21-
2009-in.

Ivantysynova, M. and Baker, J.2009.Simulation Results from Cas-
par_JonathanMay_ 2009 _standard using Sauer 78cclsphkade type pumpgMaha Fluid
Power Research Center. Research Report MAHA22-2009-

Ivantysysnova, M. and Baker, J.2009.The Effect of Different Constraints for Influencatkik
GenerationMaha Fluid Power Research Center. Research RepsitA23-2009-in.

Ivantysynova, M. and Baker, J.2009.Adding 2Microns to the Cylinder Block Gap Height us
ing the Macro Geometry to Model Thermal Expansibthe Block.Maha Fluid Power Re-
search Center. Research Report MAHA24-2009-in.

Ivantysynova, M. and Baker, J.2009.Force Balance Script: Comments on a Script forcGal
lating the Balance FactoMaha Fluid Power Research Center. Research REFIHA25-
2009-in.
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Ivantysynova, M. and Baker, J.2009.Explanation of Old CASPAR Versions up Until June
2007 Cat StandardMaha Fluid Power Research Center. Research RE#A26-2009-in.

Ivantysynova, M. and Baker, J.2009.Insights and Conclusions Regarding Influence Masic
Maha Fluid Power Research Center. Research Rep®itA27-2009-in.

Ivantysynova, M. and Baker, J.2009.Torque and Leakage Losses for Pumps A and B: Energy
Dissipation StudyMaha Fluid Power Research Center. Research REJ#iiA28-2009-in.

Ivantysynova, M. and Husien, A.2009.20 Ton Excavator ModeMaha Fluid Power Research
Center. Research Report MAHA29-2009-ex.

Ivantysynova, M. and Scott, J.2009.Simulation and Analysis of Alternative Pump Desigsis
ing an Advanced Computer Modklaha Fluid Power Research Center. Research Report
MAHA30-2009-ex.

Ivantysynova, M. and Strong, N.2009.Control and Measurement of Displacement Controlled
Excavator Maha Fluid Power Research Center. Research RepaiitA31-2009-ex.

Ivantysynova, M. and Zimmerman, J.2009.Excavator Engine Map Model Repavaha Fluid
Power Research Center. Research Report MAHA32-2009-

Ivantysynova, M. and Zimmerman, J.2009.Baseline LS Excavator Fuel Simulation Validation
and DC Excavator Fuel Predictionslaha Fluid Power Research Center. Research Report
MAHA33-2009-in.

Ivantysynova, M. and Cross, M.2009.Bent AxisPump Loss Model#daha Fluid Power Re-
search Center. Research Report MAHA34-2009-in.

Ivantysynova, M. and Kaya, E.2009.Torque Motor Efficiency Test TFO240aha Fluid Power
Research Center. Research Report MAHA35-2009-ex.

Ivantysynova, M. and Franzoni, F.2009.Shuttle Valve Testinglaha Fluid Power research
Center. Research Report MAHA36-2009-in.

Ivantysynova, M. and Kronlage, M.2009.PCA Excavator Progress Repokaha Fluid Power
Research Center. Research report MAHA37-2009-in.

Ivantysynova, M. and Williamson, C.2009.Pump Mode Oscillation on ERC Excavator Boom
Function.Maha Fluid Power Research Center. Research REpFA38-2009-in.

Ivantysynova, M. and Schenk, A2009.Fluid Model for the Slipper-Swashplate Interfatéa-
ha Fluid Power Research Center. Research ReportAB8F2009-in.
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Ivantysynova, M. and Zecchi, M.2009.A New CAD Based Approach for the Geometric Defini-
tion of the Cylinder Block and Valve Plate Intedaklaha Fluid Power Research Center. Re-
search Report MAHA40-2009-in.
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Software Tools

The following special simulation software tools Baween developed and are available fim-
mercial use.

CASPAR

The simulation modelCASPARCdculation of Svash_Pate Type_Aial Piston Pump/Motr), is

a model for predicting the performance and losgesnash plate type axial piston pumps .
motors considering specific machine geometry argfaiphg conditions. The prograis based
on a nonisothermal gap flow model considering the changgag heights due to mic-motion

of partsand due to surface deformat for the connected gaps of a swash plate axial pisa-

chines. The program calculatiye flow ripple at both ports, the instantaneous cygingdressure
the internal and external volumnie losses, viscous friction forces, gap heigbhillating forces
and moments exerted on the swash [ The model has been developed to meet the nee@

next generation of pump and motor researchers asdjkers ar represents a powerful des

tool for this kind of displacement rchine.

CASPAR describes the flow of
compressible and viscous fluid from the p«
through the valve plate to the displacenm #{ o |
chamber. It further considenor-isothermal | | / > g
gap flow through each of the th i} :
lubricating gaps that seal the displacen 4§
chamber. The change of pressure in i
displacement chamber resulting from
basic working process of the displacerr
machine causes fluctuating forces
moments leading to oscillating mi-motion :
of moveable parts of the rotating grc which are considered by the model. For the gaw
calculation, CASPARconsiders a balance between external and fluide$ore.e. full film
lubrication. No mixed friction model is presenfdditionally, the model negcts any surface
roughness of the solid parts, assuming ideally simskiding surface Models implemented ar
solved inCASPARconsider the time dependent change of gap heiglgsaloscillating forces
the interaction between machine parts, the demncy on design and operating parameters
the energy dissipation within the ge

¢

1
! L
—— e
i

X

CASPARalso considers thimfluence that surface deformation of parts formihg gaps has c
machine performance and beha. The mathematical description of the flulow from the
ports to the displacement chamber and throughdhkng and bearing gaps leads to a syste
partial and ordinary differential equatior A new numerical method based on iterative coug
of separate solvers for fluid/solid domains haen developed to solve this transient nonlir
system consisting of the Reynolds equation andettexgy equation fothe fluid domain, the
equation of elasticity for the solid domain and tetgermination of gap heights by solving
motion equation of the mulbody system of the rotating grot The initial boundary conditior
such as instantaneous cylinder pressure are odbtdiyesolving the fluid flow fromthe
displacement chamber to the pc
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The model is continuously under development witn @m of achieving a fully coupled, multi-
domain model that accurately predicts the gap hei@ince 2005, the ability to predict the per-
formance of a spherical port plate and a more cehwnsive fluid property model has been add-
ed. Further updates of the software have incluetbre accurate description of a pump with a
variable piston gap length. This past year, an Ehthalel for this slipper has been developed as
well as a model for considering non-isothermal flomthe cylinder block/valve plate interface.
CASPARSs currently undergoing a major update. The updigrogram promises to be more ef-
ficient and will incorporate the EHD and non-isathal gap flow models for the three consi-
dered lubricating gaps within the internal caldoglatloop. CASPARIs a stand-alone tool
developed using the C++ programming language.
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Polyfitn, N-d Polynomial Linear Regression Model

Polyfitn is a Matlab based software tool used fittiny nth order polynomials, typically to
measurement data. Simple statistics such as tH&coe of determination, root mean square
error, standard deviations, and variences of tledficeents. It will work using any set of terms as
well as positive or or negative exponents. At thehisl Fluid Power Research Center, this is used
to create loss models based on steady state purapuneenents. These measurements allow
determination of derived displacement, which isnthused to calculate volumetric and torque
losses at those particular measured points. Thalses/then allow the calculation of volumetric
and hydromechanical efficiency. Polyfitn uses thdgserete points to create a model which
predicts the volumetric and torque losses at amgrgpoint within the measurement range. These
models can then be used in simulation of hydrasyistems. This provides far more accurate
predicted losses than linearly interpolating betweeasured data points.
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PSDD - Power Split Drive Simulation

One of the main reasons for the use of power dplies in many applications is the possibility to
have a continuously variable transmission with siameously high efficiency in a wide range of
operating parameters. This requires the consideraff real loss behavior of all parts of the
transmission. Due to the strong dependence oé$oskdisplacement machines on operating pa-
rameters the integration of precise loss modetecessary. ThBSDD software tool allows for
the calculation of system parameters including pdagses in the whole range of operation for
any kind of power split drive structure. This piaes the design engineer with very good support
during the design process and helps him to findmmal structure of the power split drive. The
tool has libraries for hydrostatic components, gealutches, planetary gear sets, engine and ac-
cumulator models. These libraries can be extemaeldcompleted by the user easily. An open
database of the most common structures of powérdples is implemented in the CAE tool.
The PSDDsoftware tool is built in a modular way on the Mhatand Simulink platforms.

