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Project List: Center for Compact and Efficient Fluid Power (CCEFP)

RESEARCH PROJECTS

Thrust 1 — Efficiency

Project Name

Pl / Institution / Sponsor

1A.1: Integrated Algorithms for Optimal Energy Use in
Mobile Fluid Power Systems

Kim Stelson, University of Minnesota
Andrew Alleyne, Univ. of lllinois at
Urbana-Champaign

1A.2: Multi-Actuator Hydraulic Hybrid Machine Systems

Monika Ivantysynova, Purdue University

1B.1: New material combinations and surface shapes for
the main tribological systems of piston machines

Monika lvantysynova, Purdue University

1B.2: Surface Effects on Motor Start-Up Friction

Ashlie Martini, Purdue University John
Lumkes, Purdue University

1D: Micro- and Nano-Texturing for Low Friction Fluid
Power Systems

William King, Purdue University Eric
Loth, Purdue University

1E.1: Helical Ring On/Off Valve Based 4-quadrant Virtually
Variable Displacement Pump/Motor

Perry Li, University of Minnesota Thomas
Chase, University of Minnesota

1E.2: High Speed On/Off Valves to Enable Efficient and
Effective Fluid Power Systems

John Lumkes, Purdue University Monika
Ivantysynova, Purdue University

1E.3: High Efficiency, High Bandwidth, Actively Controlled
Variable Displacement Pump/Motor

John Lumkes, Purdue University Monika
Ivantysynova, Purdue University

1E.4: Piston-by-piston control of pumps and motors using
mechanical methods

Perry Li, University of Minnesota Thomas
Chase, University of Minnesota

1G.1: Tribofilm Structure and Chemistry in Hydraulic
Motors

Paul Michael, Milwaukee School of
Engineering Ashlie Martini, Purdue
University

Advanced Energy Saving Hydraulic System Architecture
for a Wheel Loader

Monika lvantysynova, Purdue University
Sponsors: Confidential

Advances in External Gear Machines Modeling

Andrea Vacca, Purdue University
Sponsors: Casappa S.p.A.

Design of low noise emission internal gear machines

Andrea Vacca, Purdue University
Sponsors: Confidential

Design of positive displacement machines for SCR
automotive applications

Andrea Vacca, Purdue University
Sponsors: MGI Coutier, France




Project Name

Pl / Institution / Sponsor

Design, Simulation and Control of Hydraulic System
Topographies with Integrated Energy Recovery

John Lumkes, Purdue University
Sponsors: National Fluid Power
Association

Efficiency Measurement on special axial piston pump

Monika lvantysynova, Purdue University
Sponsors: Confidential

EFRI-RESTOR: Novel Compressed Air Approach for Off-
shore Wind Energy Storage

Perry Li, University of Minnesota
Terrence Simon, University of Minnesota
Sponsors: National Science Foundation

Fluid Efficiency

Paul Michael, Milwaukee School of
Engineering
Sponsors: Confidential

Hydrostatic Transmission for Wind Power Generation

Kim Stelson, University of Minnesota
Brad Bohlmann, University of Minnesota

Sponsors: Bosch Rexroth Corp., Eaton
Corp., Racine Federated Inc. (formerly
Hedland Flow Meters), Sauer-Danfoss,
University of MN, lonE and IREE

Mechanical Implementation of Waved Surface and Waved
Piston Technologies

Monika Ivantysynova, Purdue University
Sponsors: Purdue Research Park Trask
Funds

Modeling and Analysis of Swash Plate Type Axial Piston
Pump (Interface)

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Optimization Environment for the Architecting of Micro-
grids in Ultra Low Energy Communities

Christiaan Paredis, Georgia Institute of
Technology

Sponsors: United Technologies
Research Center

PCA Mule- System Implementation and Testing

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Performance Prediction and System Control through
Coupled Multi-domain Models: A Comparison Study

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Pump Dynamic Model Development

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Reliable Lightweight Transmission of Off-shore Utility Scale
Wind Turbines

Kim Stelson, University of Minnesota
Brad Bohlmann, University of Minnesota

Sponsors: Eaton Corporation, Clipper
Wind Power, UMN's Eolos Wind
Consortium




Thrust 2 — Compactness

Project Name

Pl / Institution / Sponsor

2A: Chemofluidic Hot Gas Vane Motor

Michael Goldfarb, Vanderbilt University

2B.1: Free-Piston Engine Compressor

Eric Barth, Vanderbilt University

2B.2 Miniature HCCI Free-Piston Engine Compressor

David Kittelson, University of Minnesota
Will Durfee, University of Minnesota

2B.3: Free Piston Engine Hydraulic Pump

Zongxuan Sun, University of Minnesota

2C.2: Advanced Strain Energy Accumulator

Eric Barth, Vanderbilt University

2D: Multifunctional Fluid Power Components Using
Engineered Structures and Materials

Vito Gervasi, Milwaukee School of
Engineering Douglas Cook, Milwaukee
School of Engineering

2E: Model-Based Systems Engineering for Efficient Fluid
Power

Christiaan Paredis, Georgia Institute of
Technology

2F: MEMS Proportional Pneumatic Valve

Thomas Chase, University of Minnesota

2G: Fluid Powered Surgery and Rehabilitation via
Compact, Integrated Systems

Robert Webster, Vanderbilt University
Jun Ueda, Georgia Institute of
Technology

Functionally Graded Metallic Lattice Components for
Advanced Propulsion Components

Vito Gervasi, Milwaukee School of
Engineering
Sponsors: DARPA

Open Accumulator Compressed Air Storage Concept for
Wind Power

Perry Li, University of Minnesota
Terrence Simon, University of Minnesota
Sponsors: University of MN; lonE and
IREE

Precision Pneumatic MRl Compatible Robotic Surgery

Eric Barth, Vanderbilt University
Sponsors: The Martin Company

Single-Channel Hybrid FES Gait System

Will Durfee, University of Minnesota
Sponsors: National Institutes of Health
(NIH)

Thrust 3 — Effectiveness

Project Name

Pl / Institution / Sponsor

3A.1: Multimodal Human Machine Interfaces - The impact
of operator interface on fuel efficiency

Wayne Book, Georgia Institute of
Technology Steven Jiang, North Carolina
A& T State University

3A.3: Human Performance Modeling and User Centered
Design

Steven Jiang, North Carolina A&T State
University Zongliang Jiang, North
Carolina A&T State University

3B.1: Passive Noise Control in Fluid Power

Kenneth Cunefare, Georgia Institute of
Technology




Project Name

Pl / Institution / Sponsor

3D.1: Leakage Reduction in Fluid Power Systems

Richard Salant, Georgia Institute of
Technology

3D.2: New Directions in Elastohydrodynamic Lubrication to
Solve Fluid Power Problems

Scott Bair, Georgia Institute of
Technology

Adaptive Control for Oscillation Damping

Andrea Vacca, Purdue University
Sponsors: CHN America, Inc.

Analysis of transmission noise sources

Monika lvantysynova, Purdue University
Sponsors: Confidential

Development of an Experimental Pressurized Thin-film
Couette Viscometer and Consultation

Scott Bair, Georgia Institute of
Technology
Sponsors: Total Oil Company

Evaluation of the High Pressure, High Shear Stress
Capability at Georgia Tech

Scott Bair, Georgia Institute of
Technology
Sponsors: Lubrizol Corp.

MRI-R2: Development of a Precise and High Speed
Hydrostatic Dynamometer System for Research and
Education in Automotive Propulsion Systems

Zongxuan Sun, University of Minnesota
Kim Stelson, University of Minnesota
Sponsors: National Science Foundation
(NSF)

Shaft Pumping by Laser Structured Shafts with Rotary Lip
Seals

Richard Salant, Georgia Institute of
Technology

Sponsors: University of
Stuttgart/German Research Foundation;
The Toro Company

Understanding and Reducing the Adverse Effects of
Biodynamic Feedthrough

Wayne Book, Georgia Institute of
Technology

Sponsors: Caterpillar, Inc.; Bobcat;
Deere and Company.

Water-removing filters and relative humidity sensors

Paul Michael, Milwaukee School of
Engineering
Sponsors: Confidential

EDUCATION AND OUTREACH PROJECTS

Project Name

Pl / Institution / Sponsor

EO A.1 Interactive Exhibits Fluid Power

J. Newlin Jr, Science Museum of
Minnesota

EO A.3 Multimedia Educational Materials

Alyssa Burger, University of Minnesota
Kim Stelson, University of Minnesota

EO B.1 Research Experiences for Teachers (RET)

Alyssa Burger, University of Minnesota

EO B.2 Project Lead The Way

Will Durfee, University of Minnesota




Project Name

Pl / Institution / Sponsor

EO B.3 Hands-on Fluid Power Outreach

Alyssa Burger, University of Minnesota
Will Durfee, University of Minnesota

EO B.3a Hands-on Pneumatics Workshop

Will Durfee, University of Minnesota

EO B.3b Portable Fluid Power Demonstrator and
Curriculum

John Lumkes, Purdue University
Will Durfee, University of Minnesota

EO B.4 gidaa K12 STEM Programs

Alyssa Burger, University of Minnesota

EO B.4a gidaa K-12 STEM Camp

Alyssa Burger, University of Minnesota

EO B.4b gidaa odaangiina anaangoog (Shooting for the
Stars) Robotics Program

Alyssa Burger, University of Minnesota

EO B.5: BRIDGE Project

Paul Imbertson, University of Minnesota
Alyssa Burger, University of Minnesota

EO C.1 Research Experiences for Undergraduates (REU)

Alyssa Burger, University of Minnesota

EO C.2 Fluid Power OpenCourseWare

Will Durfee, University of Minnesota
James Van de Ven, Univ. of Minnesota

EO C.3 Fluid Power Projects in Capstone Design Courses

James Van de Ven, University of
Minnesota
Will Durfee, University of Minnesota

EO C.4 Fluid Power in Engineering Courses

James Van de Ven, Univ. of Minnesota
Will Durfee, University of Minnesota

EO C.5 giiwed'anang North Star Alliance

Alyssa Burger, University of Minnesota

EO C.6 Fluid Power Simulator

Will Durfee, University of Minnesota
Christiaan Paredis, Georgia Institute of
Technology

EO C.8 Student Leadership Council

Alyssa Burger, University of Minnesota
Kim Stelson, University of Minnesota

EO C.9 Undergraduate Research Diversity Supplement
(URDS)

Alyssa Burger, University of Minnesota

EO C.10 Graduate Research Diversity Supplement
Program (GRDS)

Alyssa Burger, University of Minnesota
Kim Stelson, University of Minnesota

EO C.11: Innovative Engineers

Paul Imbertson, University of Minnesota
Alyssa Burger, University of Minnesota

EO D.1 Fluid Power Scholars Program

Alyssa Burger, University of Minnesota
Linda Western, University of Minnesota

EO D.2 Industry Student Networking

Alyssa Burger, University of Minnesota

EO D.5 CCEFP Webcast Series

Alyssa Burger, University of Minnesota

EO D.6 Publication

Kim Stelson, University of Minnesota
Linda Western, University of Minnesota

EO E.1 Evaluation

Paul Imbertson, University of Minnesota
Alyssa Burger, University of Minnesota

EO Assoc Project: Zephyr Wind Power Teaching Training
Workshop

Alyssa Burger, University of Minnesota
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Project 1A.1: Integrated Algorithms for Optimal Energy Use for Mobile Fluid Power Systems

Research Team

Project Leader: Prof. Kim Stelson, UMN; Prof. Andrew Alleyne, UIUC
Other Faculty: Prof. Perry Li, UMN; Prof. Monika Ivantysynova, Purdue
Graduate Students: Jonathan Meyer, UMN; Timothy Deppen, UIUC
Industrial Partners: John Deere, Parker, Caterpillar, Eaton

1. Statement of Project Goals

The goal of this project is to identify methods of regulating power generation and distribution in mobile
fluid power systems that maximize the overall system efficiency and to demonstrate them on Center
test beds. From previous Center-funded work in the study of energy management strategies (EMS), it
was concluded that there is no single strategy that is optimal for all applications [1-6]. Therefore, the
planned approach is to develop a toolbox of EMS design methods and decision algorithms that will
identify the best design method for a chosen application. These algorithms will select the optimal
design from the EMS toolbox based on a number of system attributes such as knowledge of duty cycle,
ability to store energy, and problem constraints. In this way, the energy efficiency of mobile fluid power
applications can be improved without compromising performance. The first Center test bed that will be
targeted is the Hydraulic Hybrid Passenger Vehicle, Test Bed 3 (TB3), where the goal is to
demonstrate a 100% improvement in fuel economy over a non-hybrid vehicle.

2. Project Role in Support of Strategic Plan
This project will attack energy management challenges at a very fundamental level. It will result in the
development of an energy management toolbox and decision algorithms which together can be used to
choose the design method best suited for a chosen application. Such a toolbox is critical to doubling
the efficiency of fluid power within the hydraulic hybrid passenger vehicle and the general class of
mobile fluid power systems (medium and heavy-duty trucks, buses, construction equipment, etc.).

3. Project Description
A. Description and explanation of research approach

This project explores how to achieve optimal Powertrain Load Unit
energy usage in the general clgss of fluid — Throttling ‘
power systems by (a) understanding when to | --cmemeeeeen Valve Riopartiona|

PRV

use available power sources and (b) achieving i

smooth transitions between different modes of Dis‘é?affgr':em i ‘
operation. Deterministic dynamic Pume \ ot
programming can be used to find the optimal : g
behavior for an assumed drive cycle but i ;

cannot be used in real time. To design real : : ' i Mator Fixed Displacement
t i Electric: Motor .. ..ceeeswmenn

time implementable energy management Rdmp
strategies that address both challenges, three . . . C e
methods are being studied: rule based. Figure 1: Schematic of AEVPS hydraulic circuit
stochastic dynamic programming (SDP), and model predictive control (MPC). Each of these
methods is being studied because each has unique advantages and disadvantages which make
them better suited for different applications. These studies will include hardware in the loop (HIL)
testing using an augmented earthmoving vehicle powertrain simulator (AEVPS) and the hydraulic
hybrid passenger vehicle test bed. This will lead to the development of an EMS design toolbox
that will be used with decision algorithms to choose the design method best suited for a given
application.

With the integration of multiple research efforts within the CCEFP, the project team is able to
study optimization of the powertrain architecture, multiple EMS design methods, and conduct
simultaneous hardware-in-the-loop studies (using TB3 and the AEVPS), thus providing a much
broader view of the energy management problem. Two of the major gaps being addressed are
taking advantage of the hydro-mechanical powertrain architecture and developing an EMS
toolbox that integrates the advantages of the rule-based, SDP, and MPC approaches. The



hydromechanical configuration is more complex, but offers the potential for greater efficiency and
performance. Also, while other researchers have focused on establishing the merit of a single
strategy the project team recognizes that there is no single EMS design method that will give
optimal performance for all applications. Rather, each design approach has its own unique
advantages/disadvantages and a decision algorithm is needed to identify the optimal design
approach.

. Achievements

The focus of the past year has been to translate the rule-based, SDP, and MPC based EMS
designs into physical systems using both TB3 and the augmented earthmoving powertrain
simulator. The team has worked closely with TB3 to incorporate the three-tier control strategy
being used on the test bed into our EMS models. The dynamic programming algorithm has
incorporated this control structure to allow for seamless integration onto the test bed. TB3 has
also provided the dynamic model they have developed for the redesigned hydraulic hybrid
vehicle, thus allowing the project team to do experimentation in simulation and make refinements
of the EMS before physical implementation on the test bed. For TB3, the team has determined
the optimal behavior using dynamic programming and is developing a rule-based strategy.
Concurrently, the AEVPS has been used to validate the model predictive control approach and
dynamic programming has been used to design a rule-based strategy based on models of the
AEVPS. Furthermore, a comparison of the robustness properties of the rule-based and MPC
based EMS’s in the context of the AEVPS is being done to formalize the decision algorithms.

As a benchmark, a model of a non-hybrid % . Dynamie Programming Resul fr Fourtfode T
vehicle was used over the Federal Urban Drive
Cycle (FUD Cycle) and resulted in a fuel
economy of 37 mpg. For this simulation a 0 20 a0 60 80 100 1200 00
standard 6-speed transmission was used along ‘ ‘ ‘ ' ‘ ‘
with manufacturer’'s engine data. An optimal
control strategy was then developed for a 2000 ! . . / > .
hydraulic hybrid vehicle using the architecture oo e e e
of TB3, an input-coupled, power-split

architecture using two hydraulic units. The first mﬂﬂ_ﬂ

unit, known as the torquer (pump/motor T) is 0 w0 w0 o 00 1000 0 70

connected to the output of the engine to control Jf : : : ' : : ]
0

engine torque; the second unit, known as the
speeder, (pump/motor S) is connected to the , , , . , ,
0 200 400 600 800 1000 1200 1400

Accumulator
re (ps

Pressul

@
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S

S
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=)
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S
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o
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input of the planetary gear to control the output . Tmew )
speed to the wheels. This configuration has  Figure 2: DP results for redesigned TB3 with
the ability to operate in 4 distinct modes: hydro- mode and engine penalties

mechanical (HMT), parallel, pump T only, and

pump S only. Dynamic programming uses the engine power and operating mode as the control
variables. This optimization technique can be used to derive a non-causal control strategy using
Bellman’s principle of optimality [5]. Experimental engine data was obtained for the engine, while
manufacturer’s efficiency data was used for the hydraulic units. To prevent rapid mode switching
and engine cycling, a fuel penalty was added each time a mode change occurred or the engine
was turned on or off. An optimal fuel economy of 95 mpg over the FUD Cycle was obtained.
This shows that using a four-mode hydraulic hybrid vehicle could potentially double the fuel
economy of a vehicle in urban driving situations by operating the engine more efficiently, utilizing
regenerative braking to capture energy, and turning the engine off once enough energy is stored.
The results are shown in Figure 2. The engine is off for much of the drive cycle, and the entire
range of the accumulator is used. These results will be used to derive a rule-based strategy.



For the AEVPS a rule-based EMS was
developed. To develop this strategy, dynamic
programming was employed to first determine the
global optimal behavior over the FUD Cycle. For
this platform, the control inputs are the throttle
command, pump displacement, and valve
command. Figure 1 provides a schematic of the
system architecture. Once the dynamic
programming solution was obtained, the data was
manipulated to determine if any correlation
between the control variables and the states
existed. After several iterations, a successful
rule-based strategy was developed for the FUD
Cycle. Motor speed and acceleration were used
to develop a relation for the engine throttle, and
the motor speed and downstream pressure were
used for the swash-plate angle. The valve
command was achieved using a Pl controller to
ensure tracking of the desired motor speed. The
results from the rule-based strategy are shown in
Figure 3. Excellent tracking of motor speed is
obtained while using only 5% more fuel over the
dynamic programming results.

In addition to the rule-based strategy, a discrete
model predictive controller was also designed for
the AEVPS using the same control variables. MPC
is a finite horizon optimal control framework that
uses a model of the system to express future
values of the states in terms of previous control
decisions within the prediction horizon. Through
this transformation, the objective function can be
restated as just a function of the control decisions.
In this way, solving for the trajectory that minimizes
the objective function over the prediction horizon
reduces to solving for the optimal control
sequence. The first element of this sequence is
then applied to the system and the process is
repeated at every discrete instance the control is
updated. For a complete discussion of the control
design see [3]. The MPC based EMS used about
10% more fuel than the dynamic programming
results. The MPC formulation was also tried
experimentally on the AEVPS system with the
results shown in Figures 4 and 5. This shows
excellent speed tracking to the reference trajectory
and matches well with the results from simulation.
Finally, a non-hybrid version of the AEVPS was
simulated to provide a baseline result for
hybridization. For the non-hybrid model the
hydraulic hybrid powertrain was replaced with an
ideal 3 gear transmission and a fuel consumption of
1.37 kg was observed over the FUD Cycle, 37%
more than the optimal fuel usage for the hybrid
setup.
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With the FUD Cycle results complete, a sensitivity
analysis was performed to evaluate how the rule-
based and MPC EMS’s for the AEVPS in variation to
drive cycle variation. For this analysis, 100 random
drive cycles were generated whose transitions
probabilities were identical to the FUD Cycle. The
transition probabilities give the probability of the
acceleration at the next time step given the velocity
and acceleration at the current time step. A uniform
random number generator is used to generate a
number between zero and one. Using this and the
transition probability matrix, the acceleration at the
next time step is known. An example of a drive cycle
generated using this method is shown in Figure 6.
The random cycle shows a similar pattern to the FUD
Cycle with both urban driving and a brief highway
driving section. Using this technique, it is possible to
study the performance of an EMS over many different
drive cycles, each of which is representative of a
certain driving situation (i.e. urban or highway). The
rule-based and MPC strategies were simulated for
each of the random drive cycles and compared to the
non-hybrid simulation results. The results in Figure 7
show that the MPC exhibited much less sensitivity to
variations in drive cycle. This agrees with the team’s
expectations since the rule-based strategy was tuned
over one drive cycle and MPC uses no drive cycle
information in its derivation.

A similar sensitivity analysis was performed for model
parameter variation. For this study 5 parameters
were varied by +10% in increments of 5% (cases 1-4:
variable displacement pump flow gain, cases 5-8:
upstream hose loss coefficient, cases 9-12:
downstream hose los coefficient, cases 13-16: motor
displacement and cases 17-20: vehicle viscous
friction). The results in Figure 8 show that the two
approaches are both robust to parameter variation
with 10% changes in parameters yielding less than a
10% change in fuel consumption. In the future the
team will validate the simulation results
experimentally and study a SDP based EMS under
similar uncertainty. These results will then be used in
the formulation of the decision algorithm.
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Looking forward, the project team plans to cross-pollinate the lessons learned from work on TB3
and the AEVPS to develop a full energy management suite for both platforms. The plan is to
have a rule-based strategy ready for TB3 and a SDP based EMS for the AEVPS by May 2012. A
similar sensitivity analysis will be performed for SDP to compare drive cycle and model parameter

variations to rule-based and MPC for robustness and performance.
development of the decision algorithm for the EMS toolbox.

strategy development will continue in future years.

This will aid in the
Additional energy management
Furthermore, a large industry collaboration

has been formed to better define the necessary capabilities of the EMS toolbox and decision
algorithms. This collaboration will be used to develop the EMS toolbox and formalize the process

of transferring control algorithms to industry members.

In addition to robustness and

performance, another characteristic that will be studied is the dependence on future knowledge of

10



the drive cycle. Ultimately, the goal is to expand the EMS toolbox to consider other energy
domains as well (electrical, mechanical, and thermal). This would enable the use of a single
control toolbox to study a mechanical/electrical/hydraulic hybrid or other multi-domain power
systems.

Expected Milestones and Deliverables

. HIL study of Rule-based EMS using TB3 (4/2012)

. Comparison Study of Rule-based, MPC, and SDP (5/2012)

. EMS toolbox (5/2013)

. Validation of toolbox on multiple industry owned systems (1/2014)
. Extension of toolbox to other energy domains (1/2016)

Member company benefits
Members will benefit from the development of a formalized framework for analysis and control
synthesis of multi-mode powertrains.
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Project 1A.2: Multi-Actuator Hydraulic Hybrid Machine Systems

Research Team

Project Leader: Prof. Monika Ivantysynova, Purdue University, School of Mechanical
Engineering, Dept. of Agricultural & Biological Engineering

Graduate Students: Josh Zimmerman, Rohit Hippalgaonkar, Enrique Busquets, Jess Rose

Industrial Partners: Bobcat, Caterpillar, Parker Hannifin, Moog, Husco, Sauer-Danfoss

1. Statement of Project Goals

The primary goal of the original project 1A.2 (from June 2006 through June 2010) was to develop
system architectures and control methods for optimal power management in multi-actuator mobile
hydraulic machines using displacement-controlled linear and rotary actuators. It was desired to
demonstrate that at least 40% reduction of energy consumption for typical working cycles of multi-
actuator machines compared to the state of the art of machines is achievable. This goal was met, and
energy efficiency was doubled by implementing displacement controlled actuator circuits,
demonstrated Test Bed 1 (TB1), the prototype displacement controlled excavator. An additional
outcome was that reduction of cooler size was shown to be feasible while maintaining the same oil
temperatures and performance, through introduction of the new displacement controlled architecture.

In June 2010, the project goals were redefined to investigate hydraulic hybrid architectures for multi-
actuator machines and the potential for further fuel savings from these systems. A target of at least
50% fuel savings over the standard Bobcat excavator system is targeted for the test-bed. The research
will include investigation of hybrid architectures and control methodologies for optimal hybrid power
management which allow efficient engine operation through energy storage and engine load-leveling.

The new system design will also allow cost savings by downsizing the combustion engine. The
hydraulic and electrical systems will be simplified by the development of methodologies for variable
displacement “smart pumps” with improved swash plate controls and integrated electronics.

From 2012-2016, the project will focus on reducing production costs and introducing effective machine
prognostics of highly efficient displacement controlled hydraulic machines. The new goals of the
project are to investigate how production costs can be reduced by pump switching between actuators
during machine operation, thus reducing the number of pumps installed in the hydraulic system and
their sizes. Such concepts are important for large machines where the current design approach
requires the installation of large pumps. Another goal is the development of effective machine
prognostics concepts. These will allow for the prediction of impending failures thereby avoiding
expensive machine breakdowns.

2. Project Role in Support of Strategic Plan

The project primarily addresses the efficiency barrier by developing new system concepts and control
strategies for multi-actuator mobile machines. The project also addresses the compactness barrier
since displacement-controlled systems allow higher operating pressures and a reduction of interfaces
and components. The project will result in an excavator hydraulic system with hydraulic energy
storage and integrated electro-hydraulic control hardware.

The project leverages past and current research in multi-actuator systems and on-road hydraulic
hybrid vehicles in the project leader’s research group, while confronting barriers of efficient systems,
control and energy management, and compact integrated systems.

3. Project Description
A. Description and explanation of research approach

Project 1A.2 focuses on improving the overall efficiency of mobile hydraulic machines with multiple
linear and rotary actuators. Advances in system efficiency and improvements in effectiveness of
the proposed technologies are obtained through:

12



1. Displacement-controlled (DC) actuator systems that eliminate control valve throttling losses.

2. Real-time control of power generation and transmission in order to maximize operating efficiency
of diesel engine and hydraulic pumps.

3. Energy recovery from linear actuators, enabled by the use of displacement controlled circuits,
without addition of energy storage.

4. Improving swash plate adjustment systems, through a novel design methodology.

5. Development of multi-actuator DC hydraulic systems with energy storage (DC hydraulic hybrid
systems) to maximize energy recovery and reduce rated engine power.

6. Real-time control of power generation and transmission of DC hydraulic hybrid systems in order
to maximize operating efficiency of diesel engine and hydraulic pumps.

7. Developing pump-switching architectures and control methodologies that will reduce the number
of pumps required in multi-actuator DC systems, yet allow use of maximum number of actuator
combinations.

Traditionally in multi-actuator machines using hydraulic actuation, one or two large hydraulic pumps
transmit power from the engine. Control valves that are downstream of the pumps, arranged in
series or parallel, are responsible for controlling actuator motion according to operator input. Such
configurations incur energy losses since they throttle flow through the valves and additionally, do
not allow energy recovery from aiding loads. Alternative system designs, such as displacement
control, have already demonstrated improvements in efficiency, as was shown on TB1.

Hybrid vehicles have been studied for many years in the transportation sector and more recently
there has been increasing interest in the hybridization of off-highway applications such as in
construction, mining and agricultural machines. This is a result of rising fuel costs as well as more
stringent emission regulations placed on the industry. Much of the focus has been on electric
hybrid systems with Case, Kobelco and Komatsu having released hybrid construction equipment to
the market. Little focus however seems to have been placed on purely hydraulic hybrid systems. In
the second phase of the project, purely hydraulic hybrid configurations for multi-actuator machines
have been investigated, while continuing use of displacement controlled actuation for the
differential cylinders.

Thus, an additional opportunity for efficiency improvements in hydraulic hybrid multi-actuator
systems is through leveraging additional flexibility in power management. Intelligent use of the
accumulator will allow engine load-leveling and consequently more efficient engine operation
compared to the non-hybrid case, while ensuring that performance requirements are met.

The state-of-the-art in hybrid power management techniques has evolved with hybrid architectures
for passenger vehicles [1]. Rule-based approaches together with stochastic dynamic programming
[2, 3], model predictive control [4, 5] and instantaneously optimal approaches have been employed
in various passenger vehicle applications. Apart from rule-based [6-8] and instantaneously optimal
strategies [9, 10], extensive research has not gone in to application of advanced control techniques
for hybrid or non-hybrid architectures in off-highway machines and vehicles. These applications
pose peculiar challenges such as faster cycles, shorter sampling intervals in which to apply the
desired control techniques, together with more potential degrees of freedom.

Further, optimal control studies that generate dynamically optimal results have not been previously
undertaken for off-highway applications. Formulation of the optimal control problem so as to be
solved by dynamic programming was done as part of project 1A.2 in the period of reporting. This
allows a method of benchmarking implementable control techniques, and a reference for designing
simpler, rule-based techniques. Additionally, many designs can now be compared on an even keel,
by using optimal control results for each. Thus optimal control can also be extended for optimal
design of specific hybrid architecture.
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B. Achievements
In addition to the achievements which will be listed in this section, a number of publications have
resulted from the work on Project 1A.2. These publications are listed at the end of this document.

Achievements prior to the reporting period

* The DC hydraulic system is operational and was demonstrated by video at the CCEFP annual
meeting on October 7, 2009 and in person to a delegation from Caterpillar on November 4, 2009.

e 40% fuel savings were demonstrated [11] at a Caterpillar facility in independent side-by-side
testing of the prototype DC excavator and the standard Bobcat mini-excavator, in August, 2010
for an aggressive truck-loading cycle with loose soil.

e Through an optimal power management strategy [10], 56% fuel savings were demonstrated over
the standard excavator system in September, 2010.

e Feasibility studies for the parallel hybrid excavator architecture were completed to demonstrate that
more than 50% fuel savings over the standard valve-controlled excavator system, together with
50% engine downsizing, can be achieved without loss of performance of the working functions.

Achievements during the reporting period

Achievements during the reporting period include design of a novel hydraulic hybrid concept for multi-
actuator DC machine systems, an optimal control study for such systems, analysis and replication of
optimal results through an implementable, rule-based strategy and a design methodology for the
swash-plate adjustment system for pump control. Methods and results for these topics are discussed
briefly in the Test Bed report.

Novel Hybrid Excavator Architecture

Perhaps the easiest way to transition from a non-hybrid to a hydraulic hybrid configuration for multi-
actuator machines is by addition of a pump on the engine shaft for charging or discharging of the
accumulator, also known as the parallel hybrid architecture [12]. In the reporting period, a novel, series-
parallel hybrid architecture (Figure 1) was proposed and filed for a patent, which entailed addition of
energy storage capability for the DC excavator without addition of an extra pump. The fixed
displacement motors that are used for the rotary actuators (and particularly the swing), are substituted
with variable displacement, over-center pump/motors that allow capture of braking energy in both
directions of motion, while the hydraulic accumulator is now placed between the pump originally
supplying the swing motor and the new swing pump/motor.
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As previously stated, one of the project goals is to be able to reduce the required engine power of the
machine by 50%. A feasibility check was successfully performed [13], similar to the one for the parallel
hybrid concept. Measurements from an aggressive, expert-operated truck-loading cycle (which was
assumed to represent the upper limit of power requirements from the machine) were used to simulate
the novel hybrid system with a downsized engine and a preliminary power management strategy,
wherein the engine was operated at the maximum governed speed and maximum torque. These
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simulations also showed that both hybrid configurations can reduce fuel consumption by at-least 20%
over the prototype DC system.

Optimal Control for Hydraulic Hybrid System

The optimal control problem was formulated and solved for the hydraulic hybrid (Zimmerman, et al.
[14]), using dynamic programming (Figure 3). It was discovered that given cycle requirements, at any
instant of time there are only two degrees of freedom (or two free controls), and two states that evolve
according to these controls. The dynamic programming technique was then applied to this problem to
generate optimal control histories and state trajectories.
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. Figure 4: Optimal Pump Displacements
Hybrid DC System

Numerous desirable trends were discerned from the optimal results. For example, the pumps on the
engine shaft (or ‘DC pumps’) were kept at high displacements (Figure 4), and the DC pump with the
maximum flow requirement was always kept close to 100%. The engine was thus maintained at the
minimum allowable speed to meet these flow requirements while the accumulator was maintained
above the minimum pressure to meet requirements on the swing. The storage pump and engine
throttle act to keep the engine acting in an efficient region at minimum speeds.

Implementable Machine Power Management

An implementable rule-based strategy was derived to replicate the optimal trends. A set of rules had to
be designed depending on the power requirements at the DC actuators and the swing motor to
regulate the engine speed and accumulator state-of-charge [15].
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As can be seen from Figures 5 and 6, the rule-based strategy replicates optimal trends reasonably
well. The rule-based strategy will next be extended other typical excavator working cycles.

Design Methodology for Pump Adjustment System

A detailed hydraulic and kinematic model was developed for the simulation of the pump adjustment
system. A new methodology was proposed for sizing the pump adjustment system (selection of valve
flow gains, control pressure and control cylinder diameter) to satisfy requirements on pump response
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times, power and pump size. The work done [16, 17] provides a significant first step toward ‘smart
pumps’ of variable displacement, wherein prototype pumps for displacement control will come with
integrated adjustment system and electronics. Ultimately this will lead to reduced cost of bringing
displacement controlled actuation technology to production.

Planned Achievements following the reporting period
* Design, modeling, simulation, and implementation of both hybrid and non-hybrid multi-actuator
displacement-controlled architectures with pump switching
o Deliverables:
= Hydraulic circuit schematics with pump switching for 5-ton and 20-ton displacement
controlled excavators both hybrid and non-hybrid (01/12/2012)
= Multi-body dynamic and hydraulic co-simulation models of 5-ton and 20-ton excavators
including engine, hydraulics, and machine structure (01/06/2013)
e Develop intelligent controls for handling pump switching transitions
o Deliverables:
= Optimal pump controls for pump switching transitions to minimize pressure transients
resulting from opening and closing valves (01/09/2012)
e System prognostics design, study, simulation, and implementation
o Deliverables:
= Analyze proposed DC system architecture with pump switching in order to identify
different system failure modes (01/12/2012)
= Study the applicability of system diagnostics based on monitoring of thermodynamic
system behavior. (01/03/2013)
Defined applicable diagnostics and condition monitoring methods (01/12/2012)
Simulated machine fault detection (February 2013)
Simulation results for all proposed prognostic concepts (August 2013)
Implemented and fully functional system prognostics (June 2014)

The proposed work will enable in the long term, the introduction of highly efficient displacement
controlled hybrid systems to the market, especially for larger machines, by reducing production and
operation costs. The project leverages past and current research in multi-actuator systems and off-road
hybrid vehicles while confronting the barriers of efficient systems, control and energy management, and
compact integrated systems. Further, system prognostics will make machine more effective by
predicting failures using already installed sensors. The emphasis on reducing the cost of both operation
and production is significant since cost has previously been a limiting factor in market acceptance of
displacement controlled hydraulic systems.

Member Company Benefits

The results of project 1A.2 are directly transferable to industry and have already offered benefits to

member companies. Some of these benefits include:

* The implementation of the technology developed in project 1A.2 onto Test Bed 1 provides a
usable prototype that can be evaluated and tested by industry members. This saves them much
time and money compared to if they were to build prototypes themselves in order evaluate the
potential of displacement controlled hydraulic actuation systems.

* The results of this project have already shown that up to 40% fuel savings can be achieved, and
potentially up to 50% fuel savings have been predicted in simulation over the standard excavator
system. This would clearly be a benefit to OEM companies within the center.

* The improved efficiencies and potential for reduced engine power made possible by the
technologies being developed in this project will help OEMs meet upcoming emission regulations
under the Tier IV emissions standards.

* The improved efficiencies offered by the technologies developed in this project will reduce the
cooling requirements for mobile machines saving cost and space for machine production.

* The work done toward improving swash plate adjustment systems for displacement controlled
actuators will aid in reducing the cost of bringing the technology to production.

* Project 1A.2 has led to associate projects with multiple sponsors working with the Maha Fluid
Power Research Center with a total funding amount of $1,310,000 since June, 2006.
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Project 1B.1: New material combinations & surface shapes
for the main tribo-systems of piston machines

Research Team

Project Leader: Monika lvantysynova, Department of Agricultural and Biological Engineering and
School of Mechanical Engineering, Purdue University

Graduate Students: Matteo Pelosi, PhD student, Andrew Schenk, PhD student, and Marco Zecchi,
PhD student, Daniel Mizell, PhD student

Industrial Partners: Parker Hannifin, Sauer-Danfoss, Poclain Hydraulics, Caterpillar, Bosch Rexroth

1. Statement of Project Goals

The project goal is to discover the impact of material combinations and advanced surface shaping on the
reduction of energy dissipation and the increase of load carrying ability of the lubricating gaps of axial
piston machines. Studying the role of material properties in combination with gap micro geometry through
a fully-coupled fluid-structure-thermal and multi-body dynamics simulation model for the piston cylinder
interface will provide a better understanding of the complex physical phenomena of lubricating gaps
performance and this knowledge will be used to propose new design solutions for the main tribological
systems of axial piston machines.

2. Project Role in Support of Strategic Plan

The project addresses the efficiency barrier by providing a deeper understanding of axial piston machine
lubricating gap behavior through the analysis of the impact of novel material properties and structured
surface designs. Design optimization will be carried out using a computer model based approach coupling
together for the first time the main machine lubricating gaps considering the main physical effects. Piston
pumps form the heart of energy saving displacement controlled hydraulic systems and hydraulic hybrids.
Both new system concepts have been proposed and developed in the CCEFP to drastically reduce
energy consumption of current hydraulic systems in the transportation sector and other applications. After
replacing throttling valves, the pumps and motors represent the main source of losses of these new
hydraulic systems. The reduction of power loss of pumps and motors will also help to increase system
pressure and to increase compactness of fluid power systems. The low efficiency and the lack of
compactness are barriers for a breakthrough of hydraulic hybrids into automotive transmissions.

3. Project/Test Bed Description

A. Description and explanation of research approach

Swash plate type axial piston machines are widely used today in industry. The hydraulic systems in which
these machines are placed require the units to operate under a wide range of operating conditions,
necessitated by system performance requirements. Unfortunately, at the present time, there is only
limited range of operating conditions where these machines are highly efficient. The sealing and bearing
gaps separating the movable parts of the rotating group (piston, slipper, and cylinder block) form the most
critical design element of piston machines. These gaps, as illustrated in Fig. 1, determine the achievable
machine performance (speed, pressure, and maximum swash plate angle) and overall efficiency.

Slipper / swash  Piston/ Cylinder ~ Cylinder block / Valve
plate interface interface plate interface—,

Figure 1: Swash plate axial piston machine cross section and identification of the three lubricating interfaces
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The energy dissipated in the sealing and bearing gaps represents up to 90% of entire machine loss at low
swash plate angles and up to 60% at maximum swash plate angles. The development of physical models
which can be used to predict the energy dissipated in the gaps is fundamental to propose better gap
designs, including novel material combinations and shaped surfaces. These innovative designs will lead
to better machine performance and increased efficiency especially at low swash plate angles.

The physical effects occurring in the gap are complicated and interact with each other. To suggest
improvements in gap design either through material combinations or surface shaping, the physical effects
influencing the fluid film behavior must be accurately captured by the model. These effects include:

e Dynamic pressure in the fluid due to the hydrostatic and hydrodynamic effects
¢ Micro and macro motion due to dynamic loading and machine kinematics

* Deformation of the solid bodies due to the pressure load from the fluid

* Heat generation in the fluid due to the viscous shearing

e Heating of the solid bodies due to heat transfer from the fluid

* Thermal deformation of the solid bodies due to their heating

Each of these physical effects and the interaction between them must be captured by the pump model.
This creates a complicated transient load fluid-structure-thermal solid body dynamics problem.