-

I: Planetary Gear Simulink model

[I: Hydrostatic Transmission Simulink model
[ll: Gear Simulink model

IV: Gear Simulink model
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AVAS

The change of pressure in the displacement chaofledisplacement machine is greatly influ-
enced by the small cross-section of the fluid flehich is formed by the valve plate and the ro-
tating cylinder block. For simulation calculatignisis important to know the exact size of the
flow passage opening to the high and low-pressidies depending on the angle of rotation. Be-
cause of the complex geometric sectioning, an &nalydescription of the cross-section is not
possible. In the past the cross-section was medsnd interpolated manually to obtain the area
profile. Using a 3D-model of the valve pla&&ASis able to compute the smallest cross-section
of the fluid for a complete revolution of the cydier block automatically. In the single-step mode
every calculated passage area can be visuali2&ASusesUnigraphicsbased routines to de-
termine the smallest cross-section into the esathfibw direction. The program is written in
C++ and uses the UG/Open++ interface to start astamal application irdnigraphics The
3D-model of the valve plate can be imported from atner CAD-System by the STEP interface.

Smallest projected
Cross-Section

0 50 100 150 200 =0 00 150

Angle {-']
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SUEZ

SUEZautomatically creates a design of valve plate ogsnby reading a corresponding opening
area file. SUEZis based on the 3D CAD Systdomigraphics The pilot control notches of the
valve plate are assumed to be manufactured byepallmilling. The cross section area, the
length and the angle of the notches can be manguula obtain the desired instantaneous cy-
linder pressure for given operating parameterse démbination of the simulation tooBAS-
PAR AVASandSUEZallows for an optimization of swash plate axiadtpn machines in a very
cost effective way. This method can also be usedther displacement machines.

Automated analysis
of valve plate

Optimize
geometry (AVAS) area
\ profile
Original
valve plate Simulate
with l/
— CASPAR Mil diameter
OptImIZEd Variable sections
valve plate ; / / (Miling depthl
Automated
creation of valve

plate with SUEZ

\ Cross section
*\ drea

\\\
7
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—
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VpOptim

VpOptimstands for Valve plate OptimizatioVpOptimis a software implementation of a m-
parameter multebjective design optimization procedt VpOptim assists a pump designer it
search towards an optimal rotating group desigrnclvhwvill have the minimum possible noi
sources in a wide range of operating conditiongOpgim allows using two different reducti
techniques to be optimized namely relirooves and precompression filter volume with re
grooves. These two reduction techniques have degvarameters which affect the area avail
for flow transfer between the displacement chanavet the pump ports. The parameters of
reduction techigues are subjected to a Multi Objective Genetigotithm (MOGA) to select a
optimum area profile which will have the minimumsgtle FBNS and SBNS over a wide rau

of operating conditions.
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TransModel

TransModelis a GUI based software program to simulate a ¢etmpydrostatic transmission
containing pump and motor connected using a lindinre-domain. The line model chosen
involves a solution of continuity and momentum dopres based on method of characteristics.
This approach is selected because superimposesupeeand flow pulsations can be predicted
and both noise sources are quantified. In particdaime domain line model is necessary to
couple time domain dynamic pump and motor modeilandModel is able to estimate both fluid
and structure borne noise sources. Fluid borneerswsirce (FBNS) is quantified by calculating
instantaneous pressure and flow ripples througttwaitHP line between the pump and motor.
Structure borne noise source (SBNS) is charactétmecalculating instantaneous swash plate
moments in all directions, for both units.
Hydraulic line

? Priep Prpm

Schematic of hydrostatic transmission implemermniebransModel
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3 Research CenteiOverview

i | ab Space and Test Rigs at M
s The lab currently houses tetest
=1 rigs designed to support o
- research

Test Beds for Technological
Demonstration (Above)

v
.

5 — ' Test Rigs and Control Rot« (Above and Left)

‘Im"”ll»

--un.,,"l 2
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EHD test rig

2 RENSA

The EHD test rig is designed moeasue the dynamic
pressure field in the gap between piston and cgli
and the surface temperature distribution in ty-
linder of a swash plate axial piston pur A special
test pump with a single piston cylinder assembly
been designed for this test rig.

temperaure sensor
pressure sensor’
measurement block

Temperature [°C]

0.5, - \
CGiap length -] QEESEERE Sl A 360°
180°
0 Circumference [°]

Measured Temperature Field in tPis-
EHD Pump ton/CylinderGap

Ishaft sealing

pressure ports

drive shaft

OLEMS test rig

This rig is designed to investigatiee temperaturee-
havior in swash plate axial piston pum Sixty ther-
mocouples are mounted arouadsingle cylinder t
measurehe temperature field during operation of
pump. Telemetrys used for data transfer from tro-
tating cylinder block to the data acquisition bc
The measured selts are used for the development
more precise method to calculate the -isothermal
gap flow between piston and cylinder in swash ¢
type axial piston machines.
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a} . . )
Simulation T sture [°C] Measurement

20 -0 0 10 20
fmm]

Cylinder block with

thermo couples Temperature distribution in the assembly near the slipper side

Tribo test rig

The heart of the test rig, the Tribo punis designed to meast
the dynamic axial and the circumferential frictifmmce betweel
the piston anccylinder. The data can be processed during |
speed using a telemetry syst The Tribo pump can be operat
in either pumping or motoring mode from 1 rpm ud8&)0 rpm
The measumentscan be taken during steady state conditior
different oil viscosities

Tribo pump Hydrostatic bearing (rec

P, pi20, n1000, T52

0 0.02 0.04 0.06 0.08
tlsl

Cavitation/PIV test rig

This test rig was designed to visualize and con
Particle Image Velocimetry (PI\gnalysis of cava-
tion in hydraulic oil. This test rig was designiec
support of CCEFP project 3C and will support
computational studies in modeling cavitation y-
draulic components.
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Transmission test rig

The test rig is designed ttetermini the efficiency
of a hydrostatic car transmission at different kb
and gear ratios. The transmassiis driven by ai-

esel engine and secondary controlled unit <u-

lates the driving resistance of the vehi

Test rigs for steady state masurement:

Two electric motor driven test richave been de-
signed to measure steady state and dynamicc-
teristicsfor different pump and motor types ind-
ing 1 rpm tests. The test rigs are equipped w
temperature and pressure sensors as well eed,

flow and torque meters.

Performance Characteristics

Max. installed electric power: 2 x 120 |
Max. speed: n1 = 7000 rpm/n2 = 3000
Max. pressure: 450 bar

Max. torque: M1 = 300 Nm/ M2 = 500 N

Performance

Max. Torque: 30000 Nm
Max. Pressure: 350 bar
Max. Power: 30 kW

_ JIRA test rig

The joint rotary actuator test (JIRA) has
been built for experimental investigations
2 displacement controlled rotary actuators

5% use as end effector drives in mobile robots
large manipulatorsThe developed system a
control concepts can also be used for aa-
tions such astabilizers in cars or shij

Rotary Actuatc
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Two new test rigs have been added to facilitigb@tMaha Fluid Power Research Center. Ol
designed for thgurpose of testing new power trains developed Iretbe lab. Another is

semianechoic chamber to support the research relatedise reduction in pumps, motors ¢
transmissions.