Due to very thin film thickness the flow in lubricating gaps of piston machines can be assumed to be
laminar. By assuming an incompressible Newtonian fluid, neglecting inertia forces and the change of
pressure with the gap height as well as the derivative of fluid velocity in direction of gap length and
breadth, and assuming an ideal roughness of surfaces, the Reynolds equation can be used for
description of laminar flow in narrow gaps.

B. Achievements
Achievements prior to the reporting period:

Baker and Ivantysynova investigated a circumferential micro-waved pattern on the valve plate surface
(Fig. 2-a) using a non-isothermal fluid flow model in the gap, accounting for elasto-hydrodynamic
deformation on the cylinder block [1]. The simulation model predicted up to 60% reduction of total power
losses associated with the cylinder block interface when a circumferential pattern of 1um amplitude was
introduced. Testing on a prototype confirmed up to 10% improvement in overall efficiency of the pump.

Valve plate ] ) _
cross section A / Cylinderical piston

1um amplitude \ Superimposed surface

/'l,v'/,/ /7

Unwrapped cross section A (b)
(a)

Figure 2: Cross section of an exaggerated waved valve plate (a) and axially waved piston (b).

Further simulation studies on the piston/cylinder interface showed the potential of waved surface shaping
on the lubricating interfaces efficiency. In particular, the work of Garrett [2] focused on using a lubrication
model of the piston/cylinder interface that did not consider the elastohydrodynamic or thermal effects to
study the impact of introducing micro surface shaping on the piston. His work considered specifically the
effects of an axially waved shape as illustrated in Fig. 2-b. The simulation study concluded that significant
leakage and torque loss reduction were possible using an axially waved piston.
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Although the work of Baker and Garret showed great potential for the use of micro-surface wave shaping,
the models used to predict performance were dated. At the end of Garrett's work, only a simple first
model of elastohydrodynamic was available for the piston cylinder interface. Later in 2009, development
of thermal and structural analysis for the piston-cylinder interface was computed only considering a single
‘wedge’ of the cylinder block, and the solid bodies were meshed with a simplified algorithm that only
allowed for simplified geometries. In 2010 this analysis of the piston-cylinder interface was extended to an
entire rotating group by combining the separate wedges. This was a significant step forward in model
complexity and ability to accurately model the real hydraulic machine. However, the mesh was still a
simplified, structured mesh that did now allow for the direct use of CAD geometries, but rather
parameterized values which were used to construct the complete mesh.

Achievements during the reporting period:

Piston cylinder interface

A novel non-isothermal fluid structure interaction model coupled with a multi-body dynamic simulation
model that considers elastic surface deformation due pressure and thermal load has been verified
experimentally for the piston cylinder interface. The new model represents a significant achievement both
due to the complexity of numerical methods used and completeness in terms of physical phenomena
considered. An overview of the piston cylinder modeling approach and coupling is given in Fig. 3.
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Figure 3: Flowchart of the multi-domain model.

This model has been validated against measurements taken from two specially developed test rigs, and
used to discover the mechanisms enabling successful operation of pumps under high pressure as will be
explained in the following three sections.

EHD test rig
The EHD test rig is a special test stand which allows pressure and temperature distribution in the fluid film

between piston and cylinder to be measured under real operating conditions of a pump [4].
Measurements of the fluid film dynamic pressure field were taken for the first time using manufactured
barreled piston with the shape used for the simulations. The comparison with measurements in Fig. 4
shows that the developed model is able to predict the temperature distribution as well as the absolute
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values with a high level of accuracy (additional results are reported in [18]). Determination of the fluid film
heat fluxes is only possible when the fluid film geometry, temperature distribution, pressure field, fluid
properties and piston micro-motion are correctly calculated.
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Figure 4: comparison of the measured and simulated temperature field in the lubricating film (EHD test rig).

Tribo test rig

The tribo test rig is a unique test stand which allows the friction force exchanged between piston and
cylinder block to be measured [6]. A real pump has been modified and equipped with a hydrostatically
balanced brass bushing, decoupled from the steel cylinder block (Fig. 5-a), which transfers the axial and
circumferential viscous friction forces exerted on the bushing through a lever to a piezoelectric force
sensor. The geometry of the actual piston and cylinder are precisely replicated (Fig. 5-b) and the
measured displacement chamber pressure is used for non-isothermal fluid film flow, force balance and
surface elastic deformation calculations. Numerical analysis has been performed to demonstrate the
capability of the fully-coupled model to capture the viscous friction force behavior over one shaft
revolution. A comparison between measured and simulated friction force is shown in Fig. 5. (Other
operating conditions can be found in [18]).
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Figure 5: Friction force measurements and simulation
(a) Force sensor illustration (b) Discretization of the piston / cylinder geometry)

Three separate models have been run to evaluate the influence of the different types of surface elastic
deformation on the final results. Rgd is a model considering non-isothermal fluid film flow with no fluid-
structure and thermal interactions. In the model P the elastic deformation of the solid boundaries due to
pressure is considered in addition to Rgd (elastohydrodynamic lubrication). Finally the model P-Th
couples P with heat transfer analysis and thermal deflection of the solids (thermo-elastohydrodynamic
lubrication). Figure 3 shows how the P-Th model can predict very precisely the measurements, especially
when the advance Inertia relief (/R) constraint condition is applied to the boundary solids (P-/R-Th).

In conclusion, all the main parameters responsible of the interface performance (pressure, temperature

and friction force) were measured and accurately predicted by the simulation model, which can be
considered to be mature to assist in the digital prototyping.
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A new discovery: How surface deformations enable high pressure operation of axial piston pumps

The numerical model was used to investigate brass bushings used in high pressure axial piston units [13].
It was found that thermal expansion due to energy dissipation in the fluid film can lead to major changes
of the fluid film thickness and shape. For pumps using a brass bushing pressed into a steel cylinder,
these thermal expansions introduce a wavy surface shape that helps improve the load carrying ability of
the fluid film. This represents a major discovery, which explains why all pumps and motors working at
extreme high pressures have to have a brass bushing in order to achieve a reliable operation and
acceptable efficiency values. This discovery, together with the developed multi-physics model, forms the
starting point for a new computational-based design approach. It will form a very important basis for the
development of the next generation of highly efficient high pressure pumps and motors.

Slipper / swash plate interface

A semi-rigid numerical model of the slipper/swashplate interface was used to develop a design
optimization methodology [19]. The goal of the optimization is to minimize average power loss over a
number of operating conditions by allowing four geometrical parameters to change. To further reduce the
computational burden of the optimization process, computationally cheap surrogate models were built
using the Kriging method on top of the physical model described previously. An algorithm was then used
on the surrogate model to find designs exhibiting minimum power loss. A human-in-the-loop refinement
was used to enhance the accuracy of the surrogate modes in promising locations and further guide the
optimization. Finally, an optimized design was found. Further work modeling the elastohydrodynamic
effect in the slipper swashplate lubricating interface was published [20] and won a best paper award.

Planned Achievements following the report period
e Development of a new special test rig which enables direct measurement of the fluid film thickness in
the slipper swashplate interface.
o Deliverables:
= Design of all test rig aspects, acquisition of components / electronics, and construction.
= Completion of test rig construction and initial debugging and testing.
= Complete measurement study using the test rig and comparison with simulation results.

* Investigation and development of a thermal model to predict pump and motor case temperatures
under steady state operation.
o Deliverables:
= New pump thermal model methodology development.
= Testing of axial piston pump to acquire temperature measurements for model validation.

* Digital prototyping case study to investigate various combinations of piston-cylinder material and
design combinations.
o Deliverables:
= Deeper simulation study of the thermal waving effect in the piston-cylinder interface using the
latest developed numerical models.
= Digital prototyping of new material designs and proposal of best piston cylinder design.
= Physical prototyping of a piston cylinder combination guided by the digital prototyping results
and experimental testing. Deliverables include the physically prototyped part and a
comparison of measurement results to simulated predictions.

C. Member company benefits

e Deeper and more comprehensive understanding of physical phenomena enabling successful
operation of axial piston pumps and motors.

* Discovery of the impact of surface shaping and material properties on reliable pump and motor
operation.

* Fundamental modeling of complex fluid structure interaction enabling further digital prototyping

* 10% overall efficiency improvement of an axial piston pump using surface shaping techniques
demonstrated with prototype waved valve plate measurements.

e Preferential patent licensing options for waved pump lubricating surfaces

* Project 1B.1 research has led to seven associated projects on pump modeling with different
member companies with a total investment of ~$1.1 million since 2006.
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Project 1B.2: Surface Effects on Motor Start-Up Friction

Research Team

Project Leader: Prof. Ashlie Martini, Mechanical Engineering

Other Faculty: Prof. John Lumkes, Agricultural and Biological Engineering
Graduate Students: Jose Garcia, Daniel Brandt

Undergraduate Students:  Bryce Heckaman, Akshay Argiwal

Industrial Partners: Eaton, Parker, Toro, Poclain, Trelleborg

1. Statement of Project Goals

The goal of this project is to develop and experimentally validate a model for static friction to improve the
start-up efficiency of hydraulic components. The resulting modeling tool will be the first experimentally
validated start-up friction model that incorporates the real surface profile characteristics and lubricant
effects. A successful project will result in a fundamental understanding of the relationship between
characteristics of a component’s interfaces and the friction it must overcome at start-up. The modeling
tools and corresponding experimental test rig developed for the project will be used to evaluate existing
and novel (e.g. textured) surfaces to improve start-up efficiency in fluid power machinery.

2. Project Role in Support of Strategic Plan

In the context of the CCEFP strategic plan, this project will contribute to overcoming the transformational
technical barrier of efficient components. Many hydraulic motors exhibit extremely poor start-up efficiency,
forcing OEM manufacturers to specify larger motors than necessary for normal operation, which in turn
increases the overall cost and weight of the machines. This project will provide an understanding of the
physical mechanisms underlying static friction which will lead to specific approaches for minimizing start-
up friction. The research is relevant not only in terms of the start-up efficiency of fluid power applications,
but also in terms of its fundamental focus on understanding static friction from a tribological perspective.

3. Project Description

A. Description and explanation of research approach

One of the challenges for equipment designed to operate intermittently is static friction. Static friction,
the resistance to the onset of motion, results in large inefficiencies at start-up and often requires
engineers to oversize machine components for the sole purpose of overcoming start-up conditions.
Unfortunately, static friction is a physical phenomenon that is not yet well understood, particularly when
dealing with complex, lubricated interfaces. Consistent parameter definitions and reproducible
experimental methods are necessary to understand static friction and its dependence on material
properties and operating conditions. Characterization of static friction is a critical step towards enabling
machine interfaces optimized for improved start-up efficiency. In general, three approaches have been
identified as alternatives to reduce static friction and improve performance: a) Reduce static friction by
applying surface coatings, b) reduce static friction by modifying the lubricant and c) reduce static
friction by studying and altering the surface [1]. This project explores the latter two of these approaches
in this research.

Static friction is typically quantified by the static friction coefficient, the ratio of the force required to
initiate movement to the normal load. Researchers have used various experimental and model-based
techniques to try to measure and understand the dependence of this parameter on material and
operating conditions.

The following is a summary of experimental methods reported in the literature. One of the first
approaches was the inclined plane in which a flat test surface is placed on top of a tilting flat surface,
and the tangent of the angle at which the top test surface starts sliding is identified as the static friction
coefficient [2-5]. In another early approach, a rotational device was used to measure both static friction
and the deformation of test specimens under very light loads (~mN) [6]. More recently, static friction
has been measured using an instrument referred to as the centrifugal friction apparatus which
measures the friction between a block and a rotating disk [7, 8]. Static friction between flat surfaces at
higher loads has been studied using instrumentation with hydraulic cylinders introduced as a clamping
mechanism [9, 10]. Lastly, static friction of point contacts under light loads (~mN) has been measured
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using modified pin-on-disk instruments [11-13]. The applicability of previously reported experimental
methods is limited by (i) restrictions on contact geometry, (ii) the range of accessible normal loads, and
(iii) the ability to accurately determine the onset of motion. Perhaps the most significant limitation of
nearly all previously reported methods for static friction measurement is their inability to accurately and
consistently determine the onset of motion. Test standards to measure the coefficient of friction do not
specify how this point should be identified [14]. Therefore, most studies utilize visual inspection or other
indirect methods to determine when displacement begins and therefore at what point the static friction

coefficient should be calculated.

The following paragraph summarizes model-based approaches for predicting static friction. Typical
static friction models consider interfaces at the asperity level using statistically generated profiles to
capture surface effects. The static friction coefficient is obtained as the ratio of the normal force input
to the maximum shear force the material can withstand before sliding. The first models assumed elastic
deformation of the asperities and used Hertz contact theory for predicting the contact area [15]. Later, a
model accounting for plastic deformation was proposed [16]. Shortly after, a model including adhesive
effects in metallic contact was proposed [17] and was later extended to incorporate lubricant adhesion
[18]. Subsequent models focused on expanding the theories proposed in [16-23]. Unfortunately, nearly
all of these models assume the surface profile can be represented by a statistical distribution of the
asperity heights, which cannot capture the behavior of a real surface with scratches, grooves and
deformations that are typical of surfaces in hydraulic components. In addition, most of these studies are
focused on extremely small scale devices and so are based on assumptions that are not necessarily

applicable to macro-scale components.

Thus, there are significant limitations in both the experiments and models reported previously to study
static friction. Perhaps the most critical issue is that these limitations preclude direct comparison of

model predictions with experimental measurements.

In this project both models and experiments were developed that address the issues described above.
The experimental test rig is capable of handling multiple contact geometries, high normal loads, and
will allow precise determination of the onset of motion. The model can incorporate real surface profiles
into the calculation and is designed to capture the physics underlying static friction. In addition, the
models and experiments were developed synergistically such that the model predictions can be
validated by experiments, phenomena observed experimentally can be explained by reference to the
simulations, and both can form the basis for reliable predictive models describing start-up friction.
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Figure 1: (a) Representative experimental measurement of the static friction coefficient at a 50N
normal force. (b) Comparison of experimental static friction vs. load plot as measured
experimentally and predicted using our model and two previously reported in the literature.
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B. Achievements

Progress To-Date

During the first year of the project (2009) a model for static friction in dry point contact was developed
and validated by comparison to experimental data reported in the literature. In the second project year
(2010) an experimental test rig for static friction measurement was designed and built. The test rig was
used to (i) validate the model for dry contact, (ii) study the effect of fluid material properties on static
friction, and (iii) evaluate the performance of hydraulic oils formulated at MSOE. Details of the
experimental rig and test conditions are available in [24] and [25]. Most measurements were taken for
contact between a cylindrical roller from a geroler motor and a flat test piece. An example of the results
of a single measurement is shown in Figure 1a.

The static friction coefficient for a metallic point contact over a range of loads is shown in Figure 1b.
The star markers show the average value of the experimentally measured static friction, and the error
bars represent the 95% confidence intervals of the measurements. The dotted line is a fitted curve of
the form ps=c{N** where ¢ and c, are regression fit constants. This functional fit has been used before
by Hall [26] and has been seen to match experimental results by Etsion and Amit [11] and some of the
results found by Archard [27] and Ibrahim [28]. The numerical model was run using the same material
properties, geometry and loads of the experiment. Figure 1b shows predictions of the static friction
coefficient using previously reported models (labeled CEB and KE in plot) and the present model.
These simulations were performed for macro contacts past the plastic regime. To obtain these results,
the normal load was varied between 1 N and 60 N. The KE model predicted values of the static friction
for lower normal loads that are in agreement with the model proposed in this paper, but past 10 N the
static friction coefficient prediction of the CEB and KE models falls off dramatically. This is because the
previous models are unable to predict the static friction coefficient for contacts beyond the plastic
deformation regime. Plastic deformation under our experimental tested conditions was estimated to
occur at approximately 12 N. Based on this study, the team felt confident that the model was able to
capture experimentally-measured static friction under a range of industrially-relevant loading
conditions.

(@) (b)

| Property | Untextured | Textured | Artifical Texture |
Ra (um) 0.01918 12.366 12.021
Bq (um) 1.1601 13.262 16.123
Peak to Peak (um) 9.1998 38.204 49177
Sk -0.2385 -0.5014 -2.2730
Ku 3.1620 1.4639 5.7115

(c)

Figure 2: (a) Profilometer scan of textured surface produced by project 1D. (b) Numerically
generated textured surface. (c) Comparison of the statistical surface characteristics of the
measured un-textured and textured surface and the artificially textured numerical surface.

Next, the focus turned to surface textures and their effect on static friction. Textured surfaces were
obtained from Wm. King at UIUC for this purpose. A profilometer image of one such surface is shown
in Figure 2a. To introduce textures in the model, we developed an add-on module that takes as input
the dimple density, depth, and size and imposes a pre-defined texture on a measured un-textured
rough surface. An example artificially textured surface is shown in Figure 2b. To verify that the
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generated surface patterns where consistent with those obtained from UIUC, we compared the
statistical surface parameters and found them to be quite reasonable as shown in Figure 2c. Since the
model had been validated, this capability can be used to explore the effect of various surface patterns
before they are manufactured. The textured surfaces specifically manufactured at UIUC for this project
were also directly measured. The key parameters that defined a texture, density and width, were varied
systematically. All surfaces were then tested over a range of loads and with both dry conditions and
two lubricated conditions.

The effect of lubricating fluid was also studied through collaboration with P. Michael at MSOE. The
fluids used in testing were HM 46 and DTE 25, two ISO Viscosity Grade 46 antiwear hydraulic fluids.
DTE 25 is a commercial antiwear hydraulic fluid that is produced by ExxonMobil formulated with a
solvent-refined paraffinic mineral oil base stock. HM 46 is an experimental antiwear hydraulic fluid
formulation that is formulated with a hydroisomerized paraffinic mineral oil base stock. In addition to
differing in base oil composition, these fluids differ in antiwear additive chemistry. DTE 25 uses a zinc
dialkyldithiophosphate antiwear additive while HM 46 uses a zinc-free or ashless antiwear additive that
combines amine phosphate and sulfurized hydrocarbon chemistry to achieve wear protection.
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Figure 3: Experimentally measured static friction for dry and lubricated cases
illustrating the effect of (a) dimple density and (b) dimple width.

Although a large amount of data was generated that is still being analyzed, Figure 3 shows two
examples of the types of results have obtained. In Figure 3a it was observed that increasing dimple
density decrease the static friction. In addition, this plot shows that, at least in the lower dimple density
range, both fluids cause an increase in static friction. This observation, although somewhat counter-
intuitive, is in agreement with previous static friction research such as that reported by Tian and
Bhushan [29], who found that the presence of a thin film of lubricant increases the coefficient of static
friction and that the magnitude of this increase is a function of lubricant film thickness increased. Figure
3b is an example of a study on the effect of dimple width. In this case the trend is not so straight-
forward. It is clear that some widths are more preferable than others (for example, in this case 75
microns appears to have a beneficial effect), but there is not a monotonic relationship between dimple
width and static friction. This and other trends have been observed and are currently being analyzed. In
general, the plan is to use the model predictions to help guide the surface texture designs for optimal
start-up friction and experimentally evaluate the performance of the resultant textured components.

Plans for Next Year
This project will be ending in May 2012.

C. Member company benefits
Based on this research, member companies will have access to a new theoretical understanding of
how surface characteristics affect start-up friction as well as a numerical modeling tool that implements
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this theory. In practical terms, this work lays the groundwork for development of development of
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plication-specific design tools for optimal start-up efficiency.
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Project 1D: Micro- and Nano-Texturing for Low-Friction Fluid Power Systems

Research Team

Project Leader: Prof. William King, Department of Mechanical Science and Engineering,
University of lllinois Urbana-Champaign

Graduate Students: Ashwin Ramesh

Undergraduate Students: Courtney Engle

Industrial Partners: Trelleborg, Eaton, Gates, Caterpillar, John Deere, Hoowaki

1. Statement of Project Goals

3.

The goal of this project is to develop low-cost microstructured surfaces with significantly reduced
coefficient of friction compared to surfaces with conventional surface finish. The project aims to
design, fabricate and characterize the effect of micro-textures on lubricated surfaces that are suitable
for real world fluid power applications. The focus is to enhance the performance of lubricated contacts
by using micro-textures that lead to a significant reduction in the sliding friction between the surfaces
compared to non-textured ones. The focus is also on low-cost scaling of these surfaces to sizes and
shapes appropriate to the industrial applications.

. Project Role in Support of Strategic Plan

The ultimate goal is to enable leak-free components with friction lower than state of the art. Such a
technology would overcome current barriers to fluid power systems (efficient components, leak-free),
and provide a transformational capability for future fluid power systems (efficient components). The
technology will be validated through collaboration with industry and through application to the
excavator and orthosis test beds. The work will also improve fundamental understanding critical to
fluid power components.

Project Description

A. Description and explanation of research approach
Microstructures patterned onto mating surfaces can significantly reduce friction, adhesion, and
wear [1-4]. Previous work by our group and others shows that micro-textured surfaces may offer
significant advantages for fluid power including reduced friction and reduced leaks. The goal of the
proposed research is to drive this technology to application within the fluid power industry by
producing fluid power components that have lower friction and leakage compared to state of the
art.

Until recently, the key technical challenge to realizing microtextured surfaces in fluid power
applications has been the inability to manufacture microtextures on real surfaces at scale. Some
published reports investigate sliding friction on micro-structured semiconductor surfaces [5], which
are too brittle for use in a pump and cannot be scaled beyond a few inches. It is possible to
fabricate microtextured steel using photolithography and chemical etching, [2], but this approach
cannot be scaled to curved substrates or large areas. Finally, laser texturing has been considered
for manufacturing micro-textures [1, 3, 4], but it is prohibitively expensive and can produce a very
small range of texture sizes and shapes. The team’s research on manufacturing micro-textures
onto durable metal substrates overcomes these limitations [6, 7]. A standard industrial investment
casting process that is modified to incorporate microstructures into the investment mold is used.
The manufacturing approach can fabricate microstructures into very large surfaces of any shape,
and the material can be any castable metal. Metal components including rods, shafts, bearings,
and seals can also be post-processed. This manufacturing technology forms the basis for a
company Hoowaki LLC, and in 2011 was recognized by the Society of Manufacturing Engineers
with their award “Technologies that Will Change the Way You Manufacture.” Figure 1 shows metal
surfaces that demonstrate the ability to cast submicron structures into metal and on curved
surfaces.
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Figure 1: Metal surfaces fabricated with surface micro-textures. This surface
is similar to a rod surface we will explore in the proposed research.

The second technical challenge to realizing microtextured surfaces in fluid power applications is the
lack of engineering design rules. The optimal microtextures depend upon component geometry,
operating speed and pressure, and fluid properties. There have been a few published reports that
use simulations to select the optimal size and shape of microtextures [8, 9], but there is a lack of
published research showing both computations and experiments. Over the last 1.5 years under
CCEFP support, the team has performed both experiments and simulations to develop the first
comprehensive approach to engineering microtextures for fluid power. There have been two major
outcomes from this work: first, an experimentally-validated computational tool has been
developed; and second, this tool has been used to design microtextures for several fluid power
applications.

B. Achievements:

Microtextured surfaces decrease friction: Computational fluid dynamics (CFD) simulations to
model fluid flow and friction between sliding surfaces have been performed. Figure 2 shows the
computational regime which consists of two walls in relative motion, one of which is textured and
the other is smooth. The velocity, gap thickness, fluid properties, pressure, and texture width,
depth, and periodicity can all be defined within the simulation. Figure 2 shows a 2D calculation,
although we have also performed 3D simulations and have found the results to be easily scaled
from one to the other. The simulations were validated through constant load experiments in a
commercial tribometer. The experiments tested textured steel surfaces that were manufactured
using the techniques described above. The goal of these experiments was not to mimic fluid power
conditions, but to validate the simulation. Figure 2 shows experimental and simulation results at
0.36 m/sec speed, 5.3 MPa pressure, 1.5 Pa-sec viscosity (gear oil), and 30% texture density.

10.00

Moving smooth waII —> u
__,_,-__ 8.00 o
% % 3 T
W eo0f E
g ’ Experiment

‘E 4.00 _ g

S : |
£ 200} '\,\ é 1

0.00 L Prlec'-:étionsl . S
0 50 100 150 200 250

Texture width, W (um)

Figure 2: Left: computational regime which consists of two walls in relative
motion, along with the key texture dimensions. Right: Computational and
experimental results, showing friction force as a function of texture width.
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Figure 3: Comparison of the friction and leakage characteristics of smooth and textured
surfaces. The F-L ratio is the ratio of friction decrease to leakage increase. For a range of
parameters, the microtextured surfaces have clear benefits compared to smooth surfaces.

Microtextured surfaces improve leakage: There is a tradeoff between friction and leakage in any
seal: it is always possible to increase the gap between mating surfaces to decrease friction.
However, this gap increase also increases leakage. In order to directly compare textured and
nontextured surfaces, we define the friction-leakage (F-L) ratio, which is the friction reduction (%)
divided by leakage increase (%). When this ratio is greater than one, there is a net benefit. While
this ratio is not the key design parameter in a fluid power system, it allows for clear performance
comparison between different surfaces. Figure 3 shows the calculated F-L ratio for textured and
smooth surfaces when velocity = 12 m/sec, viscosity = 1.5 Pa-sec (gear oil), and film thickness =
20 ym. For the microtextured surface, texture depth = 1-100 um. When the gap thickness is
increased between smooth surfaces, the F-L ratio slightly decreases, illustrating why this is not a
preferred approach. When one surface is microtextured, there is a range of textures for which
there is a significant benefit for both friction and leakage.

The team’s work is being applied by other researchers within the Center. First, the team is working
with Paul Michael at MSOE and Ashlie Martini at Purdue to texture and test hydraulic motor
components. The preliminary tests show that microtextured rollers have more than 25% reduction
in start-up friction compared to (untextured) rollers used today. Second, the team is working with
Professor Perry Li at University of Minnesota to apply microtextures to a three-way valve.
Simulations predict that microtextures applied to the valve will result in 30% friction reduction and
70% increase in leakage. The same friction reduction could be achieved by increasing the gap
between untextured smooth surfaces, but the corresponding leakage increase would be 200%. If
the microtextures were to be designed into the valve from the beginning, it would be possible to
improve both friction and leakage relative to untextured surfaces. The microtextured device is
currently being fabricated and tested. Third, microtextured surfaces have been designed for
Trelleborg under a nondisclosure agreement. Trelleborg has fabricated these components — some
have been tested with favorable results, and some components have yet to be tested. Overall, this
activity has validated that microtextures can be applied to fluid power components and can improve
their performance.

Gerotor roller application: Low efficiency in gerotor motors in the startup regime due to high static
friction has been a major concern in the fluid power community. In this collaboration with Project
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1.B2, this issue is being addressed by surface texturing the faces of the gerotor roller.
Experimental and numerical work conducted in Purdue University has suggested a static friction
reduction of up to 25% through surface texturing compared to untextured surfaces. The roller has
micro-grooves parallel to its axis (Figure 4) and the cylindrical counter bodies have rectangular
textures with width 50 pm in 100 ym spacing. These components will be tested for static friction
performance in lubricated and unlubricated conditions.

Figure 4: Microtextured gerotor roller (Project 1.B2). SEM image of the
textured portion indicates rectangular grooves for reduced start-up friction.

3-way valve application: An important problem in fluid power systems is the trade-off between
friction between the sliding surfaces and the leakage through those surfaces. In this collaboration
with Project 1.E1, this issue is addressed in the rotary spool of an on-off valve by microtexturing the
spool surface. The spool experiences friction due to rotation within a bearing sleeve and leakage
across the lands due to a pressure gradient. The spool-bearing clearance is 20 ym and the
Reynolds number for the flow is 0.5. The simulation was used to identify the best microstructure
for this application and a design with grooves on the outer land and rectangular slots on the helical
land predicts a friction reduction of 30% with 70% increase in leakage. Compared to the alternate
method of increasing clearance, for the same friction reduction, the leakage increase would be
200%. The spool has been textured successfully (Figure 5) and is currently in the testing phase.

Figure 5: Microtextured rotary spool used as on on-off valve (Project 1.E1). SEM image
of the textured portion indicates rectangular trenches for reduced friction and leakage.
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C. Member company benefits
Friction losses are ubiquitous in the fluid power industry. Discussions have been initiated with several
member companies (Trelleborg, Eaton, John Deere, Caterpillar, Gates) about this technology. Each
company has a specific set of applications that do not necessarily overlap with one another. The goal
is to be broadly useful to a range of these applications without becoming too narrowly focused on just
one of them at this time.

In 2008, Professor King started a company, Hoowaki LLC, based on the technology shown in Figure
1. Several CCEFP member companies have already purchased microstructured tools from Hoowaki
in order to accelerate the insertion of this technology. This CCEFP project aims to develop the
design rules for the tools that they are acquiring.
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Project 1E.1: Helical Ring On/Off Valve Based 4-quadrant Virtually Variable Displacement Pump/Motor

Research Team

Project Leader: Prof. Perry Y. Li, University of Minnesota, Mechanical Engineering

Other Faculty: Prof. Thomas R. Chase, University of Minnesota, Mechanical Engineering
Graduate Students: Haink Tu, Rachel Wang, and Mike Rannow

Industrial Partners: Eaton, Parker Hannifin, Sauer-Danfoss, and others

1. Statement of Project Goals

The goal of the project is to demonstrate high performance, efficient control of hydraulic power using
on/off valves in a throttle-less manner. This goal will be met through the development of critical enabling
technologies such as novel high speed rotary on/off valves that will be integrated into virtually variable
displacement pump/motors (VVDPM) for demonstration on CCEFP test beds. In addition to the rotary
spool valve approach studied in previous years, a newly proposed rotary valve based on a ring control
element will be developed. This new ring valve has been conceived with the objective of improving valve
efficiency at high pressure and high bandwidth operation by simplifying the valve flow path while
simultaneously reducing the internal compressible volume. Prototype targets include 21-35MPa operating
pressure, VVDPM system bandwidth in excess of 10Hz, and hydraulic valve efficiency greater than 85%
at 50% VVDPM displacement.

2. Project Role in Support of Strategic Plan

Pulse-width-modulation (PWM) of hydraulic power using on/off valves is a potentially efficient control
concept that is analogous to switched mode converters used in power electronics [1]. By pairing on/off
valves with a fixed displacement pump or motor of any type, variable displacement functionality can be
achieved with designs that are inherently efficient or compact but traditionally fixed. This project
addresses the Center's efficiency goal by developing efficient pulse width modulated alternatives to
inefficient throttling valves. It also addresses the compactness goal by enabling variable displacement
functionality using compact, inexpensive fixed displacement components.

3. Project Description

A. Description and explanation of research approach
Current methods of controlling fluid power
systems are either inefficient (throttling valve
control) or expensive and bulky (mechanical
variable displacement pump or piston-by-
piston digital pump). The virtually variable
displacement pump/motors (VVDPM)
proposed in this project combine the
strengths of ftraditional approaches by
enabling throttle-less displacement control of 3
compact, inexpensive fixed displacement 4-way rotary on/off valve
pump/motors using a single on/off valve.
One such VVDPM implementation based on

Accumulator

; N

a 4-way tandem on/off valve is shown in Figure 1: Hydraulic schematic of a VVDPM using
Figure 1. The VVDPM enables variation of a 4-way tandem rotary on/off valve. Check valves a
the output flow or torque of a fixed and b prevent cavitation while check valves A and
displacement pump/motor by rapidly pulsing B reduce pressure spikes during transition.

it between full output flow or torque

(corresponding to on/off valve Position 1 in Figure 1), or letting the pump/motor idle (i.e. zero output
flow or torque corresponding to Position 2). The ratio of full output to the total switching period is the
duty ratio, which controls the mean output of the VVDPM.

The lack of high-speed on/off valves, which are the counterparts to electronic transistors, is a major
challenge. These on/off valves must have large orifices to allow high flow at low pressure drop. They
must have fast transitions to reduce the time when the valve is partially open. And, they must have
the ability to operate at high PWM frequencies to reduce ripple and achieve high control bandwidth. A
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typical control valve consists of a linear translating

g 60 : :
element such as a spool or poppet. The element must = Eaton DG4V3-2A
be accelerated and decelerated rapidly to be used in 250l o O Parker A4D01-51
PWM control. This requires large actuators, since g : :”"Dt":EF’{AEZZMS
power input is proportional to the cube of the PWM = 40( Y::::aetal_ -
frequency. g |° Cuietal.

230 * UMn Rotary
Novel on/off valves that use continuous rotary motion X °
to generate on/off switching are developed in this 2200
project. These rotary valves do not need to start and 2 10l
stop; therefore, the only power required is that to o
overcome friction (proportional to frequency squared). f%’ ot ; ‘ - -
Moreover, in applications where the pump or motor 0 038 sqrt(1AP)lQ [ILﬁerisbgner] 28 me’

shaft speed is fixed (i.e. constant flow rate through the
valve), the rotary actuation power can be obtained by
scavenging energy in the fluid stream without using an
external actuator. The average response time and effective flow area for several commercial on/off
valves and a few valves found in the literature [2, 3] are compared to the prototype rotary valve in
Figure 2.

Figure 2: Effective flow area and response
times of existing on/off valves

. Achievements

The project team is developing two rotary valve prototypes that will be integrated into VVDPMs for
demonstration on Test Bed 3 (TB3), the hydraulic hybrid passenger vehicle. The plan is to replace the
speeder pump/motor of the vehicle, which is used for decoupling the engine speed from the wheel
speed. The first prototype is based on the spool valve architecture that has been under development
since the inception of the CCEFP. This architecture has evolved from a 3-way self-spinning design for
the control of fixed displacement pumps to a 4-way tandem design for the control of pump/motors.
The second prototype is based on a novel ring valve that was proposed a year and a half ago with the
goals of improving valve efficiency in VVDPMs during high pressure, high PWM frequency operation.

Research during the previous reporting period showed that self-spinning was not an efficient
actuation method when using the VVDPM as the speeder pump/motor on Test Bed 3. This is due to
the large range of pump/motor shaft speeds and corresponding flow rates through the rotary valve (0-
8400rpm or 0-82lpm) when the vehicle is driven over the combined EPA Urban and Highway drive
cycles. In order to meet minimum PWM frequency requirements at low shaft speeds, excessive
throttling is incurred at higher ones. An optimization case study based on analytic design equations
showed that rotating the valve using an external actuator was a more efficient approach for this
application. A two-degree-of-freedom rotating and translating drive mechanism for the valve spool
was then designed and experimentally validated.

Achievements over the past year include: developing improved dynamic models of the VVDPM,
performing simulations to compare VVDPMs with bent axis pump/motors in the TB3 Generation |
vehicle, prototyping a VVDPM which utilizes a 4-way rotary valve, developing a controller for the 4-
way rotary valve, and developing an alternative VVPDM which utilizes a novel 3-way rotary ring valve
in place of the 4-way rotary valve. These achievements are described in order below.

The VVDPM is modeled using a two state model that captures the compressible oil dynamics seen by
the two ports of the pump/motor (VA and Vg in Figure 1). The model uses the optimized externally
actuated rotary valve geometry. It has been simplified by assuming that the vehicle accumulator
pressure is constant, neglecting line losses and ignoring the dynamics of the check valves. Simulated
pressure profiles are presented in Figure 3 and the corresponding VVDPM pump and motor efficiency
maps are presented in Figure 4 (which include the fixed displacement pump/motor losses based on a
manufacturer provided map). Figure 3 shows that valve transition effects are not reduced by the
check valves (a, b, A, B) during motoring as they are with pumping. To understand this, consider the
pressure in volume Vg as the on/off valve switches from open to recirculation mode. When throttling
arises due to transition of the on/off valve, the rotary inertia of the motor causes the pressure of the
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fluid in Vg to drop. Check valve B remains
closed and check valve b will not open
unless Vg drops below atmospheric
pressure. A similar phenomenon occurs
with check valves a and A in volume V. The
result of the ineffectiveness of the check
valves in reducing motoring transition effects
is observed in the efficiency maps in Figure
4; motoring efficiency is lower at higher shaft
speeds compared to pumping.

Using the efficiency maps generated by the
simulation, two case studies were performed
to compare the VVDPM to the variable
displacement bent axis pump/motors that
are currently being used on Test Bed 3. In
the first case study, the cycle efficiency of
the two devices were compared based on
speeder pump/motor operating points
(speed, torque) and displacements that were
optimized for a variable displacement bent
axis pump/motor. The optimization was performed using an efficiency map that was provided by the
manufacturer of the bent axis unit that may or may not include actuation power losses. Actuation
power, however, is included in the VVDPM numbers. In this scenario, the variable bent axis
pump/motor achieved a cycle efficiency of 88%. The VVDPM achieved a valve cycle efficiency of
83% and an overall cycle efficiency of 77%. Breaking up the VVDPM overall cycle efficiency into
motoring and pumping reveals that the cycle motoring efficiency is 76% compared to a cycle pump
efficiency of 81%. The following conclusions can be drawn from these results: first, the lower motor
cycle efficiency is a consequence of the efficiency drop off at high shaft speeds due to transition
losses as seen in Figures 3 and 4. Second, since the optimally sized variable bent axis pump/motor
displacement is 15.1cc (for 21MPa accumulator pressure) and the displacement of the fixed
pump/motor that will be used with the rotary valve is only 9.8cc, the VVDPM is forced to run non-
ideally at higher speeds because the operating points were optimized for the variable bent axis unit.

Figure 3: Simulated VVDPM pressure profiles
showing ineffectiveness of check valves (a,b,A,B) in
reducing transition spikes during motoring

In the second case study, the speeder operating points over the EPA drive cycle were optimized for
the VVDPM. The displacement of the VVDPM was also optimized by scaling the simulated efficiency
maps in Figure 4. The pump/motor displacements and cycle fuel economy for three cases are
presented in Table 1. If only the speeder pump/motor is replaced with a VVDPM (middle column), the
impact on cycle fuel economy is negligible (-.6%). Notice that the optimal VVDPM displacement for

Speeder Overall Efficiency (Pump): VVDPM-C Speeder Overall Efficiency (Motor): VVDPM-C
1 1

1000 2000 3000 4000 5000 6000 7000 8000
PM Speed (rpm) PM Speed (rpm)

1000 2000 3000 4000 5000 6000 7000 8000

Figure 4: Overall VVDPM efficiency maps for pumping (left) and motoring (right). Includes
losses from the fixed displacement pump/motor based on a manufacturer-provided map.
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this case is 22.4cc instead of the Variable bent axis | Speeder VVDPM | VVDPM
9.8cc unit that will be used on the | Torquer 12.0cc 13.1cc 15.3cc
prototype (also used in the first | Speeder 15.1cc 22.4cc 19.9¢cc
case study). If both pump/motors | MPG 65.6 65.2 62.3

on the test bed are replaced with ]
VVDPMs (right column), the fuel Table 1: Test Bed 3 fuel economy over combined EPA Urban

economy decreases by 5%. This and Highway drive cycles. All displacements are optimal.

result is most likely due to the variable bent axis torque unit’'s higher and more constant efficiency
which allows more flexibility in placing the speeder operation in the VVDPM'’s sweet spot if only one
pump/motor is replaced. Even replacing only one variable unit can potentially yield savings in vehicle
cost. In addition, more flexibility exists in choosing the optimal displacement since there is typically a
larger selection of fixed pump/motor displacements and architectures available.

Significant progress has been
made this past year toward the
development of a prototype
VVDPM to validate the operation,
analysis, and efficiency of the 4-
way rotary valve. All prototype
components were sized taking
fatigue into  account  where
applicable due to the high
frequency, high amplitude pressure
fluctuations experienced by PWM
systems. All major components,
including an updated driving
mechanism, have been quoted and
are in the process of being
manufactured. Figures 5 and 6
show the prototype valve spool and
sleeve. The spool is cast from 316 —
stainless with secondary machining i

by MSOE and the sleeve was CNC Figure 6: CNC machined 4-way rotary valve sleeve prototype
machined from 4150 pre-heat treated alloy steel for improved fatigue life. One major design challenge
for the prototype was the custom housing needed to reduce the internal dead volume between the
fixed-displacement pump/motor and the rotary valve. Minimizing this volume is important in order to
reduce compressibility losses, which are significant at high pressures and PWM frequencies. The
initial housing design combined a thick walled section containing the sleeve, as required to obtain
adequate fatigue strength, with a thin walled section for the pump/motor interface. However, no
manufacturer submitted a bid to fabricate this part. Splitting the part and redesigning sub-components
for machining instead of casting produced an affordable, buildable prototype. The new housing further
reduces costs with its modular design; it will also be used with the prototype ring valve.

The axial controller for varying the duty ratio of the rotary valve using the external driving mechanism
has been improved. The valve’s duty ratio determines the VVDPM'’s mean output flow or torque [15].
The external driving mechanism’s axial degree-of-freedom is controlled by modulating the pressure
within a control chamber that is acted on by a return spring. A passivity based nonlinear controller has
been developed that uses a novel pressure dependent fluid compressibility model to define the
compressible fluid energy term. The new controller reduces the effort required to tune the feedback
gain compared to a traditional backstepping nonlinear controller. The new controller also allows a
smaller feedback gain which is insensitive to measurement noise.

The new controller and drive mechanism can achieve full stroke duty ratio variation of the VVDPM in
less than 50ms using a pilot pressure of 1.3MPa.
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Figure 7: 4-way and 3-way motoring circuits (left) with corresponding transition losses (right). The dotted blue
trace is the motor transition loss for the 4-way circuit and the solid blue trace is the loss for the 3-way circuit.

The remaining effort in the past year has been to refine and develop the ring valve concept. Due to
the high motor transition losses observed in the 4-way rotary valve, the ring valve was redesigned as
a 3-way valve. Figure 7 compares motoring transition losses between the 4-way and 3-way circuits.
The analysis shows that check valves can be used effectively in the 3-way motoring configuration to
reduce transition losses to the same level as pumping. Another benefit of the 3-way ring valve is that
it eliminates the need to seal both the ID and OD of the original 4-way ring valve embodiment. This
significantly reduces both valve friction and leakage.

A traditional disadvantage of 3-way on/off valves is that the directional control valve needed for 4-
quadrant VVDPM operation is located in the switched volume between the on/off valve and the
pump/motor. This added volume contributes to compressibility losses. However, the ring valve allows
the on/off valve to switch between pulse-width-modulating ports A or B of the pump/motor, which
makes it possible to relocate the directional valve outside of the switched volume. Other notable
circuit modifications to the 3-way ring valve included reducing the valve length from 5 sections to 3
sections by replacing two check valves with pilot-to-open valves. Additional progress made on the
ring valve includes an analytical loss analysis that can be used for optimization and preliminary CAD
models. Finally, an initial CFD analysis of the ring valve was done that led to geometry improvements
that reduced the pressure drop in the valve by 17% without increasing the switched volume.

Over the next 5 years, after the current generation of rotary valves has been experimentally
demonstrated, the technology should be expanded to other applications such as virtually variable
displacement linear actuators, transformers, and multi-circuit systems. Studies should also be
performed to evaluate the impact of high frequency flow and torque ripple on vehicles and other
systems as well as component life such as hoses, connectors, and fittings. Noise is also a potential
concern that should be investigated in detail. References [4]-[18] have been published to date (in
chronological order); references [13]-[16] were published during the reporting period.

Expected Milestones and Deliverables

The prototype 4-way tandem externally driven spool valve is targeted for initial testing by April 2012
with bench testing complete by May 2012. Implementation onto Test Bed 3 will begin during the
summer of 2012. Concurrently, the ring valve prototype will be finalized and sent out for prototyping
by the end of April 2012. Prototypes should be available for testing by the end of May 2012.

Member company benefits

Member companies will benefit from the development of innovative on/off valve architectures, new
digital control and estimation algorithms, design insights, high frequency hydraulic sensing
techniques, and an expanded knowledge of applications.
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1. Statement of Project or Test Bed Goals

The goals of the project are to research and develop advanced multi-domain models and increase the
theoretical understanding of high speed digital hydraulic valves, experimentally validate the models, and
apply the results to design valves in support of CCEFP projects and related digital fluid power
applications. Digital valves will be implemented into several CCEFP projects and test beds to facilitate
and validate the use of high speed on/off valves as enablers of efficient and effective fluid power systems.

The fundamental problem is the highly non-linear coupling between the electrical actuator, mechanical
system friction in moving components, and fluid dynamics (flow forces and viscous friction). Project
metrics will be achieved if, using the tools developed and dissemination during the course of this project,
high speed digital valves are successfully modeled, simulated, tested, and implemented in related center
projects and test beds.

2. Project or Test Bed Role in Support of Strategic Plan

This project supports the efficiency thrust and the compactness thrust of the strategic plan. The efficiency
thrust is supported through the use of on/off valves to reduce metering losses in typical fluid power
systems, increase the bandwidth and control of existing components, and to enable new, more efficient,
fluid power components and systems. Compactness is achieved by the development of high speed
positive sealing digital valves capable of operating at higher than standard pressures. Also, as hydraulic
systems are made more efficient, they inherently become more compact due to reduction in size of the
prime mover, cooling systems, hoses, and fittings. An understanding of the interaction between the
electrical, mechanical, and hydraulic systems has enabled accurate models to be developed and
combined with larger system models for the optimization of system efficiency, operating pressure, and
dynamic response. Successful completion of this project will have a significant impact on the ability to
develop and implement the control strategies proposed in Project 1E.3 as well as the feasibility of that
project. Project 1E.2 will benefit test beds 1 and 3 though high bandwidth control actuators, digital
pump/motors, and virtual variable displacement pumps (VVDP similar to Project 1E.1).

3. Project/Test Bed Description
A. Description and explanation of research approach

Understanding and analytically describing the non-linear coupling and impact of fluid dynamics
(flow forces), electromagnetic transients, leakage flows, and mechanical deformations and friction
in high speed switching valves enables fluid power systems with improved efficiency and
effectiveness (meterless switching control, digitally controlled pump/motors, virtually variable
displacement pumps, new system topologies, and improved control bandwidth for existing
components). This work is an important and complementary component to the other ongoing
work in the center. By providing fundamental understanding about the operation and
implementation of high speed on/off valves, other researchers can study how the use of such
valves impact their efficiency (component and system) and effectiveness (compactness, noise,
reliability, etc.).

The valves considered in this project are axisymmetric positive contact sealing. In most
conventional systems, as working pressure is increased, efficiency tends to decrease due to
increased leakage and compressibility losses. It becomes increasingly difficult to seal using
sliding surfaces (i.e. spool overlap and kidney/valve plates) and positive contact sealing surfaces
are preferred at higher pressures to minimize leakage losses. One example high pressure
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application, pumps, usually rely on check valves in place of kidney valve plates and in doing so
become fixed displacement unidirectional machines. High pressure, high speed on/off valves can
enable a high pressure pump/motor to become variable displacement and bidirectional if the
actively controlled valves replace the check valves such as in Project 1E.3. This has benefits in
the compactness thrust and urban vehicle test bed since high pressure and high efficiency
hydrostatic transmissions become possible. Although positive contact seat type valves are
preferred for minimizing leakage and tolerance requirements, the geometry of the seat leads to
potentially large flow forces that make them difficult to actuate directly using electromagnetics,
which saturate at a much lower equivalent pressure. New and innovate valves designs are
needed that minimize the effects of the flow forces while retaining (or improving) the dynamic
capabilities of switching type valves. Some work is addressing this issue through pressure
balancing ports within the moving poppet [9].

There are four basic areas where fundamental science is being applied in this project. Past
research has shown that numerical calculations do not accurately predict the magnitude and
effects of steady state and dynamic flow forces [8]. Because of this, CFD analysis is used to allow
a more accurate description of these forces [22] and the results will be used to construct a
reduced order analytical model accurate enough for and capable of being embedded into a
systems level model. Electromagnetic transients, as seen in high frequency eddy currents, affects
the transient force of the actuator [5, 17]. Effects of eddy currents can be reduced with novel
driving methods (peak & hold shaping, momentary reversed currents, and minimization of
magnetic diffusion time constants). Area three includes the mechanical dynamics, impact forces,
and contact sealing models. The combination of high pressures coupled with high switching
speeds has the potential to negatively affect the reliability and lifespan of high speed valves.
Finally, the behavior of the fluid is also important at the higher pressures and high switching
speeds. This aspect of the project will be supported by other work within the center and is
necessary to complete the system model of switching valves.

To address, study, and find solutions to these issues, a simulation model and the underlying
theoretical models have been developed and utilized to generate new design concepts for
optimized switching valves. The theoretical models include improved modeling of flow forces
through CFD analysis and enhanced understanding of how flow forces affect the high pressure
performance of the valve, especially at high switching speeds and the addition of new accurate
lumped parameter electromagnet modeling techniques describing eddy current effects, magnetic
fringing and leakage, and effects of nonlinear material properties captured using a nonlinear
material data. The capabilities are not specific one particular valve configuration and the
simulation toolbox resulting from this work can be used to quickly design and simulate the flow
characteristics and dynamic response characteristics for nearly any axisymmetric seat type valve
actuated by electromagnetic actuators.

. Achievements

A new prototype bi-directional check valve (BDCV) has been experimentally tested to validate the
design and simulation models. The prototype was also incorporated into Project's 1E.3 single
piston pump/motor test stand. Experiments were conducted that demonstrated the various
operating modes of the test rig. For each experiment the testing conditions were:

¢ Piston motion actuation mechanism: sinusoidal pattern
* Piston speed: 550strokes/min

e Stroke length: 22mm

* Inlet pressure: =14bar

e Qutlet pressure: =42bar

The results from this single piston pumping testing can be seen in Figure 1. From these

experimental results, the BDCV has been demonstrated to be capable of enabling multiple
operating modes of digital pump/motors.
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Figure 1: single piston pumping test results

In addition to the experimental testing, modeling and simulation was completed on the BDCV. A
multi-physics domain model for BDCV system was built up utilizing a lumped parameter method
(Matlab Simulink & Simscape) and a finite element method (COMSOL). Both Simulink model and
COMSOL model were used to simulate a BDCV steady state pressure-flow test. The simulation
results in reference to measurement results are shown in Figures 2 and 3. As seen in the results,
the measurement and simulation plots match well, but more so for the COMSOL approach.
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Figure 2: BDCV steady state simulation results (Matlab Simulink)
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Figure 3: BDCV steady state simulation results (COMSOL)

A single piston 100% pumping system equipped with two prototype BDCVs and simulated
utilizing a COMSOL model (Figure 4). The results from this are shown in Figures 5 & 6. For the
flow rate, the simulation and experimental measurement results match well, demonstrating that
the BDCV is capable of operation in a digital pump/motor application. Also, the COMSOL
simulation successfully captured the back flow effects, which is important for being able to use
the simulation tool to minimize the negative effects.

T
|

\

Figure 4: COMSOL model for single piston 100% pumping system

The system pressure simulation results do a good job of predicting what was measured in the lab.
Referring to Figures 5 and 6, it can be observed that the differential pressure between the
displacement chamber port and working port triggered the motion of main stage poppet valve of
BDCYV indicating passive checking feature of BDCV during 100% pumping system.
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A leakage test on the prototype BDCV was also conducted and it was found that there was a
0.4L/min leakage rate at the main stage and 2.0L/min at the pilot stage. To achieve lower leakage
rate and more compact valve package, a new valve design was designed. The available
COMSOL multi-physics modeling tool will be utilized to evaluate the new design as well as other
high speed switching valve designs like piezoelectric actuated valve.

Member company benefits

This project has benefited CCEFP projects and member companies by providing new tools,
enabling new projects, and designing optimal electrical signal driving profiles for on/off valve
designs. It indirectly benefits member companies through its role as an enabling technology for
other CCEFP projects. The work in this project has led to a provisional patent filing and the
technology is accessible to industrial members.
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1. Statement of Project Goals

The goal of the project is to develop a hydraulic pump/motor that replaces the valve plate with actively
controlled high speed on/off valves connected to each cylinder. The coupled dynamic model of the
hydraulic pump/motor developed during this project is crucial to facilitate the development of the
pump/motor. Unit displacement is electronically controlled by on/off valve timing, not by a swash plate
or other typical means. Pump/motors of this design can have increased efficiency due to reduction of
friction, leakage, and compressibility losses as well as increased displacement control bandwidth [1, 4,
8, 12, 16, 18]. Supporting tasks include using the model to characterize and predict pump/motor
efficiency, define the dynamic response and flow requirements of on/off valves required to provide
significant improvements in efficiency and dynamic response over traditional pump/motors, simulate
different operating strategies and characterize the effects on pump/motor efficiency (valve timing
effects, partial fill methods, etc.), and to experimentally validate the model, design, and operating
strategies. For experimental validation a prototype pump/motor will be built and tested.

2. Project Role in Support of Strategic Plan

The project will overcome a major system efficiency limitation in the fluid power industry by providing
high bandwidth and efficient four quadrant pump/motor. This will be accomplished by providing an
accurate simulation model to predict the effects of using actively controlled on/off valves to replace the
valve plate timing in hydraulic pump/motors, and leveraging results from Projects 1E.1 and 1E.2 on
high speed valve designs. The variable displacement pump/motor will maintain high operating
efficiencies at lower displacements, be capable of four quadrant operation, and exhibit high operating
bandwidths. Improving pump/motor efficiency, particularly at lower displacements and throughout four
quadrant operation will strengthen existing markets and enable new markets by improving efficiency
and effectiveness. A project outcome is the construction and testing of a prototype to validate the
concepts developed in years one and two of the project. The project directly supports the CCEFP
goals of improving efficiency in existing fluid power applications and expanding the use of fluid power
in the transportation sector to reduce fuel consumption.

Two test beds within the center will directly benefit from the outcomes of this project. The hydraulic
hybrid vehicle, where pump/motors operate in all four quadrants and at reduced displacements, will
experience significant fuel economy increases with increased pump/motor efficiency. The
displacement control excavator also requires high efficiency units since all power is delivered (or
recovered) hydraulically using pump/motors. Also, the high bandwidth aspect of this project will help to
improve the operator feedback and enable high speed motions (bucket “shaking” to dislodge material,
etc.).

3. Project Description
A. Description and explanation of research approach
A longstanding difficulty with current state-of-the-art variable displacement pumps and motors is
reduced efficiencies at partial displacements. This is the result of several factors: as
displacement decreases the output power decreases, compressibility losses increase, and friction
and leakage losses remain approximately constant. In addition, because in a traditional unit
valve plate timing is geometrically defined as a function of shaft rotation, optimal timing is difficult
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to obtain over the full range of operating conditions (speed, pressure, direction, and
displacement).

The challenge is to decouple the valve plate timing and provide for the ability to continuously vary
the opening and closing geometries and timing as a function of real time operating conditions.
Additional benefits that come with decoupling the ports include the ability to explore new
operating strategies (partial fill, adaptive adjustment of noise and efficiency design tradeoffs, etc.)
and increased pump/motor displacement control bandwidth.

The innovation for this project involves applying fundamental science and latest design and
simulation tools to provide insight on the interacting dynamics and accompanying tradeoffs
associated with independently and actively controlling the port timing for each piston in hydraulic
axial or radial piston pump/motors. The project is developing fundamental insight into the design
tradeoffs for actively controlled pump/motors and will provide these tools to industry. Actively
controlled pump/motors as focused on in this project are more likely to be successful than past
attempts because of several reasons 1) electronic and sensing capabilities have progressed
significantly in the past decade, 2) new fundamental knowledge has been gained in the area of
pump/motor design [6, 11] and can be used in this project, 3) computational power and simulation
tools are allowing for coupled multi-domain system models to be optimized, 4) the high cost of
energy is making component efficiency an important consideration in operating costs, 5) previous
and ongoing research on high speed on/off valves is providing the enabling technology, and 6)
the CCEFP provides a unique critical mass of researchers, industry, and resources to
successfully overcome the barriers.

The fundamental research barriers occur at the intersections of different physical domains
represented during the short (< 1ms) transitions between high and low pressures, and the valves
opening and closing. As the references make clear, the concept of actively and independently
controlling the valve plate areas through the use of high speed valves is not new [1, 8]. What will
allow the barriers to be overcome through this project is the ability to accurately model the
interactions between the different physical domains and design the components to act as an
optimized system capable of meeting the metrics of the project. In addition, the advanced
electronics required to implement such a system have only recently become available at the
processing speed, reliability, and cost levels needed. Even if the simulation and experimental
results demonstrate improved performance, many practical challenges still remain. Reliability
and redundancy of key components (valves and sensors) are critical when considering possible
failure modes, electronics and sensors must be robust and embedded on the pump/motor to be
competitive with existing units, new packaging options should be considered since the
pump/motor valves are now independently controlled and not geometrically constrained, and new
system level operating strategies could be possible with “smart pumps” containing embedded
microprocessors and the ability to adapt to different load requirements.

. Achievements

Project 1E.3 made important progress in several key areas. There has been continuing and
valuable collaboration with Project 1B on understanding the internal losses within the pump and
with Project 1E.2 on high-speed valves.

Figure 1 shows the efficiency of flow-diverting and flow-limiting versus the typical valve plate type
unit during motoring. The valve area throttling loss, piston cylinder leakage, and compressibility
are modeled in these results as reported by Merrill [12]. With a complete simulation model of a
digital pump/motor, different configurations and component tolerances and specifications can be
analyzed for an in-depth understanding of advantages, disadvantages, and tradeoffs of the digital
pump/motor technology.
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Figure 1: Efficiency comparison between different digital
pump/motor operating strategies and typical valve plate unit

Figure 2 provides a breakdown of the losses as a percentage of theoretical power. A novel bi-
directional check valve that was developed in collaboration with Project 1E.2 would only have
electrical losses at partial displacement and no electrical losses at 100% displacement. However,
when using typical off-the-shelf direct acting valves, there will always be electrical losses during
all modes of operation.
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Figure 2: Flow-diverting strategy with bi-directional check valve
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While continuing to collaborate with Project 1E.2 for developing high-speed on/off valves that will
enable efficient pump/motor operation at speeds of 3,000 rpm, a parallel development path was
taken to ensure that Project 1E.3 can continue to progress and be successful. Findings from
earlier center research in Project 1E.2 were leveraged to improve the performance of off-the-shelf
on/off valves. Implementations of peak-and-hold turn-on strategies and reverse-current turn-off
strategies were used to drive poppet sealing cartridge valves sized for the three-piston digital
pump/motor prototype. Figure 3 shows the effect of differential pressure on the delay time (t1o)
and the transition time (tyans) for a normally closed, poppet sealing cartridge valve. The valve has
a 12V solenoid, but is pulsed for 5ms at 50V to apply the peak. The high initial voltage serves to
overcome inductance lag. A period of high current, the peak, serves to overcome eddy current
lag and to generate high magnetic flux levels across the air gap [2]. The resistive losses are
reduced after the transition by maintaining a lower hold current. At low differential pressure, this
off-the-shelf valve can shift from closed to open with approximately 1ms transition time with a
total shift time of approximately 5ms. Note the consistency of the delay time with respect to
pressure. During operation of the digital pump/motor, valves will be shifted when the differential
pressure is minimized.

SH NC Forward Turn On, 5ms Peak

25 L9 LY LY LY L9 L9 L
O  Yans
o Y
20} 4
15} 4
0
E
7]
E
= 10} .
5L 4
o g 8
o
0 L L L L L L L
0 200 400 600 800 1000 1200 1400 1600

pressure(psi)

Figure 3: Turn on time vs. differential pressure

Figure 4 shows the three-piston digital pump/motor test stand. The crosshead mechanism of a
three-piston, in-line CAT pump is used with custom valve blocks to accommodate six poppet-
sealing on/off cartridge valves. The CAT pump is advantageous due to the modular design and
the in-line crosshead mechanism. The modular design separates the unit crankcase from the
working fluid and allows the displacement chamber block to be interchanged. The in-line
crosshead mechanism does not require the pistons to bear side loads, accommodating the use of
lip seals at the piston/bore interface and reducing fabrication costs through wider machining
tolerances. Three additional cartridge check valves provide over pressure protection for the
individual displacement chambers. The stand will operate with a regenerative hydraulic circuit to
minimize power and heat rejection requirements.
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Figure 4: Three-piston digital pump/motor test stand

The future work for Project 1E.3 includes an in-depth simulation study and optimization for multi-
chamber pump/motors and expanded experimental validation in the laboratory. With a 7 piston
pump/motor model completed and initial multi-piston pump/motor experimental testing currently
under way, the focus will be on utilizing the model for control strategies studies and optimization,
and an expanded focus on validating these experimentally, along with the effect of operating
strategies on efficiency and noise.

With the completion of the multi-piston digital pump/motor test stand, experimental testing is in
progress and will utilize the various operating strategies to achieve variable flow with a digital
pump/motor. With the results from the multi-piston pump/motor test stand, implementation on
Test Bed 1 (Excavator) and/or Test Bed 3 (Hydraulic Hybrid Vehicle) with a properly sized
pump/motor unit will commence. This will showcase the system efficiency improvements that a
high efficient, high bandwidth pump/motor component would contribute.

Member company benefits

This project has and will continue to benefit CCEFP member companies by providing new digital
pump/motor design tools, on/off valve designs, and digital pump/motor operating strategies for
further development and commercialization by member companies. It indirectly benefits member
companies through its role as an enabling technology for other CCEFP test beds. Industry
partner involvement will be critical while developing the appropriate performance metrics,
benchmarking current products, and involvement will be necessary to build (or supply from
existing) the various components and sub-assemblies (pumps, valves, sensors, etc.) and help
with the fabrication and testing.
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Project 1E.4: Piston-by-piston control of pumps and motors using mechanical methods

Research Team

Project Leader: Dr. Perry Li, Mechanical Engineering

Other Faculty: Dr. Thomas Chase, Mechanical Engineering

Graduate Students: Mike Rannow, Chad Larish, Meng Wang, and Haink Tu
Industrial Partner: Sauer-Danfoss

1. Statement of Project Goals

The goal of this project is to develop simple and efficient strategies for controlling hydraulic power
transformation machines (i.e. pumps, motors, or transformers) on a piston-by-piston basis. This project
will focus on creating a variable displacement pump/motor that can meet or exceed existing designs in
peak efficiency, and demonstrate a shallower drop off in efficiency as the displacement is decreased. By
utilizing a two degree of freedom rotary valve, the expected efficiency benefits of piston-by-piston control
will be achieved with a control mechanism that is simpler and more cost effective than alternative
research approaches.

2. Project Role in Support of Strategic Plan

The need for efficient hydraulic components is listed as a transformational barrier for the fluid power
industry. The development of high efficiency variable displacement pump/motors is essential to
overcoming this barrier. A pump or pump/motor that is more efficient than current technology is essential
for realizing practical hydraulic hybrid powertrains in both on-highway and off-highway vehicles. The key
element to the new design described here is a single rotary valve, which replaces multiple solenoid valves
used in competing designs. This valving strategy has the potential to be more compact and less costly
than current approaches, while maintaining high efficiency.

3. Project Description
A. Description and explanation of research approach

Most hydraulic systems contain one or more devices to transform rotary mechanical power into
hydraulic power or vice versa, such as a pump, motor, or transformer. In order to reduce power
losses in throttling valves, these devices are often designed to have a variable displacement. In
existing state-of-the-art designs, the efficiency of variable pumps and motors dramatically
decreases as the displacement is decreased. This is a significant barrier to the creation of
efficient hydraulic systems. The drop off in efficiency is caused by the fact that the dominant
power losses, primarily leakage and friction, do not decrease as the output power is decreased.
The majority of variable pumps and motors are bent-axis or swashplate type piston machines and
their displacement is varied by changing the stroke length of the pistons. In this approach, high
pressure is applied to all pumping pistons, regardless of the displacement. As a result, some of
the leakage paths and friction losses remain constant. A significant amount of research has been
done to understand and model the leakage and friction losses that occur in pumps and motors,
with the goal of reducing the magnitude of these losses. However, the issue of high power losses
at low displacements has not received significant attention until recently.

A new approach to improving the efficiency decrease at low displacements is the piston-by-piston
variation method. Research was initiated at the University of Edinburgh and has continued with
the start-up company Artemis Intelligent Power. It has produced a method of reducing the
displacement of a radial-piston device by disabling individual pistons when not needed [1, 2].
This so-called piston-by-piston approach has been demonstrated to significantly improve the
efficiency of hydraulic machines at low displacements. The Artemis design is based on two
electronically latched check valves to enable or disable each piston. When a piston is disabled,
high pressure fluid is not applied to it, removing the leakage and some of the friction losses
associated with that piston. Thus, a portion of the losses will scale down with displacement. With
separate valves controlling the fluid in and out of each piston, the constant losses associated with
the valve plate are also eliminated.
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While the latching check valves have advantages over other types of valves with respect to
actuation power and ideal timing for pumping, they present challenges for creating a motor.
Project 1E.3 is developing an approach that moves away from the latching check valves and
incorporates actively switched valves to improve the control flexibility [3, 4]. While the piston-by-
piston control approach has significant potential to reduce power losses, it relies on multiple high-
speed, electronically controlled valves per pumping piston, which can increase cost and reduce
reliability.

In Project 1E4, piston-by-piston displacement variation will be achieved with a single control
input, in the form of a two degree of freedom rotary on/off valve. This project leverages
knowledge gained in the design of a similar rotary valve for Project 1E.1 [5-11]. With this
approach, a rotary spool valve that can translate axially will enable or disable the desired number
of pistons to vary the displacement of the machine. Some advantages of using a mechanical
control method are: simplicity; only a single control input (the axial position of the rotary valve) is
needed, robustness and cost; it does not require solenoids and wires and current drivers for each
piston, low actuation power; the rotary valve does not need to be accelerated/decelerated,
repeatability; the valve is mechanically coupled to the drive shaft ensuring repeatable timing, and
contamination resistance; significant torque is available to spin the valve through contaminated
oil. The approach has the disadvantage of reduced control flexibility in the mechanical
mechanism. However, this is anticipated to have only a slight effect on the overall efficiency.

In the initial phase of this project, a study of the losses associated with a variable displacement
pump/motor was conducted to demonstrate the potential of piston-by-piston variation to reduce
losses. The models used in this study will help guide the design of a pump/motor which
demonstrates rotary valve enabled piston-by-piston displacement variation. The design and
construction of the pump/motor will be carried out with assistance from an industry champion
(Sauer-Danfoss), who has agreed to donate prototype parts.

. Achievements

Achievements in 2011 consist of: confirming the feasibility of the proposed design through
modeling, deciding between constructing the rotary valve as a direct acting valve or a pilot valve,
deciding whether to design a pump or a pump/motor as a concept demonstration prototype,
performing a detailed simulation of the valve system to resolve its sizing, and beginning the
mechanical design of the prototype. These achievements are described in order below, followed
by a description of a plan to complete the project.

The initial phase of this project consisted of examining how the losses in a variable displacement
pump/motor scale with displacement, in both conventional and piston-by-piston approaches. The
goal of this phase was to demonstrate the feasibility of the approach and define the magnitude of
the potential energy savings. The results of this analysis are shown in Figure 1.
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Figure 1: Losses in a swash plate (left) and piston-by-piston (right) pump
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The models used to generate this comparison were designed for a pump having the size of the
expected prototype (52 cc) and are based on a combination of first-principles modeling and
measurements of physical parameters from literature or existing components. This is not
intended to be a high-fidelity study of the losses in a pump/motor, which is a project unto itself
[12]. However, the trends of the losses with displacement are clear.

In the piston-by-piston method, the piston friction and throttling losses remain higher as
displacement is decreased due to the constant piston stroke. However, the rest of the losses
decrease faster than the swashplate losses due to the removal of pressure from the unused
pistons. Fortunately, the losses that are high in the piston-by-piston approach are relatively small
when compared to the worst swashplate losses. The key benefits of the piston-by-piston
approach are: the reduction of swashplate friction with displacement and the reduction in valve
plate friction and leakage by using valves to control each piston. This removes the tradeoff
between sealing and load bearing that exists in a typical valve plate.

The prototype parts supplied by an industry champion did not have hydrostatically balanced
pistons, which would reduce the swashplate friction, but add an additional leakage path. In order
to create a valid comparison it was assumed that neither the piston-by-piston nor the swashplate
device had hydrostatically balanced pistons. The combination of the losses in Figure 1 is shown
in Figure 2.
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Figure 2: Efficiency comparison between a swashplate and a piston-by-piston pump

Figure 2 shows the potential improvement from a piston-by-piston variation approach. Note that
neither model includes losses due to compressibility, throttling in transition, bearing or churning
losses. The transition and compressibility losses are accounted for in a more detailed model of
the piston-by-piston method, but they are heavily design-dependent, so a valid comparison is
difficult to derive.

Once the loss scaling model was complete, several design choices had to be made to enable a
dynamic model of the piston disabling mechanism to be created. The concept for the project was
to use a rotary valve to control the pistons. However, two alternative designs were possible: the
rotary valve could control the main piston flow, or it could act as a pilot stage. Several design
concepts were derived, modeled, and analyzed in order to decide between these two alternatives.
After comparing the leakage, throttling loss, transition time, actuation power, and complexity, it
was decided that the rotary valve would serve as a pilot stage which drives another valve for each
piston.
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The initial plan for this project was to create a variable displacement pump, and use that as a
starting point for a variable displacement pump/motor. However, during the concept selection
phase, it was determined that the pump solution did not pose a significant challenge nor provide
much opportunity to solve problems that would benefit the design of a pump/motor. Thus it was
decided that the project would focus exclusively on designing a 4-quadrant pump/motor.

A dynamic model of the valve mechanism was created (see Figure 3), which was used to analyze
the transition and compressibility losses of the proposed design. Using this model, parameters
were adjusted to create a design that is expected to have throttling, compressibility, transition,
leakage, and actuation losses that are significantly less than the modeled valve plate losses.
Nevertheless, these improvements comprise only a fraction of the overall expected piston-by-
piston benefit.
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Figure 3: Modeled dynamic response of the piston pressure (left) and control valve areas (right)

With the dynamic model complete, the mechanical design of the pump/motor was begun. The
detailed design is still in progress, with an anticipated completion of March 2012. Once the
mechanical design is complete, computational fluid dynamics (CFD) analysis will be performed to
verify the anticipated throttling losses. Following completion of the CFD, the prototype will be
built and tested, which is scheduled for early summer 2012. The prototype will be tested for
efficiency and dynamic performance, and if the results are promising it will be demonstrated on
Test Bed 3, the Hydraulic Hybrid Passenger Vehicle. At that point the original project plan will be
complete. If the efficiency tests are promising, the next step will be to contact member
companies to gauge the interest in further developing the technology. A logical next step for this
research is to investigate whether the approach can be extended to a piston-by-piston
transformer.

Milestones
* Analyze piston disabling strategies (complete)
¢ Determine how swash plate and piston-by-piston losses scale with displacement (complete)
e Generate and analyze valve architectures (complete)
* Model selected mechanism to predict losses and dynamic performance (complete)
e Complete mechanical design of the pump/motor (3/12)
* Analyze flow paths using Computational Fluid Dynamics (4/12)
e Construct prototype (6/12)
* Test efficiency of the pump/motor (7/12)
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C. Member company benefits
Member companies will benefit from the analysis showing the potential of piston-by-piston
variation, by demonstrating a potential avenue for efficient product development. This will be
enhanced by a successful demonstration of an efficient piston-by-piston pump motor.
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Project 1G.1: Tribofilm Structure and Chemistry in Hydraulic Motors

Research Team

Project Leader: Paul Michael, MSOE

Other Faculty: Prof. Scott Bair, Georgia Tech
Prof. Bill King, University of lllinois
Prof. Thomas Chase, UM

Graduate Students: Kelly Burgess, Hassan Khalid, Meghan Miller and Chuck Ziemer
Undergraduate Students: Brian Blazel, Brittany Hauser, and Rebecca Ruechel
Industrial Partners: Afton Chemical, ExxonMobil, Parker Hannifin, Poclain Hydraulics, RohMax

USA, Sauer-Danfoss, Shell Oil

A. Statement of Project Goals

The research objective of this project is to improve fluid power efficiency by systematically investigating
tribofilm structure and chemistry in hydraulic motors. From our previous investigations we have concluded
that hydraulic motor efficiency can be improved by enhancing boundary lubrication conditions. [1, 2] This
conclusion is based upon correlations between motor efficiency tests and friction measurements in simple
bench-top tribometers. We propose to bridge the gap between the performance of fluid power
components of complex geometry and the fundamental understanding of tribology by studying the
structure and chemistry of boundary films formed in motors. Improvements in boundary lubrication
conditions are expected increase the minimum hydraulic motor starting efficiency by 10-20% without
compromising the efficiency of other fluid power components.

B. Project Role in Support of Strategic Plan

This project addresses the efficiency barrier by identifying how tribofilm structure and chemistry affect
starting torque and low-speed friction in hydraulic motors. Understanding this relationship will make
possible the formulation of hydraulic fluids that improve motor efficiency. This is of strategic importance
within the CCEFP because low-speed motor efficiency often determines the minimum displacement (size)
and operating pressure of mobile hydraulic equipment. In order to bridge the gap between the
fundamental understanding of tribology and the performance of complex fluid power components, this
investigation will be conducted in coordination with the elastohydrodynamic research of Prof. Bair (Project
3D.2), the surface texturing research of Prof. King (Project 1D), and the static friction research of Prof.
Martini (Project 1B.2). Integration of Test Bed 3 (TB3) will be coordinated with Prof. Chase.

C. Project Description

A. Description and explanation of research approach

There is a gap to be bridged between the fundamental understanding of tribology and the performance of
fluid power components of complex geometry. This project targets this gap by investigating the fluid
properties that influence friction and tribofilm formation. In previous research we determined that
boundary friction, thin-film traction, and pressure-viscosity fluid properties influence hydraulic motor
efficiency under low-speed, high-torque (LSHT) conditions. [1] Significant improvements in mechanical
efficiency were demonstrated:

e Geroler, Improvement over baseline — 11%
*  Radial Piston, Improvement over baseline — 6%
e Axial Piston Improvement over baseline — 17%

Boundary friction coefficient, as measured in a High Frequency Reciprocating Rig (HFRR), was found to
correlate with hydraulic motor efficiency. [2, 3] HFRR has also proven useful in evaluating diesel fuel
lubricity in high pressure fuel pumps. [4] Translating bench-top tribometer measurements to full-scale
equipment presents a number challenges. Boundary friction is affected by a myriad of interacting factors
including load, entrainment velocity, surface topography, metallurgy, and lubricant chemistry. Even with
these parameters defined, it is difficult to replicate real tribological contacts in a benchtop tribometer due
to local contact geometries, temperatures, and time dependencies. [5] Characterizing the tribochemistry
presents its own set of challenges.
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The tribochemistry of boundary lubrication is the subject of numerous studies. Tysoe and Kaltchev
proposed that friction reduction from boundary lubrication additives corresponds to the formation of
Langmuir-Blodgett monolayer films. [6] Spikes characterized common zinc-dithiophosphate reaction films
as thick, rough, iron and zinc phosphate-based coatings. [7] Devlin posited that friction reduction can be
achieved by reducing the thickness and roughness of boundary additive films [8]. Jahanmir pointed to a
reduction in the free energy of the surface as an explanation for film formation in terms of physical
chemistry. [9] These fundamental tribological perspectives are founded upon experimental results
produced in relatively simple tribological systems. Project 1G.1 seeks to bridge the gap between the
fundamental understanding of tribology and the performance of complex fluid power components by
characterizing the boundary films formed within hydraulic motors.

In order to study the nature of the boundary films
formed in hydraulic motors, prototype hydraulic
fluids will be evaluated in the low-speed high-torque
dynamometer shown in Figure 1. Parker Hannifin,
Poclain Hydraulics and Sauer-Danfoss have
supplied orbital (geroler), cam-lobe, and bent axis
motors for the research project. Two motors of each
type were provided, along with extra rotating groups.
The prototype fluids will be evaluated in the HFRR
as well as each hydraulic motor. Motor tribofilms will
be evaluated via Energy Dispersive X-Ray
Spectroscopy. HFRR specimens will be evaluated
via surface profilometry, atomic force microscopy
and EDX spectroscopy.

B. Achievements e Starting o4 1rpm
In Phase 1 of Project 1G.1, prototype hydraulic
fluids were evaluated in orbital (geroler), cam-lobe,
and axial piston motors under low-speed and “ T
starting conditions in accordance with the ISO 4329- 7 |I|

1 and ISO 4392-2 standard test methods. Through el °
collaboration with S. Bair, A. Martini, and M. Devlin 4 0
(Afton Chemical) it was determined that the
hydraulic fluid with the lowest pressure-viscosity
coefficient and lowest static and boundary friction
coefficient (HEES46) minimized mechanical losses
at startup and at 1 RPM. [1] Test results for phase
1 are shown in Figure 2.
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Based upon these results, a new project will be
initiated in December of 2012 in the Generation |
Test Bed 3 vehicle. A HEES-46 synthetic
biodegradable ester will be compared with the HV
46-1 shear stable high viscosity index hydraulic fluid
which serves as the baseline oil for the vehicle. The
new vehicle dynamometer will be utilized for these
tests. Thus, Phase 1 of Project 1G.1 will culminate
with efficiency testing in TB3.

Geroler
7
s
Geroler
@ &
8 38

Figure 2: Torque loss during starting (left) and at 1
rpm (right) measured at 50°C and 80°C for geroler,
radial piston, and axial piston type hydraulic motors.

Parker Hannifin, Poclain Hydraulics, and Sauer-Danfoss have supplied orbital (geroler), cam-lobe, and
bent axis motors for Phase 2. The efficiencies of these motors have been measured with ashless and
zinc-containing hydraulic fluids. The boundary lubrication film formed by the ashless antiwear additive
has been analysed via EDX. Surface analysis for the zinc-containing fluid is underway.

A series of experiments have been conducted to elucidate the kinematic behaviour of a geroler motor and
observe tribofilm formation under controlled condition. In the geroler motor, torque is generated by
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driving a shaft-mounted 8620 steel rotor in an epitrochodial
orbit against 52100 steel vanes mounted in a 65-45-12 ductile
iron stator as shown in Figure 3. Contact pressure between
the rotor and the vane varies with shaft orientation. Modeling
predicts that contact pressure can exceed 3 GPa. [10]

In order to prepare tribofilms for analysis, new rotating groups
were installed in two TG240 motors. Each motor was started
1000 times with the shaft locked at a fixed orientation. In one
case the fluid temperature was maintained at 25°C and the

other 80°C. The test fluid contained a phosphorus-based
ashless antiwear additive. Upon completion of testing, the
motors were disassembled, rinsed with heptane, and
inspected with a JEOL JSM-5800LV Scanning Electron
Microcope (SEM). This microscope was equipped with a
ThermoElectron Nanotrace Detector for performing Energy
Dispersive X-ray Spectroscopy (EDX) to allow chemical
analysis of the tribofilm. EDX analysis revealed that higher
temperatures created thicker tribofiims on the steel surfaces,
as shown in Figure 4. [11] These results are consistent with
tribochemical film growth theory and for the first time
demonstrate the formation of tribofiims by hydraulic fluid
additives in motors.