Semi-Anechoic Chamber

This test rig is designed for noise meie-
ments on pumps, motors and hydrost
transmissions. The noise measurements
used to support the research in noise c-
tion conducted at the Maha lab. This test
has recently been successfully calibrated
used to quantify the sound intensityvel |
emitted from a hydraulic pump using thi

microphones and a positioning g

Power Train test rig

This test rig has been designed for the purpo:
testing power trains and power train contrcn-
cepts developed here at the Maha lat hydrau-
lic motor supplies input shaft power to the po
train being tested, while a hydraulic pump cre.
a simulated load at the output shaft of the pc
train. The test rig can be used to accuratelu-
late given drive cycles such as the UDDS d
cycle shown below.

70

60

Spaed, mila/h
22z

=
—

0 200 400 500 €00 1000
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Power Supply

The above test rigs are powered | 320 kW central hydraulic power supply unit with @0P
liter tank, a water cooler and heating elementsh witve individually controlled pressu
compensated pumps, 350 bar and Ipm output flow and a 60 I/min low pressure ingdllin
2005. A second sdium pressur63 kW hydraulic power supplyyith a maximum flow rate c
250 I/min and pressure differential of 60 bar, &s® been added. This supply is equipped w
300 litertank. The central pressure net is mainly usedufply hydraulic load units for tt
individual test rigs where the load units are based on secondaryato The total installec
electric power amounts 200 k.

Test Beds

In addition to thestandard test rigs, the Maha Fluid Power Reseagttie€ also houses seve
vehicles that either have been used or are beied agrrently as a platform for demonstrat
and/or investigating new fluid power systems cots

Front Wheel Loaders

Displacement control, the concept of controll
hydraulic actuators with variable displacem
pumps instead of throttling valves, was f
tested and demonstrated using this front w
loader. Due to the elimination of throttli
valves, displacementontrol technology is als
sometimes referred to agdive les” technology.
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This smaller front wheel loader serves as &-
form for diagnostics and prognostics on hydra
systems.

Bobcat Skid-Steer Loader

Pumpeontrolled technology has a been dem-
onstrated on compantachinery. A Bobcat sk-

steer loader has been modified so tha boom

and bucket functions are controlled by varie
displacemenhydraulic pumps. Current reseal
focuses on improving operator com and prod-
uctivity via active vibration dampir. The con-
trol concept was successfully demonstrated

showed up to a 34% reduction in vibration e-

. rienced by the machine opera
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Bobcat Mini Excavator

The excavator is being used for the purpose oingpdisplacement controlled technology &
engine power management concepts to improve fueauoy developed here at the Maha |
The excavator serves as the CCEFP test bed 1.eXidavator was successfully demonstrate
early November. Energy measurints of the hydraulic system showed savings of 504én
compared to the standard load sensing system headjin most production excavators to
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4 Industrial Partners & Sponsors

We are proud of and grateful for our newest addgito our list of partners/sponsors. We would
like to thank all our partners for their fruitfub@peration and support of our research:

Actia, Toulouse, France

Airbus Deutschland GmbH, Hamburg, Ger-
many

AM General, South Bend, USA

Bobcat, West Fargo, USA

Bosch-Rexroth AG, Elchingen, Germany

Bosch-Rexroth Corporation, Sturtevant,
USA

B+V (Blohm+Voss) Industrietechnik, Ham-
burg, Germany

Borg Warner, Inc., Auburn Hills, Minnesota,
USA

Case New Holland, Burr Ridge, Chicago,
USA

Caterpillar Inc., Peoria, USA

Centro Ricerche Fiat, Orbassano, Italy

Claas Industrietechnik GmbH, Paderborn,
Germany

Cummins Inc., Columbus, USA

Doosan Infracore, Seoul, South Korea

Deltrol Fluid Power, Milwaukee, USA

John Deere Product Engineering Center,
Waterloo, USA

K. & H. Eppensteiner GmbH & Co. KG,
Ketsch, Germany

Eaton Corporation, Eden Prairie, USA

Fairfield, Lafayette, USA

Gates Corporation, Denver, USA

Hagglunds Drives Inc., Columbus, USA

Hense Systems, Bochum, Germany

Honda R&D Americas Inc., Raymond, USA
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Honeywell Aerospace, South Bend, USA

HYDAC International GmbH,
Sulzbach/Saar, Germany

INNAS, Breda, Netherlands

Jungheinrich AG, Norderstedt, Germany

Komatsu Ltd., Tokyo, Japan

Linde AG, Aschaffenburg, Germany

Linde Hydraulics Corp, Canfield, USA

Mecalac, Annecy-le-Vieux, France

Moog GmbH, Bdblingen, Germany

Moog Inc., East Aurora, USA

National Fluid Power Association (NFPA)

Adam Opel AG, Russelsheim, Germany

Oilgear Towler GmbH, Hattersheim,
Germany

Orenstein & Koppel AG O&K, Berlin,
Germany

Parker Hannifin GmbH, Kaarst, Germany

Parker Hannifin Corp., Cleveland, USA

Quiality Control Corporation, Chicago, USA

ROSS Controls, Troy, USA

Sauer-Danfoss, Neuminster, Germany

Sauer-Danfoss, Aimes, lowa, USA

Sun Hydraulics, Sarasota, USA

TRW Automotive, Lafayette, USA

WIKA Instruments Corporation,
Lawrencewille, USA

ZF Luftfahrttechnik, Kassel, Germany
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5 Publications

Journal Articles

Ivantysynova, M. and Baker, J.2009. Power Loss in the Lubricating Gap Betweetindgr
Block and Valve Plate of Swash Plate Type AxiatdhsMachinesinternational Journal of
Fluid Power Vol. 10, No. 2, pp. 29 — 43.

Williamson, C. and Ivantysynova, M. 2009. Active Vibration Damping for an Off-Road Ve-
hicle with Displacement Controlled Actuatobhsternational Journal of Fluid PoweNol. 10,
No. 3, pp. 5 - 16.

Conference Proceedings

Baker, J. and Ivantysynova, M.2009. Advanced Surface Design for Reducing Povesisés in
Axial Piston MachinesProc. 11th Scandinavian International ConferenceFdnid Power
SICFP’09 June 2 — 4, Linkdping, Sweden, Vol. 10 (2009), Rigop. 15 — 30.

Pelosi, M. and lvantysynova, M.2009. A Novel Fluid-structure Interaction Modet faubricat-
ing Gaps of Piston MachineBroceedings of the Fifth Fluid Structure Interacti€onfe-
rence eds. C.A. Brebbia, WIT Press, Southampton, pp.23.

Klop, R. and Ivantysynova, M. 2009. A Method of Characteristics Based CouplechjLine
Model to Predict Noise Sources of Hydrostatic Traissions. Bath ASME Symposium on
Fluid Power and Motion Control (FPMC2009), [DSCC2&¥79].

Kumar, R. and Ivantysynova, M. 2009. An Optimal Power Management Strategy for
Hydraulic Hybrid Output Coupled Power-Split Transsion. Bath ASME Symposium on
Fluid Power and Motion Control (FPMC2009), [DSCCa&¥80].

Pelosi, M. and lvantysynova, M.2009. A Novel Thermal Model for the Piston/Cylard
Interface of Piston Machines. Bath ASME SymposmFluid Power and Motion Control
(FPMC2009), [DSCC2009-2782].