HFRR tests were conducted on the experimental fluids in
order to investigate the nature of tribofilms produced by
hydraulic fluids; load 4N, frequency 20 Hz, amplitude 1mm,
duration 1 hour, metallurgy 52100 steel. The test fluids were a
simple Group Ill base oil plus a) zinc dialkyldithiophosphate
(ZDDP) and b) amine phosphate (ashless) antiwear additive.
The HFRR friction coefficients for the zinc-based fluid were
lower than those of the ashless oil. These friction levels
considerably higher than observed with the optimized fluids in
Phase 1.

Wear scars produced on the HFRR specimens were
evaluated by surface profilometry and atomic force
microscopy (AFM). As shown in Table 1, the ZDDP-based
fluid exhibited a higher reduced peak height (Rpk) and
reduced valley depth (Rvk) roughness. Atomic force
microscope (AFM) images of HFRR wear scars were
produced in tapping mode with a silicon probe. The edge of
wear scars produced by the ZDDP-based fluid exhibited a
raised edge due to material displacement as shown in Figure
5. The relative roughness of the ZDDP and ashless surfaces
was consistent with the observations of previous investigators.
However we have concluded that the HFRR conditions were
too severe and the rough surfaces that were produce are ill-
suited for AFM analysis. Testing will be repeated at a reduced
load in an effort to link these fundamental tribological
measurements to motor performance.

In addition to providing controlled conditions for the tribofilm
investigation, the 1000 start test identified areas of the rotor

Figure 3: Vane (1), rotor (2) and stator (3) in
geroler motor
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Figure 4: Atomic % phosphorus after 1000 starts.
The overlay displays the approximate position of
the EDX analysis results across the face of the
vane; 25 measurements were made on each roller

Property |Parameter | Ashless ZDDP

Ericti 70°C 0.166 0.152

reton — THoo°c 0.162 | 0.148
Coefficient

130°C 0.158 0.144

Surface Rpk (um) 0.451 0.679

Roughness |Rvk (um) 0.543 0.585

Table 1: HFRR friction and roughness measurements

Figure 5: Tapping mode image of wear scar
(inset) produced by the ZDDP-based fluid

that experience high load conditions at startup. Scuffing was observed on the rotor surface in the red area
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highlighted in Figure 6. Scuffing wear is the result of friction, which reduces the mechanical efficiency of
the motor. Wm. King of UIUC (Project 1D) has developed advanced methods for modeling and
constructing microstructured surfaces that significantly reduce friction. Experimental and numerical work
by A. Martini of Purdue (Project 1B.2) demonstrated static friction reductions up to 25% may be achieved
through microstructure surface texturing. A rotor with optimized microstructure has been fabricated by
Prof. King’s group (Figures 7 and 8). The surface textured rotor will be incorporated into a new Parker
Hannifin TG240 geroler assembly and evaluated in the low-speed high-torque dynamometer. Parker
agreed to provide at least one additional motor for comparison. Testing is scheduled for April-May 2012.
Dynamometer testing will provide data that is necessary to bridge the gap between the performance of
motors and the fundamental tribological models developed at UIUC and Purdue.

Figure 6: Scuffing on the rotor Figure 7: Un-textured and textured rotor Figure 8: Magnified
in the area highlighted in red. view of textured surface

Near-term Goals

In the next 6 months the textured rotor will be evaluated, EDX analysis will be completed, and HFRR tests
will be performed under less severe conditions.

Long-term Goals

In June of 2012, Project 1G.1 will transition to Phase 3. In Phase 3 we will study the relationship between
system-wide efficiency and the compressibility, traction, and shear-thinning characteristics of hydraulic
fluids. Through collaboration with other CCCEFP investigators, this project will bridge the gap between
the fundamental understanding of tribology and the performance of complex fluid power systems. Future
milestones are shown in Figure 9. In the long term, this project will make possible the development of
models for selecting energy efficient fluids that are based upon hydraulic system architecture, duty cycles,
and the underlying tribological conditions.

Test Stand 1 RPM Ashless High Bulk-Modulus Steady State Fluid
Design Experiments Fluid Research Fluid Research Efficiency Modelling
1G.2 Nanotube Stribeck Curves 1D Surface Texture Non-Newtonian
Collaboration Generated Investigation Fluid Research
? i ! ! ?
Jun 2006 - May 2010 Jun 2010 - May 2012
Hydraulic Motor Efficiency Research  Tribochemical Film Researt

N

h07 200§ 20091 2010|2011 tmz 2p13 201[\ 2015 | 2016

2011 7
3D.2 High Pressure 1B.2 Static Friction TB3 Passive Component
Vis Collaboration Collaboration Collaboration Efficiency Studies
Fluid Startability Zinc-based 3D.2 Shear-Thinning Dynamic Fluid
Formulation Experiments Fluid Research Collaboration Efficiency Modelling

Figure 9: Project timeline with major research milestones. Collaborative efforts are highlighted in red.
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Phase 3 Task List

Convert pump from EH to manual displacement control and install new instrumentation. Develop
controls and DAQ to test efficiency under a wider range of conditions. (3 months)

Define test matrix, select materials, and formulate prototype hydraulic fluids for an orthogonal

study of compressibility, traction, and shear-thinning effects on system efficiency. (3 months
concurrent)

Conduct high pressure compressibility and shear-thinning experiments at Georgia Tech. Conduct
benchtop thin-film friction studies at industrial partners. (3 months)

Conduct dynamometer experiments with reference fluid and prototype fluid for TB-3 to establish
baseline efficiency values. (3 months concurrent)

Conduct dynamometer experiments on prototype hydraulic fluids to probe the effects of fluid
compressibility, shear stability, and thin film friction on hydraulic system efficiency (12 months)

Milestones

Expansion of dynamometer capability to measure system efficiency (Q3 2012)
TB-3 fluid formulation and characterization (Q4 2012)
Dynamometer testing of prototype fluids (Q1 to Q4 2013)

C. Member company benefits

This project was conceived in collaboration with hydraulic motor manufacturers, additive formulators,
international oil companies and other university researchers. Through collaboration, we will be able
to discover the fundamental properties of the boundary lubrication layer required to reduced friction in
motors and translate that technology into practical application. The discovery of correlations between
bench-top tests and system wide efficiency will make possible the systematic development of new
fluids that increase the productivity and efficiency of hydraulic machinery. Since conversion to an
energy efficient hydraulic fluid often does not require a modification of the hydraulic system, this
technology can immediately benefit the existing equipment of member companies and their
customers.
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Project 2A: Chemofluidic Hot Gas Vane Motor

Research Team
Project Leader: Prof. Michael Goldfarb, Mechanical Engineering, Vanderbilt University
Graduate Student: Jason Mitchell, Vanderbilt University

1. Statement of Project Goals

The goal of this project is to develop, demonstrate, and characterize the performance of a
monopropellant-powered vane motor for use in high bandwidth actuation of a hydraulic pump. The initial
research involved the development of the motor, which had a target for continuous power in excess of
1000 W/kg. This is approximately five greater than rare-Earth magnet brushless electric motors. The
second phase of the project focuses on the integration of the motor into a closed-loop-controlled throttle-
less hydraulic actuator to provide compact hydraulic power for small-scale fluid-powered systems, such
as compact robots. The project also aims at implementing the technology in a human-scale robot,
specifically in Test Bed 4, the compact rescue crawler test bed. If successful, project 2A will enable the
use of high power density fluid-power actuators in these human-scale robots and thus will contribute
directly to the fulfillment of the Center’s vision.

2. Project Role in Support of Strategic Plan

Project 2A supports the Center’s goal of developing compact fluid powered systems. It aims at providing
a means of efficiently powering and controlling human-scale fluid-powered systems. The chemofluidic
hot gas vane motor provides unique features that make it particularly appropriate for these types of
applications. For example, it is not subject to the wall quenching or scavenging problems found in
conventional small-scale internal combustion (IC) engines. In addition, unlike an IC engine, it can provide
bidirectional, high-bandwidth motion and high torque at zero speed (rpm). As such, the motor can be
used for throttle-less actuation, therefore bypassing the fluid heating and inefficiency problems that occur
in those engines. Further, the liquid propellant that powers the device is not flammable, the motor can be
easily started and stopped to reduce fuel consumption, does not require air (i.e., can be used underwater
or in space), and has completely safe reaction products (i.e., can be used indoors).

3. Project Description
A. Description and explanation of research approach

Challenges in the development of the motor include friction, thermal expansion, and sealing.
These issues are being addressed by model-based design, experimental assessment, and design
iteration. The extent to which these issues can be mitigated will determine the promise of this
technology. With regard to throttle-less control, the challenges include achieving a competitive
closed-loop bandwidth and achieving sufficient closed-loop positional accuracy in the presence of
Coulomb friction and a non-collocated control structure. These issues can be improved via
nonlinear and model-based control techniques, but at some point provide a fundamental limitation
on control performance.

B. Achievements
Achievements prior to the reporting period
Several prototypes have been designed, fabricated, and tested since the start of the project. The
most recent motor prototype was experimentally shown to provide a power density of 790 W/kg.
This compares favorably to a good, brushless electric motor which has a power density of
approximately 160 W/kg.

Since the project began in June 2006, the investigators have developed multiple iterations of the
vane motor. Three of the experimentally characterized prototypes are shown in Figures 1-3, and
the performance data corresponding to these prototypes is given in Table 1. The project objectives
for the motor power density and continuous torque were 1000 W/kg and 0.5 Nm, respectively,
which were originally chosen to be five times better than state-of-the-art rare-earth magnet
brushless DC motors. As indicated in Table 1, the vane motor prototype V2.6 (and V2.7) achieved
of power density of 790 W/kg and a maximum continuous torque output of 0.7 Nm (see Figure 4).
The prototype achieved 79% of the power density target and the torque target was exceeded.
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Figure 2: Version V2.1 vane motor prototype

Figure 3: Version V2.7 vane motor prototype
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torque (N-m)

Motor V1 V2.1 V2.7
Motor Mass 7859 366 g 366 g
Expansion Ratio ~13 ~17 ~17
Rotor Mass 225¢ 1129 112g
Max Vane Area (A) A1375in® | .3438in° | .3438in’
Max Vane Lever Arm (L) 1.45in 1.25in 1.25in
AxL 1994 in® | 4297in° | 4297 in°
Max Speed 3400 rpm | 8000 rpm | 11000 rpm
Max Measured Power 130 Watts | 235 Watts | 290 Watts
Power Density 180 W/Kg | 644 W/Kg | 790 W/Kg

Table 1: Performance characteristics of vane motor prototypes

Torque/Speed for Vane Motor V2.6 Power/Speed for Vane Motor V2.6
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Figure 4: Torque and power curves for vane motor prototype V2.6

The version V2.7 motor prototype was tested on an efficiency test stand. For these experiments,
thermocouples were placed on the catalyst pack, the motor body, and in the exhaust flow; the flow
rate of the propellant was measured; the brake was controlled to maintain a constant speed; and
the brake torque and shaft speed were recorded. Based on these measurements, the motor
running with a 70% solution of hydrogen peroxide was shown to have an efficiency of 2.4% at
steady-state operation, which is 32% of Carnot efficiency for the 70% peroxide solution. In order to
achieve higher efficiency, the motor must be run with a higher percentage peroxide solution. An
80% concentration enables a significant gas expansion ratio prior to vapor condensation. The
adiabatic decomposition temperature of 80% peroxide, however, is 920°F, compared with 450°F
for 70% peroxide. Although efficiency measurements were attempted with 80% peroxide solution
with the V2.7 motor prototype, the motor seized after approximately 30 seconds, due to thermal
expansion of the rotor. It became clear that a new version of the motor designed to operate with an
80% peroxide solution would need to be built.
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C.

Figure 5. Version 2.10 of the vane motor designed to accommodate 80% peroxide

The latest research focused on design revisions to the vane motor to enable continuous operation
of the motor with 80% peroxide and to approach the 16% efficiency indicated by the experiments
with 70% peroxide. Three new versions of the motor were fabricated and tested, but after 18
months of work we have not been able to achieve continuous operation with 80% peroxide.

Summary of research plans for the next two years

We believe that the geometric requirements of multiple surface close-sliding-fits, together with
significant thermal expansion, coupled with the absence of a lubrication system, renders this a
research project that is not consistent with the resources of the Center. Therefore, work on Project
2A was stopped at the end of Year 5.

Member Company Benefits
If successful, the project would have provided a compact power source for hydraulic machines and
could provide whole new potential markets for the member companies.
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Project 2B.1: Free-Piston Engine Compressor

Research Team

Project Leader: Prof. Eric Barth, Vanderbilt University, Mechanical Engineering
Graduate Students: Mark Hofacker, Chao Yong

Undergraduate Students: Menge Sun

1. Statement of Project Goals

The project goal is to develop a dynamic model-based design framework for a novel compact high
energy density pneumatic power supply applicable to untethered fluid-power applications. This is
achieved by modeling, designing, building and testing a free-piston engine utilizing spark-ignited fuel
that is specifically load matched to the task of compressing air. Target metrics for the device include
100W average continuous output power in the form of 80 to 150 psig compressed air, a dry weight of
1.5 kg, energy density greater than 1500 kJ/kg, and a small footprint. This device will be integrated into
the Compact Rescue Robot, Test Bed 4, by the end of 2012. Fundamental research will result in a
generalized design method for the exploitation of free-piston engine dynamics for optimizing the
efficiency and power density of the energetic conversion and transduction processes between chemical
stored energy, kinetic energy of the free-piston, compression and pumping work, and stored pneumatic
potential energy. This model-based design methodology takes a combined system dynamic and
thermodynamic perspective that uniquely addresses the role of dynamic elements and effects seen to
have a larger role in free-piston engines than more standard kinematic engines. Correspondingly, a
generalized control methodology for free-piston engines will be formulated and applied.

2. Project Role in Support of Strategic Plan

This project contributes mainly to the compactness thrust. The compactness is achieved both due to
the high gravimetric energy density of the driving fuel and the compact configuration of the engine
which favors dynamic “linkages” over larger kinematic ones. This project will contribute to the Center’s
goal of breaking the barrier of low energy density power sources for untethered devices. Additionally,
given that an adequate level of overall efficiency is required to break the energy barrier and provide an
order of magnitude increase in energy density over conventional technology, this project also has some
crossover with the efficiency thrust of the Center.

3. Project Description
A. Description and explanation of research approach

The need for an effective portable power supply for human-scale robots has increasingly become a
matter of interest in robotics research. Current prototypes of humanoid robots show significant
limitations in the capacity of their power sources in between charges. Given the low energy density
of state-of-the-art rechargeable batteries, operational times of these systems in the 100W range
are restrictive [7]. This limitation becomes a strong motivation for the development and
implementation of a more adequate source of power. Moreover, the power density of the actuators
coupled to the power source needs to be maximized such that, on a systems level evaluation, the
combined power supply and actuation system is both energy and power dense. Put simply, state-
of-the-art batteries are too heavy for the amount of energy they store, and electric motors are too
heavy for the mechanical power they can deliver, in order to present a viable combined power
supply and actuation system that is capable of delivering human-scale mechanical work in a
human-scale self contained robot package, for a useful duration of time [8].

The total energetic merit of an untethered power supply and actuation system is a combined
measure of 1) the source energy density of the energetic substance being carried, 2) the efficiency
of conversion to controlled mechanical work, 3) the energy converter mass, and 4) the power
density of the actuators. With regard to a battery powered electric motor actuated system, the
efficiency of conversion from stored electrochemical energy to shaft work after a gear head can be
high (~50%) with very little converter mass (e.g. PWM amplifiers); however, the energy density of
batteries is relatively low (about 350 kJ/kg specific work for Li-ion batteries after the gearhead), and
the power density of electrical motors is not very high (on the order of 50 W/kg), rendering the
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overall system heavy in relation to the mechanical work that it can output. With regard to the
hydrocarbon-pneumatic power supply and actuation approach presented here relative to the
battery/motor system, the converter mass is high and the total conversion efficiency is shown to be
low. However, the energy density of hydrocarbon fuels, where the oxidizer is obtained from the
environment and is therefore free of its associated mass penalty, is in the neighborhood of 45
MJ/kg, which is about 2 orders of magnitude greater than the energy density of state of the art
electrical batteries. This implies that even with poor conversion efficiency (e.g., one order of
magnitude less than battery/motor systems), the available energy to the actuator per unit mass of
the energy source is still at least one order of magnitude greater than the battery/motor system.
Additionally, linear pneumatic actuators have approximately an order of magnitude better
volumetric power density and a five times better mass specific power density [11] than state of the
art electrical motors. Therefore, the combined factors of a high energy-density fuel, the efficiency of
the device, the compactness and low weight of the device, and the use of the device to drive
lightweight linear pneumatic actuators (lightweight as compared with power comparable electric
motors) is projected to provide at least an order of magnitude greater total system energy density
(power supply and actuation) than state of the art power supply (batteries) and actuators (electric
motors) appropriate for human-scale power output.

The free piston engine compressor presented in this summary serves the function of converting
chemically stored energy of a hydrocarbon into pneumatic potential energy of compressed air.
More specifically, it extracts the energy via combustion of a stoichiometric mixture of propane and
air, and the combustion-driven free piston acts as an air pump to produce the compressed air.

The use of free piston engines for compressors is not a new idea. In fact, the first free piston
machine designed by Pescara in 1928 was used as an air compressor [14]. Free piston engine
compressors were used through the mid-twentieth century, such as the Junkers-designed
compressor used in German submarines [13]. Other applications for the technology were
investigated, such as gas generators for use in automobiles [10, 17] and small power plants.
However, the lack of adequate sensing and control technology led to the free piston engine being
largely abandoned after 1960 [9]. Modern electronic controls available today have led to a second
generation of free piston engine research. Most of this research, however, uses free piston engine
technology for hydraulic pumps [1, 6] and small-scale electrical power generators [2, 3, 4], not as
air compressors. An extensive review of both early free-piston engine compressor and gas
generator applications as well as the recent resurgence in research in free piston hydraulic pumps
and linear alternators has been conducted [12].

Despite free piston devices having been studied in the past, none of these previous designs
explicitly featured what is perhaps the main advantage of a free piston, its capability to offer a
dominantly inertial load. Although it is widely recognized that the inertial load presented by a free-
piston can be used advantageously to influence the thermal efficiency, previous research fails to
explicitly exploit this feature through design. The main focus of the work in this project is to exploit
through design the fact that a free piston can present an inertial load to the combustion pressure,
and as a result, desirable operational characteristics can be obtained, such as high efficiency, low
noise, and low temperature operation. The fundamental research barrier preventing this is a lack of
tools regarding the design of “dynamic engines”. What is needed is a model-based design
approach that combines the system dynamics and thermodynamics that are more intimately
coupled in a free piston engine than a traditional kinematic engine. Methodologies associated with
system dynamics and controls are not typically applied to engine design, and this research
provides an opportunity to formulate: 1) the dynamic analysis of such engines in light of exploiting
the intermediate kinetic energy storage of the free piston, and 2) a synthesis method for the design
of free-piston engine devices that have a load tailored for certain applications, such as pumping
hydraulic fluid, compressing air, and other outputs, while also being “shaped” to benefit the
combustion cycle for efficiency, power density, control and/or other metrics. Additionally, this work
aims to demonstrate that a free piston compressor stands as a strong candidate for a portable
power supply system for untethered human-scale pneumatic robots.
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B. Achievements
Funded by the CCEFP, Riofrio, et al [15, 16] designed a free piston engine compressor specifically
for a lightweight untethered air supply for actuation of traditional pneumatic cylinders and valves,
using hydrocarbon fuels as an energy source. The piston, acting as an inertial load, converts the
thermal energy on the combustion side of the engine into kinetic energy, which in turn compresses
air into a reservoir to be used for a pneumatic actuation system. This early work verified some of
the notions of the idea irrespective of device design.

A second device by Riofrio et al [16], a free liquid-piston compressor (FLPC), was designed using a
liquid trapped between elastomeric diaphragms as a piston. The liquid piston eliminated the blow-
by and friction losses of standard piston configurations [16]. This device incorporated a combustion
chamber that was separated from an expansion chamber. Once the high pressure combustion
gasses were vented into the expansion chamber, PV work was converted to inertial kinetic energy
of the piston. The separated combustion chamber kept air/fuel injection pressure high prior to
ignition for efficient combustion, and allowed for air/fuel injection that was decoupled from power
and return strokes of the engine cycle. The separated combustion chamber and the high pressure
injection of both air and fuel allowed for an engine devoid of intake and compression strokes.
Achievements included: 1) Experimentally validated dynamic model of the pressure dynamics due
to combustion, combustion valve inertial dynamics, expansion chamber pressure dynamics,
compressor chamber pressure dynamics, reservoir pressure dynamics, 2) Experimental
characterization of prototype | efficiency (2.03% overall efficiency from chemical potential to stored
pneumatic potential energy in the reservoir — the target metric is 3.25%) and power (52 watts — the
target metric is 100 watts), 3) A design-based diagnosis of prototype | led to a number of quantified
design tradeoffs and conclusions for subsequent designs, 4) Prototype Il (FLPC) was designed,
has a much smaller footprint than prototype I, and incorporated design changes to overcome the
inadequacies of prototype I, 5) A full dynamic simulation of prototype Il was used in its design to
size and scale with respect to design tradeoffs between desirable effects and losses, 6) The
formulation of a “virtual dynamic cam” framework was initiated as a generalized method for the
control of free-piston and dynamically dominant engines without a kinematic index (crankshaft).

In Willhite and Barth [18], a dynamic model of a free liquid piston that exploits piston geometry to
produce a high inertance was developed for use in a free piston engine compressor. It was shown
that for the size scale targeted, advantageous piston dynamics can be achieved with a reduced
piston mass compared to a rigid piston design. A schematic of this new design is shown in Figure
1. A patent on this device was filled in 2010. Modeling work on the former separated combustion

chamber prototype
revealed certain
energetic losses

associated with the fast
dynamics of the piston
motion. Following from
this  motivation, the
concept of inertance
was exploited to slow
the dynamics of the
piston motion  while
concomitantly reducing
the mass of the piston. Figure 1: Schematic of HIFLPC at effective TDC.
It was shown that a high
inertance liquid piston with a mass of 0.414 kg has the equivalent dynamic response of a 12.5 kg
liquid piston of uniform cross sectional area. It was also shown that the required “inertance tube”
section of the high inertance liquid piston exhibits manageable viscous losses for the geometries
considered. Finally, the dynamic response of the high inertance liquid piston resolved significant
issues when incorporated into a free-piston engine compressor device. These issues are: 1) valve
sizing, 2) complications associated with a separated combustion chamber, and 3) a balanced
engine.
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Willhite and Barth [19] focused on accurately modeling the liquid piston diaphragm stiffness,
injection valve capacity and dynamic response, and pump check valve dynamics. A discussion of
the implications of these parameters on the overall FLPC design and performance was also
presented. The aim of this modeling was to enable an optimization of overall system performance.
In Willhite and Barth [20], an optimization of piston dynamics to achieve performance goals of the
High Inertance Free Liquid Piston engine Compressor (HI-FLPC) was presented. Simulation
studies were conducted to optimize liquid piston dynamic characteristics for overall system
performance, and the results were discussed.

Willhite, et al [21], the first part of a two-part journal paper submission, presented detailed
component and system modeling. An inertance-based dynamic model for the liquid piston was
developed, validated, and incorporated into a system model of the device. Critical model
parameters for components and subsystems of the model were experimentally characterized
independently for use in the system model. Simulations were performed that support the
effectiveness of the liquid piston dynamics on overall performance of the HIFLPC. Specifically, the
piston provides a desirable load against combustion, and its kinetic energy is well-matched to drive
the compressor load. The companion paper [22], presented the design and experimental evaluation
of a full prototype of the High Inertance Free Piston Engine Compressor. A model-based design for
a high inertance liquid free piston engine compressor was developed. An experimental prototype of
the device was fabricated and experimentally evaluated. Consistent operation of the device was
achieved, and efficiency and power output of the device as tested were assessed. Test data was
used to validate the dynamic model developed for the device. Model-based studies investigated the
effect of varying liquid piston dynamics on overall system performance. The transduction efficiency
from chemical to pneumatic potential in the reservoir was measured to be in the range of 3.45-
6.63%. These significant results suggests that pneumatic systems using the HIFLPC as a power
source would exhibit system energy densities comparable to, if not better than, the best
electromechanical systems. Combined with the inherent advantages of pneumatic actuators over
DC servomotors, devices like the HIFLPC position pneumatically actuated systems as an attractive
option for human-scale, untethered robotic systems. The virtual cam control methodology was
applied to the HIFLPC prototype in [24].

Air and fuel
mjectors

Metal-flap
* - Check valve

Injector

Pressure Sensor

Figure 2: Experimental prototype of HIFLPC. Shows entire device (left), (a) combustion head top,
(b) combustion head interior, (c) combustion head with injection check valve
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Valve

o | Spark plug

Exh. Solenoid Spark plug

To achieve higher pressures, increase efficiency, lower weight, and decrease vibration, a redesign
was started in September of 2011. A computer render of the compressor alongside a photograph of
the fabricated hardware is shown below in Figure 3. Many components are constructed using
stereolithography which dramatically lowers the total weight and allows for intricate, strong, and
compact components. The unique figure-8 arrangement of the liquid piston contributes toward self-
balancing the device to reduce vibrations and eliminates the need of opposing cylinders. The
compressor is controlled with a micro-computer and compact, efficient electronics. The next version
of this device will be demonstrated in May 2012 and will feature on board electronics and seamless
titanium tubing to lower hydraulic friction, improve efficiency, and further reduce weight.
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Resevoir Pressure (psi)

Figure 3: (a) CAD drawing of design, (b) High inertance free piston
compressor hardware with self balancing figure-8 design

This engine has been instrumented and tested at a component level. Although the closed loop
controller has not yet been implemented (at the time this report was written), open loop control has
given promising results shown below in Figure 4. The plan is to implement the completed engine on
the Compact Rescue Robot (Test Bed 4) in May 2012.
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Figure 4: Preliminary performance results showing the increasing reservoir pressure as the engine operates
(left). The engine has been instrumented and is controlled using low power and compact electronics (right).

Expected Milestones and Deliverables (Project ends in May 2012)
The project is on track with previously set milestones and deliverables. Recently fulfilled
milestones and planned future milestones are listed below.

» Milestone 1: High Inertance Prototype (HIFLPC ) Completed DONE
o Task: Unloaded tuning DONE
o Task: Constant load energetic characterization DONE

* Milestone 2: HIFLPC Energetically Characterized at Ideal Conditions DONE
o Task: Full model experimental validation DONE
o Task: Injection controller for varying loads (reservoir pressures) DONE
o Task: Energetic Characterization over operating envelope DONE

* Milestone 3: Controlled Prototype Energetically Characterized DONE
* Milestone 4: Design Compact Rescue Crawler ready prototype (FIGURE-8) DONE

* Milestone 5: Stand-alone Power Supply System Completed (3/31/12)
o Task: Ship to Georgia Tech, work with Georgia Tech to resolve any issues

* Milestone 6: Power Supply Fully Characterized on Test Bed 4 (5/31/12)

C. Member company benefits
Some interest has been expressed in using a version of the engine/compressor for portable
handtools and leafblowers.
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Project 2B.2: Miniature HCCI Free-Piston Engine Compressor

Research Team

Project Leader: Prof. David Kittelson, Mechanical Engineering, University of Minnesota
Other Faculty: Prof. William Durfee, Mechanical Engineering, University of Minnesota
Graduate Student: Lei Tian

1. Statement of Project Goals

This project has two goals. The first goal is to generate new knowledge about the science and
engineering of homogeneous charge compression ignition (HCCI) free piston engine-compressors
suitable for tiny power supplies for small scale fluid power systems. This goal builds on preliminary
work which investigated novel small free-piston engine-compressors operating in glow-plug
combustion mode. The second goal is to design, build, evaluate and deliver a tiny, high-efficiency air
compressor that delivers approximately 10W of cold compressed air and runs on clean-burning
dimethyl ether (DME) fuel. The engine-compressor will be suitable for Test Bed 6, the Portable
Pneumatic Ankle Foot Orthosis.

2. Project or Test Bed Role in Support of Strategic Plan

This project supports the CCEFP goal of “developing new fluid power supplies that are one to two
orders of magnitude smaller (10 W-1 kW) than anything currently available”. It also supports the
CCEFP vision of revolutionary new portable and wearable applications of fluid power that operate in
the 10 to 100 W range, including human assist devices. A major barrier to these new applications of
fluid power is the lack of a compact, light, high energy density source of pressurized fluid. This project
addresses this barrier with an internal combustion free-piston engine compressor that will be more
compact, lighter in weight and run longer than current pneumatic supplies that use a battery, electric
motor and air pump.

3. Project/Test Bed Description

A. Description and explanation of research approach

The approach for the development of the engine compressor is based on an integrated program of
testing and modeling. The design of prototype engines is based on mathematical modeling which is
supported by testing of components from a very small conventional engine, and testing of prototypes
themselves. With the experimental results, appropriate models with fitted parameters can be chosen
to better simulate the engine, which in turn will guide the design and optimization of further
generations of prototypes. These optimizations will include improvements in compactness and
efficiency as well as reductions in emissions, noise, and heat rejection.

B. Achievements

Overview of Previous Achievements

The project started September, 2008. In the last reporting period (Feb. 2009 — Jan. 2010), the general
concept for the free piston engine compressor was developed. Modeling the design was conducted,
and an overall engine compressor model was built in a MATLAB SIMULINK application.

To model the miniature free-piston engine compressor, various components were experimentally
tested to help with model calibration and validation, including check valve response, blow-by leakage,
friction, scavenging process and combustion process [1]. An overall model for the engine
compressor was constructed based on the experimentally fitted and verified sub-models using the
MATLAB SIMULINK tool. With the SIMULINK model, the starting and operation can be simulated
with all sub-models in place. With all the inefficiencies modeled, the overall engine compressor
model predicted that at steady state operation it would outputs 17.6 W of cooled compressed air at an
overall efficiency of 4.6% (From fuel lower heat value to cooled compressed air energy).

The overall model was used to examine factors the influence engine compressor performance.
Trade-offs between leakage and friction were evaluated to determine the optimum operating speed of
the engine. At lower speed, leakage and heat transfer loss are higher. However, mechanical
efficiency drops with increasing speed. This trade-off can be evaluated in the overall engine

78



compressor model and the engine’s optimum operating range was predicted to be between 100 and
150 Hz.

A prototype was fabricated during last reporting period. The prototype suffered alignment and friction
problems and did not manage to operate in free-piston mode.
Achievements in the current year (Feb. 2011-Jan. 2012)

Prototype Gen Il fabricated

Major design revisions were made compared to the last prototype, and the updated Generation 2
design and fabricated free-piston engine compressor prototype are shown in Figure 1. The entire
engine compressor package is about 12 cm long with 12.5 mm engine bore size, and weights 260
grams. Various unique design features ensured alignment of components, and minimal friction while
maintaining good sealing. This engine was designed to run autonomously in a narrow speed-load
range, which is appropriate for charging the reservoir, without any active control of the free piston
motion and ignition timing. This is in contrast to full scale conventional free-piston engines that
employ active control 4 including the rebound energy regulation for controlling engine compression
ratio [2, 3] and engine frequency modulation [4]

Carburetor
Silencer

Engine piston/

Rebound spring—

Compressor piston —_—
Compressed air output

Figure 1: Free-piston engine compressor design cutaway and prototype

Running of engine compressor prototype

A test stand was built for experimental testing of the prototype. A high speed laser triangulation
sensor was used to measure piston position, and a pressure transducer was used to measure
combustion chamber pressure. The compressor output was connected to a 530mL air tank through a
check valve to prevent leakage back into the compressor.

To start the prototype, the starting handle was pulled by hand to compress the rebound spring. After
the pistons reached its bottom most position and the spring was fully compressed, the handle was
released to initiate the first cycle. The piston position and in cylinder pressure during starting up are
shown in Figure 2. The first two combustion events were weak, reaching peak pressure of about 15
bar, just enough to push the pistons past the exhaust port open (EO) position at 10.17mm. After the
piston was beyond position EO in the first cycle, scavenging occurred and supplied the engine with
fresh fuel air mixture for the next cycle.

The prototype pressurized a 530mL air tank from 2.4 bar to 6.7 bar in 38 seconds. As the pressure in
the air tank rose, the compressor output pressure also rose. This is equivalent to increasing the
stiffness of a spring-mass system, and as a result, the engine operation frequency increased from
108Hz to 124Hz. This result fit the model prediction.
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Figure 2: Experimental data of miniature free-piston engine starting up

The energy stored in compressed air can be calculated by amount of work it can do if expanded to
atmosphere pressure adiabatically. From the energy stored in the air tank, the output compressed air
equivalent power was estimated to be 5 W. The low efficiency of converting the 48 W indicated
output of the engine to 5 W of compressed air output was due to leakage in the compressor,
compressing heating effect and friction in the engine and compressor.

Piston motion analysis

In a crankshaft engine, piston motion is mechanically restrained by crankshaft and connecting rod.
As the crankshaft rotate, energy converts among mixture expansion energy, crankshaft and flywheel
kinetic energy and shaft work. However, in a free-piston engine the process is more complicated as
the motion of pistons is determined by forces and energy balance, instead of by mechanical
constraint.

Position-velocity diagram was used to analyze the motion of the free pistons, as shown in Figure 3.
The dashed line in the diagrams is the position of the piston bumping into a rubber bumper. As the
piston travels beyond that line, the kinetic energy of the piston and connecting rod are lost in the
collision. The speed of piston at that collision point is a good indication of how much energy is
wasted due to bumper collision. During start up, the engine compressor was running at no load since
the hose connected to the compressor output was not at pressure. As a result, in Figure 3, after the

Y
Y

Bumper
Figure 3: Piston position-speed diagram of 9 Figure 4: Piston position-speed diagram of a typical
consecutive cycles at engine starting up cycle of experimental data at steady state running,

compared with modeling result of free-piston engine
and modeling result of a crankshaft engine
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engine entered steady state running from starting up, almost all energy from engine output was lost in
bumping into the bumper, which was about 0.4 J per cycle. After the compressor was operating in
nominal output pressure (4.5 bar) much less energy was wasted in bumper collision as shown in
Figure 4. Figure 4 also shows a comparison among piston-speed traces, from modeling of free-
piston engine compressor, a typical cycle of free-piston engine experimental test data, and modeling
of a crankshaft engine. Free-piston engine traces are distinct from crankshaft engine trace as the
pistons are free from kinematic constraint of crankshaft and connecting rod. The modeling of the
free-piston engine predicts the trend correctly and fits generally well with experimental data, indicating
that our model can capture the dynamics of the free piston. However, due to assumptions made to
enable engine zero dimensional modeling, especially as simple scavenging and combustion models
were used, the model prediction and experimental data do not match.

Combustion analysis

The experimental test data of pressure volume diagram of the free-piston engine is shown in Figure
5. The cycles were consistent, with some variation in pistons TDC position and pressure trace during
combustion and expansion processes. The pressure volume trace of our free-piston engine
compressor differs considerably from its crankshaft engine counterpart. The crankshaft engine data
was from experimental test of a same size crankshaft engine which utilizes the same engine cylinder
and glow plug ignition system.
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\ ™~ . T radel glow igni ]
i ., — — model HCCI
=100} 3 T g iy
e, Lo
ak) ak)
= =
o o
o o
= : &
o , Free-piston engine o
10" — — Crankshaft engine ] 1t
I-? 1 1 1 1 1 1 PR |-E 1 |-? I I I 1 1 1 P |-6
10 10
10 “olume (m3) 10 “olume (m3)
Figure 5: Pressure volume log-log diagram for Figure 6: Pressure volume diagram for glow
12 cycles in free-piston engine compressor ignition free-piston engine model prediction,
prototype, compared with a crankshaft engine HCCI free-piston engine model prediction

and a typical cycle’s experimental data

Figure 5 shows that in the free-piston engine prototype combustion continued throughout the
expansion process, while combustion in the crankshaft engine is centered about the top dead center,
resulting in a wedge shape and a bar shape pressure volume log-log diagram respectively. This can
be explained by the nature of the free-piston engine. After the mixture ignites in a crankshaft engine
when the piston was around top dead center, the piston is held there by the crankshaft and
connecting rod. In a free-piston engine the mixture also ignites around top dead center position,
however, at that position the rebound spring is not exerting much force on the pistons since it is not
compressed, and the compressor is not doing work since it is still in the end of intake stroke. As a
result, without the mechanical restraint of crankshaft and connecting rod, the free pistons rapidly
retract from the top dead center, outpacing the mixture combustion process.

An internal combustion engine achieves highest possible thermal cycle efficiency if combustion
happens instantaneously at top dead center, as in an ideal Otto cycle. The combustion of the
crankshaft engine shown in Figure 5 was close to that ideal. In contrast, the free-piston engine heat
release took a considerable amount of time and was not at fixed volume as the ideal cycle

Implementation of HCCI should increase cycle efficiency in a free-piston engine. Aichimayr, et al [5]

realized HCCI in a small 3 mm cylinder, and high speed camera images showed that the HCCI
combustion process duration was less than 60 ps. If HCCI is implemented in this free-piston engine,
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the entire combustion process will happen around TDC, yielding high thermal efficiency. This was
also confirmed by the engine compressor model. Modeling HCCI in the free-piston engine
compressor is shown in Figure 6, which features a steep rise of in-cylinder pressure due to fast heat
release. The model predicts the efficiency of glow plug ignition to be 25% and HCCI to be 41%. Part
of the efficiency gain is caused by the higher compression ratio (12.3 for HCCI cycle versus 9.0 for
glow plug ignition cycle), while the rest is due to more optimum heat release. The model predictions
on cycle efficiency are higher than the experimental value because the model simplifies the heat
release process and charge properties.

In summary, in the last year an engine compressor prototype was developed and successfully
operated in free-piston mode, compressing air up to 6.5 bar (94 psi). Experimental test data were
compared with the simulation model and verified that the model is able to predict key engine
compressor characteristics. Experimental results showed the heat release process in the free-piston
engine compressor prototype was not optimal and pure HCCI combustion mode has good potential to
improve efficiency.

Expected milestones and deliverables

Task 1: Second generation prototype optimization for better efficiency

* Leakage in prototype compressor will be reduced by investigation into better component design
to optimize lubrication and sealing. The engine compressor design will also be optimized so that
less energy is wasted in pistons colliding into the rubber bumper.
* Timeline: 4 months (Mar. 2012 — June 2012)
e Deliverable: Optimized operating engine.

Task 2: Engine compressor integration into PPAFO

* The engine compressor prototype will be integrated into TB6, the Portable Pneumatic Ankle Foot
Orthosis (PPAFO) as compressed air power supply. Mounting, heat dissipation and insulation,
vibration and emission issues will be considered and optimized.
* Timeline: 12 months (May. 2012 — April 2013)
e Deliverable: A optimized running engine compressor integrated to an AFO

Task 3: Pure HCCI implementation

* As the modeling and experimental results indicating potential efficiency benefit of HCCI
combustion versus current glow plug ignition, it will be implemented in the prototype. The
prototype will be optimized for higher compression ratio which is needed for HCCI.
* Timeline: 6 months (Jun. 2012 — Dec. 2012)
e Deliverable: Free-piston engine compressor prototype operating on pure HCCI

Task 4: Three dimensional CFD modeling

* The engine compressor will be modeled in 3D dimensional CFD software FLUENT. It will be
useful in understanding miniature engine scavenging and combustion processes.
* Timeline: 5 months (Mar. 2012 — July 2012)
e Deliverable: 3D modeling tool of the engine compressor

C. Member company benefits
CCEFP member companies can use this technology to expand their product offerings and increase
the size of the fluid power market.
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Project 2B.3: Free Piston Engine Hydraulic Pump

Research Team

Project Leader: Prof. Zongxuan Sun, Mechanical Engineering, University of Minnesota
Post Doc: Ali Sadighi

Graduate Students: Ke Li, Michael Koester

Undergraduate Student: Julian Jones

Industrial Partners: Ford Motor Company, Individual Project Champion: John Brevick

1. Statement of Project Goals

The research goal is to provide a compact and efficient fluid power source for mobile applications (10 kW-
500 kW). Specifically this project will investigate the design, modeling and control of a free piston engine
driven hydraulic pump.