Zimmerman, J. and lvantysynova, M.2009. Effect of Installed Hydraulic Corner Powertbe
Energy Consumption and Performance of Multi-Actuddisplacement Controlled Mobile
Machines. Bath ASME Symposium on Fluid Power andtidh Control (FPMC2009),
[DSCC2009-2781].
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Invited Lectures

Ivantysynova, M. Prius without a batter— an effective way to save fuel and reduce emiss
with hydraulic hybrids. 2009 SAE Government/Indysieeting. Technical Session
Light-Duty Hybrid Vehicle Technologies. February 4, 2. Washington, D.(C

Ivantysynova, M. Hydraulic Hybrid Power Train- an Opportunity and Challenge for Flt
Power. 7th International Conference on Fluid Fr. April 7-10, 2009. Hangzhou, Chin-
Keynote Lecture

Hangzh'
April 7-3

Pictures from Monika’'s lecture in Chin

Zimmerman, J. Energy Recovery through Displacement ControllecuAtdr Circuits for Muli-
actuator Machines. "™S8NFPA Educator/Industry Summit, August-22, 2009. Wheeling, I

Posters Presented

2009ERC Annual Conference,October 7 — 9, 2009. Greensboro, NC.

Optimal Power Management with Displacen-Controlled Actuators (project 1A,
Christopher Williamson

Advanced Surface Design for a New Generation of jduand Motor (project 1B.1, Matteo
Pelosi, Marco Zecchi and Andrew Sche

Heavy Mobile EquipmentExcavato (Test Bed 1)Josh Zimmerman

The 5" NFPA Educator/Industry Summit, August 21— 22, 2009. Wheeling, IL

Energy Recovery Through Displacement Controlledud@tcr Circuits fa Multi-Actuator
Machines Josh Zimmerman

Noise Source Reduction of Hydrostatic TransmissamusHydraulic Hybrid, Richard Kloy

A New Approach in Modeling of Piston/Cylinder Ifiéexe by Considering Materi
& Fluid Properties Matteo Pelos
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Energy Savings Though Optimal Control of Multipleinip-Controlled Actuators Chris
Williamson

Modeling and Design of the Cylinder Block/ValvetPlmterface Marco Zecchi

The Hydraulic Hybrid — a Viable Alternative to Elec Hybrids, Rajneesh Kumar

Patents Filed
Patent application 65083 P1.US - Axial Sliding Begwith Structural Sliding Surface

Patent application 65225.00.US — Displacement-odlatt Hydraulic System for Multi-function
Machines

Patent application 65226.00.US — System and Metbo®lade Level Control of Earthmoving
Machines

Patent application 65227.00.US — System and MetbodEnabling Floating of Earthmoving
Implements

Patent application 65230.00.WO — System and MetbioBump-controlled Cylinder Cushioning
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6 Theses Completed in 2009
PhD Thesis

Seeniraj, Ganesh 2009.Model Based Optimization of Axial Piston Machineslsing on Noise
and EfficiencyPhD Thesis, Purdue University.

Master’'s Theses

Degaonkar, Shekhar 2009.Power Split Transmission for Special Truck Appimas MS The-
sis, Purdue University.

Garrett, Reece 2009.Investigation of Reducing Energy Dissipation inabRiston Machines of
Swashplate Type Using Axially Waved PistdnS Thesis, Purdue University

Kumar, Rohit. 2009.A Study of the Piston Ring — Cylinder Bore Inteeféor Bent Axis Axial
Piston Pump Using an Advanced Computer Mollid Thesis, Purdue University.

Maha Fluid Power Research Center: 2009 Annual Repor 31



7 International Co-operation

Every year, the Maha lab is pleased to host intermal scholars for a period of some mont
Our successful international operations with fluid power research centers woidigwcould be
strengthened even furthey using our membership in the international nekwdiluid Power
Net International” (FPNI), which is currently joichedby members from 26 countrierefer to
http://fluid.power.net

International students and researche

In 2009, the following internatioll students and researchers have worked in our

L
»

Q s
Wit [ — L4
Zhao Federica Najoua

Zhao Hui, Wuhan University of Science and Technpl(zhaolll@purdue.ejiu

Federica Franzoni, University of Modena and Redgialia (ffranzo@purdue.ed

Najoua JouiniJniversitat Stuttgart, Germannjouini@purdue.edu)

Marcel Tkocz,Technical University Dresden, Germamtkocz@purdue.edunail@tkocz.ne)
Marco Zecchi, Universita Degli Studi di Parma (nd@@purdue.edi

Marcel
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8 International and National Conferences Attended

5" Fluid Structure Interaction Conference. Royal Mare Village, Crete, May 25-27, 2009.
Attendees: Matteo Pelosi (Presenter)

11" Scandinavian International Conference on Fluid Powr (SICFP09). Link6ping, Sweden,
June 2 - 4, 20009.
Attendees: Monika Ivantysynova (Session Chair)

Jonathan Baker (Presenter)

39 CCEFP Annual Conference Greensboro, North Carolina. October 7 - 9, 2009.
Attendees: Monika Ivantysynova (Thrust 1 Leader)

Chris Williamson (Project 1A.2 Presenter and PoBtesentation)

Matteo Pelosi (Project 1B Presenter and PosteeRtat$on)

Josh Zimmerman (Presenter and Test Bed 1 PosteerRation)

Marco Zecci (Poster Presentation)

Bath ASME Symposium on Fluid Power and Motion Contol. Hollywood, California. Octo-
ber 12 - 14, 2009.
Attendees: Monika Ivantysynova (Presenter)

Rich Klop (Presenter)

Rajneesh Kumar (Presenter)

Josh Zimmerman (Presenter)
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9 Maha in the News

Research at the Maha Fluid Power Research Cerdegamerated quite a lot of public interset. A
selection of these articles have been included #feefollowing list of references.

- Boulden, Larry. "Energy-Saving Hydraulic®esign World January 2009.
- EauClaire, Michelle. "Efficient, effective, compddDEM Off-Highway February 2009.

- Presher, Al. "Four Game-Changing Fluid Power Tebtyy Initiatives",Design News
October 2009.
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Energy-Saving Hydraulics

by Larry Boulden, Senior Editor
Fricay, January 16, 2008

SharaThis

Related Articles

HAWE Hydraulics Compact Power Units
HAWE Hydraulic Expands Power Pack Product Range
Frecision HydraulicValves from Continental Hydraulic

HAWE Hydraulies Expands NEMP Walve Pragram

Hydraulics have won wide acceptance for factory and mobile applications. Traditional
strengths of this key technology are centered around power... strength... durability. .
control, But now, new lines of research are focusing in on efficiency. Check these
developments that aim to convert hydraulics from energy-gulpers to dainty sippers

Smart Components Power Up Mobile Hydraulics
Dura-Bar Revamps & Expands Website

Oft-highway Hydraulic System Taddes Tomadoes
Fluid power: Saving Energy with Efficient Fluid Power
Pneumatic Control Devices Catalogue

Ultra-miniature M3 Threaded Slide Sleeve Valve

Small used to test pump ot  inwhich traditional 1l trol walwes are rzplaced by with variable displavement pumps.

Power management with pump-controlled actuators

Waost mobile hydraulic systems are powered by diesel engines, and they may use more diesel fuel than they have to. A research project at
Purdue University, sponsored by the Mational Science Foundation (NSF) and the Mational Fluid Power Association (NFPA), is working to test
a method for using less power in mobile hydraulic systems.

I a nutshell, the method replaces traditional flow contral valves with variable displacement pumps. Rather than connecting multiple hydraulic
actuators (cylinders and motors) in parallel to a single pump, each actuator is controlled by smaller, individual pumps. The researchers call
this "purnp-controlled actuation” or PCA. This approach offers lower power losses and the ability to recover energy, duting such tasks as
loweering a load, PCA systems also have sufficient flexibility to adjust engine speed and purmp displacements to keep the engine oparating
near its peak efficiency, a technigue that is familiar for hybrd vehicles but has not yet been applied to construction machinery. These
developments promise to dramatically reduce fuel consumption while simultaneously introducing more sophisticated electronic controls that
will improve operator comfort and productivity.