2. Project Role in Support of Strategic Plan

The project will address two transformational barriers as outlined in the ERC strategic plan: compact
power supply and compact energy storage. This is achieved by proposing a hydraulic free-piston engine,
which stores energy in hydrocarbon fuel and convert it to fluid power in real time according to the power
demand, as the main power unit for on-road vehicles or off-road heavy machineries.

3. Project Description
A. Description and explanation of research approach
Background and Motivation
For mobile applications including both highway vehicles and mobile heavy equipment, fluid power is
currently generated using a crankshaft-based internal combustion engine (ICE) with a rotational
hydraulic pump. The main drawbacks of this configuration are its relatively low efficiency and complex
design of both the ICE and the hydraulic pumping system due to the dynamic operating requirements.
The flexibility and efficiency of the ICE would increase significantly if variable compression ratio control
can be achieved during the engine operation. Different variable compression ratio mechanisms have
been proposed [1-3]. However, those technologies are subjected to the complicated mechanical
constraints and the response time limits of the actuation system. An alternative approach is to supply
fluid power using a free-piston engine (FPE) with a linear hydraulic pump. An FPE offers the flexibility
for variable compression ratio control by eliminating the crankshaft, therefore enables advanced
combustion cycles, such as low-temperature combustion, which provide better fuel economy and less
NO, emissions [4-7]. Other advantages of this approach is its simpler design with fewer moving parts,
resulting in a compact engine with low maintenance costs and reduced frictional losses. The schematic
diagram of the hydraulic free-piston engine we are investigating is shown in Figure 1(a). Combustion in
the right cylinder will push the inner piston to the left and outer piston to the right, which will compress
the gas in the left cylinder and generate high pressure fluid in the inner hydraulic chamber. Similarly
combustion in left cylinder will return the inner piston to the right and outer piston to the left.

Free-piston engine driven hydraulic pump can be designed with three different architectures: single
piston, opposed piston, and opposed chamber arrangement [8-9]. Single-piston architecture is simple
and relatively easy to operate. Opposed-piston architecture is self-balanced, therefore produces no
vibration. The opposed chamber arrangement offers higher power density and therefore a compact
design. A single piston hydraulic FPE was reported to have power output of 17 kW, and indicated
efficiencies of nearly 50% [10-11]. A synchronization method for an opposed piston hydraulic FPE has
been proposed, which combines an electronically controlled hydraulic rebound and a mechanical
spring system in [12]. The authors demonstrate engine operation with varying power outputs. The
indicated efficiency was shown to be almost constant throughout the power range. The first-cycles
experimental results of an opposed-chamber hydraulic FPE with no closed loop feedback control was
reported in [13], and a PID and feed forward engine control is proposed thereafter based on simulation
in [14]. The major technical barrier for bring FPE to mass production is the large cycle-to-cycle
variation, especially during transient operation. Specifically, the compression ratio of the FPE cycle is
mainly dependent on the dynamic coupling of the in-cylinder gas dynamics, the load and the piston
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motion. For a free piston engine with 100-mm stoke and 5-mm clearance at the top dead center, a 1%
variation of the piston motion (1mm) will results in a 20% variation in the compression ratio, which will
further affect the combustion performance. This imposes a huge challenge on the robust and precise
engine operation control. The current FPE control methodologies which are primarily calibration based
show a limited success and mainly apply to the single piston FPE. Therefore, systematic active controls
and design optimization that can precisely regulate the engine operation are needed [15-17].

Research Approach

To address the above challenges, we propose to investigate the two fundamental technical barriers of
the free piston engine driven hydraulic pump. One is the seamless coordination of the combustion and
the fluid power. The other is the design optimization of the system. To support the proposed research,
our industrial partner Ford Motor Company has donated a free piston engine driven hydraulic pump to
the University of Minnesota. Figure 1(b) shows the picture of the system.

Real-time Control of the Combustion and Fluid Power

For conventional IC engines, the crankshaft is the mechanism, which brings the engine back to normal
if misfire occurs. However, for opposed cylinder FPEs, the combustion and the piston dynamic are
heavily dependent on the conditions from last cycle. In other words, a misfire in previous cycle would
results in engine stall. In the research being done in this project, an active controller acts as a virtual
crankshaft that would force the piston to follow the reference trajectory using the high-pressure fluid
stored in the accumulator if abnormal combustion occurs. The piston/pump motion is periodic with
respect to the position of its stroke. If the operating frequency is fixed, the piston motion is also periodic
in time [8]. Given the periodic nature of the free-piston engine motion, the advanced controller
employed here is of robust repetitive type [29], which is capable of tracking any periodic reference
signal with known period. A key feature of repetitive control is its extremely fast convergence rate of the
tracking error due to its high feedback gains at desired frequency locations [18-21].

Not only the virtual crankshaft can guarantee a stable operation, it will also regulate the engine to run at
maximum efficiency. With a mechanical crankshaft, the piston trajectory is fixed and is independent
from engine speed and load. Thus, there are limited means for optimizing the engine efficiency.
However, with the virtual crankshaft, the piston trajectory can be varied in real time by altering the
reference signal. Optimal trajectories will be determined for the engine under various frequencies and
load conditions, so that the engine would always run at its maximum efficiency.

Design Optimization of the Free Piston Engine Driven Hydraulic Pump

To increase system controllability as well as efficiency, we will investigate alternative designs for the
free piston engine driven hydraulic pump. First, digital flow control approach will be studied and
simulated to assess its effectiveness in improving the performance of the HFPE. Currently, check
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valves as shown in Figure 1(a) are used to enable suction of fluid from the low-pressure reservoir and
pumping it to the high-pressure reservoir. Despite its simple and reliable design, this approach
introduces some limitations on the operation of the HFPE under different scenarios. This limitation
arises from the fact that these valves are passively controlled by the pressure difference between up
and down stream and could not be actively adjusted. To overcome this limitation and provide further
flexibility in the operation of the HFPE, we propose to replace the check valves and the servo valve
with high speed digital on-off valves. System simulation will be conducted to investigate the feasibility
of this approach. Second, we propose to control the intake and exhaust process with an electro-
hydraulic camless valve actuation system [22-25] enabled by the on board high pressure fluid. This
technology is capable to regulate the mixture of the fresh charge and the residual gas on a cycle to
cycle basis and is critical to realize optimal combustion phasing control.

. Achievements

The research team has been conducting research on an opposed-piston opposed-cylinder hydraulic
free-piston engine (Figure 1) donated by Ford Motor Company. Prior to the reporting period,
comprehensive physics-based models have been constructed [26]. The simulation results have
provided us with new insights into the engine performance under different loading conditions.

During the reporting period, a novel methodology for stability analysis of the HFPE has been
developed, which predicts the stability of the engine operation at specified operation points in a
systematic manner [27]. Furthermore, different FPE architectures have been studied. Specifically, we
compared an FPE with a linear alternator with an FPE coupled with linear hydraulic pump [28]. One of
the main milestones during this period was the successful development and implementation of an
advanced piston motion control system for the hydraulic free-piston engine [29]. To conduct
experiments and collect data, several engine sub-systems were installed. This included a driver for
Moog and Lee valves. The lubrication system was built for both inner and outer piston pairs. A
displacement transducer, pressure transducer and thermocouples were connected to the combustion
chamber and hydraulic chamber, and were properly conditioned and calibrated.

e Control
valves

TR

Quter lubrication

system

Precharge and loading
system

dSPACE control system

Inner lubrication system Pressure sensors

Figure 2: Test cell set-up of the HF PE and its subsystems
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A dSpace system that realizes real-time control was setup and connected to the sensors and
actuators. The engine and hydraulic setup have been disassembled and diagnosed to get ready for
testing. Figure 2 shows the test cell set-up of the hydraulic free piston engine with its subsystems.

A proportional control was first implemented, then system identification was conducted that a series
of sinusoidal signals with varying frequencies were sent to the Moog valve. Based on the recorded
piston displacement, by utilizing Matlab system ID toolbox, a linear model was developed that was
used for the advanced control design. The precise tracking performance of the robust repetitive
controller during engine motoring is shown in Figure 3(a). The pressure trace in the cylinder is
illustrated in Figure 3(b).
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Figure 3: (a) Tracking performance of the repetitive controller. (b) Pressure trace in cylinder.

By utilizing the virtual crankshaft, we are able to motor the engine at various compression ratios.
Figure 4 shows the cylinder pressure trace at two different compression ratios.
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Figure 4: (a) Pressure trace in cylinder at CR = 3.5. (b) Pressure trace in cylinder at CR = 6.

Plan for the Next 5 Years

The breakthrough in the precise piston motion control of the HFPE [29] could create an enormous
opportunity for the use of this technology in on-road vehicles and off-road heavy equipment. However,
further research is necessary to demonstrate reliable operation of the HFPE under various loading
conditions. The recently-developed piston motion control methodology will be applied to control the
output hydraulic power of the HFPE by coordinating the combustion process and the fluid power
generation. Specifically, we will first design a control system for regulating the piston motion as well as
the engine output power (see Figure 5). Second, we will utilize the “virtual crankshaft’ to optimize the
engine operation by designing desirable piston trajectories, which result in the best cycle efficiency
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under various loading conditions. Third, the developed system will be fully tested at various loading
conditions and benchmarked against crankshaft-based ICE driven pump system.

Digital flow control approach will be studied and simulated to assess its effectiveness in improving the
performance of the HFPE. In this approach, the check valves are replaced by digital on-off valves
which could be actively controlled to achieve certain operational objectives. Also, by employing well
known pulse width modulation (PWM) techniques, the flow rate could also be adjusted. This digital
hydraulic design could replace the servo valve for the engine startup to further reduce system cost.

Based on the above proposed work and to further explore the applications of the HFPE, we are
proposing a flexible testing platform to emulate on-road or off-road vehicles powered by the HFPE.
Such a platform allows us to investigate various energy management strategies to achieve the most
fuel-efficient operation for the hydraulic free-piston engine powered vehicle. To do this, comprehensive
physics-based models of various components of the vehicle as well as environmental conditions are
used to create a virtual vehicle interacting with the HFPE.

L Engine

Power Fuel Injector >
Desired Power] Spark Power Output
Control .
Output Hydraulic Free
Piston Engine
Desired Piston| Robust (HFPE) Piston Positi
Trajectory o Moog Valve iston Position
Repetitive — g —> >
Lee Valve

Control
Virtual
Crankshaft

Figure 5: HFPE active control architecture

Milestones and Deliverables

* Task 1: HFPE test under various loading conditions
o Deliverables:
= Motoring and combustion tests with virtual crankshaft (5/31/2013)
= HFPE tests and benchmarking against conventional ICE (11/30/2013)

* Task 2: Digital flow control
o Deliverables:
= Simulation results of the HFPE with digital flow control system (10/31/2012)
= New HFPE design with digital flow control system (11/30/2012)

e Task 3: HFPE-in-the-loop emulation platform
o Deliverables:
= HFPE-in-the-loop test platform for on-road or off-road vehicles (3/31/2014)
= Optimized operational conditions for HFPE for different applications (5/31/2014)

* Task 4: Series hydraulic hybrid vehicle implementation
o Deliverables:
= Vehicle design (11/31/2014)
= Series hydraulic hybrid vehicle prototype (5/31/2016)
= Test drive and benchmarking against other hybrid vehicles ( 11/31/2016)

C. Member company benefits
The project will benefit the member companies in three areas. First, this project will provide a new fluid
power source for series hydraulic hybrid vehicles. Several member companies have active programs
for series hydraulic hybrid vehicle, and if successful, the free piston engine driven hydraulic pump will
offer higher efficiency, lower emissions, and better modularity. Second, this project will also benefit
member companies by offering a modular and efficient fluid power source for off-highway mobile
equipment. Third, this project will help attract automotive companies to join the Center.
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Project 2C.2: Advanced Strain Energy Accumulator

Research Team

Project Leader: Prof. Eric Barth, Vanderbilt University, Mechanical Engineering
Graduate Students: John Tucker, Richard Whitney
Industrial Partners: Bosch-Rexroth, Gates Rubber

1. Statement of Project Goals

The research objective of this work is to extend the current state of knowledge in the use of strain energy
storing materials for the engineering design of compact energy storage devices. Specifically, this project
seeks a low cost, low/no maintenance, high energy density accumulator primarily targeted toward a fluid
powered automotive regenerative braking system (hydraulic hybrid). This project will focus on extending
the energy storing capabilities of accumulators for the specific purpose not of flow smoothing, but of
storing large amounts of hydraulic energy with an energy density appropriate for applications such as
regenerative braking in passenger vehicles. The envisioned high energy density accumulator will be
appropriate for either series or parallel hydraulic hybrid vehicles. The metric for success of the project will
be an experimental prototype capable of storing up to 200 kJ of energy (3500 Ibs at 35 mph) at a peak
power of 90 kW (35 mph to zero in 4.5 second) in a package of acceptable weight and volume for a
compact to midsized passenger vehicle (accumulator system energy density >10 kJ/liter). This metric will
enable implementation in a passenger vehicle for city driving. Additional significant benefits of this
research potentially include solutions to more traditional accumulator problems including cost, pre-charge
issues, and fluid contamination from gas diffusion through the bladder.

2. Project Role in Support of Strategic Plan

This project will contribute to the Center's goal of breaking the barrier of a lack of compact energy
storage. The task of designing new compact energy storage devices is central to the Center’s vision of
“significantly reducing energy consumption” by “enabling the migration of fluid power to passenger cars”.
As identified in a recent NSF site visit, compact energy-dense storage solutions are critical to the success
of this migration. This project addresses the knowledge level of this goal (explore new energy density
concepts) by seeking a design to provide the enabler (improve energy density of storage mechanisms)
and ultimately the needed system capability (reduce size and weight of FP systems to work in passenger
vehicles) for this important goal [4]. This project will be demonstrated on the Hydraulic Hybrid Passenger
Vehicle Test Bed, TB3.

3. Project Description

A. Description and explanation of research approach

This project seeks to investigate, design and experimentally implement a compact energy storage
accumulator via strain energy in materials not traditionally utilized in existing accumulators. A control
strategy and control laws for regulating power flow will be formulated and implemented. Concerns
regarding the efficiency of the hydraulic pump/motor will be out-of-scope and left to researchers in the
efficiency thrust.

Hydraulic accumulators are energy storage devices commonly used to provide supplementary fluid power
and absorb shock. One particularly interesting recent application of these devices is regenerative braking.
Although a theoretically appealing concept, hydraulic regenerative braking (HRB) is difficult to implement
due to some major inherent weaknesses of conventional accumulators.

The primary weakness of spring piston accumulators that prohibits them from being used in HRB is their
low gravimetric energy density. Using linear analysis, spring steels and titanium alloys have a gravimetric
energy density of around 1-1.5 kJ/kg [1]. Consequently, in order to store enough energy to bring a mid-
sized 4-door sedan (mass=3500 Ib (1590 kg)) to rest from 35 mph (15.65 m/s), the accumulator spring
would have to weigh somewhere from 130 kg to 195 kg. In automotive manufacturing, where minimizing
vehicle weight is vital, including such a heavy component would be largely impractical.

Gas bladder accumulators and piston accumulators with a gas pre-charge (PAGPs) use gas for energy
storage and, therefore, are much lighter than their spring piston counterparts. In these accumulators, a
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gas, separated by a bladder or a piston, occupies a certain volume of a container which is otherwise filled
with an incompressible fluid. As fluid is forced into this container, the gas inside the separated volume is
compressed and energy is stored in the thermal domain (kinetic theory of gasses). Such accumulators
are subject to two serious drawbacks: 1) inefficiency due to heat losses, and 2) gas diffusion through the
bladder into the hydraulic fluid. The drawback of inefficiency via heat loss is mild, but the gas diffusion
issues gives rise to high maintenance costs associated with “bleeding” the gas out of the fluid often.

With regard to inefficiency, if the energy stored in the compressed gas of such an accumulator is not
retrieved soon, the heat flow from the gas to its immediate surrounding results in much less energy being
retrieved. Pourmovahed et al. showed that with as little as 50 seconds passing between gas compression
and expansion, a piston-type gas accumulator’s efficiency can fall to about 60% [1]. Several methods to
mitigate these heat losses have been proposed. For PAGP, one promising method involves placing an
elastomeric foam into the gas enclosure. This foam serves as a regenerator by absorbing the heat
generated during gas compression, and returning it to the gas when the latter expands. According to
Pourmovahed, “the insertion of an appropriate amount of elastomeric foam into the gas enclosure...[can]
virtually eliminate thermal loss” [2]. Incorporation of elastomeric foam has shown how accumulator
efficiency can be vastly improved through slight modification. However, this modification still does not
solve the maintenance issues associated with gas diffusion.

The purpose of this research is to investigate a new method of energy storage in a hydraulic accumulator
by using strain in an elastomer as the mechanism for energy storage. An elastomeric bladder or other
deformable shape will be designed and tested for its capacity to store and return energy by stretching in
response to a hydraulic fluid being pumped in and out of it. This approach presents a new and
unconventional method which aims to simultaneously avoid the susceptibility to heat losses and gas
diffusion inherent to gas pre-charged accumulators, while attaining a higher gravimetric energy density
than that of metallic spring piston accumulators. This design fundamentally avoids the gas diffusion
problem given that the pressure gradient between gas and hydraulic fluid is opposite of that of a gas
charged accumulator. Additionally, the design pursed will be advantageous due to low cost, relative
simplicity and good manufacturability.

Material Selection

The selection of an appropriate energy storing material for the design of the high energy-density
accumulator requires: 1) a high volumetric energy density, 2) a high gravimetric (or mass specific) energy
density, 3) the ability to absorb and release the targeted power efficiently, 4) the ability to store the
targeted energy efficiently for a duration on the order of minutes. A promising candidate energy storing
class of materials includes elastomers such as polyurethane, nitrile rubbers, polyisoprenes, and natural
rubber. Material data shows polyurethane as possessing an order a magnitude better volumetric energy
density than steels (springs), and two orders of magnitude better gravimetric energy density than steels
(Cambridge Engineering Selector, 2008). Polyurethane’s high elongation percentage (500% to 700%)
allows for a straightforward accumulator design that directly stretches the energy storing material without
utilizing a transformer to scale pressure and displacement. Polyurethane also exhibits a fatigue strength
of 5000 psi at 10,000,000 cycles (Cambridge Engineering Selector, 2008). Research results to dates
have yielded the selection of an elastomeric material with an experimentally measured energy density of
15 kJ/l and an efficiency of 81-84%. It is worth noting that this commercially available material was not
specifically engineered for this purpose. The material properties database cited above indeed show much
higher capacities. An elastomer expert at ExxonMobil has confirmed that such a material can be
engineered with a similar or lower hysteresis. Sample polyurethanes can be evaluated based upon their
volumetric energy density as well as their hysteresis properties. These properties can be combined into
one single property by calculating volumetric energy density based only off of the energy returned in a
hydraulic cycle, as opposed to energy stored.

Scientific and Engineering Research Goals

Scientific discovery: expand the field of knowledge of fundamental strain energy storage mechanisms in
materials not traditionally considered for high energy density energy storage (e.g., elastomers and
composites).
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Engineering discovery: utilize new fundamental models/understanding of high energy density energy
storage for the design of a viable and cost effective hydraulic hybrid; ultimately expand the capabilities
and application domain involving energy storage (contributing to the goal of hydraulic ubiquity)

B. Achievements

Achievements before February 2011

A volumetric system energy density upper bound was placed on a hydraulic accumulator system. This
upper bound is equal to the working pressure. For a 5000 psi system, this is 34.5 kJ/liter.

A low pressure prototype demonstrated the following. Nearly constant pressure behavior was measured
upon charging and discharging the bladder. A pre-strained region of the bladder near the fill port induced
a “rolling” behavior along the inside of the shroud. An 85% round trip efficiency was measured for the
latex bladder used. A hyperelastic finite element model revealed the need to distribute material loading to
optimize strain energy storage in the material.

Using material data obtained from CCEFP member company Gates Rubber (NBR 6212), the stress-strain
curve of the material showed a theoretical material energy density of 33 kJ/I. Accounting for the hydraulic
fluid, this would result in a system energy density of 17 kJ/Il. FEA modeling revealed a material energy
density of only 4 kJ/I and a resulting system energy density of 3.6 kJ/I. Further investigation into the
model revealed an effective transmission ratio between wall thickness of the bladder and the held
hydraulic pressure of the fluid inside the inflated bladder. The thinner the wall, the better the strain was
distributed in the material, but the lower the hydraulic pressure in the bladder. This fact necessitated a
change in the bladder geometry from the original shape in order to utilize the full material energy density
while keeping the hydraulic pressure high. A geometry was needed that could maximally and uniformly
strain the material (as seen in the thin wall limit) to maximize material energy density, while concomitantly
keeping a high hydraulic pressure. In fact, a geometry needed to be found that could achieve arbitrarily
higher hydraulic pressures than maximum material stresses.

Shown below are several design drawings from the patents

from this project submitted thus far. This project has generated ﬂff R 9{'“

3 PCT (international) patent applications and 1 US provisional = 5
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Figure 2 shows the “integrated-reservoir’ concept where
the low pressure side of the balloon is assigned the role of
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Figure 2:
Integrated Reservoir PCT application.

Figure 3: Series configuration to multiply pressure.
Provisional patent filed with Georgia Tech.
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low-pressure reservoir. This has the effect of doubling the system volumetric energy density over gas-
charged accumulators as the same volume is utilized for two roles.

Figure 3 shows the “series configuration” where multiple bladder/shroud units are ganged together to
increase the fluid pressure (common flow in the language of bond-graphs). This allows the fluid pressure
to exceed the maximum localized material stress experienced.

Achievements in this reporting period

Much of the work during the reporting period
was focused on a concept we call the
“distributed piston accumulator” because of
its energy storage dependent cross
sectional area. The Distributed Piston
Accumulator configuration exhibits “inverse
ballooning.” Figures 4 and 5 show this
configuration and the associated
Continuous Perimeter Clamp used to grip Figure 4: Distributed Piston Accumulator PCT patent
the elastomeric member at the ends. As will | application.

be explained below, this configuration: 1)
more fully utilizes the material (thereby achieving a higher
energy density) by eliminating radial strain gradients
experienced in the balloon configuration, 2) exhibits a P-V
curve that is similar in shape to the balloon configuration
(due to an axially propagated “inverse ballooning” similar in
function in keeping a relatively constant pressure), and 3)
enables the fluid pressure to be a multiple of the maximum
stress in the material through a designable ratio of the
exposed piston area to the unstretched cross sectional
area of the elastic member. This concept encompasses the
features of the first three “balloon” concepts into a single
device (series configuration not necessary) with a more
easily manufacturable elastomeric shape.
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Figure 5: Continuous Perimeter Clamp
claimed in the Distributed Piston
Accumulator PCT patent application.

A number of elastomeric materials display hyperelastic expansion behavior. Configured in the correct
geometry, this physical characteristic allows these materials to possess PV curves that resemble ideal
energy storage (maximum area under the curve for a given maximum pressure) much closer than the PV
curves of traditional gas pre-charged accumulators. Previous work has revealed that the “balloon”
concept exhibits a nearly flat P-V curve after the initial radial expansion. While this was desirable, further
investigation revealed two limitations. First, as the wall thickness of the balloon increased, the strain
gradients in the radial direction became more severe. This has the effect of limiting the effective strain
energy density of the material given that not all of the material is fully utilized (some is at its maximum yet
other areas are not). A second limitation was that the hydrostatic pressure inside the balloon could not be
larger than the maximum local stress experienced in the material. This lead to the series configuration
such that the hydrostatic pressure could be made to exceed the maximum allowed material stress, but at
the expense of increased interstitial fluid volume.

The distributed piston accumulator design shown
in Figure 6 was recently developed to overcome
the limitations of the “ballooning” accumulator
design. It consists of an elastomeric member
attached to and stretched by a piston. A
photograph of an experimental prototype is
shown in Figure 7. This new design is capable of
1) a relatively flat P-V curve, and 2) achieving a
higher hydrostatic pressure than the maximum

) . ) ” .
Figure 6: The mechanism of “inverse ballooning™. stress experience in the material by a designable
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multiple. Figure 6 shows the mechanism of this
inverse ballooning. As hydraulic fluid is pumped into
the device, the pressure pushes on the exposed
annular area of the piston. The tensile force is then
distributed over the original cross sectional area of
the material as engineering stress. In this manner,
the stress induced in the material is the hydrostatic
pressure multiplied by the ratio of the annular area
to the material cross sectional area. For a large

material cross section and a small annular area, the —_—©

hydrostatic pressure can be many times that of the e :

material stress. This is important given that Figure 7: Experimental Prototype of the
elastomeric materials with high energy densities do Distributed Piston Accumulator loaded into a
not possess allowable stresses much over 3000 psi hydraulic cylinder (piston rod provided only for
(under that of common hydraulic systems). This measurement of displacement). Elastomeric
pressure amplification factor will allow such member shown with cylinder casing removed.
materials to be used in a single simple stage (as Inset shows clamping schemes.

opposed to a series configuration). A second non- 40A Fluid Pressure vs. Percent Strain
intuitive feature arises that provides a flat P-V DistiEuted Piston Cyfider

curve. As the material stretches, if any one point B | Tensile Load Cell o
along the axis of the material becomes thinner than e /
the rest, the pressure-induced axial force o e
components along that “dent” cause the material to 8 ’_n,f,-;’"ﬂ

thin more, which in turn causes more of a dent. The 3 //_,_,/‘

dent gives rise to an increased distributed area that | ¢ © P

continues to localize the effect. This is similar to the ¢ /

balloon-animal constant-pressure effect. In this | * 4

case it has a similar effect of “rolling out” the V/

material so that the pressure upon extension 2

remains mostly flat. Figure 7 shows an

experimental setup with the distributed piston 4

accumulator. Figure 8 shows a comparison of % 50 100 150 200
tensile and hydraulic loading of a distributed piston Strain (%)

elastic member. As can be seen, the curve is Figure 8: Distributed piston member in pure
flattened. This picture becomes more pronounced if tension and hydraulic pressure in a cylinder

actual strain as opposed to engineering strain is
considered in the tensile loading case.

Expected Milestones and Deliverables
* Hardware in the Loop simulator (3/15/2012)
* High Pressure Distributed Piston Accumulator (DPA) (4/1/2012)
e Characterize DPA (5/1/2012)
*  Model DPA (7/1/2012)
* Redesign and fabricate DPA with lessons learned (1/1/2013)
* Fabricate DPA unit(s) to be tested on TB2 (3/1/2013)
* Coordinate with UMN and begin to install DPA in TB2. (4/1/2013)
e  Metrics measured on TB2 (5/15/2013)
* Final Evaluation (5/31/2013)

C. Member company benefits

The results of this project will provide an alternative to current hydraulic accumulators that has a higher
energy density, presents a simple configuration, has inexpensive material costs, is easy to manufacture,
is leakless, is safe, requires no pre-charging, and does not possess problems of gas diffusion into the
hydraulic fluid as with gas accumulators. Member companies Gates Rubber and Bosch/Rexroth are
formally engaged in this project. We are in early discussions with Bosch/Rexroth regarding licensing of
the intellectual property.
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Project 2D: Multi-Functional Fluid-Power Components Using Engineered Structures and Materials

Research Team

Project Leader: Douglas Cook, Applied-Technology Center, MSOE

Other Faculty: Prof. Subha Kumpaty, Program Director, MS Engineering, MSOE
Vito Gervasi, Applied-Technology Center, MSOE
Prof. James Mallmann, Physics & Chemistry, MSOE

Graduate Students: Samuel Newbauer, Gunnar Vikberg
Undergraduate Students:  Devin Pettis, Adam Leslie, Toni Borel (REU)
Industrial Partners: Orbitec (associated project), Parker

1. Statement of Project or Test Bed Goals

The goal of Project 2D is to characterize the structural-thermal-acoustic coupling of three of the five unit-
lattice structure types identified earlier to allow for the design of passive, noise-reducing, heat-managing,
fluid-power components, i.e. multi-functional components using meso-scale meta-materials. Structural-
acoustic and thermal-structural couplings will be defined through virtual testing; and, physical, non-
destructive testing will be conducted for validation of the couplings. An additional goal is the inclusion of
thermal-energy storage, recovery and conversion for improved component and system efficiencies.

When Center-wide budget cuts, that reduced our budget by ~20% from that proposed, Project 2D was
directed to research only the thermal-management aspects of the lattice structures; so, in collaboration
with Test Bed 6 and Project 2B.2, minimal-mass, heat-dissipating/-shielding components for the portable,
powered, ankle-foot orthosis (PPAFO) were to be designed, analyzed and fabricated in Year 6. While the
Rev. 2 PPAFO is near the one kilogram target, the maximum output torque is much lower than desired.
Increasing torque output will require a combination of higher pressure, improved efficiency and a larger
actuator (greater mechanical advantage); therefore, thermal management and structural optimization are
critical, regardless of the final choice for portable power generation. For the mini-HCCI (Project 2B.2) to
be integrated, a suitable engine operating temperature must be maintained, such that it can run for one
hour, continuously. Additionally, this active orthosis must be safe and quiet to garner acceptance from
the end-user. The FDA mandates a maximal contact temperature of 41°C for medical devices [16].
Component integration, heat dissipation and noise reduction through multi-functional component design
will address these challenges.

Future goals are to apply this multi-functional design methodology to other components and systems, on
Center projects and test beds, and those being developed by industry, including aerospace and medical.

2. Project or Test Bed Role in Support of Strategic Plan

Project 2D addresses the transformational barrier of efficient components by integrating mass reduction,
thermal management and noise reduction into the design of fluid-power components, minimizing the need
for peripheral components or systems to achieve these functions. The fluid-power technical barriers of
efficient systems, safety, quietness and containment (leak-free) are also addressed by extension.

Hydraulic pumps and motors have already been demonstrated to carry significant amounts of “dead
weight.” With additional considerations for multi-functional components, i.e. heat-dissipating and noise-
reducing, efficiencies would be improved; and, noise would be mitigated. Cooler operating temperatures
of these devices also result in longer life for their components, and even the hydraulic fluid. Efficient
pumps and motors, if not light and quiet, are certainly beneficial to the goals of Test Beds 1 & 3, as well.
Likewise, mass reduction and thermal management afforded by custom, multi-functional components will
benefit Test Bed 4.

3. Project/Test Bed Description
A. Description and explanation of research approach
Fluid-power technology’s competitiveness/market penetration, despite high theoretical volumetric
and gravimetric energy/power densities, is significantly hindered by; the lack of efficient commercial
components and the levels of noise generated. Fluid power struggles to compete with electronics
due to dead weight, poor energy management, highly-modular design and noise. The result is
average fluid-power-system efficiencies of only 40%. The industry must develop the equivalent of
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three-dimensional integrated circuits if it is to successfully compete. This is the innovation
required.

The challenges are then thermal and noise management, while also considering total mass and
size. Heat must be effectively removed from the components and working fluid to maintain
maximum efficiency throughout the operation period (an efficiency issue), and shielded from end
users to prevent injury (an effectiveness issue). Excessive noise levels prevent the use of fluid-
power components and devices in personal assistive devices or passenger vehicles due to the
resulting discomfort of the user (an effectiveness issue). Add-on components or systems to
mitigate these issues increase mass and volume of the system, hindering performance of mobile
systems (a compactness issue).

Commercial heat sinks are limited by fabrication limitations and generally do not bear significant
structural loads, resulting in dead weight. Topology optimization has been applied to profiles of
extruded geometries to determine the optimal load-bearing and heat-dissipating structure, under
active cooling, for gas turbine engines [18]. This optimization was simplified by axial symmetry and
minimal degrees of freedom. Research has also been conducted for “open-cell” load-bearing
lattices as heat sinks, for forced convection [9] and conductance [17]. This research will
complement this prior work through multi-directional, geometry-dependent characterization of the
selected unit-lattice structures for the definition of a load-bearing thermal-management structure of
minimal required mass.

In addition to thermal management, cellular materials are also used for noise suppression.
Polymeric foam is a ubiquitous example; however, this material, primarily, absorbs the energy
through cyclical mechanical loading of the polymer. The low stiffness and conductivity also
significantly limit their application for load bearing and heat dissipation, respectively. Carbon and
metal foams are much stiffer and more thermally conductive than their polymer counterparts [20];
but, tailoring of their properties to meet a specific application is exceptionally difficult. An
engineered lattice can be optimized to meet the structural, thermal and noise-suppression [2, 6]
requirements, and fabricated via additive manufacturing methods. This also allows for the
integration of other component geometries into the lattice structure, such as the outer case of a
pump, motor, actuator, valve, etc.

The innovation proposed is then the coupling of the structure’s stiffness requirements for bearing
loads, leveraging the structure-characterization work completed in Years 1-4, with the lattice-
spacing requirements for filtering noise and effectively dissipating heat through natural convection,
within a fully-integrated lattice structure. Figure 1 shows a conceptual sketch of such a lattice that
integrates the mini-HCCI engine into the Test Bed 6 orthosis structure, while also dissipating the
waste heat of combustion and providing noise suppression for the engine. This approach provides
significant design advancements because three functions are integrated into a single structure. It
must be noted, however, that in this coupled system, not all functions can be fully optimized: trade-
offs are necessary.

Phase-change materials are already used in medical devices for managing thermal energy [16];
and, are also being considered for advanced latent-heat-energy storage systems in solar-heating
units [11, 12]. They can be integrated into the thermal-management structures being developed
here, as well.
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Figure 1: (Left) Concept of the mini-HCCI engine with an integrated noise-filtering and heat-dissipating
structure. The structure also bears mechanical loads, so it can be integrated into the structure of the Test
Bed 6 PPAFO. (Center) Conceptual model of the integration into the PPAFO. (Right) Conceptual model
of a belt-worn structure that contains the engine’s temperature, while also protecting the wearer and
reducing noise.

The primary barrier to the development of this technology is the lack of available software that
can effectively couple the FEA data with design software, and export the final fabricatable design.
The closest offering is the Scan & Solve® plugin for Rhinoceros®; but, it failed to process a small,
simple lattice. Several proposals have been submitted over the last four years, to various
organizations, to procure funding to develop such software, to no avail. Presently, we are
working with four separate software packages to design, analyze, populate and process the
geometries. This will all be combined and automated in future work, allowing for significantly
more time to consider alternative designs. Two aerospace companies, outside the Center, have
recently expressed interest in working with MSOE to realize this software.

Another barrier is the minimum feature size that can be fabricated. One millimeter is the current
threshold for MSOE’s hybrid fabrication process. This can be pushed to one-half millimeter by
copper cladding a nylon lattice, but sacrifices strength.

Achievements

Achievements prior to February 2011

Unit-lattice structural characterizations [3, 10]

Software algorithms for automated structure generation [3, 19]

Preliminary optimizations of fluid-power components [3, 10]

Functionally-gradient metal-matrix composites

Preliminary characterizations of lattice unit cells for acoustic attenuation — REU 2010 —
“sonic crystals” vs. viscous damping vs. Helmholtz resonance [1]

ANENENENEN

Achievements this reporting period
Experimental comparative study

The first achievement since the last reporting period was the design and fabrication of an
engineered structure that could maintain a contact temperature below the “pain threshold” (the
target at the time) of 43°C for 25W of waste heat - the presumed amount to be generated by the
mini-HCCI. As reported in the 2011 NSF Site Visit, and several conferences [4, 5, 13], the
engineered structure performed better than an off-the-shelf cylindrical block of aluminum foam,
and an equivalent-mass finned heat sink of the same copper-aluminum alloy (Moldstar 22®). The
engineered structure was the only one to achieve the targeted surface temperature past 5W of
waste heat, and remained below the pain threshold up to ~25W of waste heat.

Unit-lattice characterizations
Effective-conductivity characterizations were completed for three unit-lattice types, and their
diameter-dependent relations were derived [5].
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Internal natural convection

Investigations into the role of lattice-cell and structure-through-flow convective currents in the
performance of the final lattice design were conducted for improved mass and size optimization of
the lattice. Cellular convection provides little contribution when the structure is much more
conductive than the fluid; but, when the cells are large enough, chimney-like flow can develop
through the structure. Depending on the design goal, this may be promoted or blocked by
structure-type selection and sizing.

Structure-generation scripting

Without support for our previously-proposed direct-structure-generation software, scripts were
written for Rhinoceros® to generate structures semi-automatically using the three unit-lattice
types, from manually-defined iso-surfaces. This is generally limited to extruded curves, at
present (Figure 2).

Thermoelectric energy recovery

The 2011 REU participant, Toni Borel, conducted a preliminary investigation into the use of
thermoelectric generators for recovering waste heat, comparing their efficiency, size and cost to
that of micro-turbines. While the micro-turbines are several times more efficient, the
commercially-available thermoelectric generators are significantly less expensive; and, new
materials may allow them to outperform the micro-turbines. One potential application is to
provide electrical power to UMN’'s MEMS pneumatic valve from the mini-HCCI's waste heat,
improving system efficiency and reducing required battery capacity.

50W mini-HCCI thermal-management structure

The mini-HCCI is projected to generate 50W of waste heat, in close proximity to the orthosis
wearer. A section of the structures shown in Figure 1 has been re-designed to safely dissipate
this heat and maintain reasonable engine temperatures (Figure 2). The structure is quite large
(~19cm wide) relative to the orthosis. Phase-change materials and forced-convection cooling are
being considered as complementary means of maintaining lower temperatures; but, their added
mass is likely prohibitive. Efficiency improvements in the power generation are critical.

Figure 2: (Left) “Bulk” model of mini-HCCI thermal-management structure for
preliminary sizing. (Center) Lattice representation of half of the bulk structure
with the same layer-wise effective conductivities. (Right) FEA of structure section
showing effect of 7W/(m’*K) natural convection on the temperature profile.

Custom TB6 Actuator:

Using Test Bed 6’s funding, MSOE had previously developed a custom pneumatic actuator and,
over the last nine months, MSOE has once again been involved in its continued development. In
May, 2011, MSOE requested the return of the actuator from UIUC, after a year of use rendered it
inoperable. MSOE quickly re-seated the valves, and installed a newly-designed, lower-mass,
silicone-over-molded nylon rotor, to make the actuator operational once again
[http://www.youtube.com/watch?v=ucdigBRUxLI]. To handle the torque requirements of the
orthosis in operation, a stainless-steel rotor was then cast, and molded over with silicone.
Concepts for higher torque production, closer to 75N-m, using 1MPa (~150psi) CO, tanks, have
also been developed.
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Expected milestones and deliverables
v' Geometry-dependent effective-conductivity relations defined (October 31, 2011)
* Geometry-dependent structural-acoustic relations defined (October 31, 2011)

o Project 2D was directed not to continue this effort in the middle of Year 5, due to a

budget cut. Bongiorno has reported his preliminary REU efforts in this regard.
* Fabrication of nine pistons for fluid-borne testing (February 15, 2012)

o Project 2D was directed not to continue this effort in the middle of Year 5, due to an
excessive budget cut.