This research is currently being conducted by graduate students Chris Williamsan, Josh Zimmerman, and Edward Hughes at Purdue
University as part of the Center for Compact and Efficient Fluid Power (CCEFP), a consortium of seven universities and more than 40
companies devoted to advancing the state of the art in hiydraulic and pneumatic technology. The project focuses on a compact excavataor,
although the PCA method is applicable to other rmachines with multiple actuators that operate simultaneously, such as telehandlers, timber
harvesters, and so forth. Detailed simulations have shown that the main source of power [0ss on these machines is the flow control valves.
Commaon "load-sensing” hydraulic systems attermpt to reduce these losses, but are still highly ineficient when multiple cylinders and motors
operate simultaneously at different pressure levels. Unfortunately, these machines move multiple actuators almost constantly. The Purdue
teamn's analysis of a &-ton mini excavator during a typical trenching cycle showed that only about 15% of the engine energy was expended in
useful work, and mare than 40% of the engine energy was dissipated in valve l0sses. Pump-controlled actuation eliminates these losses,
resulting in a 30 to 40% reduction in total energy for the same duty cycle.

The research team is in the process of building a prototype to confirm these findings. The primary goal is saving fuel, but they also intend to
demanstrate other advantages of advanced contral systems such as cylinder coordination (for level-bottom trench digging) and manipulatar
rotion optirmization. Another CCEFP project at Georgia Tech focuses on force-feedback controls for irmproving the operator-machine
interface

Industry feedback is cautious an the project so far, citing the increased cost and complexity of adding more pumps to mobile equipment, The
researchers respond that these costs diminish with economy of scale and are outweighed by the benefits of higher eficiency and productivity.
As the costs of energy continue to rise, this could be an econormical solution to the energy problem
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Four Game-Changing FIuid Power Technology Initiatives
9.1 From a novel hydro-mechanical system for a hybr id car to a compact, free piston
engine for pickups, researchers look to broaden flu id power's reach

By Al Presher, Contributing Editor -- Design News, October 1, 2009

Through the Center for Compact and Efficient Fluid Power, a research consortium sponsored by
the National Science Foundation, university teams, along with their industrial counterparts, are
working on new technologies that will significantly advance the state-of-the-art in fluid power.
Here is a look at four significant initiatives.

Pump-Controlled Hydraulic Excavator

- Researchers at Purdue University are working on a pump-
fm' controlled hydraulic circuit that uses variable displacement

; B pumps as the main control element instead of hydraulic valves

to power an excavator. The design is very simple, with one
pump per actuator to control the cylinders on the stick, bucket
and boom links; the swing motor that controls the cabin rotation;
and each travel motor.

Click to view full-size The variable displacement pumps serve as both the power

supply and flow control for the actuators. Pump flow rates are
controlled electro-hydraulically by adjusting the pump displacement. The excavator arm is
instrumented with position sensors for feedback control. The controller coordinates the actuator
motions, allowing the operator to command the bucket trajectory directly for level trenching and
vertical lifting.

Elimination of the control valves makes the biggest impact on the new excavator's energy
efficiency. The architecture also allows recovery of kinetic and potential energy because the
pumps can operate as motors. In all, these efficiency improvements add up to a 50 percent fuel
savings for a typical duty cycle.

One technical challenge for the test bed is coming up with the sophisticated engine power
management scheme that will be required to adjust the engine speed for efficient operation.
Engine power management is a familiar feature in hybrid cars, but has seen only limited
application in off-road machinery. The system needs high bandwidth at the actuators, but the
engine can't respond as quickly to changes in speeds. Dynamic loads change much more
quickly than with a passenger vehicle, so shaking mud from the bucket, for example, requires a
very fast response.
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Off-Highway

Product development solutions forthe off-road market

February 12, 2009

10 Efficient, Effective, Compact
By Michelle EauClaire, OEM Off-Highway

10.1 The CCEFP brings together students and industry professionals to solve the fluid power
industry's biggest dilemmas.

Research is essential for the progression of
technology and our engineering capabilities.

The Center for Compact and Efficient Fluid
Power (CCEFP) was established in June of
2006 as a National Science Foundation
(NSF) Engineering Research Center (ERC).
Headquartered in Minneapolis at the
University of Minnesota, the center connects
fluid power researchers with university
faculty in an effort to fill a research void that
has developed in the fluid power industry.

Profezaar Moniks vartysynowa (frant rose, thivd from right)
with CCEFP graduate students and rezearchers.

The CCEFP ig currently en_gaged_ in over 20 50| Hydraulic Energy Comparison
research projects organized into three

groups with different goals. One seeks to _ 1407 W Load Sensing

create more  efficient  fluid  power ;_ 12004 m pisp. Control

technologies to reduce petroleum = 1233

consumption, energy use and pollution. A = 500

second focuses on finding a more effective & 400 -

fluid power technology that will be cleaner, 200 -

quieter and safer for its users. The third will 0 !
create a more compact fluid power Actuator  Vale  Pump  Fricdion, Charged  Total
technology to work more cohesively with the i S o ToMG R
evolving equipment landscape. Hydraulic Enerey Comparizon chart

Project 1A.2

One such project is 1A.2: Optimal Power Management for Mobile Fluid using Displacement-
Controlled Actuators. The project is lead by Professor Monika lvantysynova at the Maha Fluid
Power Research Center at Purdue University, West Lafayette, IN. One of Ivantysynova's
graduate students, Chris Williamson says, "The focus of the project is on machines with multiple
actuators that work simultaneously, such as excavators and telehandlers.” Williamson is
responsible for developing the excavator controls.

"The main source of power losses on these machines is the flow control valves," says
Williamson. "Even load-sensing systems have high throttling losses when multiple cylinders and
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motors operate at different pressure levels. Our mini-excavator simulations are showing that
more than 40% of the total engine energy is wasted in valve losses during a typical trench-
digging cycle. The solution we propose is displacement-controlled actuation, using variable
displacement pumps to control the cylinders directly. This eliminates the power losses inherent
to valves and allows energy recovery as the pumps can run in motoring mode."

It will also reduce overall machine fuel consumption by avoiding throttling losses and allowing
energy recovery. Path optimization and effective engine management could see additional fuel
savings. Simulation testing is finding 30-45% savings in total energy (see chart below). The
team is currently building a prototype and expecting to have it running by March 1 to verify these
findings.

According to the CCEFP website, "The number of professors, graduate students and research
projects in hydraulic and pneumatic technology is on the rise. "If these projects are successful,
there will be tremendous improvements in components, systems and fluids. If not, a new
generation of engineers and scientists with fluid power training will revitalize academic and
industrial research in this country for years to come."

Industry members benefit

"Our members are companies, not engineers," says CCEFP Director Kim Stelson, Minneapolis.
Engineers of member companies can participate actively as a Project Champions. Members
have opportunities to meet the researchers and their students, and receive regular updates on
the progress of the research projects. All have royalty-free licenses to non-patented discoveries
and inventions. They also have access to CCEFP student resumes online, enabling them to
identify students available for internships and those approaching graduation. "Getting trained
engineers has been a huge problem in fluid power, and we're contributing to that solution," says
Stelson. "Our goal is to have every mechanical engineer, and closely related disciplines such as
agricultural engineering, know what fluid power is."
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11 Educational Activities

Dr. Ivantysynova has taught, developed or beensad¥o several courses in her time thus far at
Purdue:
* ABE 691/ ME 697 — Hydraulic Power Trains and HgbBystemgSpring 2008, 2009)

 ME 597/ABE 591 — Design and Modeling of Fluid PowgistemgFall 2005, 2006,
2007, 2008 and 2009)

« ME 463 — Senior Design Projeg@pring 2006, 2007, 2008 and 2009)

« ABE 697 — Seminaffall 2009)

ME 597 /ABE 591 — Design and Modeling of Fluid PowBystems
Fall Semester 2009

2009 marked the fifth consecutive year of ME 597FABD1 being offered.

Course Description:

ME 597/ABE 591 Design and Modeling of Fluid Powgs@&ms

1 Semester, 3 Lecture/week, 3 Credits

Prerequisite: ABE 435 or ME 309, ME 375 or consenhstructor.

This course provides an introduction into modelamgl design of fluid power components and

systems. Modeling techniques based on physica Eawl measured performance characteristics
will be applied to design and analyze componentsystem performance. Fundamentals: design
principles of displacement machines, flow and presgontrol, motion control using resistance

control, motion control using displacement con#dllactuators, variable speed transmissions,
modeling of flow in lubricating gaps, transmissilime models, secondary controlled systems,

load sensing systems.

Textbook: Course Notes

References:

J. Ivantysyn and M. Ivantysynovétydrostatic Pumps and Motors Principles, DesignfoPe
mance, Modelling, Analysis, Control and Testidgademia Books International, New Dehli,
2001.

Fitch, E.C. and I.T. Honddydraulic Component Design and SelectiBarDyne, Inc. 1998.

H. E. Merritt. Hydraulic Control Systemgohn Wiley & Sons, Inc.

Coordinator: M. Ivantysynova, Maha Professor of Fluid Powest8gyns, ME and ABE
Goals:

To give seniors and graduates students in engimgedre ability to design and analyze fluid pow-
er systems applying computational methods. Theseois designed to teach students how to ap-
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ply engineering fundamentals to develop mathemlatieadels of fluid power components and
systems, so that advanced systems can be developed.

Prerequisites by Topic:

Fluid Mechanics

Modeling and analysis of physical systems

Differential equations and calculus

Topics:

1. Introduction and overview of components, cirauntl system design methods
2. Fluid properties, modeling of transmission linegpedance model of lines

3. Displacement machines design principles

4. Steady state characteristics, measurement netmeimodeling

5. Gap flow models

6. Flow and pressure pulsation

7. Resistance control, modeling of steady statedgndmic performance

8. Pressure and flow control valves

9. Servo and proportional valves, nonlinear anddirsystem models

10. Modeling of valve controlled systems, linead aotary actuators

11. Modeling of displacement controlled actuatptsnp control systems
12. Secondary controlled actuator, modeling andicgtpon

13. Special system design aspects, load sensitensys

Computer Usage:
Required in solution of homework problems and fidesign project. Matlab experience would
be helpful but not necessary.

Laboratory Project:
Hardware-in-the-loop test rig of a vehicle drivedli

Aim:

To learn to plan, design and operate an experirhtagiset up for performance testing of a fluid
power system. To become familiar with X-PC targgftware, measurement equipment and data
acquisition system used on a hardware in-the-lesp rig of a vehicle drive line. The project
should also prove the student’s ability to perfameasurement, evaluate test data and write a
measurement report in an appropriate form.

Method:

Students will have to form teams of three studedtee lecture will be used for introduction into
the problem and the existing test rig. Studentktiaen have to learn to operate the test rig and t
perform measurement. Each team has to write aurezagnt report.

Formulation of problem:
Students are requested to perform the followingkwor
1. Study the test rig structure including the X-PQ@é&drsystem and describe it in the report
accordingly.
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2. Specify a drive cycle of the vehicle you like tsttesing the hardware-in-the loop test en-
vironment.

3. Perform the measurement of the drive cycle! Asscsawill be given. Each group needs
to make arrangements for performing their testénlab with Edat Kaya.

4. Evaluate the test results and complete a report.

Nature of the Design Content:

The design component of this course will consisstaflents designing a fluid power system to
meet a particular need and required performance .stidents will solve several sub problems of
an entire system design as part of the regularseduomework.

Engineering project to be completed during the cowse

Aim:

To demonstrate in form of an engineering projeet ability to design fluid power systems, to
understand the function of components and how tdahtheir steady state and dynamic behavior
to predict the system performance. The project lshalso prove the student’s ability to write an
engineering report in an appropriate form.

Method:
Students will solve several sub problems of théremstystem design work as part of the regular
course homework.

Formulation of problem:

Students are requested to perform the followingkwor
1. Choose and define your own system design projectdefine a hydraulic actuator, drive

system or transmission as a part of a machine luchkee Describe briefly the machine or
vehicle function.

2. Specify the system requirements (work task, opsgaparameter range, safety issue,
energy consumption, type of primary energy souerg) conclude the requirements in
form of a system specification as the first chapfeyour project report.

Remember to apply individual course topics to yaystem

During the semester it will be requested that ydd a second actuation system to your

initial one. This is to ensure that each projexg At a minimum one rotary and one linear

drive system.

5. It is also necessary that you investigate and coengtileast one alternative solution for
one of your chosen actuator/drive or transmissaut®n. The comparison must include
energy consumption and a brief statement of othepgsties (system complexity, costs
etc).

6. Define system structure, draw circuit diagram anstlaeme showing the interfaces be-

tween your fluid power system and the entire maahighicle.

Select type and size of components

Create models to describe the loss behavior, erenggumption

Create models to predict system behavior includipigamics (system parameter as func-

tion of time)

how

© N
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10.Define measurement methods and test procedure felexted component and your

whole actuation system
11. Write the system development report
ABET category content as estimated by faculty memalb® prepared the course description:
Engineering Science: 1.5 credits or 50%
Engineering Design: 1.5 credits or 50 %

Grading: 60% engineering project, 30 % written final exdd,% measurement report

= Valve controlled systems
To leamn how to model fluld power components and systems based on
physical laws and when to use these models.

PURDUE

= Modeling and design of linear actuators

= Dynamic performance
= Design example

Design and Modeling of Fluid Power
Systems ME 597 JABE 591

and sysfem f design princiy of

resistance conirol, motion control using displacement confrolled actuators, = Displacement controlled

variable speed of flow in ing geps,
transmission kne models, secondary confrofled systems, load sensing syStems
At To learn how to design advanced energy saving
1, hydraulic actuators and transmissions and to predict
= Displacement Machines their performance.
= Design principles = Pump control system design
= Steady state characteristics, it and modeling = Design of hydrostatic transmissions
= Gap flow models = Secondary controlled actuators
= Flow and pressure pulsation = Pump confrolled linear actuator
= |nstant 1s cyline . « "
" i = System design - special topics
= Power supply systems
= Load sensing

= Resistance Control
To learn to design fluid power systems and to understand the function of
camponents-and Fow'tomedethol sieady state/and dysamiz behavior by Monika Ivantysynova, MAHA Professor Fluid Power Systems

To determine steady state and dynamic charactenstics of fluid power
= Tuesday 8:00 - 11:00 @ MAHA LAB,

= Energy aspects

components and syst based on nents

1600 Kepner Drive, Lafayette

= Pressure and flow control
= Sent-and proporional Valves * Thursday 1:00 — 2:45 (lab 2 times only)

= Nonlinear and linear system models
= 3 credits
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ABE 691 / ME 697 — Hydraulic Power Trains and HyloriSystems
Spring Semester 2009

2009 marked the second consecutive year of ABE 60M& 697M — Hydraulic Power Trains
and Hybrid Systems being offered.

Course Description:

ME 697M/ABE 691M Hydraulic Power Trains and HybB8gstems

1 Semester, 2 Lecture/2 Lab/week, 3 Credits

Prerequisites: ME 475, 575 or ABE 460, ABE 591/MK ®r ABE 435 or consent of instructor.

The course provides a thorough understanding ofiraowusly variable transmissions and hy-
draulic hybrid power train systems. It covers design and modelling techniques for analyzing,
predicting, and specifying the performance of amndusly variable transmissions, hybrid power
trains and complex hydraulic machine systems inofyittansmission and power train controls.