* Integrative TB6 structure for the mini-HCCI engine installed (February 28, 2012)

o One structure has been fabricated in nylon and another design is nearly ready to be
fabricated in nylon, clad with copper. There were delays in getting the mini-HCCI
engine’s specific target heat rates and operating temperatures to properly size the
structure.

* Integrative TB6 structure performance testing complete (May 31, 2012)

Plans for the next 5 years

e Efforts to metal-plate additively-manufactured polymer structures, to simplify fabrication
and reduce weight, have begun. This approach will be compared to the solid-metal
designs.

e Energy-balance analyses will be conducted to determine the efficacy of forced-
convection cooling of a structure, relative to natural convection, including consideration
for mass and volume.

e This structure-design methodology will be modified to allow for the optimization of
thermoelectric energy recovery. Valves and sensors, for example, can be powered with
this recovered energy.

e Multifunctional structures will be developed for other, larger components & sub-systems,
within the Center, and outside.

* Inclusion of, and optimization for, phase-change materials for superior thermal
management, as well as the coupling with thermoelectric generators for controlled energy
recovery.

e The PI proposed in this last round of funding to develop a high-efficiency pneumatic
system for TB6, replacing the mini-HCCI engine and rotary actuator, that will demonstrate
the potential for the approach to fluid power system design. Employing energy
harvesting, as well as thermal energy storage, recovery and conversion, the system has
a targeted efficiency of 60%. It is also expected to run for one hour on just 5g of butane.
This system will also be applied to Test Bed 4, and other “walking” fluid-power machines
outside the Center.

e As originally proposed, the structural-acoustic relations will be derived for the three unit
lattices; and, noise-reducing structures will be integrated into the pistons of fluid-power
pumps and motors.

e The direct-structure-generation software will be developed to expedite the design and
evaluation of components and systems.

C. Member company benefits

As Herzog & Neveu of Rohmax found in their experiments with cartridge valves, the efficiency of
fluid-power systems is dependent on the relative temperatures of the fluid and components to the
reference temperature, ~35°C [8]. Inclusion of engineered structures and materials in the design
of fluid-power components for thermal management can increase component efficiencies by more
than 20% by passively maintaining temperatures, at or near the reference, throughout the entire
system, not just at the add-in chillers, etc. Running at lower temperatures will also extend the
longevity of the hydraulic fluid and fluid-power components, minimizing operating and
maintenance costs.

Since heat generation can be mitigated through surface treatments, oil additives, etc., safety may
be a more important aspect of thermal management than efficiency gains. As discussed in
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Section 1, the FDA mandates a maximal contact temperature of 41°C for medical devices that
humans are in contact with [16]. We have demonstrated experimentally that we can maintain a
safe contact temperature for up to 25W of waste heat with our small structure; and, our analyses
show that our larger structure can safely dissipate 50W. Any member companies interested in
production of personal-assistive devices, rescue machines, etc. will benefit from this design
methodology that has been developed.

Of course, the ultimate goal is multi-functional integrated design — reducing weight, while also
passively managing heat and mitigating noise, through structure design. Achieving these meso-
scale meta-materials will be of greatest value to the CCEFP member companies, particularly in
their competition with electric-based alternatives. High-performance and/or multi-functional
component design concepts will be shared with the Center, generally as intellectual property.
The interested member companies can tailor the designs for their specific needs, either on their
own, or through associated projects. Members having their own concepts may also work with
Project 2D to develop them, through associated projects.

Parker Hannifin has gained insight resulting from the structural optimization of their pump, but
their greater concern is noise reduction. Toward this end, quiet pistons, etc. using lattice
structures will be investigated. These benefits, however, are not specific to Parker as they are
shared confidentially with all members interested in the intellectual property.
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Project 2E: Model-Based Systems Engineering for Efficient Fluid Power

Research Team

Project Leader: Prof. Chris Paredis, School of Mechanical Engineering, Georgia Tech

Graduate Students: Aleksandr Kerzhner, Roxanne Moore

Undergraduate Students: Isabelle Bouchard, Byung | Min, Dakotah Thompson, Zak Stanko, Jayme
Walton

Industrial Partners: Deere & Co., Phoenix Integration, NoMagic

1. Statement of Project Goals

The goal of the project is to significantly reduce the time and effort required to formulate and solve
systems engineering problems for compact and efficient fluid-power systems. To achieve this, analysis
knowledge about fluid-power components from multiple disciplinary perspectives and multiple levels of
abstraction will be captured and organized in a modular, object-oriented knowledge repository using a
standardized language (Systems Modeling Language, SysML) and synthesis knowledge about fluid-
power systems will be captured in the form of model transformations. A systems engineering method
and software framework will be developed in which the synthesis and analysis knowledge from the
repository is used to explore efficiently and comprehensively large spaces of system architectures with
the goal to improve the compactness and efficiency of fluid-power systems while balancing other
system objectives such as effectiveness, cost, and reliability.

2. Project Role in Support of Strategic Plan

The project provides a method and software framework to support the comprehensive and efficient
exploration of integrated system architectures. This will enable the integration of the fluid-power
subsystem with structural subsystems (compact integration and distribution barrier) and enable the
comparison between different system architectures for achieving desired system-level tradeoffs
(system integration inefficiency barrier). The framework could also enable the evaluation of the impact
of introducing new component technologies (component efficiency barrier) or higher pressures (high
pressure operation barrier) on system-level performance.

3. Project Description
A. Description and explanation of research approach

The Problem With the advent of electronic control, fluid-power systems have become increasingly
integrated and multi-disciplinary in nature and the number of potential system architectures has
exploded. With new demands on compactness, efficiency, and effectiveness, system engineers
need to explore new system architectures that provide adequate tradeoffs across these conflicting
objectives. The main barrier that needs to be overcome is one of complexity: a very large amount
and variety of knowledge is necessary to synthesize and analyze promising system architectures.
Unless this knowledge is managed well, the cost of acquiring, validating and applying this
knowledge will limit significantly our ability to increase the functionality and performance of future
fluid-power systems. To overcome this barrier, a systems engineering framework is required
consisting of model repositories, algorithms for instantiating and linking these models, and
algorithms for selecting appropriate models at each step of the design process.

The corresponding research question is: How should one represent, store, retrieve and
use knowledge efficiently and effectively in support of the design of fluid power systems?

Past Work The need for a systems engineering framework for fluid-power systems has been
recognized before with initial work by Krus et al. [1, 16-18] at Linképing University, Tilley et al. [4, 5,
8, 10, 24, 25, 29] at the University of Bath, and da Silva et al. [6, 7] at the Federal University of
Santa Catarina (Brazil), with more recent work by Pedersen [23] at Aalborg University and
Schlemmer et al. [27, 28] at the Technical University of Aachen. In this related work, the focus has
been on traditional optimization approaches with a model of the objective at a single level of
abstraction, sampled by the optimizer as a black box model, implemented in an imperative (rather
than declarative) programming language. In addition, the work has focused almost exclusively on
the modeling of the fluid power aspects of the system with only a few efforts allowing for seamless
integration with other disciplines (e.g., structural mechanical, thermal, electrical, controls). Finally,

105



w

the past work either focused on optimization of the sizing parameters of a specific architecture, or
used expert systems to guide the selection of a feasible architecture. The efficient exploration and
optimization of system architectures has not been addressed.

A new approach In this project, the approach for realizing a systems engineering framework for
fluid-power systems is based on the formal, declarative representation of knowledge. By capturing
the knowledge formally, it can be more easily reused, allowing the cost of capturing and modeling
the knowledge to be amortized over many re-uses. In addition, by representing the models in a
declarative form (i.e., an implementation-independent formalization of the mathematical
relationships), the models can be transformed, combined, and symbolically manipulated to create
and solve system-level models that are larger and more comprehensive than could be practically
achieved otherwise.

The systems engineering framework being developed is illustrated in Figure 1. It consists of three
layers that can be considered separately or in an integrated fashion: The top layer addresses the
generation and topological analysis of different fluid-power circuit configurations, the second layer
sizes the components within a given circuit configuration based on algebraic models, and the third
layer optimizes the components (under uncertainty) based on detailed dynamic simulations. Such
a layered approach allows one to use resources efficiently by only performing more detailed
analyses if the performance predictions obtained in a previous layer are sufficiently promising. The
framework relies on formal representations in the Systems Modeling Language (OMG SysMLTM) to
represent the problem definition, the libraries of fluid power components, and the analysis models
that characterize these components from different perspectives and at different levels of
abstraction (both as algebraic and as differential-algebraic models). By capturing this information
and knowledge formally, it can be transformed in an automated fashion using model
transformations.

Achievements
In the past year, research has focused on the top two layers of the framework in Figure 1 — that

Pro.b!e.m MagicDraw SysML Editor SysML Model exchangedin XMI
Definition - - -
< > MOFLON Transformation Engine | GAMS Solver |
- e e s .l
SysML | sysML
Generate 1 - | —
Architecture Topolog_)y Variable F|de_I|ty
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Figure 1: An overview of the proposed three-layer systems engineering framework
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is a combined focus on system architecture exploration with initial (approximate) component
sizing. By combining these two levels, the most promising system architectures can be identified
which will then be further analyzed and optimized in two subsequent steps: detailed component
sizing through the use of Mixed Integer Non-Linear programming, and robust optimization
including dynamic and uncertainty considerations. In addition, a variable fidelity optimization
algorithm has been developed which allows the combining of models at different levels of fidelity
and different levels of accuracy to solve global optimization problems efficiently. The algorithm is
called Value-Based Global Optimization (VGO).

Synthesis of System Architectures: From the components available in the model repository, a
very large number of different circuit topologies can be configured. To design a good hydraulic
system, algorithms that explore this very large space of system architectures efficiently need to
be developed. Three different approaches have been investigated: design grammars [15],
Markov Logic Networks (MLN) [26], and Mathematical Programming [30]. The goal was to
determine which of these three approaches best unites optimization efficiency with the ease of
expressing the domain knowledge. Through analysis and experimentation with the three
approaches, it was concluded that Mathematical Programming is the best approach — it provides
the best trade-off between the ease of expressing the domain knowledge (in repositories of
linearized component models), and exploring the design space efficiently. The approach consists
of three parts: 1) the design problem is defined in a formal model in the SysML language; 2) the
SysML model is transformed into a corresponding Mixed Integer (Linear) Programming (MIP)
problem; 3) the MIP problem is solved using the CPLEX solver in the AIMMS tool.

In the first step, the system design problem is defined in SysML. This includes in a first instance
a definition of the space of alternatives: Which (generic) components can be used? How many of
each component can be used? How can the components be connected to each other? Second,
we model the individual requirements, such as force and velocity requirements in each
operational phase, but also the overall value model which expresses who low-level attributes are
rolled up into a top-level value objective.

In the second step, a model transformation algorithm combines the problem definition with the
domain-specific models for the individual components into a MIP. This is the most significant
intellectual contribution of the project. In this transformation, both the knowledge of MIP problems
and of the fluid power domain are included to encode as effectively as possible, the domain
knowledge into (piece-wise) linear constraints. This is non-trivial because the same problem can
be encoded in many different ways and depending on the encoding, the solution time can vary by
several orders of magnitude. To make the problem solve efficiently, we have judiciously taken
advantage of the special constructs existing in state-of-the-art MIP solvers (such as CPLEX). For
instance, Special Ordered Sets (SOS2) are used in a A-formulation [2] to linearize the non-linear
characteristics of hydraulic pumps.

In the final step of our approach, the MIP problem is solved using the IBM CPLEX solver
available in the Mathematical Programming tool called AIMMS [3]. Such Mathematical
Programming solvers efficiently explore the entire space of alternatives by analyzing and taking
advantage of the mathematical structure of the problem, by branching and bounding or reducing
the discrete search tree, and by repeatedly and efficiently solving very large linear programming
sub-problems.

In an example problem for the design of the hydraulic circuit for an excavator, the space of
system architectures included approximately 10" configurations, the objectives and requirements
were transformed into 7147 constraints on 2175 variables. The guaranteed global optimum for
this problem was identified by the CPLEX solver in about 12 hours on an Intel i7 2.8GHz
processor. Note that the global optimum of the mathematical problem does not necessarily
correspond to the globally optimum design alternative, but even considering the linearization
approximations, the MIP approach will determine the most promising system architectures which
can then be analyzed in more detail using the additional layers in the framework in Figure 1.
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Detailed sizing optimization under uncertainty: The result of solving layers 1 and 2 in Figure 1 is a
promising architecture with reasonable component sizes. To refine the solution further, a more
detailed (and hence more costly) analysis is required. Similar to the model transformation
approach used to generate algebraic models, a model transformation approach is used to
generate system level dynamic models. This is possible thanks to the port-based, object-oriented
nature of the Modelica language [9]. A Modelica library for fluid-power systems has been
developed [22] and a mapping from SysML to Modelica to enable the automated generation of
system-level models [11, 12]. The computational cost of such dynamic simulations can be
significant, especially when combined with uncertainty quantification. Therefore, an algorithm was
developed that uses a value-of-information metric to decide which analyses to perform at each
step in the optimization/design process. The algorithm is called Value-Based Global Optimization
(VGO).

The approach is based on approximating Gaussian process (kriging) models combined with
incremental search-space sampling based on a value of information metric. To incorporate
models at multiple levels of fidelity, and hence improve the speed/cost of optimization [19, 20], we
have extended the kriging modeling approach [21]. Traditional kriging models are interpolation
methods. To support multi-fidelity modeling, the kriging method has been adapted to allow for
fitting (rather than interpolating) an approximate model based on samples with only limited
accuracy and for which the accuracy may vary from one sample site to the next. In the algorithm,
the surrogate model for the objective function has the following structure: y = F Tﬁ + &+ &,
where F T,b’ is a regression model, ¢ is the difference between the true objective and the
regression model, and &, is the error between the true objective and a prediction from one of the
(multiple accuracy) simulation models. As compared to traditional kriging modeling, it is the
addition of the ¢, term that allows for multi-fidelity fitting. Both ¢ and ¢, are represented by
Gaussian processes. They are assumed to have a static correlation structure that reflects that
the errors, ¢, if originating from different simulation models, are uncorrelated with each other and
are also uncorrelated with the regression error, €. The VGO approach is different from the
seminal work by Kennedy and O’Hagan [14] in that this correlation structure simplifies the
maximum least-squares estimation and does not impose the constraint that high-fidelity models
can only be sampled at points where low-fidelity models have already been sampled. An
implementation of this algorithm has been developed in Matlab (see Figure 2) and its
performance was compared to the previous state-of-the-art, namely, the EGO algorithm (Efficient
Global Optimization) [13]. The computational experiments show that for a suite of randomly
generated global optimization problems, the VGO algorithm finds a solution of the same quality
as EGO with a reduction in computation cost of 78%. This is due to the fact that VGO can
perform a broad exploration of the optimization space using an inexpensive low-fidelity model,
and only use a costly high-fidelity model in the most promising areas near local optima and
ultimately near the global optimum.

Next Steps
Both components of the project (architecture exploration and variable-fidelity optimization) have

reached significant milestones — the algorithms developed by the students, Alek Kerzhner and
Roxanne Moore, have been implemented, tested, and compared to competing approaches. Both
students are therefore in the final phases of their research and will be defending their PhD theses
in April. We have therefore decided that this is a good point to end this project and there will be
no continuation project in Year 6.
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Figure 2: A step in the Value-Based Global Optimization (VGO) algorithm. The true objective
function (left top) is in each optimization step approximated using a kriging model (top right).
Based on the uncertainty in the kriging predictions, the most valuable sample is determined for
either a low-fidelity (bottom left) or high-fidelity (bottom right) model. You can see that the Value-
of-Information metric leads to a broad exploration of the design space using the low-fidelity model,
combined with local refinement in the most promising areas using the high fidelity model.

Member company benefits

The proposed systems engineering framework will improve the ability of member companies to
explore different system architectures when integrating fluid-power sub-systems into large systems
engineering efforts. By formally and unambiguously capturing the system semantics in SysML, the
approach provides all the benefits of a Model-Based System-Engineering approach including
requirements management, traceability, functional decomposition, behavioral modeling at multiple
levels of abstraction, and management of testing and validation.
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Project 2F: MEMS Proportional Pneumatic Valve

Research Team

Project Leader: Prof. Thomas Chase, University of Minnesota
Graduate Student: Nebiyu Fikru
Industrial Partners: Enfield Technologies, Parker Hannifin Corporation and Bimba Manufacturing

1. Statement of Project Goals
The goal of this project is to create an efficient miniature proportional valve for controlling air flow in
pneumatic systems based on Micro-Electrical Mechanical Systems (MEMS) technology. The valve is
intended to operate at pressures up to 7 bar (700 kPa / 100 psi) with a flow rate of at least 25 slpm
when operated at a pressure of 6 bar venting to 5 bar in the fully open state. Actuation efficiency is
equally important to fluidic efficiency and the goal is to be able to hold a normally closed valve in the
fully open state with an actuation power of 5 milliwatts. The target envelope of the valve is 4 cm’.

Microvalves currently available in the marketplace can only deliver flow on the scale of milliliters per
minute. The new valve will be able to provide macro scale flow while maintaining compactness,
efficiency and low leakage. This will be achieved by a unique parallel architecture. The hardware
design will be supported by models that can correctly predict the actuator behavior and fluid flow
phenomena.

2. Project Role in Support of Strategic Plan

This project has breakthrough potential for the Center's mission of creating efficient components. The
project’s goal of 5 milliwatts of actuation power represents a three order of magnitude improvement
over most commercially available pneumatic valves. The project also contributes to the mission of
creating compact integrated systems, as another goal is to create the smallest valve available with the
specified flow rate. Furthermore, the project will push the boundaries of reducing leakage through
MEMS-type valves. Overcoming these barriers is helpful to advancing the feasibility of the Ankle-Foot
Orthosis in Test Bed 6, as well as opening many other new potential applications for pneumatic
systems.

3. Project Description
A. Description and explanation of research approach
The concept of the MEMS proportional valve is introduced by reference to a visualization of the
potential valve architecture, as shown in Figure 1. The valve is a one way normally closed
proportional valve. The foundation of the valve is a port plate. The port plate includes a matrix of
through holes or orifices. The plate is placed in line with a pneumatic tube or channel. The air or
other pneumatic working fluid flows freely through all holes in the fully open state. The fully open
pressure drop is equal to the resistance through all the holes in parallel.

Each through-hole is equipped with a pallet valve. Figure 1 shows each valve cantilevered off of a
simple straight arm, although alternative embodiments are also possible. The arms serve as
actuators: the pallets are opened and closed by bending the arms. Bending is achieved by varying
the strain in the material which constitutes the arms. An elastomeric material is deposited around
the orifices to act as a valve seat and reduce leakage.

The flow capacity of a valve is determined by its effective orifice size. Therefore, MEMS based
valves with macro flow capacity must have effective orifice sizes which are equivalent to non-
MEMS based valves. For example, Enfield’s LS-V05s (Table 1), currently used in TB6, has a
maximum aperture area of 5 mm?Z.
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Figure 1: Visualization of a MEMS proportional pneumatic valve

Unfortunately, microactuators cannot overcome the force imposed by pneumatic fluid passing
through a single orifice of this size. However, dividing a single orifice into hundreds or thousands
of parallel orifices enables decreasing the force on each actuator, so the actuator size can be
reduced to the MEMS scale. The resulting valve is compact and lightweight. Exploiting MEMS
batch fabrication methods also enables the valve to be fabricated at low cost.

The pallet actuators are connected in parallel and common electrical contact nodes are used to
supply electric current to power them. Proportional control of the flow can be obtained in either of
two forms using the architecture suggested in Figure 1. First, all pallets can be partially opened by
the same amount simultaneously. Second, a variable fraction of the valves can be fully opened.
The second option requires wiring banks of actuators independently.

The state-of-the-art in miniature pneumatic valves is summarized in Tables 1 and 2. Table 1
reviews non-MEMS-based miniature valves. None of these valves approaches the power
consumption nor size of the proposed valve. Table 2 reviews MEMS based valves. Note that the
flow rate capacities of the MEMS based valves proposed to date are two orders of magnitude
smaller than the conventional valves. The maximum operating pressure is also typically much
lower for the MEMS based valves.

Only one valve in the literature shares some features of the valve proposed here [1]. That valve
also utilizes an array of cantilevered actuators which are deformed using a single layer of PZT.
However, the actuators do not act as pallets sealing against a port plate. Rather, the cantilevers
protrude into rectangular slots in the port plate from opposite sides of the slots so that the tips of

Manufacturer Model Volume Envelope| Maximum Inlet | Flow Rate (slpm) for 6 Power
(cm®) Pressure (bar) bar venting to 5 bar | Consumption (W)
Enfield LS-V05s 71 10 125 36
Technologies
. EVP Series
Clippard (0.04” dia) 26.4 3.45 20.4 23
Parker-Hannifin HF Pro 28.4 3.45 35 2
Standard
IQ Valves PFCV 395 9.3 280 6
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Reference Volum(irlig)velope Mfeﬁguﬂén(ggf; Flow Rate (Ipm) Power Cg/r\}iumption
Chakraborty et al. [2] 1 1.79 0.9
Fazal and Elwenspoek [3] 1.4 4 0.25 <1
Pourahmadi et al. [4] 1 1.03 0.5 1.1
Lisec et al. [5] 1 1 0.7 1
Kim et al. [1] <1 0.01 0.12x107 <1

Table 2: Flow rate capacities of MEMS based valves

the undeformed cantilevers almost touch, blocking most of the flow area of the slot. Deflection of
the cantilevers causes the gap between their tips to increase, which is used as the flow regulating
mechanism. This architecture leads to significant leakage and limits the valve to low pressure
applications.

No MEMS based valve is available to replace traditional general purpose non-MEMS based valves.
Almost all MEMS based valves have been designed for a specific micro-scale application such as
lab-on-a-chip systems [6], drug delivery [7], refrigeration [8], or micropropulsion [9].

B. Achievements
Accomplishments since January 2011 include publishing a literature review paper, selecting an
actuation strategy, establishing analytical models, constructing a concept demonstration prototype,
constructing and commissioning an ISO compatible test stand, testing the parallel orifice concept,
designing a learning prototype MEMS valve, and initiating the design of the first prototype fully
featured MEMS valve. These accomplishments are described in order below.

An extensive literature review paper on MEMS pneumatic valves was presented at the 2011
National Conference on Fluid Power [10]. An actuation strategy for the new MEMS valve was
selected based on this paper. All possible actuation strategies were considered, including
piezoelectric, thermomechanical, electrostatic, electromagnetic, and a variety of exotic schemes.
The piezoelectric and electrostatic strategies appear superior to the alternatives based on
efficiency and speed of response. Of these two possibilities, piezoelectric offers an advantage by
way of force capacity at the scale of the MEMS valve. In particular, Lead-Zirconate-Titanate (PZT)
outperforms most alternative piezoelectric materials by a factor of 20 or more, so PZT has been
selected as the material of choice for the actuators.

Basic static deflection and force models have been established for the actuator. In addition, a
continuum fluid model for compressible flow has been adapted to estimate flow rate capacity of the
valve. While all models to date are simple, they are adequate for rough sizing the MEMS valve
geometry.

A “meso-scale” concept demonstration prototype valve has been designed and fabricated and is
currently under test (See Figure 2). The foundation of this valve is a single 35 mm x 13 mm x 3
mm piezoelectric bender, fabricated from PZT, that can be purchased commercially. While the
prototype is much larger than the intended MEMS-scale device, the working principle of the valve is
the same as the final MEMS valve. lts large size enabled fabrication using conventional machining
rather than specialized MEMS processing, thereby making it available on a short time scale. Early
testing revealed that the valve is capable of controlling a flow of 14.5 slpm for a pressure drop of 6
to 5 bar, which is 58% of the goal for the final MEMS valve. The actuator required under 1 milliwatt
of power to cycle it, revealing the breakthrough energy savings that may be possible with a MEMS
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scale PZT-based device. The power specification for the final valve was reduced from 1 watt to 5
milliwatts, a three order of magnitude reduction, as a result. A position sensor on the meso-scale
device is being installed so that the flow rate can be determined as a function of position to better
understand the valve’s flow properties.

Valve Housing ¢

Multiple orifice

Port plate
Port plate P

Off the shelf
PZT actuator

(a) (b)
Figure 2: Meso-scale prototype (a) Solid model and (b) Fabricated valve
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Figure 3: Test Stand for meso- and MEMS-scale valves

A test stand for evaluating the performance of both the meso-scale and MEMS scale valves has
been designed, constructed and commissioned (see Figure 3). The stand conforms to international
standard ISO 6358 [11]. It is equipped with a state-of-the-art data acquisition system.

A question arose in project reviews as to whether replacing a single orifice with multiple smaller
orifices would lead to increased pressure drop. To address this concern, two port plates were
fabricated. One has single orifice of diameter 635 ym and the other has 9 orifices of 210 uym
diameter. The effective orifice area of the two port plates is equal (see Figure 4(a)). The test stand
illustrated in Figure 3 was utilized to compare the flow characteristics of the two port plates. The
results demonstrate that the flow behavior of the two valves is nearly identical (see. Figure 4(b)).
Choked flow occurs for both port plates at a downstream to upstream pressure ratio of 0.48.

Originally, the plan was to fabricate the MEMS valves entirely at the University of Minnesota’s
Nanofabrication Center, but PZT cannot be processed at that facility. In addition, the team has
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been unable to locate a domestic company capable of fabricating PZT on a MEMS device.
Fortunately, the Pennsylvania State University’s Nanofabrication Lab can perform the MEMS
device fabrication steps which involve processing PZT and the MEMS valves will be fabricated by
PSU under a sub-contract.
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Figure 4. (a) Port plates and (b) Mass flow rate Vs Pressure drop of the two port plates

Due to the challenging nature of fabricating the MEMS valves, the fabrication of the first valve is
being done in two steps. First, simple actuators will be fabricated apart from complete valves. The
actuators will include a single layer of PZT on a passive substrate. This device is called the
“unimorph actuator”. Successful fabrication of the PZT will be validated by measuring deflection of
the actuators. Once successful actuator fabrication is confirmed, the first full featured MEMS valve
will be fabricated, which utilize two layers of PZT. At present, the fabrication of the unimorph
actuator is roughly half completed and a draft design for the full featured valve is complete.

Plans for the next year include: completing the testing of the meso-scale valve, completing the
fabrication and testing of the unimorph actuator, fabricating and packaging the final MEMS valve,
demonstrating the MEMS valve operating as a proportional valve, integrating the final MEMS valve
with the TB6 Ankle-Foot Orthosis, and developing improved sealing strategies for the next
generation MEMS valve. Longer term goals consist of developing improved flow models of the
MEMS valves and exploring the effect of contaminants in the fluid stream on the valve.

Revised Major Milestones:

» Unimorph actuator completed — March 2012

* Meso-scale valve tested — April 2012

* MEMS valve fabricated and packaged — June 2012

* Proportional controller demonstrated - July 2012

* First MEMS valve integrated into TB6 — August 2012
* Improved sealing strategies developed — May 2013

Member company benefits

CCEFP member companies can benefit from this research in three ways. First, the valve
constitutes a new concept for constructing miniature pneumatic valves with significant market
potential. Second, developing the valve provides an opportunity for member companies to
become familiar with MEMS fabrication techniques, which are likely to play a growing role in valve
manufacturing technology. Third, new modeling strategies will be developed which are applicable
to micro-level flow devices.
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Project 2G: Fluid Powered Surgery and Rehabilitation via Compact, Integrated Systems

Research Team

Project Leaders: Robert J. Webster Ill, Mechanical Engineering, Vanderbilt
Jun Ueda, Mechanical Engineering, Georgia Tech
Other Faculty: Vito Gervasi, Rapid Prototyping Center, MSOE
Eric J. Barth, Mechanical Engineering, Vanderbilt
Graduate Students: Diana Cardona, David Comber, Vanderbilt
Melih Turkseven, Gregory Henderson, Georgia Tech
Undergraduate Students: Mohammad Rahman, Vanderbilt

Colin Andrew, Sana Ali, Brandon Witt, Georgia Tech
High School Teachers (RETs): Gabe Sterling, Sean Donnelly, Vanderbilt
Industrial Partner: Martin Companies, Charlie Martin, CEO

1. Statement of Project Goals

The research goal is to extend fundamental understanding of the unique characteristics of fluid power that
enable precise machines to withstand intense magnetic fields. Toward this end, the project will develop
compact systems where cylinders, valves, and sensors are no longer independent entities assembled
together, but are a single integrated system that can be manufactured simultaneously. Magnetic
Resonance Imaging (MRI) compatible devices are the perfect focusing application for this research. In
surgery MRI provides exquisite soft tissue resolution, but robots are required to effectively make
intraoperative use of this information. In rehabilitation, functional MRI (fMRI) offers the unique ability to
visualize brain activity during therapy. Fluid power is an essential enabler in both contexts, because
traditional electromagnetic actuators fail (or cause artifacts in) intense magnetic fields. This research will
open an entirely new industry to fluid power: Medicine (~1/6 of the Gross Domestic Product of the USA).

2. Project Role in Support of Strategic Plan

We aim to break the Major Technical Barriers relating to 1) Compact integrated systems (by designing
systems where valves, cylinders, and sensors are not separate entities), and 2) making fluid-power
systems safe and easy to use (new force sensors will ensure human safety when interacting with
machines in an MRI). Furthermore, we will break a Transformational Barrier by applying fluid power in
medicine. This precisely aligns with the CCEFP vision “of transforming and fully exploiting fluid power
into a compact, efficient and effective source of energy transmission.” Full exploitation requires new
directions within the center, and fluidic energy transmission is the only effective way of transmitting
energy during imaging in an MRI.

3. Project Description
A. Description and explanation of research approach
Toward achieving necessary compactness, the project determines fundamental engineering
principles whereby compact fluid power systems can be manufactured as integrated devices rather
than a collection of assembled components, which can lead to compactness and performance
advantages compared to traditional assemblies. The project explores control of MRI compatible
pneumatic systems; line dynamics and the nonlinearities intrinsic to pneumatic control make this an
interesting theoretical problem.

Intraoperative image guidance, and particularly use of MRI images which have far better soft tissue
imaging capability than other modalities, has the potential to fundamentally change the fact that the
success of any modern surgery relies entirely on the experience, memory, spatial reasoning,
judgment, and hand-eye coordination of the surgeon. To break this barrier and move surgical
accuracy beyond the limits of human skill and perception, what is needed is real-time image
feedback during surgery, combined with precise machines able to accomplish the surgeon’s
objectives accurately. Such feedback can 1) enable the surgeon to visualize the position of
instruments in relation to sensitive subsurface blood vessels, nerves, tumors, etc., before incisions
are made, and 2) enable the robot to directly position a tool at a desired target specified in a
medical image. Both of these capabilities have the potential to make surgery safer and to improve
clinical outcomes by enhancing the accuracy of treatment delivery. MRI is a key enabler of this
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due to its unique ability to clearly show soft-tissue boundaries and structures which are not visible
in other imaging modalities. This makes fluid power essential — it is the only viable technology that
can transfer energy to actuate machines without the adverse interference effects associated with
by the intense magnetic fields required by MRI or interfering with the imaging itself. MRI is also
safer than other imaging modalities like CT, which use ionizing radiation.

Magnetic resonance imaging is one of the most useful methods available to study neuromotor
functions, evaluate rehabilitation therapies, and perform image-guided interventions and surgeries.
Functional MRI (fMRI) is a new technique that can observe brain activity by measuring blood flow
in a certain area. Research on brain-hand coordination in fMRI is an emerging area. Actuation
and sensing technologies that can be used in MRI/fMRI would provide a wide variety of
applications and research opportunities such as studies on neuroplasticity after stroke,
somatosensory and motor functions, and sympathetic nerve activity during motor task learning.
The study requires non-magnetic, compact, low-noise, highly accurate haptic interfaces with
pneumatic actuators. The strong limitation in the selection of materials requires methodologies to
design, develop, and analyze mechanical systems that can be used in fMRI. To achieve accurate
sensing in fMRI, we have developed a new design method based the distribution of strain energy
[1, 2] that mitigates the hysteresis in the structure and improves the signal-to-noise ratio of sensing.
The team has investigated the pneumatic line dynamics and delay.

In summary, the research groups at Vanderbilt, Georgia Tech, and MSOE are working
collaboratively to build a hardware and software “library” of MRI compatible fluid-powered sensors,
actuators, and control methods, applying them to image-guided surgery and rehabilitation, sharing
information about novel sensors and actuators, and jointly developing control methodologies.

Achievements

MRI-compatible Actuators and Surgical Robots

Identification of Specific High-Impact Surgical Application/System Concept. This year epilepsy
treatment was identified as the specific initial clinical application of the system. The minimally
invasive robot will provide a potentially curative treatment for the large number of epilepsy patients
(50 million worldwide) [4]. Currently, medicinal treatment is ineffective for 15-40% of epileptic
patients [4] and the only option is open brain surgery to remove the hippocampus, a structure deep
in the brain where seizures originate. To achieve the same treatment effect without surgery, we
plan a needle-based approach to deliver thermal therapy using an interstitial acoustic ablation
probe. To deliver this therapy accurately, reproducibly, and efficiently, real time imaging and
robotic assistance will be used to achieve precise, conformal ablation (see Figure 1). The position
of the ablation probe tip is spatially controllable via a robotic steerable cannula; electronically
controllable because the ablation probe contains an array of piezoelectric elements that permit both
radial and axial control of ultrasonic, and hence thermal energy deposition. Real-time image
feedback is provided by MRI images, enabling precise targeting of the desired structure, and
image-based thermometry for real-time thermal therapy monitoring during intervention.

Figure 1: (Left) A concentric tube steerable needle. This device is controlled by translation and rotation of
component tubes at their respective bases as shown in the inset line drawing.

(Center) A picture of the brain showing the hippocampus (green structure near the center of the head).
(Right) Illustration of the ablator tip positioned in the hippocampus, with two projection MRI image views.
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Fabrication of MRI Compatible Robot Prototypes: Several prototypes of MRI compatible robots
were constructed and tested this year. The robot shown in Figure 2 is capable of controlling 6
degrees of freedom (the axial translations and rotations of three tubes in a concentric tube robot),
and is completely pneumatically controlled feedback from both optical encoders and pressure
sensors. As shown in the figure, a modular concept has been pursued so that additional tubes can
be added if desired. Rod locks were included for safety. General design objectives were small size
with  minimum friction to improve control
precision. Each steerable cannula tube is
translated via an acrylic plate supported by two
plain linear bearings. Two carbon fiber guide
rods support all three sliding plates. Each of
the two curved elastic tubes rotates via one
pneumatic actuator and transmission mounted
to its respective acrylic plate. The reciprocating
motion of the piston-cylinder is converted to
rotation using a timing belt and pulleys. Images
of a standard Alzheimer’s Disease
Neuroimaging Initiative (ADNI) phantom with
the robot in the MRI scanner were collected
and sent to Raforninn, Inc. for analysis. They

exhibited zero geometric image distortion Figure 2: Modular pneumatic robot
(result within scanner calibration limits). MRI prototype able to control three tubes to
compatibility was tested by placing the robot in deliver the steerable needle into the human
a MRI scanner during imaging. No image brain in the MRLscanner. Five Degrees-of-
quality degradation was apparent, and no robot freedom are shown with 1, 2, and 4 being
components were heated excessively. translational and 3 and 5 being rotational.

Nonlinear Control Results: A high precision nonlinear controller for the pneumatic actuators has
been developed [5]. Experimental results show a steady-state error with mean 0.018 mm and max
0.028 mm, with max overshoot of 0.371 mm. The controller for each actuator requires one 4-way
spool valve, two pressure sensors, and one optical encoder. The pressure sensors and valves are
located 3 meters away in a Faraday Cage to eliminate any measureable image effects, and are
connected to the robot only through plastic air lines. In recent experiments since publication of [5],
we achieved a maximum error of 0.005mm (encoder resolution).

Initial Image Guidance Results: To begin to solve the problem of aligning the robot’s coordinate
system with the imager’s coordinate system (the “registration problem”), initial in-scanner targeting
experiments using a 6 DOF piezoelectric robot in collaboration with Greg Fischer's group at
Worcester Polytechnic Institute were pursued. The MRI compatibility of the robot was evaluated in
a 3 Tesla MRI using standard prostate imaging sequences with an average signal to noise ratio loss
of less than 2% during actuator motion. The accuracy of the active cannula tip position was
evaluated first in benchtop trials using an external optical tracking system with RMS error of
1.00mm. Three phantom insertions in an MRI scanner showed that cannula trajectories that agreed
with kinematic models with RMS tip error of 0.61-2.24 mm. These accuracies are promising, but
additional experiments are needed to establish statistical significance. These image guidance
results are accepted for publication in [6].

fMRI-compatible Sensors and Haptic Device

Non-magnetic haptic interface: Figure 3 shows an overview of a 1-DOF haptic interface. A
pneumatic cylinder produces bidirectional movement of an end-effector that interfaces with a
subject in MRI. The pneumatic actuator is remotely controlled by pressure valves located in a
control room. A force sensor is attached to one end of the handle that measures the force produced
by the device. A rotary encoder, attached to the device through a pulley, measures the linear
displacement of the pneumatic cylinder. The main research aim is to develop MRI-compatible
sensors for this interface and understand the characteristics of the integrated system under closed
feedback control through long pneumatic lines. The assembled haptic interface will be used in an
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MRI gantry (e.g., the Siemens MAGNETOM Trio 3T at the GT/GSU Center for Advanced Brain
Imaging that proves a space of 142 cm (length) x 60 cm (diameter) for a subject to lie down in the
space). The displacement sensor utilized in this project is an assembly of a rotary encoder and a
plastic wheel that follows the relative displacement of the surface in contact. Since the
displacement sensor does not have to be close to the area of imaging, commercial rotary encoders
could be used. The resolution of current displacement sensor is 0.028 mm which can be increased
by adding a gear box between the wheel and the encoder if necessary.

Pneumatic
Cylinder
Rotary Encoder
Force Sensor

Optical force sensor

Figure 3: Pneumatically driven MRI-Compatible Haptic Interface [3]

The goal is to build a fully MRI compatible sensor that is compact and highly accurate for a fluid-
powered haptic interface. Fiber optic extrinsic sensor technologies are considered to be suitable for
this project. Among different fiber optic sensing methods, reflective sensing by light intensity
measurement is implemented. Although that type of sensing involves sub-millimeter assembly
procedures it is highly sensitive. The sensing principle shown in Figure 4 is adopted. To use the
same fiber as the source and the receiver, and to eliminate the instability in the light source, a 2x2
coupler is used in the circuitry. This design reduces the number of fibers attached to the device and
facilitates the cable management in the MRI room. A numerical approach for fiber to mirror light
transmittance has been initiated.
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Figure 4: Sensing Principle in MRI (Left) Light, transmitted by a fiber, passes through a fiber-mirror
inter-face. The returning light is measured by a photodiode; (Right) Deformable structure of the sensor

Mechanical design based on strain energy: The team designed a displacement amplification
mechanism (DACM) which is compact and convenient for sensing tasks in a limited volume. The
aim was to suppress the hysteresis problem with these DACM units and further improve the
resolution of the reflective sensing technique (see Figure 5). The displacement of the top portion is
amplified by the mini-link in the middle where the mirror is attached facing to the fiber. The
amplification ratio is raised, its ability of decoupling is enhanced and it is made easier to assemble
to fiber optic cable. The structure is decided to be made of Acetal regin (DuPont Delrin) for its high
MRI-compatibility and relatively low hysteresis characteristics. The range of measurable force was
adjusted to meet the maximum force created by a pneumatic actuator that we are planning to use.
A newly designed force amplification mechanism improves the resolution of force sensing, and
obtained a force resolution of 0.06N by effectively reducing the hysteresis due to plastic
deformation. A force feedback controller has been implemented on an integrated haptic device.
The scientific contribution of this work is that it was indicated that the sensitivity of a compliant
mechanism could be traded for a lower hysteresis i.e. higher repeatability. Although it may fail to
improve the sensitivity, a DACM could be targeted to achieve high repeatability in a sensor.