It also provides an introductory treatment of véhgteering, braking and active vibration damp-
ing systems based on displacement control. Funclia@tseof power train control and machine
power management concepts are discussed.

Textbook: Course Notes

Coordinator: M. Ivantysynova, Maha Professor of Fluid Powest8gns
Lecturers: M. lvantysynova, R. Klop, K. Williams, R. Kumamd C. Williamson

Goals:
1. To learn to design, model and analyze continuoustiable transmissions (CVT) and hy-

brid power train systems.

2. To determine steady state and dynamic charactsristiCVT's.

3. To learn how to apply computer software to pregatformance of CVT systems and
power train structures including controls.

4. To learn how to model and simulate coupled hydcamiechanical systems of off-road
vehicles and to predict their performance.

5. To become familiar with machine power managemeatesgies for hydraulically pow-
ered machinery.

Topics
1. Hydrostatic and Hydrodynamic Transmissions
2. Power Split Transmissions and Hydraulic Hybrid Syss
3. Power Train Control and Machine Power Management
4. System Design — Special Topics
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Laboratory Experiments
1. Hydrostatic Transmission Performance Measurements

2. Hardware-in-the Loop Transmission Testing
3. Power Train Control Performance
4. Vehicle Vibration Measurement

Grading: 20 % for each of three design projects and 1@€&#ch of four measurement reports.

PURDUE (gt

Hydraulic Power Trains and Hybrid
Systems ME 697M /ABE 691M

Spring Semester 2008

This course provides a thorough understanding of continuously varmable
transmissions and hydraulic hybrid power train sysfems. It covers the design
and modeiing techniques for analyzing, predicting, and specifying fhe
performance of continuously vanable fransmissions, hybrid power frains and
compiex hydraulic machine systems including transmission and power train
controis. It also provi an introductory treatment of vehicle steering, braking
and active wibration damping systems based on displacement control
Fundamentals of power train control and machine power management
concepts will be discussed.

= Hydrostatic & hydrodynamic

FRERIE]

2] i

management

B

= Transmission & engine controf
: 2 T pAY=T,
= Power train control using efficiency maps of power frair components

= Machine power management
= System design - special topics

To learn how to design advanced energy saving
hydraulic circuits for power trains and hydraulic hybri

transmissions .Eﬂ--l [= . Tl . U] = Hydraulic steering, braking systems

- -:JIL_| " 3 » Active vibration damping P
. ﬁgd: :;:z‘:;:;i::ms — : l = Transmission noise —T
. ; i f = R EPS)
« Measurement and modeling ¥ : 4; = .. ; \ :

= Secondary controlled 4 wheel drive
= Torgue converter

* Power split transmissions & hydraulic

hybrid systems

= Qutput coupled transmissions

= Input coupled transmissions

= Dual stage and compound systems
= Nonlinear and linear system models

= Hydraulic hybrid power trains

= Laboratory Experiments

= CVT performance measurements

= Hardware-in-the loop testing

= Yehicle vibration measurements

® by Monika Ivantysynova, MAHA Professor Fluid Power Systems
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ME 463 — Senior Design Spring Semester 2009

For the past several years, severa
teams of undergraduate student
have worked on the Maha Fluid
Power Research Center’s hydrau
lic car that was originally de-
signed and constructed for the
DARPA challenge. The vehicle
has progressed through severa- -
stages of development. This pas
spring, a team of undergraduates
made several modifications to the
vehicle. They changed the steer-
ing system from a electrohydrau-
lic skid-steer design to a front-
wheel energy efficient displace-
ment controlled hydraulic steer-

The hydraulic car

ing system, making this the first pump controllgdl{eless) hydraulically steered vehicle. The
team also simplified the controls to a drive-byevoystick control system and removed all pro-
portional valves to render the vehicle fully pumgntolled. The 2009 team also introduced a
hydraulic differential rear wheel drive system &hd necessary hydraulic circuitry. The team
was formally advised by Dr. Fu Zhao of Mechanicagieering. Dr. Ivantysynova provided

informal consultation as well as use of the Maleféilities.

Hydraulic Pump Controlled Steering System

Maha Fluid Power Research Center: 2009 Annual Repor 45



12Maha Social Event:

The Maha team isn’t always working. Occasionally get out and have some fun togett
Below are some highlights of Maha social events plaist yea

Celebrating Monika'’s Birthday Party ad Chris, Rajneesh and Rick’
PhD Prelim
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Ganesh’s PhD Thesis Defense Celebral
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Annual Summer Party at Monika’s Hous
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13 International Journal of Fluid Power

Dear Associate Editors and Members of Editoriallpa I )
nternational Journal

| announce with great pride that the Internatialwlrnal of Fluid - o 0

Power has completed its 10th year of publicatidre hird and final No1 Fluid Power

issue of the tenth volume was printed and sentitoeaders this past

November. This was the 30th issue of the Jourmal vée look forward

to the 31st to be published this coming March.

I would like to express my gratitude to all of tmembers of the fluid

power community for your continuous support for Jleairnal, espe- . i

cially for reviewing papers and submitting manustsri In addition, | i i

would like to thank all of the Associate Editors tbeir great assistance and advice. Having such
a wonderful and knowledgeable group of reviewessheped to further ensure the work pub-
lished in the Journal is only of the highest gyalithe list of reviewers will be published again in
the first issue of 2010.

The journal has been online since 2006 at httpityal.fluid-power.net. This online access has
definitely strengthened the position of the jourayadl increased the number of citations. | men-
tioned last year that in 2009 we were requestirgveduation by the scientific citation index. The
request was filed this summer and we hope to gad gews within the next year.

I would like to add some statistical informatiogaeding the Journal’s progress this past year.
Since the establishment of the Journal in 2000 awe Ipresented 29 different fluid power soft-
ware tools and introduced 29 fluid power reseasstter spanning 4 different continents. There
have been authors from 32 different countries hlaae submitted papers to the International
Journal of Fluid Power during the last ten yearseiity papers were submitted to the journal in
2009, which is stable but down slightly from thegpers submitted last year. Approximately
half of the papers submitted came from the UnitiedeS and Canada. All papers that were re-
ceived by the Journal were sent to at least tweeg@nd in many cases a third reviewer was in-
volved to ensure the review process is fair andithenal’s final publication is only of the high-
est quality. The rate of successfully approved mjpethe past year was 40%.

Again, | would like to express my thanks to all famur continuous support of the Journal. | wish
you and your family a happy and healthy Holidayseea a Happy New Year, and all the best for
2010.

Best regards,

JA)

Monika Ivantysynova
Editor-in-Chief
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14Maha Team in 2009
- > D)

Maha Faculty

Dr. Monika Ivantysynova

Maha Professor of Fluid Power Systems

Joint appointment in ABE/ME

Supervisor of the Maha Fluid Power Research and&dn Center

mivantys@purdue.edu
W Phone: (765) 447-1609
Origin: Germany
August 2004-present
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Maha Graduate Students

Jim Bartlett

Master’'s Student
jcbartle@purdue.ec
Phone: (765) 449-7980
BS: Purdue University
Origin: USA

July 2008-May 2009

Jonathan Baker
Master's Graduate
jebaker@purdue.e:

y Phone: (765) 448-1456
"U’p BS: Davidson College
Smmd MS: Purdue University
Origin: USA

Shekar Degaonkar
Master's Graduate
cdegaonk@purdue.edu
Phone: (765) 449-7980
BS: Dr. BA Marathwada
University, India

MS: Purdue University
Origin: India

July 2006-June 2009

Phone: (765) 449-7980

BS: Univeristy of
Tennessee at Knoxville

.| Origin: USA

April 2009-present

Reece Garrett
Master's Graduate
ragarret@purdue.edu
Phone: (765) 448-1456
BS: Brigham Young
| University

| MS: Purdue University
Origin: USA

June 2007-May 2009

Edward Hughes
Master’s Student
echughes@purdue.edu
hone: (765) 449-7980
BS: Purdue University
Origin: USA

July 2007-April 2009
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Richard Klop

PhD Student
rklop@purdue.edu
Phone: (765) 449-7514
BS: Michigan State
(B MS: Purdue University
Origin: USA

August 2005-present

Roman Ivantysyn
Master’s Student
rivanty@purdue.edu
BS: Purdue University
Origin: Germany

May 2009-present

Rajneesh Kumar

PhD Student
rajneesh@purdue.edu
Phone: (765) 449-7980
BS: Indian Institute of
Technology, Madras, India
MS: Purdue University
Origin: India

July 2006-present

Matt Kronlage

Master’s Student
mkronlag@purdue.edu
Phone: (765) 449-7514
BS: lowa State

' |MS: Purdue University
i | Origin: USA

July 2009-present

Shinok Lee

Master’s Student
|lee20@purdue.edu
Phone: (765) 449-7980
BS: Purdue University
Origin: South Korea
July 2008-present

Rohit Kumar

Master’s Student
kumar35@purdue.edu

J Phone: (765) 448-1456
BS: Birla Institute of
Technology, India
Origin: India

August 2007-November
2009
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=l JaCOb Mcleod

=1 o PhD Student

- jmcleod@purdue.e(
“1a'| Phone: (765) 448-1456

Bl Origin: Michigan, USA
B August 2009-present

Jess Rose

Master’s Student
jessrose@purdue.e
Phone: (765) 448-1456
BS: Brigham Young
University

Origin: Washington, US
August 2009-present

Kyle Williams

PhD Student
krwillia@purdue.edu
Phone: (765) 449-7980
BS, MS: Purdue
University

Origin: USA

M May 2005-July 2009
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Matteo Pelosi

PhD Student
mpelosi@purdue.edu
Phone: (765) 449-7514
BS, MS: Universita Degli
Studi di Parma

Origin: ltaly

il September 2007-present

Andrew Schenk

PhD Student
schenka@purdue.edu
Phone: (765) 449-7514
BS: Kettering University
Origin: Michigan, USA
July 2009-present

Ganesh Seenirgj

. ,——L Post Doctoral Researcher
| gseenira@purdue.edu

BS: College of
Engineering, Guindy,
Anna University, Chenna

t[ India

MS: Kettering University
PhD: Purdue University

| Origin: India
' |August 2004-March 2009,
gl August 2009-present
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Josh Zimmerman

PhD Student
zimmerjd@purdue.edu
Phone: (765) 449-7980
BS: Brigham Young
University

MS: Purdue University
Origin: USA

™ August 2006-present

Brent Warr

Master's Student
bwarr@purdue.edu

| Phone: (765) 449-7980
BS: Brigham Young

b University

- | Origin: Utah, USA
August 2009-present

Chris Williamson

PhD Student
williaca@purdue.edu
Phone: (765) 449-7980
BS: Brigham Young
University

MS: Purdue University
Origin: USA

August 2005-present
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Visiting Researchers

Marco Zecchi

Visiting Researcher

mzecchi@purdue.edu

- |Phone: (765) 449-7514
| MS: Universita Degli

Studi di Parma

3 Origin: ltaly

March 2009-November

2009

Marcel Tkocz

| Master's Student
mtkocz@purdue.edu
Phone: (765) 448-1456
BS: Technical University
Dresden

'-., - |Origin: Germany

_u-_l._ August 2008-May 2009 |

Najoua Jouini

Visiting Researcher
njouini@purdue.edu
BS: Stuttgart University
Origin: Tunisia

May 2009-present

Federica Franzoni

| Visiting Researcher
ffranzor@purdue.edu
| BS: University of
Modena and Reggio
Emilia

Origin: Italy

June 2009-December
2009

Zhao Hui

Visiting Researcher
zhaolll@purdue.edu
BS-Ph.D: Harbin Institute
of Technology

Origin: China

Sept 2009-present
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Summer Undergraduate Students

Andreu Husien Paul Kalbfleisch
Undergraduate Undergraduate
ahusien@purdue.edu pkalbfle@purdue.edu
BS: Purdue University BS: Purdue University
Origin: Jakarta, Indonesi Origin: Kentucky, USA
SURF Summer 2009 SURF Summer 2009

Jamie Scott Nathan Strong
Undergraduate Undergraduate

Email: Email:
jmscott@purdue.ec jnstrong@purdue.et

BS: Purdue University BS: Purdue University
Origin: Indiana, USA Origin: Tennessee, USA
SURF Summer 2009 Summer 2009

Maha Staff

Edat Kaya

Maha Lab Manager
Email: ekaya@purdue.eq
Phone: (765) 448-1587
Dipl.-Eng.: Hamburg
¥ 3 University of Applied
Science

Origin: Germany

! August 2005-present

Anthony Franklin

Maha Lab Technician
Phone: (765) 448-1587
Origin: Kokomo, IN
November 2008-present
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15Visitors & Guests

France A. Cérdova — Purdue University (President)

William R. Wilson — Purdue University (Provost)

Robert A. Hyde — AM General (Project Manager)

Jeffrey T. Dowell — AM General (Director of Engimew)

Brent Rajaniemi — AM General (Engineer of Interoaéil Research and Development)

James B. Amish — General Engine Products, Inc. @danof Engineering Operations)

Wendy Woodson — Purdue University Provost

France Cordova — Purdue University President

Stefan Heitzig — RWTH Aachen

Klaus Roosen — Parker Hannifin Corporation, Germ@&ygtem Engineering Manager)

Daniel Whitman — Parker Hannifin Corporation

Joe Kovach — Parker Hannifin Corporation

Ray Collett — Parker Hannifin Corporation

Dwight Stevenson — Husco

Matthew A. Franchek — University of Houston (Praf@sof Mechanical Engineering)

Elton Daniel Bishop — Digital Hydraulic Solutionslénager)

Cesni Ennis — Purdue University, Development Off{@essistant Director of Foundations
Relations)

Linda Terhune — Purdue University, College of Eregiring (Senior writer and managing editor)

Blake Carl — Parker

Dan Hirleman — Purdue University, School of MeclkbahEngineering (Professor and Dept.
Head)

Farshid Sadeghi — Purdue University (Professor e€anical Engineering)

Dr. Michael Ramage — Exxon Mobile (retired ExecetWwP)

Dr. Jay Gore — Purdue University (Professor, Doeof the Energy Center)

BYU Hydraulic Race Car Team — BYU

Tom Woody and Students — Ivy Tech (Professor)

John Schneider — Purdue University (Assistant Riesident for Industry Research)

Sandy Fleeter — Purdue University (Distinguisheoféasor, Mechanical Engineering)

Glenn Marlow — Vestas-American Wind Technology.,. Iferand Manager)

Marc Lewis — Indiana Michigan Power (Vice Presidéniternal Relations)

Akin Ecer — IUPUI (Professor, Mechanical Enginegjin

Dimitrios Peroulis — Purdue University (Assistanrof@ssor, Electrical and Computer
Engineering)

Jie Chen — IUPUI, (Professor, Mechanical Engineprin

Hazim EI-Mounayri — IUPUI (Associate Professor, Manical Engineering)

Bob Kramer — Purdue-Calumet (Associate ProfestBhygsics)

Oleg Wasynczuk — Purdue University (Professor, titesd and Computer Engineering)

Steve Pekarek — Purdue University (Professor, etattand Computer Engineering)

Otto Doering — Purdue University (Professor of Agtiural Economics)

Yerlan M. Ramanculov — National Center for Bioteslngy of the Republic of
Kazakhstan(General Director)
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