MRI-compatibility test. The sensing unit was brought to an MRI machine (Siemens Trio 3T) in the
Center of Advanced Brain Imaging. The effect of the sensor on the image quality was analyzed by
comparing the images of the PHANTOM device with and without the sensor in the imaging room.

121



First, the sensor was placed in zone 2 and then the sensor was placed in the middle of the area of
interest (zone 1). The distortion due to the force sensor is analyzed by taking the difference
between related images. As a preliminary analysis, the differences in the images were calculated
as the ratio of total pixel value of difference in images with respect to total pixel value of the
reference image. The sensor, made of Delrin, caused only 1.6% of change in the image, showing
sufficient MRI-compatibility of the sensor.

Model Strain En- | Hysteresis | Sensitivity | Overall
ergy (mJ) (mm/N) Quality

Basis Mechanism | 2.313 0.135 0.227 1.682

Sample A | 0971 0.046 0.281 6.109

(Modarate

Amplification

Mechanism)

Sample B (High | 0.802 0.036 0.204 5.667

Amplification

Mechanism)

Figure 5: Basis mechanism (Left), sample A moderate (amplification mechanism, in the middle),

sample B (high amplification mechanism, on the right). Table shows the independent parameters

which define the amplification factor of the manufactured samples. Sample B shows the highest
performance that is equivalent to a resolution of 0.06N (c.f., approx. 1 N for the Basis mechanism).

Pneumatic line transmission delay: The delay of air pressure control could potentially destabilize
the closed-loop control. The team confirmed that the delay is approximately proportional to the
length of tubing. However, the response time depends on the air pressure. A response delay of
0.5 s was observed for a pneumatic line whose length is 30 feet operated under 30 psi [3]. Future
work includes the development of a robust feedback controller that achieves satisfactory
performance under a large delay of air pressure control due to the use of long hoses between the
MRI laboratory and control room.

Plan for next 5 years

The miniature integrated fluid-power systems developed in this project can be applicable broadly
within the center to projects where size and weight of components must be minimized, including
the quantitative evaluation of Test Beds 4 and 6 using fMRI. Pls Webster and Barth have already
begun collaborating with Dr. Joseph Neimat, a neurological surgeon, for clinical insight and
guidance of the surgical robot project. Pl Ueda plans to start collaborating with physiologists and
physical therapists (e.g., Drs. Shinohara and Wheaton in Applied Physiology at GA Tech who have
extensive functional MRI experience at the GT/GSU Center for Advanced Brain Imaging) so that
project results can seamlessly be transitioned to clinical settings. Results will also be applicable to
Pl Ueda’s stroke rehabilitation robot project in collaboration with the University of Tokyo Hospital,
Japan, a project supported by another NSF grant. The Pls will continue to seek external funds in
the areas of biomedical and rehabilitation engineering, neuromuscular physiology, and clinical
studies from one or two major funding agencies such as NSF (e.g. the NSF Research to Aid
Persons with Disabilities (RAPD) Program), NIH, NASA, and DoD.

Thus, significant future funding is expected on both surgical applications (likely from NIH) and
rehabilitation applications (from NIH or other funding agencies). This is expected to significantly
contribute to the Center's graduation strategy, as the investigators establish a self-sustaining
center of excellence in medical fluid power that will continue beyond the duration of the ERC itself.

Member company benefits

Among the CCEFP member companies, some valve and actuator companies (including Enfield
Technologies) have an interest in this project. In addition, Martin Companies, Acoustic
MedSystems, and Panasonic Corporation (ActiveLink, Panasonic’s in-house venture company)
have agreed to support the project. PI's Webster and Barth have started a collaboration with
Acoustic MedSystems and submitted a NIH Phase | SBIR proposal on the surgical robot. This
collaboration will be leveraged into a Phase Il proposal with the endpoint being a product brought
to market. The Martin Companies also remain interested in commercial potential of this
technology, and PI Barth will continue to explore ways that it might be leveraged in their business.
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Project 3A.1: Multimodal Human Machine Interfaces - The impact of operator interface on fuel efficiency

Research Team
Project Leader: Prof. Wayne Book, Mechanical Engineering, Georgia Tech
Other Faculty: Prof. Steven Jiang, North Carolina A&T
Prof. Zongliang Jiang, North Carolina A&T
Prof. Eui Park, North Carolina A&T
Prof. Perry Li, University of Minnesota
Graduate Students: Mark Elton, Aaron Enes, Longke Wang, Ryder Winck
(Heather Humphreys on an associated project is cooperating)
Undergraduate Students  Michael Valente
Industrial Partners: Caterpillar, John Deere, HUSCO International, Bobcat, Sauer Danfoss

1. Statement of Project Goals
This project will establish the relationship between the user interface and fuel efficiency for a relevant
range of dynamic system behaviors. The interfaces used will incorporate both traditional and
experimental interface devices and sensory modalities. Prediction of the relative performance of
interface approaches will be enabled for a range of applications. Implications for usability will be
addressed through collaboration with researchers at NCAT.

2. Project Role in Support of Strategic Plan
Fluid power devices will be used more effectively, thereby reducing working time and hence the
energy consumption (efficiency barrier). New and existing devices will be able to safely perform their
intended functions under human direction without undue workload on the operator (safety and human
machine interface barrier).

3. Project Description
A. Description and explanation of research approach

Fluid power applications potentially range from huge mobile excavators to compact wearable tools
for home use. In most of those systems, human operators directly interact with machines. The
necessary communication between humans and machines directly impact system performance [1].
Coordinated control and other more intuitive interfaces have been shown to reduce operator errors
and speed up completion time. However, the impact of intuitive operator interfaces on fuel
efficiency is unknown. This research will compare how fuel efficient operators are with a standard
versus a novel HMI. It will also examine the differences based upon the type of machine (pump or
valve controlled) and the characteristic behaviors that may be inherent or imposed on these
differences.

Traditional human machine interfaces often rely solely on the visual modality as a path of
communication between humans and machines. However, when operator’s workload is heavy, the
number of channels that are available for communication between the operator and the machine
become more and more crucial. In practice, the visual modality or seeing, and the audition
modality or hearing are the most commonly used. Other modalities through which the machine can
send information to the human include feel (sense of pressure and its variations) and
proprioception (the body’s awareness of its own geometry and forces).

The challenge before us is the multiple criteria for evaluating the performance of a fluid power
system: energy efficiency, productivity, user acceptance, accuracy of motion, safety, etc. The
improvement of one of these metrics has a consequence on the others. It is possible to
quantitatively measure energy efficiency as is proposed here, while usability is a more qualitative
issue but one which must be simultaneously evaluated. The expertise of NCAT researchers have
already started to address this issue and their contribution will continue to be essential.

Another challenge for some scenarios is that the operating environment is extremely complex and

not readily controlled for testing. Georgia Tech has created an excavator simulator which
minimizes the variation between test runs and will be further augmented to include operator motion
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as well as tested on TB1 at Purdue. Concepts will be reinforced with simulation and physical
verification on the compact rescue robot, TB4.

. Achievements

This summary of center work does not cover work completed under 3A1 at NCAT on human
modeling. Those results will be covered in Projects 3A3 and 3E.

Simulation based studies of interfaces: In order to be able to quickly interchange and test new
HMIs or iterations thereof, an excavator simulator has been constructed that simulates the
mechanical and hydraulic dynamics of test bed 1 in its current pump-controlled state with the
environment. The Bobcat Company donated an excavator for the operators to sit in while
controlling the simulation.

The simulator is composed of three modules — the HMI interface, the dynamics simulator, and the
graphics simulator. Each of these modules was specifically written in blocks so that they could be
easily modified for future use. The simulator and modified versions thereof have been used at
Georgia Tech and North Carolina A&T and have proved their robustness.

To complete the excavator simulator, a more extensive excavator-soil model was developed.
Previous soil simulations have only examined trajectories and soils where the soil can only exert a
force on the bucket less than the force exerted on the soil by the bucket (i.e. loose sand).

A test with 26 subjects was run on the simulator. The subjects used the joysticks in a standard
state of the art input mode and used the Phantom in a position control mode to remove soil from a
trench. The results from using each device were compared and presented in a paper at the FPNI
PhD Symposium. The Phantom device was found to be 81% faster at removing soil from the
trench and 18% more energy efficient for removing a unit volume of soil from the trench.
Additionally, a webcast was held with members of four member companies represented to discuss
the testing and results.

Four new input modes were added to the excavator simulator. Previously the joysticks could only
be used in joint velocity mode, which is the current state of the art. The two new velocity control
modes allow the operator to move in either the world frame (a frame fixed to the tracks of the
excavator) or in the operator frame (a frame that rotates with the cab). The other input modes
developed were world and operator frame velocity control modes for the Phantom. The same
control module was used, but the commands were read in from the Phantom.

In addition to changing the software to reduce the number of computers, many other changes were
made to increase the versatility and ease of use of the software. With data from TB1, a fuel map
was created that allows the simulator to calculate the fuel consumption of the excavator
instantaneously and cumulatively. Now a fuel amount can be calculated, and from that a
calculated dollar amount of the savings provided by new HMIs. Also, additional code has been
added that allows data recorded from TB1 to be read in as either joystick commands or swashplate
commands. This enabled the comparison of the simulator to TB1 for model validation.

Finally, much effort and research was invested in deciding what aspects of HMI should be explored
next. Several ideas have been formulated on energy saving control schemes and more intuitive
interface devices. Members at Georgia Tech teleconferenced with representatives from several
Caterpillar departments on the usefulness and feasibility of some proposed research topics.

During the past year, new hand controllers have been developed to realize the benefits of the
position control as discussed above while addressing some of the challenges of employing a
position control device on a real machine. Some examples of the challenges are operator fatigue,
need for sensors to measure joint positions, and the inability of the operator to let go of the joystick
without causing machine motion. Six different hand controller prototypes been constructed. Four
of these controllers were tested in a brief pilot study. All of the controllers tested in the pilot study
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use position control of the boom, arm, and bucket and rate control for the swing. The results of the
pilot study helped to select two controllers for a full study to compare their performance with a
standard state of the art controller. This study is getting under way this week with 24 subjects
taking part. The study is making use of the excavator simulator that has been upgraded so that the
cab physically swings along with the simulation. A separate hand controller prototype that uses
conventional joint flow commands but is kinematically similar to the excavator arm will be the focus
of a future study to be perform later in spring 2012. This prototype was built through significant
modification of a donated Sauer Danfoss joystick. It offers a potentially more intuitive interface to
conventional joysticks without the need of any sensors and with little to no additional operator
fatigue compared with the current state of the art.

The user studies performed with these hand controllers will provide valuable information towards
future research. Regardless of the results of the study, modifications will be made to the designs of
the hand controllers. If the hand controllers do not perform well, future work will involve improving
the design to compensate for observed inadequacies and to evaluate at a theoretical level what
significant design changes relative to the Phantom controller caused the reduction in performance.
Assuming positive results from the studies, further improvements to the hand controller designs will
be made in terms of comfort and robustness. An example of a potential modification that will likely
be explored is the addition of friction to the joints of the position control hand controllers to enable
the user to let go of the hand controller without causing unwanted machine motion. These hand
controllers will be tested on TB1 to demonstrate their effectiveness in operating a real machine. In
addition we will explore the possibility of commercializing the hand controllers through filing of a
patent or patents. Long term future work will involve incorporating automation and haptic feedback.
As an example of automation, an operator could specify a maximum depth for a trench and the
machine would prevent the operator from digging below that preset depth. Haptic cues will be
explored as a way to transmit important information to the operator. This will not be limited to
coordinated forces but will focus more on the transfer of information, potentially through the use of
vibratory cues. Vibratory cues have been demonstrated to provide intuitive information without the
need for extensive hardware modifications [2].

To test the viability of the Phantom interface on production machines, the Phantom interface was
tested both on and off TB1. Although the testing was only preliminary, it showed the viability of the
Phantom interface for excavators in the field. It also demonstrated that biodynamic feedthrough is
indeed an issue to be addressed. The week spent on site with TB1 laid the foundation for in depth
experimentation during the upcoming year by standardizing both the software and hardware
interfaces between the Phantom (and future hand controllers) and TB1.

Several improvements were made to the TB1 simulator [3, 4]. The swing motor of the operator
workstation was connected to an external pump and custom encoder attached to the cab so that
the cab of the simulator now servos to the same position as the onscreen arm. This greatly
improves the realistic feel of the simulator and also provides some motion feedback so that the
effects of biodynamic feedthrough on different hand controllers can be studied, at least in part. A
“ghost arm” was added to the simulator that displays either a wire-frame or transparent arm overlay
of the commanded arm position. The ghost arm also has the option of leaving a trail of ghost arms
(similar to the “tail” option of a computer mouse) that show the path that the real arm will follow to
reach the ghost arm, or commanded position. The effectiveness of displaying a ghost arm is being
measured in an ongoing experiment using simple 1- and 2-D video games. The results from this
experiment will be used to formulate the experiment that tests the effectiveness of the ghost arm on
the TB1 simulator.

Five simple video games were designed to test how position control, position control with a ghost,
and rate control compare for five task (1- and 2-D tracking, 1- and 2D point-to-point motion, and
path following). Thirty subjects participated in this study. The data collected has not been fully
analyzed, but it has been shown that for both point-to-point motion tasks the rate controller easily
outperforms the position controller. However, the position controller with a ghost performs slightly
better than the rate controller. After the data from this test is fully analyzed, new control laws will
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be proposed to improve on the current performance. The video games will be played with the new
control laws to determine how performance changes. The best controllers will be implemented on
the TB1 simulator along with the ghost arm to test their effectiveness. [5]

The future work of this project will be to determine if matching feedback with operator intent will
improve operator performance. The current video game test will conclude in March, and the data
will be analyzed to compare operator performance for each controller for each task. The types and
costs of the errors will be enumerated. New control algorithms will be proposed that aim to
eliminate or mitigate these errors, and a second round of video game test will measure the
effectiveness of the algorithms at accomplishing this goal. The best of the control algorithms will
be used for a test using the TB1 simulator. Operators will also perform different tasks (point-to-
point motion, tracking, path following) with different controllers (position control, velocity control)
under different task conditions (obstacles, bandwidth of the machine, etc.) to measure how different
task factors influence the operator’s intent. Unlike previous work, this research will compare the
fuel efficiencies of different human-machine interfaces as well as time efficiencies. The TB1
simulator graphics will be modified to display on a 3DTV, which will be mounted on the simulator,
replacing the current 2DTV. The feasibility of using a ghost arm for tele-operation will be
investigated by displaying the arm with 3DTV technology.

Blended Shared Control: Previous work in Project 3A.1 resulted in a framework for a type of
control we termed Blended Shared Control (SC). Blended SC allows the operator to cede authority
to the machine to modify (either directly or indirectly) the original velocity commands such that the
resulting motion results in a lower-cost task completion. This requires a three-part structure. First,
the operator’s intended task (e.g. slew left 60 degrees and raise boom 1 m) is inferred based on
present and prior inputs. Second, the optimal control input for this task is computed subject to the
constraints of the machine dynamics and the inferred task specifications. Third, the original
operator input is combined with the optimal command in a manner which attempts to guarantee
that the resulting command results in a lower-cost task execution.

Initial experiments on a single-DOF system showed Blended SC reduced task completion time
when compared to manual control [6]. Then the concept of Blended SC was extended to multi-
DOF hydraulic actuators, such as the industry-standard excavator (TB1). We introduced a model
that expresses cyclical excavation tasks as a sequence of piece-wise monotonic motion primitives.
Thus, we have the capability to predict an operator’s intended task (essentially, the relative
displacement of each of the actuators) from the parameters of the motion primitives, which are
learned online using an approach based off of recursive least squares [7]. Further, for each motion
primitive, there exists a closed-form optimal solution based on a refined kinematic excavator model
that includes the single- and multi-functional flow constraints that dominate an excavator’s steady
state response. [8] The Blended SC algorithm is responsible for steering (either through direct
modification or indirect cues such as haptic or auditory feedback) the operator’s original input
command towards the optimal input.

The initial research of Blended SC culminated in the Summer of 2010 with an experimental study.
Over thirty operators (including experts and novices) completed a number of “excavation-like” tasks
using the virtual excavator test bed developed by Mark Elton. The effects on task completion time
of Blended SC and conventional manual control were studied. The results showed that excavation
productivity is up to 15 percent greater using Blended SC compared to manual control with no
electronic assistance. A brief overview of the experimental results will be presented at a major
industry conference in Spring 2011 [9], and further research write-ups are now being prepared.

Aaron Enes completed his PhD on this topic at the end of 2010 and currently works for Lincoln
Laboratories in Cambridge, MA.

Adaptive Robust Control of Variable Displacement Pumps: A direct pump displacement controlled
actuator control algorithm fit for engineering practice with fewer limiting assumptions was proposed.
A dynamic compensation solution to improve tracking performance is also proposed. A new test
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stand designed for displacement controlled actuator has been built up to verify the control strategy
and the compensation results. More specifically:

(1) Singular perturbation theory was introduced to hydraulic control to simplify control design and
make the results a better fit for practical applications [10]. A full state controller is plausible but
not advisable in the practice since the integrated system requires not only the control efforts
but also controller itself have higher bandwidth. | t turns out that an adequate controller design
can neglect the highest system natural frequency while maintaining system stability and
performance using singular perturbation methods. The result is published in the IEEE/ASME
Transactions on Mechatronics [11].

(2) There are always some uncertainties in the hydraulic machines, e.g. varying loads of
excavators; the classical adaptive control approach cannot converge to such varying
parameters unless there is no measurement noise. However, measurement noise is inevitable
in the practice. We are using recursive least squares method to keep system parameters errors
to the minimum thus ensure system stability [12]. Furthermore, a simplified algorithm was
applied to decrease controllers’ calculation periods that make the algorithm is more fit for real
time control.

(3) A new hydraulic test stand has been build up to verify the proposed algorithms. The trajectory
tracking performance has been improved and the pressure oscillations (a common problem in
the direct pump control) have been lessened. Experiments were conducted to validate
simulation results. The circuit not only ensures the circuit itself stability, and preserves the high
energy efficiency of the traditional circuit. Furthermore, a tracking compensation can be issued
by the controller to improve the dynamic response of the cylinder. Part of results culminated in
a paper published by the Journal of Dynamic System, Measurement and Control [13].

To deal with measurement noise and parameter convergence rate, an adaptive control algorithm
with recursive least squares has been proven and validated by the experiments. The square root
algorithm has been implemented to increase the controller computation efficiency and stability.

Discrete time control is popularly applied in hydraulic control systems, however, it is difficult to
achieve desired trajectory tracking except some extreme cases. A hybrid control algorithm has
been developed and validated by experiments. The algorithm can be naturally combined with the
result (3) and, at same time, ensure the system can achieve desired trajectory tracking.

Longke Wang defended his PhD thesis in May, 2011. His research was tested in his absence on
TB1 but time did not permit full tuning of the algorithms in the period of the two day visit. The
success of the technique on the GT test bed could not be duplicated. Dr. Wang currently works for
Parker Hannifin.

C. Member company benefits

The most interested and affected companies are the equipment builders in CCEFP. This includes
John Deere, Caterpillar, and Bobcat. Caterpillar has attended our webcasts regularly and has a
very active industry champion. Deere, Bobcat, Sun, MTS Systems and Sauer Danfoss have
donated equipment that has enabled the studies to be as realistic as possible. HUSCO has been
invaluable in critiquing the progress on pump displacement control. Parker assisted in testing a
proposed circuit on TB4 at Purdue. Special thanks to Rollin Christensen for his assistance in
securing and mounting the experimental circuit on TB4.
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Project 3A.3: Human Performance Modeling and User Centered Design

Research Team

Project Leader: Prof. Steven Jiang, Industrial and Systems Engineering, NCAT

Other Faculty: Prof. Zongliang Jiang, Industrial and Systems Engineering, NCAT
Prof. Eui H. Park, Industrial and Systems Engineering, NCAT

Graduate Students: K. Hughes, A. Lee, Q. Jenkins-Penha, B. Osafo-Yeboah, Y. Liu, R. Delpish,
and D. Davis

Undergraduate Students: L. Levin and B. Handshaw
Industrial Partners: Seth Redenbo, Caterpillar

1. Statement of Project Goals

The goal of the project is to develop an integrated human performance model that can address both
cognitive and physical perspectives simultaneously in complex fluid power (FP) systems where human
operators interact with the machines, and to use user centered design approach to develop human
machine interface for selected fluid power systems (test beds) that are user-centered, safe, easy and
comfortable to use.

2. Project Role in Support of Strategic Plan

This project studies the effectiveness of human operators when interacting with fluid power systems. It
supports one of the key thrust areas of the center — effectiveness research thrust. In fluid power
systems where human operators interact with the machines, the overall effectiveness of the system
depends on the effectiveness of the human operator performance. This project presents a new
framework to integrate cognitive and physical models of human performance for a fluid power system.
A case study using the excavator test bed has been conducted to validate the integrated model and
provide design suggestions for other complex fluid power systems. Specifically, the interaction
between operator and the machine were studied to assess the overall system effectiveness. With
regard to any revision or a new design of a fluid power system interface, a user centered design
approach is recommended so that end users are involved in the design process from the very early
stage and ensures the interface will be easy, comfortable, and safe to use, and consequently, will be
more effective.

3. Project Description

A. Description and explanation of research approach
Human performance plays a significant role in complex systems. With the advancement of fluid
power technology, fluid power systems today can provide a wide range of functionalities, and yet
they might not achieve their full potential if the human operator cannot perform at their best.

Research efforts in complex fluid power systems are exciting and promising. Unfortunately, very
litle research has been done on the human-machine interface of those fluid power systems. In
fact, many complex fluid power systems are still manually controlled, requiring excessive amounts
of energy, intense task concentration, high skill level, and decision-making capabilities on the part
of the operator of the equipment. Operators need to interact with machines more effectively to
accomplish the desired tasks. Unfortunately, the complex interactions between the operator and
the system due to these requirements can often lead to errors and misunderstandings, and
consequently degrade the overall system performance despite the fact the machine performance
has advanced. Machines cannot accomplish complex tasks by themselves; they require a human
operator.

Human performance deals with the physical and cognitive limitations of humans and has been
widely used in aviation, automobile, military, medicine, and other industries. However, only limited
research has been conducted in the area of complex fluid power systems. A control approach that
integrates both physical and cognitive human performance is very important for those complex fluid
power systems. Unfortunately, those that study human performance in fluid power systems, often
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concentrate on either the physical or cognitive part of the performance, failing to take into
consideration the interaction between the two. The project has defined the following sequential
approach to develop a user interface (Ul) that facilitates integrated human performance:

1. Define levels of human performance: environment, system, human, and task
Define performance states

Differentiate Cognitive and Physical Functions

Categorization of metrics and extraction of performance variables

Link of performance variables

Select modeling tools to support the framework

Integrate performance models

Implement the framework

© ® N gk wDd

Applying the framework to appropriate fluid power systems

The integrated performance representation consists of four primary areas: human centered factors
which serve as the basis for human performance assessment, a functional relationship which
connects cognitive and physical performance, discrete-event simulation tools to realize (link) the
integration process, and model output to provide a comprehensive representation of performance.
The representation initiates with the key human centered factors from which performance metrics
will be used as a subset to classify performance variables. From each performance metric,
variables are linked through a functional relationship integrating cognitive and physical
performance. Both the cognitive and physical aspects of performance will then be assessed in
human performance modeling tools. Simulation with both tools will result in output capable of
creating an integrated performance representation. The cognitive tool will be used to simulate the
performance and human processes such as attention, perception, decision making; whereas, the
physical tool will be used to extend the model to consider physical performance factors such as
anthropometry, biomechanics, and movement. With the use of both tools, the human, system, and
environment will be represented. Benefits of integrating internal models of cognitive function and
external models of physical function can result in insight being gained on human performance in
terms of operator responses and the cognitive constraints that guide behavior. More importantly,
an understanding of the interaction of physical and cognitive components as well as the influences
of tasks, strategies, and responses in human behavior will be gained. With proper application, the
framework can lead to more accurate simulation models. Integrative models that are both
predictive and computational to simulate cognitive and physical functioning will yield in more
realistic representations and accurate predictions of human performance. Moreover, the
framework can be used to overcome the past challenges of modeling human behavior, identify
system vulnerabilities, aid in the proposal of system redesigns, and foster alternate methods for
reaching the desired performance.

The integrated framework provides the required guidelines for developing human performance
models that account for cognitive functioning and physical behaviors in relation to a variety of
factors that shape human performance. A major contribution of the integrative framework is that it
closes the gap between independent performance models to enhance the knowledge of how
human performance occurs. It also improves modeling techniques by developing a new approach
to modeling human processes with complex systems. The framework provides a structured
blueprint that can be usefully utilized to model, analyze, record, and potentially improve human
performance. Also, this framework identifies major types of knowledge that is required to increase
the understanding of human performance and model integration. Such knowledge includes an
understanding of performance at various levels, knowledge of the states and functional
components of human performance, acknowledgement of the interactions that produce operator
behaviors, and the correlation between cognitive and physical factors of human performance.
Further understanding of these types of knowledge provide a major opportunity for using the
developed framework to analyze human performance as well as work tasks and operations to
improve, evaluate, and select more efficient processes and systems.
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Figure 1: A case study

The integrated human performance modeling framework has been applied to a fluid power case
study involving a hydraulic excavator controlled by a human operator performing routine excavation
processes to remove earthen materials within a typical construction environment (Figure 1).

This study allows for the simultaneous examination of the influences and effects of physical and
cognitive factors both individually or combined on human performance. Tasks were studied with
regard to the system’s design and function as well as the cognitive and physical tasks employed by
the human operator to attain work goals; thus, reflecting the degree of detail necessary to comply
with the framework’s structure. A 2 (hydraulic and electronic) x 2 (soil and gravel) x 2 (non
integrated model and integrated model) factorial design was used in the experiment to assess the
framework. Micro Saint and Jack were selected as simulation tools to model human performance.
The successful implementation of the framework on the excavator indicates that it can be
expanded to other complex fluid power systems where operator interacts with the machines.

B. Achievements
Achievements prior to February 2011:

e Developed an integrated framework for modeling operator performance in complex FP
systems (2008-2010).

e Conducted a pilot study on excavator operator performance with the integrated model
(2010).

* Conducted empirical studies using various developed Jack models (physical model) for the
rescue robot operators (2010)

e Conducted an empirical study using eye tracking to assess the effectiveness of the trust
instrument for human robotic interaction (2010)

e Conducted a usability study to evaluate the haptically controlled excavator simulator in
Georgia Tech (2010).

* Developed a conceptual model for a user interface suite that interfaces the pneumatic-
power ankle-foot orthosis (PPAFO) with clinicians and patients (2010).
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Achievements in this reporting period:

* Conducted an empirical study on excavators using the integrated human performance
modeling framework (Spring 2011)

A thorough task analysis was conducted on excavators

A 2x2x2 factorial design was used with control type (hydraulic vs. electronic),
environment (soil vs. gravel), and model (non-integrated model vs. integrated model)
chosen as the independent variables and task completion time and workload as the
dependent variables.

Four cognitive models were developed for each control-environment combination
using Micro Saint.

Four physical models were developed for each control-environment combination using
Jack.

Four integrated model were developed linking Physical model (Jack) and Cognitive
model (Micro Saint) for each control-environment combination.

Simulations were run based on the experimental design and data were collected.

Conducted statistical analysis on the data collected from the empirical study using
both univariate and multivariate statically analysis.

Empirical results verified that the integrated model performance was statistical better
than the non-integrated model.

* Conducted an empirical study to assess the conflict between multiple modalities of
excavator operators — Spring 2011

o

o

Three research questions were formulated: (1) Does conflict exists between sensory
modalities (auditory, visual, and haptic) in the haptic-controlled excavator interface?
(2) Are these conflicts significant enough to have an impact on the performance of
operator-excavator interaction? (3) Do operators struggle to coordinate their hand-eye
movement? If they do, how would this affect the efficient operation of the haptic-
controlled excavator?

A haptic-controlled excavator simulator along with eye tracking device (Tobii) was
used in this experiment.

Representative tasks were selected based on the findings of task analysis that was
completed in previous research.

This study was approved by the IRB at NCA&T.

Task completion time, number of scoops and number of drops, eye tracking data such
as fixation count and length, and NASA TLX subjective workload data were collected.

Both visual inspection and statistical analysis were conducted on the data collected.

* Conducted an empirical study to investigate the effect of haptic force feedback on excavator
operator performance and analyzed results — Summer and Fall 2011

o

o

Conducted a pilot study to categorize force feedback to three levels: low, medium,
and high.

An empirical study was performed based on the results from the pilot study and
addressed the following two research questions: (1) Does different force feedback
affect operator performance? (2) What is the optimal range of force feedback values
that yield best operator performance?

A completely randomized design was used with force feedback level being the
independent variable with four levels (none, low, medium, high) and task completion
time, number of scoops required to fill a bin, number of scoops dropped outside a bin,
and accuracy rate being the dependent variables.

o A simulated excavator connected with a haptic device (PhanTom) was used in this

experiment.
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o Both pilot study and empirical study were approved by the IRB at NCA&T.
o Statistical analysis was conducted on the data collected.

Developed clinician centered prototype interface for AFO - Fall 2011
o Gathered feedback from clinicians and other stakeholders
o Visited Georgia-Tech to meet with Physician
o Reviewed literature & Uls related to therapeutic robot rehabilitation and serious
gaming
Determined available resources for Ul development
Designed Mock-up Ul

Plans for the Next Five Years

Conduct an empirical study to assess the auditory feedback on operator performance
Conduct studies of fatigue on operator performance in fluid power systems

Develop a feedback control system representation of human-excavator model Develop
quantitative models for multimodal human excavator interface

Identify the human subsystems in the human-excavator model
Develop a transfer function for each component of the human subsystem

Use Massaro’s Fuzzy Logical Model of Perception (FLMP) to develop a transfer function for
signal/cue perception and integration

Develop a forward and closed loop transfer functions for human-excavator model
Implement and validate models in MATLAB

Develop (revise) a multimodal human excavator interface

Conduct usability evaluation on revised human excavator interface.

Develop a prototype for the clinician-PPAFO interface

Develop protocols for usability evaluations of the prototype

Expected Milestones and Deliverables

Case study using the excavator test bed to investigate the effect of auditory feedback on
operator performance.

A multimodal human excavator interface.
A testable working prototype for the clinician-PPAFO interface

C. Member company benefits
The integrated human performance model can be applied to investigate operator performance for
any complex fluid power systems where operators interact the systems to understand operator
performance before any changes done to the system, allowing them avoid expensive and tedious
prototype/mockup, and thereby saving companies time and money. In addition, as we
demonstrated in our research, companies can use UCD approach improve their design process
and by doing so, they can receive higher customer satisfaction, and reduce training/maintenance

cost.
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Project 3B.1: Passive Noise Control in Fluid Power

Research Team

Project Leader: Prof. Kenneth A. Cunefare, Woodruff School of Mechanical Engineering
Georgia Institute of Technology

Graduate Students: Nicholas E. Earnhart, Kenneth A. Marek

Undergraduate Students:  Michael Walsh, Chandana Ramitha Edirisinghe, Stephanie Moertl

Industrial Partners: Michel Beyer, Eaton Corporation

1. Statement of Project Goals
The aim of this project is to improve noise control in fluid power systems by passive means. Excess
noise is a problem not only for the attractiveness of existing products, but also as a barrier for entry of
fluid power into new markets and technologies. This project seeks passive solutions to the reduction
of noise and vibration by means of integrating engineered compliant materials into existing
components and technologies. The use of compliant materials is expected to help reduce the size of
noise control devices for fluid power.

2. Project Role in Support of Strategic Plan

The reduction of noise and vibration is a core enabling technology for Goals 2 and 3 in the Center's
Strategic Action Plan. For the Hybrid Passenger Car (TB3), noise and vibration reductions are crucial
to mass acceptance of the hybrid technology by the public. Noise can not only be a harmful to hearing
and impair communication, but can increase mechanical fatigue and reduce component life.
Increasing demands on quality make the need for noise reduction a priority for designers. Developing
compact and effective noise control solutions is even more important for Goal 3: Portable, Untethered
Human-Scale Applications. The limitations on noise output are drastically more stringent for devices to
be worn on the body or used in the home compared to industrial applications. Reducing fluid power-
related noise and vibration is crucial to supporting the Center’s goal of enabling new markets for fluid
power.

3. Project Description
A. Description and explanation of research approach
Excess noise is an ongoing issue in fluid power systems. Noise needs to be controlled not only to
meet regulatory standards, but also to meet the expectations of customers and consumers. Fluid-
borne noise is generated by pumps and can couple to structures, causing vibration and air-borne
noise. The high speed of sound in hydraulic fluid, coupled with the low fundamental frequencies of
pumps results in wavelengths of fluid-borne noise that are much longer than the practical size of
common noise control components.

The current technology of reducing fluid-borne noise involves both the use of pressurized, gas-filled
bladders for adding compliance to fluid power systems as well as integrated design features
addressing such noise sources as cavitation and structural vibration. Pressurized bladders are
used in commercially-available in-line silencers (one such silencer is used as a benchmark in this
research) and in accumulators which act as low-pass filters.

As reported previously, the research approach in this project is unique in its application of a voided,
engineered, compliant lining to noise control devices for fluid power systems. There are a number
of patents for noise control devices that reference voided polymer materials [1, 2], however, there
does not appear to be any product on the market exploiting these patents, nor is there material in
the literature. Theoretical models may be found in the literature for annular air silencers [3] and for
hydraulic silencers using flexible plates [4] but none currently addresses annular, compliant-lined
hydraulic silencers. Other devices such as Helmholtz resonators and Quincke tubes have been
studied but are not found in practice as their size is typically too large for practical application
(however, it is our understanding that small, bellows-style resonators are a not-uncommon device
on fuel injection systems; but such are not used in fluid power applications). Helmholtz resonators
have been studied extensively for air; one notable study for a fibrous-lined resonator was
performed by Selamet. [5] A number of studies have evaluated Helmholtz resonators for hydraulic
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systems, but none have been found that incorporate a lining. [6-9] Devices known as tuning coils
act as “a-wavelength resonators and are common in power steering systems. A patent for a tuning
coil was first issued in 1967 [10],and they were studied in the literature in the mid-1990s. [11, 12].
Quincke tubes act as Ys2-wavelength resonators and were evaluated in some of the same literature.
Aside from separate noise control components, fluid-borne noise may be abated by integrated
design features. For example, changes to the geometry of axial-piston pumps and the use of relief
ports in valve plates. [13-15]

A major barrier in reducing the size of noise control devices for fluid power lies in the properties of
the material used in their construction. The material must be significantly more compliant than the
working fluid, yet remain compliant while under hydrostatic pressure. Coupled factors include the
sound speed and loss factor; a low sound speed is related to reflection losses from the impedance
change at the inlet and internal reflections, while the loss factor is the variable governing energy
dissipation. In addition, capturing all these factors in a predictive model for a given device is also a
key to tailoring the material properties and device geometry to a given application. The microvoided
urethane used in this research shows significant promise with respect to these aspecis.

Achievements

Effort over the course of the year focused on improvement of the modeling for lined device,
upgrade to the test rig with respect to the pressure capability, and initiation of patent and
commercialization activities. Concerning the model, a significant modification was implemented for
the in-line silencer. While still based on the approach of Xu, et al. [3] the liner component of the
model was extended to include shear waves. The incorporation of such wave types, in addition to
the compressional waves of the original model, significantly improved the mode fit to
experimentally obtained data, as depicted in Figure 1. The model was also extended to permit
analysis of the transmission loss of hydraulic hoses.

Figure 1: Improved fit to experimentally obtained transmission loss data through extension of
model to include shear waves in the elastomeric liner. Shear waves contribute below 1000 Hz.
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Continued work examined the performance of a lined Helmholtz resonator where the lining was
configured either as a cylinder or as an annular section with a cylindrical hollow down its axis. The
two liners had different volumes of the voided polymer; the cylinder had more volume than the
annular configuration. Considering the volume alone, the compliance of the cylindrical volume
should have been greater than that of the annular configuration, and should have had the lower
resonance frequency; however, as depicted in Figure 2, the resonance behavior was actually
opposite what was originally expected. Subsequent detailed analysis revealed that the annular
configuration was inherently more compliant than the solid cylinder due to geometric configuration,
explaining the observed behavior. This finding will be exploited in future designs of devices. Other
work involving the Helmholtz resonator focused on the performance of liners with different material
compositions, compositions designed to have lower and higher critical pressures. These efforts did
yield benefits in terms of materials that stayed compliant to somewhat higher pressures.
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Figure 2: Transmission loss for prototype Helmholtz resonator at with solid vs. annular-hollow.

An upgrade to the pressure capability of the test rig was made possible by an equipment donation
from one of the industry sponsors. Transmission loss tests on prototype devices at pressures up to
3000 psi indicated that the material does continue to stiffen with increasing pressure. The tests
also permitted the estimation of the effective bulk modulus of the material, as depicted in Figure 3.
It was determined that further material development effort was outside the pre-commercialization
scope of the project.

Additional work related to this project, but peripheral to the main thrust of work, included
exploration of the supporting experimental test rig and the related 1ISO standard. The work
identified a weakness in the current test method for instances when there are particular phase
matching conditions in the upstream and downstream sections, which tend to correlate to
resonance conditions in these sections. A paper is under development on this topic.

Finally, the work has led to a separate research contract with one of the Center’s industrial
sponsors to develop an optimized accumulator configuration in a particular application.
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Figure 3: Bulk modulus for two material compositions; “Version 1” with
a lower critical pressure, “Version 2” with a higher critical pressure.

Three conference papers were presented during the reporting period [16-18], one at the 52"
National Conference on Fluid Power, one at the SAE Noise and Vibration Conference, and one at
Noise-Con 2011. One presentation was made at the 162" meeting of the Acoustical Society of
America. One archival publication was accepted by the International Journal of Fluid Power [19].

Due to the numerous developments, four patent disclosures that pertain to this technology were
filed with the Georgia Institute of Technology’s Office of Technology and Licensing (seven patent
disclosures were filed in 2010). Extensive patenting and commercialization discussion with
industry partners were initiated during the report period. This activity is reflective of the perception
within Industry and the Center that the technology developed in this project has advanced to the
point where it is appropriate to transition to technology transfer, as well as development toward
commercialization. As such, future work on the material and devices developed to date will not be
supported directly through the center, rather such would be pursued through industrial or
commercialization support.

A potential future area of development leveraging the knowledge developed to date in this project
is applicable to digital valving concepts currently under consideration within the center and within
industry. The use of digital valving for fluid power applications leads to strong pressure transients
within a system, transients that can be much larger than the pressure ripple from pumps. The
pressure fluctuations in such systems may be an absolute barrier for adoption of the technology,
despite the very high energy savings that would otherwise be gained through its use. Further, the
load pressure can vary significantly over relatively short time scales, such that the common noise
control devices optimized for a specific load pressure will no longer be appropriate. We have
proposed a concept embodying a functionally-graded, locally saturating silencer concept to
address these issues. Research into this concept would begin in mid-2012 should the project be
selected for support by the Center.
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Patent Disclosures

Four patent disclosures were filed with the Georgia Institute of Technology’s Office of Technology
and Licensing over the course of the reporting period (these are in addition to the seven filed in
2010). Their specific titles and reference numbers are shown below.

1. "Hydraulic Hose Lined with Syntactic Foam," Invention Disclosure to the GT Office of
Technology Licensing, February, 2011. Nick Earnhart*, Co-Inventor. GTRC 5567.

2. "Tuned Syntactic Foam," Invention Disclosure to the GT Office of Technology Licensing,
February, 2011. Nick Earnhart*, Co-Inventor. GTRC 5568

3. "Microtextured Hose Lining," Invention Disclosure to the GT Office of Technology Licensing,
February, 2011. Nick Earnhart*, Co-Inventor. GTRC 5569

4. "Water Hammer Arrester," Invention Disclosure to the GT Office of Technology Licensing,
February, 2011. Nick Earnhart*, Co-Inventor. GTRC 5672

Member company benefits

This project is yielding very positive results that are strongly rooted in practical application and the
development of new technology. There are fully functional prototypes for an in-line silencer,
Helmholtz resonator, tuning coil, and Quincke tube that have demonstrated performance
characteristics. For the Helmholtz resonator, there is a significant improvement in compactness
over existing technologies. In addition, should a sponsor company be convinced of the merits of
the work, a portfolio of intellectual property is available.
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Project 3D.1 Leakage Reduction in Fluid Power Systems

Research Team

Project Leader: Richard F. Salant
Graduate Students: Yuli Huang
Industrial Partners: Trelleborg Sealing Solutions, Freudenberg, Bosch-Rexroth, John Deere,

Caterpillar, Concentric AB (formerly Haldex), R. T. Dygert

1. Statement of Project Goals
The general goal of this project is the development of realistic numerical models of the seals and seal
systems used in fluid power systems, which would be capable of predicting the key seal performance
characteristics, especially seal leakage and friction, and serve as design tools. A further aim is to
develop a fundamental understanding of the physics of sealing through the model development.

2. Project Role in Support of Strategic Plan
The project attacks the effectiveness barrier by providing tools and physical understanding that will
allow the development of seals that will eliminate or substantially reduce leakage from fluid power
components such as actuators, valves and pumps. It constitutes fundamental research, which will have
long term benefits.

3. Project Description

A. Description and explanation of research approach

The fluid power industry has recognized that the reduction or elimination of leakage of hydraulic fluid
from fluid power systems is a fundamental prerequisite for the expanded use of fluid power. Leaking
rod seals are the most significant sources of environmental pollution in fluid power systems. There is
also a need to reduce seal friction to both reduce energy dissipation and eliminate control problems. At
the present time, these seals are developed through empirical means, using trial and error techniques,
since the fundamental physics of seal operation has been poorly understood.

Rod seals are reciprocating seals. Past research on such seals is described in a recent review paper
[1]. Serious studies date back to at least 1964, but these have not had a significant impact on the
practical aspects of seal design since they ignore both the roughness of the seal surface and mixed
lubrication in the seal-rod interface.

The present author and his students had made a start in developing a more realistic model of rod seal
operation [2-4], under a project funded by the National Fluid Power Association, Cooperative Network
for Research. The present project, in the CCEFP, builds on that work. At the same time, several other
researchers have been making advances in this area [5-9].

The models developed in this project include analyses of the fluid mechanics, contact mechanics,
thermal processes (in some cases) and deformation mechanics, and an iterative computational
procedure. Inputs to the models include the operating conditions, material properties, macro-geometry,
and micro-geometry of the sealing surfaces.

Model development involves analyzing the fundamental physics of the various processes, setting up
numerical analyses and computational strategies, constructing appropriate algorithms and writing code.
Model validation makes use of experimental results obtained from industrial collaborators. As required,
simulations of seals suitable for the test bed are performed and, based on the results of the
simulations, design recommendations are made for the test bed seals.

B. Achievements

To date, both a steady-state and a transient rod seal model that take account of seal roughness and
mixed lubrication have been constructed. These models treat the seal as elastic. The steady-state
model has been used to simulate the performance of single lip, double lip, tandem U-cup seals and a
seal with a sawtooth micropattern on the sealing surface. The steady-state model has been used to aid
in the selection of a rod seal for the orthotics test bed. Steady-state model predictions compared well
with test measurements at two industrial partners, Eaton Hydraulics and Trelleborg Sealing Solutions.
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The transient model has been used to simulate the performance of a single lip U-cup seal. Simulations
have been generated for a time-varying rod speed with constant sealed pressure case, and a time-
varying rod speed and time-varying sealed pressure case.

The results of the above simulations have revealed much about the basic physics of rod seal operation.
They show that these seals operate with mixed lubrication, and for a given set of operating conditions
and seal design, there is a critical seal surface roughness below which there will be zero net leakage
per cycle, and above which the seal will leak. They also show that for a given stroke length, net
leakage decreases with rod speed and above a critical rod speed there will be zero net leakage.
Comparison of simulations of non-leaking and leaking seals show that the following characteristics are
conducive to zero or reduced net leakage: a thinner lubricating film, a larger film thickness during
instroke than during outstroke, cavitation in the sealing zone during outstroke, reduced or no cavitation
during instroke.

In addition to the above elastic models, a viscoelastic transient seal model has been developed. When
viscoelastic effects are taken into account, the behavior of the seal at any instant of time depends not
only on current conditions, but also on the entire past history of the seal. This model makes use of the
Generalized Maxwell Model constitutive relation with a five term Prony Series. It takes account of the
viscoelasticity in both the contact mechanics analysis and the deformation analysis. The viscoelastic
model has been used to produce a number of simulations of an injection molding application and a
short stroke, high frequency actuator application.

To obtain the best values of the viscoelastic seal properties for input to the seal model, measurements
were made on samples of seal material. An optical profilometer was used to determine the surface
characteristics and the bulk viscoelastic characteristics were determined using a Dynamic Mechanical
Analysis (DMA) device.

To explore the homogeneity (or non-homogeneity) of the seal surface, measurements on the surface
were made using an atomic force microscope (AFM). The topography was determined using standard
AFM procedures, while the viscoelastic properties were determined by using the AFM in the tapping
mode. The results are extremely interesting: very large variations in the viscoelastic moduli occur on
the micron and submicron scale. Maximum values of the relaxation modulus are found to be several
times the value of the bulk value.

Progress during the current reporting period

During the CCEFP Year 6 reporting period, a seal model that includes the rod surface geometry has
been developed. The seal models described above treat the seal surface as rough and the rod surface
as perfectly smooth. This is because the rod surface is typically much smoother than the seal surface.
However, it is well known from engineering experience that the rod surface geometry can affect the
seal behavior. This new model includes three major components, as do the models described above,
namely a fluid mechanics analysis, contact mechanics analysis and deformation analysis. During the
instroke and outstroke the rod speed and sealed pressure are held constant.

Inclusion of the rod surface geometry affects all three analyses (fluid mechanics, contact mechanics,
deformation). As surface features on the rod move past the seal, they generate film thickness
fluctuations, leading to changes in the pressure field due to squeeze film effects. Thus, even though the
rod speed and sealed pressure are held constant, the squeeze film term is included in the Reynolds
equation. The surface features on the shaft are treated deterministically while the asperities on the seal
surface are treated statistically using the flow factor approach of Patir and Cheng. The rod surface
features indent the softer seal surface and affect the finite element analysis of the seal deformation. As
the rod surface features move past the seal, the seal deformations change with time. As in the previous
models, the Greenwood Williamson contact model is used to simulate the contact of asperities on the
seal surface with the irregular rod surface.

Based on observations of chrome-plated plunge ground shafts, a shaft model consisting of an axial
sinusoidal surface geometry was constructed and a series of simulations have been run for a base
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case. Results so far show that the chrome-plated plunge ground surface features have very little effect
on the friction force, but can have a significant effect of the leakage. That effect is quite complex due to
the fact that several competing physical processes occur simultaneously. Thus, the resistance to
leakage can be either enhanced or impaired by the surface features, depending on the rod speed, seal
roughness characteristics and seal design, as well as on the rod surface feature details. A series of
parametric studies is presently underway to further study these effects. Plans are also being developed
for validation testing with an industrial partner.

The research generated by this project thus far has been published in 8 archival journal papers [11-18]
(1 additional submitted [19]), presented in 1 plenary and 1 keynote lecture [20], [21], 2 invited papers
[22], [23], 22 additional conference presentations [10], [24-44] and 5 seminars [45-49].

Planned Progress and Milestones

During the next two years the major effort will be directed toward determining, through simulation,
optimum engineered micro- patterned rod surfaces to reduce friction while maintaining zero net
leakage.

The simulation work done on this project has revealed much of what it takes, through seal design, to
prevent net leakage. However, this research has also shown that extremely large friction forces are
exerted by the rod seal on the rod, in agreement with experimental measurements by a seal
manufacturer (Trelleborg). For a 50 mm (1.97 inch) diameter rod, these forces are in the range of 1000-
1500 N (225-337 Ibf). For energy conservation and control purposes, there is therefore an obvious
need to reduce this friction while still maintaining the sealing effectiveness.

Over the last several years there has been substantial tribological research on reducing friction by the
application of micro-patterns on mating surfaces using laser texturing and photolithography. This has
been applied to such machine elements as journal bearings, piston rings, mechanical seals and the
shafts of rotary lip seals.

In the present project such engineered micro- patterns on the rod surface will be studied for the
purpose of reducing rod seal friction, while maintaining seal effectiveness. To do this it is necessary to
develop a simulation model that will be able to handle these surface patterns. This will be done by
making use of components from the previous models developed under this project, and introducing
new features. In particular, two distinctive characteristics of the micro- patterns must be taken into
account, their two-dimensionality and their regularity.

To account for the two-dimensionality, a two-dimensional Reynolds equation solver will be constructed.
This will involve, as in the past, using the finite volume discretization technique. The two-dimensional
discretized equations will be solved with the ADI (alternating direction, implicit) technique on a solution
space spanning the seal width, but extending only over a circumferential segment. Periodic boundary
conditions can then be applied, allowing the use of the TDMA (tri-diagonal matrix algorithm) and cyclic
TDMA algorithms.

As in some of the previous models, an online finite element code will be used for the deformation
computations. Due to the two-dimensionality of the surface features, a three-dimensional finite element
computation would be required for an exact solution. However, such an approach would require
unacceptably high computation times so an approximate approach will be used. The fluid pressures
computed over the circumferential segment will be averaged at each axial location, with the average
fluid pressure being applied around the entire inner circumference of the seal. A similar procedure will
be used with the contact pressures, computed with the Greenwood-Williamson contact model.

Once the general model is developed, specific rod surface geometries will be constructed and
simulated running against a step seal and a U-Cup seal. The simulations will predict leakage and
friction, as well as the detailed behavior in the sealing zone, as in the past. The particular geometries to
be investigated will be chosen during the course of the study. Consultation and collaboration with
Project 1D: Micro - Texturing for Low Friction Fluid Power Systems will occur during this and later
stages of the project.
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Member benefits

All of the publications and computer programs will be available to Center members.
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Project 3D.2: New Directions in Elastohydrodynamic Lubrication to Solve Fluid Power Problems

Research Team

Project Leader: Scott Bair, School of Mechanical Engineering, Georgia Tech
Graduate Students: Adam Young
Industrial Partners: Eaton, Shell, Lubrizol

1. Statement of Project Goals
The goal of the project is to develop the tools that may be used by engineers to design more compact,
reliable and energy efficient fluid power components by improving the film thickness and reducing
mechanical loss in the full-films occurring between non-conforming rolling/sliding machine elements. A
fundamental rheological foundation for the field of elastohydrodynamic lubrication (EHL) has been
lacking since the inception. For example:

a. The proper definition has not been found for a parameter (a pressure-viscosity coefficient) to
quantify the piezoviscous strength of any Newtonian liquid, regardless of the nature of the
piezoviscous function, so that Newtonian film thickness may be predicted.

b. The properties of a liquid that must necessarily be included in a film thickness calculation when
the Newtonian prediction is inaccurate have not been specified.

c. The properties of a liquid that must necessarily be included in a full-film friction calculation have
not been specified.

This project is providing the rheological foundation to solve these important problems.

2. Project Role in Support of Strategic Plan
Compactness
More compact components must necessarily have smaller radius of curvature of the contacting
elements. A clear strategy for making more compact components is also to increase the operating
pressure. The resulting increase in contact pressure and decrease in radius of curvature of the
sliding/rolling elements will result in diminished film thickness. The reduced film must impact the
reliability.

An example can be made of the conversion from organic based fluids to water/glycol solutions. This
usually results in having to reduce the operating pressure to retain the fatigue life of the concentrated
contacts. Water/glycol produces a substantially thinner film than do organic based fluids (by an order-
of-magnitude) [1]; however, present EHL theory is completely incapable of predicting the film reduction
as there is currently no means to simulate the rheology of linear piezoviscous liquids. We have solved
this problem in the last year and experimentally validated the results.

The ability to predict film thickness of any liquid from properties that can be measured and associated
with the chemistry of the liquid will enable the formulation of fluids for improved durability at smaller
scales.

Efficiency

Surprisingly, there has been little progress within EHL over the last forty years in explaining the
mechanism of mechanical dissipation in full EHL films. In very recent related work [2] using the
temperature/pressure correlation devised by this project, the first experimentally validated EHL friction
calculation was performed which included thermal-softening and shear-thinning. Fragility has been
shown to be the principal property controlling friction. In particular, the results of this project may be
used to rank the mechanical energy loss of contacts lubricated by fragile hydraulic oils. A visiting
Fulbright Scholar, Wassim Habchi, will be performing simulations to find the relationships between
friction and the dimensionless groups such as the Nahme number and Weissenburg number.
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3. Project Description
A. Description and explanation of research approach

A significant opportunity to investigate the elastohydrodynamic lubrication (EHL) problem using
experimental film measurements, high pressure rheological measurements and numerical analysis
(quantitative elastohydrodynamics) has recently appeared as a result of this project. In an exciting
departure from previous methods, new film behavior regarding the effect of scale and load has
been predicted from EHL simulation using measured rheological properties and the predictions
have subsequently been experimentally validated [3]. Both film thickness and friction may now be
predicted [4], at least for light loads, from primary properties rather than from fictitious properties
adjusted to fit analysis to measurements of film thickness or friction. Film thickness may now be
calculated from the properties of mixtures [5]. Thermal EHL calculations using measured rheology
have revealed the importance of the high-pressure thermal properties of lubricants in calculations
which have been experimentally validated [2].

An unfortunate aspect of EHL research over the last several decades has been the use of adjusted
viscosity to validate hypotheses. Rather than test the predictions of theory by comparison of
predictions with experiment using calculations based upon the measurable viscosity, in most
cases, viscosity has been adjusted to ensure a successful outcome. As a result, many of the
outstanding questions remain unanswered.

The present time is propitious for the EHL field to embrace a quantitative description of the
temperature and pressure dependence of viscosity since there has been, over the last decade, an
interest by the physics community in the pressure evolution of the dynamic properties of the
supercooled liquids such as lubricants [6]. Fragility, a property strongly affecting EHL friction [7]
and transient EHL film response [8] is now being intensely studied [6]. Fragile liquids experience
greater changes in their properties (are more non-Arrhenius) as the glass transition is approached
by cooling or compression than do strong liquids [9].

A description of the temperature and pressure dependence of viscosity is also necessary for the
calculation of the relaxation times which determine the onset of shear-thinning response and the
onset of time-dependent behavior in both shear and compression. For example, the shear-
dependent viscosity of liquids is often described by the single-Newtonian Carreau law [10]:

)
n=u[l+(/1y')2] ’

where n is the power-law exponent which in the limit of high shear rate is:

n=1+81n77/61n))

The generalized viscosity, 7, departs from the low-shear Newtonian viscosity, u, when the product
of shear rate ¥ and relaxation time, A, approaches unity. The commonly quoted form [11] of
the Einstein-Debye relation for the rotational relaxation time of a molecule in terms of the universal
gas constant, Ry, is:

uM

PR, T
Now, the molecular weight, M, is constant and the product of mass density and temperature, pT,
varies only slowly with temperature and pressure as compared with the viscosity. Therefore, for
practical measurements and EHL calculations, it is sufficient to set A proportional to u. This simple

rule also provides an alternative method of measurement of low-shear viscosity. Any
measurement of relaxation time under conditions which overlap with a viscosity measurement will

A=
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provide the constant of proportionality which will allow extrapolation of the viscosity data to the
conditions of the relaxation time measurement [12].

An essential part of this program involves collaboration with partners around the world. A list of
collaborators which have been instrumental to the progress made to date follows.

1. Ashlie Martini, Purdue University, simulation

2. Ivan Krupka, Brno University, Czech Republic, film thickness measurement

3. Riccardo Casilini, George Mason University, measurements of relaxation time
4. Mike Roland, Naval Research Laboratory, rheology

5. Michael Khonsari, Louisiana State University, simulation

6. Punit Kumar, National Institute of Technology, India, simulation

7. Philippe Vernge, INSA Lyon, France, film thickness and traction measurement
8. Kees Venner, Univ. of Twente, Netherlands, film thickness measurement and simulation
9. Paul Michael, MSOE, lubricant formulation

10. Arno Laesecke, NIST Boulder, viscosity correlations

11. Wassim Habchi, Lebanese American University, simulations

12. Hubert Schwarze, Technische Universitdt Clausthal, high-frequency viscosity
measurements under pressure

B. Achievements
Publications
The achievements may best be summarized looking at the resulting publications. Twenty-one
papers have resulted from the four years of work; seven have been written, submitted or
published within the last year alone. They are listed at the end of this report and referenced in the
following section.

Progress During the Reporting Period
Truly substantial progress, which is transforming the field of EHL, has been realized during the
reporting period.

We have extended our work on the effect of scale [P2] on generalized Newtonian EHL film
thickness to include the effect of load (pressure) [P8]. Earlier in this program, we showed through
analysis using realistic shear dependent viscosity that the classical Newtonian theory understates
the dependence of film thickness on scale [P2]. We later experimentally validated this effect by
measuring film thickness for various size steel balls against glass discs [P7]. For this year further
analysis indicted that a similar effect was important to contact pressure and experimental
measurements using a WC ball against a sapphire disc validated the theory [P8]. We found that
the film thickness is reduced due to the shear stress dependence of viscosity for any process
which increases the pressure gradient within the inlet zone.

These investigations lead to the observation of measurable molecular degradation in an operating
EHL contact [P16]. In each case, for shear thinning liquids, experimental film thickness was more
sensitive to load and scale than the rheology would suggest [P7, P8]. Although these were
ostensibly pure rolling contacts, the most obvious explanation was molecular degradation from
the shear applied to the liquid. To test this hypothesis, time-dependent film thickness
measurements [P16] between a steel ball and a glass disc were made with the most shear
dependent liquid we have studied, a gear oil. The film thinned rapidly after the first revolution of
the ball and reached a steady thickness after about ten revolutions. To investigate the effect of
stress history on the shear dependence of viscosity, flow curves were generated with a new
pressurized Couette viscometer. Viscosity was measured as a function of increasing shear
stress to 1.2 MPa and, afterward, as a function of decreasing shear stress [P16]. The exposure
of the liquid to high stress permanently decreased the viscosity measured at low stress, an
indication of molecular scission.
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By examining the measured and predicted film thicknesses for very low viscosity liquids, ordinary
liquids at very high temperature and water-based solutions, we have developed the first film
thickness formula for linear piezoviscous liquids [P13]. The new formula predicts that the speed
sensitivity will be reduced at high temperatures for many low-viscosity liquids. The formula was
then experimentally validated [P13].

We developed a framework for transient modeling of sliding EHL including thermal effects [P11].
The volume anomaly which occurs as the glass-to-liquid boundary is crossed as the liquid is
decompressed was included in the calculation to explain anharmonic variation in film thickness
from harmonic variation in entrainment velocity. We concluded that these anomalies cannot be
explained by solutions of the Reynolds equation which is only valid when the product of shear
stress and local pressure-viscosity coefficient is less than one [P11].

We have applied the Ashurst-Hoover viscosity scaling that was developed earlier in the program
[P4] to other materials including dimethyl pentane and a volatile refrigerant [P15]. The Stickel
analysis technique was useful in identifying a second regime of viscosity scaling different from
that of ordinary hydraulic oils which are fragile glass-formers having more complex molecules.
Building on this success we found a new normalization for volume in the scaling parameter using
the molecular (Van der Waals) volume. Stickel plots using the newly normalized scaling
parameter [P17] reveal a characteristic form which appears to describe the complete range of
viscosity dependence on temperature and pressure for compressed liquids. The master curve
can be represented by a combination of two exponential power law terms. These may be seen as
expressions of different molecular interaction mechanisms similar to the two free-volume models
of Batschinski-Hildebrand and Doolittle, respectively. The new correlation promises to yield more
reasonable extrapolations to extreme conditions of temperature and pressure than free-volume
models and it removes the singularity that has prevented wide acceptance of free-volume models
in numerical simulations.

In three papers [P4, P6, P10] we have set out a rheological framework for realistic numerical
simulations of film and friction behavior in lubricated concentrated contacts. In associated work,
see [2], a full EHL simulation of sliding contacts with significant dissipation clearly shows the
profound effect of the pressure dependence of the liquid thermal conductivity on friction. This
simulation was thoroughly validated experimentally. The relationship between thermal
conductivity of a liquid and full-film friction has not been reported previously.

Planned Progress and Milestones
New opportunities for advancing the field of EHL have been appearing from each discovery.
These “targets of opportunity” will be examined as they arise. For example:

1. It seems that the speed dependence of the film thickness depends on the form of the
piezoviscous function.

2. Sliding friction in full films can be strongly dependent upon the thermal properties of the
liquid. The characterization of the pressure and temperature dependence of thermal
conductivity will be a priority.

3. There is presently no single standard definition of “alpha” which characterizes the
piezoviscous strength for film-forming for all liquids.

4. A new opportunity has presented to validate an alternative approach to characterizing the
shear-dependence of viscosity of lubricating liquids. The Cox-Merz rule states that
dependence of viscosity on angular frequency in a periodic shear measurement is the same
as the dependence of viscosity on shear rate in steady shear measurement. Hubert
Schwarze of Technische Universitat Clausthal will provide measurements at high variable
frequency using a pressurized torsionally vibrating crystal viscometer for comparison with
our measurements in steady shear. If the Cox-Merz rule is validated, we will have a new
technique which will extend the viscosity measurement capability to cover nearly the full
range of conditions experienced in tribological contacts.
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C. Member company benefits
Elastohydrodynamic lubrication (EHL) calculations using the real pressure and real shear
dependence of viscosity have begun to reveal previously unsuspected features of the friction and
film generating mechanism of liquids. It will soon be possible the answer the question “what
properties describe the best lubricant for this application?”

D. References

1.

10.

11.

12.

Ratoi-Salagean, M. and Spikes, H.A., “The Lubricant Film-Forming Properties of Modern
Fire-Resistant Hydraulic Fluids,” Tribology of Hydraulic Pump Testing, ASTM STP 1310,
George S. Totten, Gary H. King and Donald J. Smolenski, Eds., American Society for Testing
and Materials, 1996, pp. 21-37.

Habchi, W., Vergne, P., Bair, S., Andersson, O., Eyheramendy, D., Morales-Espejel, G.:
Influence of Pressure and Temperature Dependence of Lubricant Thermal Properties on the
Behaviour of Circular TEHD Contacts. Tribology International 33(2), 127-135 (2009).

Krupka, I, Bair, S., Kumar, P., Khonsari, M. M., Hartl, M. “An Experimental Validation of the
Recently Discovered Scale Effect in Generalized Newtonian EHL” Tribology Letters 33, 2009,
127-135.

[Liu, Y., Wang, Q. J., Bair, S., Vergne, P. “A Quantitative Solution for the Full Shear-Thinning
EHL Point Contact Problem including Traction. Tribology Letters , 2007, 28, 171-181.

Liu, Y., Wang, Q., Krupka, I., Hartl, M., Bair, S.: The Shear-Thinning Elastohydrodynamic
Film Thickness of a Two-Component Mixture” ASME, J. Tribology ,2008, 130, 021502.

Drozd-Rzoska, A., Rzoska, S.J., Roland, C.M. and Imre, A.R., “On the Pressure Evolution of
Dynamic Properties of Supercooled Liquids,” J. Phys. Condens. Matter, 20, 2008, 244103, 11
pages.

Bair, S., Roland, C.M. and Casalini, R., “Fragility and the Dynamic Crossover in Lubricants”,
Proc. Instn. Mech. Engrs. Part J, J. Engr. Trib., 2007, 221(7), 801-811.

Martini, A. and Bair, S., “The role of Fragility in EHL Entrapment,” Tribology International, 43,
2010, 277-282.

Angell, C.A., “Relaxation in Liquids, Polymers and Plastic Crystals-Strong/Fragile Patterns
and Problems”, J. Non-Cryst. Solids, 131-133, 1991, 13-31.

Carreau, P.J., “Rheological Equations from Molecular Network Theories”, Trans. Soc.
Rheology, Vol. 16, No. 1, 1972, pp. 99-127.

Bair, S. and Winer, W.O., “A Quantitative Test of the Einstein-Debye Relation for Low
Molecular Weight Liquids using the Shear Dependence of Viscosity”, Tribology Letters,
26(3), 2007, pp.223-228.

Bair, S. and Winer, W.0O., “Some Observations on the Relationship Between Lubricant
Mechanical and Dielectric Transitions under Pressure”’, ASME J. Lubrication Techn., 102(2),
1980, 229-235.

Publications

P1.

Kumar, P., Khonsari, M.M. and Bair, S., “Full EHL Simulations Using the Actual Ree-Eyring

Model for Shear Thinning Lubricants”, J. Tribol., 2009, Vol. 131, Issue 1, 011802, 6 pages.

P2.

Kudish, I.l., Kumar, P., Khonsari, M.M. and Bair, S., “Scale Effects in Generalized Newtonian

Elastohydrodynamic Films,” ASME J. Tribology, Vol.130, 2008, 041504, 8 pages.

152



P3.

P4.

P5.

P6.

P7.

P8.

Po.

P10.

P11.

P12.

P13.

P14.

P15.

P16.

P17.

P18.

P19.

P20.

Roland, C.M., Bogoslovov, R.B., Casalini, R., Ellis, A.R., Bair, S., Rzosca, S.J., Czuprynski,
K. and Urban, S., “Thermodynamic Scaling and the Characteristic Relaxation Time at the Phase
Transition of Liquid Crystals”, J. Chem. Phys., Vol.128, 2008, 224506, pp.1-9.  Alan  Berman
chemistry award winner

Bair, S. and Cassalini, R., “A Scaling Parameter and Function for the Accurate Correlation of
Viscosity with Temperature and Pressure across Eight Orders-of-Magnitude of Viscosity”, J.
Tribology, Vol.130, 2008, 041802.

Bair, S and Michael, P., “Modeling the Pressure and Temperature Dependence of Viscosity
and Volume for Hydraulic Fluids”, ASME paper IJTC2008-71028, 2008.

Bair, S., “Rheology and High Pressure Models for Quantitative Elastohydrodynamics”, Proc. I.
Mech. E., Part J, J. Engineering Tribology, Vol.223, 2009, pp.617-628.

Krupka, I., Bair, S., Kumar, P., Khonsari, M.M. and Hartl, M. “An experimental Validation of
the Recently Discovered Scale Effect in Generalized Newtonian EHL”, Tribology Letters, Vol. 33,
No.2, 2009, pp.127-135.

Krupka, I., Kumar, P., Bair, S., Khonsari, M.M. and Hartl, M. “The Effect of Load (Pressure)
for Quantitative EHL Film Thickness,” Tribology Letters, Vol.37, No. 3, 2010, pp.613-622.

Martini, A. and Bair, S., “The role of Fragility in EHL Entrapment,” Tribology International, Vol.
43, 2010, pp.277-282.

Bair, S., “The Dependence of the Dynamic Properties of Elastohydrodynamic Liquids on
Temperature and Pressure (Volume),” Proc. |I. Mech. E., Part C, Journal of Engineering Science
224(C12), 2010, pp.2568-2576.

Kumar, P., Khonsari, M.M. and Bair, S., “Anharmonic Variations in Elastohydrodynamic Film
Thickness Resulting from Harmonically Varying Entrainment Velocity”, Proc. I. Mech. E., Part J, J.
Engineering Tribology, 224(J3), 2010, pp.239-248.

Bair, S and Michael, P., “Modeling the Pressure and Temperature Dependence of Viscosity and
Volume for Hydraulic Fluids”, International Journal of Fluid Power, 11, 2010, pp.37-42.

Kumar, P., Bair, S. and Krupka, I., “Newtonian Elastohydrodynamic Film Thickness with Linear
Piezoviscosity”, Tribology International 43(11), 2010, pp.2159-2165.

Young, A. and Bair, S., “Experimental Investigation of Friction in Entrapped Elastohydrodynamic
Contacts,” Tribology International 43(9), 2010, pp.1615-1619.

Laeseke, A. and Bair, S., “High Pressure Viscosity Measurements of 1,1,1,2-Tetrafluoroethane,”
Int. J. Thermophys, Volume 32, Number 5, 2011, pp.925-941.

Krupka, I., Kumar, P., Bair, S. Svoboda, P. and Hartl, M., “Mechanical Degradation of the Liquid
in an Operating EHL Contact,” Tribology Letters, Volume 41, Number 1, 2011, 191-197.

Bair, S., and Laeseke, A., “Normalized Ashurst-Hoover Scaling and a Comprehensive Viscosity
Correlation for Compressed Liquids,” ASME J. Tribol, 2012, Vol.134.

Bair, S., “The Role of Viscometers in Quantitative Elastohydrodynamics,” Submitted to STLE Trib.
Trans.

"Lubricant Chemistry and Rheology Effects on Hydraulic Motor Starting Efficiency,” Submitted to
STLE Tribology Transactions (with Michael, Devlin, Martini and Garcia) 2011.

Habchi, W., Vergne, P., Fillot, N., Bair, S. and Morales-Espejel, G.E. “A Numerical Investigation

of the Local Behavior of TEHD Highly Loaded Circular Contacts”, Tribology International, Vol.44,
2011, pp.1987-1996.

153



P21. Bair, S., “Temperature and Pressure Dependence of Density and Thermal Conductivity of
Liquids,” in press Chapter for the Springer Encyclopedia of Tribology.

154



Test Bed 1: Heavy Mobile Equipment — Excavator

Research Team

Project Leader: Prof. Monika Ivantysynova, Purdue University, School of Mechanical
Engineering, Dept. of Agricultural & Biological Engineering
Other Faculty: Prof. Andrew Alleyne, UIUC

Prof. Wayne Book, Georgia Tech

Prof. Paul Michael, MSOE

Prof. Kim Stelson, University of Minnesota
Test bed manager/staff: Anthony Franklin, Edat Kaya

Graduate Students: Josh Zimmerman, Rohit Hippalgaonkar and Enrique Busquets
Undergraduate Student: Cheng Lu
Industrial Partners: Bobcat, Caterpillar, Parker Hannifin, Moog, Husco, Sauer Danfoss

1. Statement of Test Bed Goals

Prior to February 2012

Since the beginning, the goal of this test bed has been to study new system concepts based on throttle-
less actuator technology and to demonstrate fuel savings and improved performance and compactness
using this technology for the large sector of construction, agricultural and forestry machinery. Also the test
bed has served to study and demonstrate effective control strategies for complex multi actuator systems
and robot like machine functions, including new human/machine interfaces such as those which provide
haptic feedback.

In the past and in conjunction with project 1A.2, dramatic improvements on fuel economy have been
studied and demonstrated on the test bed. Also, through project 1A.2, a study for the feasibility for engine
downsizing utilizing hydraulic hybrid architectures proved that a significant reduction in engine size is
possible while equaling or exceeding the performance capability of the standard version of the machine.

After February 2012

The primary question to be answered for the future is what are the technological barriers, solutions and
potential for displacement controlled actuation and hydraulic hybrid technologies to be successful in
drastically improving fuel consumption in multi-actuator mobile machines?

Key task definition and functional requirements are:
e Reduce engine size by 50% compared to a standard excavator
o Meet current Tier emission standards
¢ Maintain standard machine performance

2. Test Bed Role in Support of Strategic Plan

Test Bed 1 (TB1) supports the Center first goal to achieve a drastic improvement in efficiency of existing
fluid power applications and to reduce petroleum consumption and pollution. The test bed will be used to
demonstrate fuel savings by more efficient fluid power actuator technology and effective machine power
management, especially for large and high power equipment. The demonstrated new actuator
technology will open new applications in both large scale heavy duty machinery and robots and in human
scaled applications like surgery robots or other portable devices where efficient and compact actuator
technology is necessary.

3. Test Bed Description

A. Description and explanation of research approach

Test Bed 1, the excavator, was selected to primarily demonstrate potential energy savings, which could
be achieved for multi-actuator mobile machines through innovative system designs and advanced control
strategies. However, the system is also very suitable for demonstrating the capabilities and performance
of individual components developed by projects across CCEFP. Thus, while the focus of the test bed
research is to improve the energy efficiency and performance of multi-actuator mobile hydraulic
machines, the scope of the test bed also includes demonstrations of individual components and
evaluations of their effect on system performance.
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The core of the test bed will be based upon the theoretical results from project 1A.2 although
technologies developed within the scope of several projects throughout the CCEFP will be integrated onto
the test bed for demonstration. All contributing project leaders have been contacted and agreed to the
milestone and deliverables timeline listed in the previous section. The contributions are as follows:

o Project 1A2 (Prof. Ivantysynova, Purdue)

o Controls for optimal power management of multi-actuator DC hydraulic system
o Controls for energy based trajectory optimization
o Design and installation of hybrid hydraulic system and downsizing of excavator engine
o Reduction of hydraulic cooling power due to improved system efficiency
o Design and installation of smart pump with integrated electronic pump controls
Project 1B1 (Prof. lvantysynova, Purdue)
o Development of next generation of highly efficient and smart variable displacement pumps
Project 1E2 (Prof. Lumkes, Purdue)
oDevelopment of virtual variable displacement pump for the excavator low pressure hydraulic
system using high speed on-off valves
Project 1E3 (Prof. Lumkes, Purdue)
oDevelopment of a high efficiency, high bandwidth, actively controlled variable displacement
pump/motor
Project 1G1 (Prof. Michael, Milwaukee School of Engineering)
o Testing of energy efficient hydraulic fluids
Project 3A1 (Prof. Book, Georgia Tech)
o Tele-operation of the test bed using haptic controls and the Phantom controller
Project 3D3 (Prof. Klamecki, University of Minnesota)
oImproved seal design based on adaptive materials

B. Achievements
Achievements prior to the reporting period

Four variable displacement pumps were installed on TB1 (compact excavator) along with associated
sensors and electronic control hardware. All 8 functions (swing, boom, stick, bucket, track drives,
boom offset, and blade) are now displacement controlled.

Control laws for pump displacement, actuator position and actuator velocity were designed and
implemented on TB1.

The DC hydraulic system is operational and was demonstrated by video at the CCEFP annual
meeting on October 7, 2009 and in person to a delegation from Caterpillar on November 4, 2009.
Performance measurements made on the test bed indicated 50% energy savings compared to
original LS valve-controlled hydraulic system for soil digging duty cycle.

Measurement and simulation results have determined that at least 50% of the cooling power
requirement in the system could be reduced

Productivity and fuel test for Test bed 1 with DC hydraulics was conducted in cooperation with
Caterpillar, Inc.; Test bed 1 consumed 40% less fuel on average than the standard machine while
moving the same amount of dirt and productivity was increased by 16.6%, which lead to a fuel
efficiency (tons/kg) improvement of 69%

The proposed optimal power management algorithm from project 1A.2 was evaluated and fuel
efficiency results indicated a 56.4% for a cycle similar to a pipe laying or other realistic tasks for an
excavator.

Through project 1A.2, a feasibility study predicted that a parallel hybrid system could be limited to half
of the maximum engine power, suggesting that the engine size could be reduced without sacrificing
the productivity of the machine for the truck loading cycle

Achievements during the reporting period

Transition to Hybrid DC excavator system

A new hybrid technology combining the advantages of secondary control (a series hybrid solution) in
parallel with DC actuators has been designed for TB1 (see Figure 1). A provisional patent was filed and
the full patent application process is underway. A static sizing methodology for the energy storage
system, consisting of the pump size (V4), the motor size (V,), and the accumulator size (V,). Equations
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were derived to size each of these parameters as a function of the minimum operating pressure of the
accumulator. This sizing assumes a given energy requirement for the accumulator, a given power
requirement for the pump and a given torque requirement for the motor and the resulting sizing for each
of these parameters is shown in Figure 2 as a function of the minimum operating pressure of the
accumulator. The multi-body dynamic simulation model developed for the test bed was used to simulate
the hybrid system [22]. These simulations predict the engine power can be reduced by as much as 50%
without loss of productivity for a truck loading cycle and reducing the fuel consumption from the non-
hybrid by 20% (52% savings from LS).
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Figure 1: Series-Parallel Hybrid DC Excavator System Figure 2: Static Sizing Map

For implementation on TB1 the existing swing motor must be replaced with a variable displacement motor
for secondary control. In secondary control, a variable displacement motor is directly connected to a high
pressure supply and the motor displacement is regulated to control its torque output. Currently, pump
(V4), which will provide the high pressure for secondary control, is 18 cc/rev. The sizing map (Figure 2)
shows that this corresponds to 30 cc/rev for V, and a 5 L accumulator for V,. Unfortunately, the 30 cc
unit with the required controls for secondary control was not available, so a 45 cc/rev unit was requested.
Simulations have shown that this would not have a significant impact on system performance.

Figure 3: Sauer HI1B Series 45 cc Pump Figure 4: Bobcat Gearbox

The parts required for this transition have been sized and selected, and CCEFP members Sauer-Danfoss
and Bobcat have agreed to donate them. The current fixed displacement radial piston swing motor will be
replaced by a variable displacement, over-centre and bi-directional axial piston pump/motor. The Sauer
H1-B Series 45 cc/rev pump (Figure 3) was selected. Bobcat also donated a gear-box from their latest
series of compact excavators, the M-series that allows higher operating speeds for the swing unit
required for secondary control (Figure 4).

Cooling Power Reduction

An extensive study along with measurements was performed for the determination of an accurate
machine cooling power requirement. The thermal hydraulic behavior of the machine was simulated and
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measurements were gathered using TB1. Two different cycles were simulated, the first one with 100%
cooling capacity installed in the machine and a second one with no cooling capacity. Both cycles were
performed under the same conditions. Due to precautionary measures the second cycle is shorter to
ensure machine integrity. The results from the study are shown in Figure 5.
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Figure 5: Cooler measured and simulated temperatures. (Left) Full cooling capacity (Right) No cooling capacity

Since the cycle which has no cooling capacity is too short to accurately determine where the temperature
stabilizes, the measurement data from both cycles was replicated multiple times to form a 15,000 s cycle.
The simulation of such cycle allows for the determination of an accurate steady state temperature and
finally of an accurate cooling power requirement. Figure 6 shows the results for such simulation.
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Figure 6: Simulated cooler temperatures for 15,000 s cycles (Top)Full cooling capacity (Bottom) No cooling capacity

Based on these results it has been determined that at least 50% of the current machines’ cooling capacity
can be removed while maintaining allowable working temperatures for hydraulic multi actuator machines.

National Instruments Central Control and Data Acquisition

Up to the present, TB1 has been controlled utilizing xPC-target, a real time controller developed by
MathWorks. At the time of implementation, this system was the state of the art technology and offered
many advantages when compared to alternative controllers; however, new systems such as the National
Instruments technologies offer improved reliability, functionality, and many advantages in terms of real-
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time data acquisition and control. The implementation of such system has been started and it is expected
to be completed by March 2012.

Preliminary Fault Detection
A preliminary fault detection system with the following goals was implemented in TB1 as part of the
summer undergraduate research program. The system allows for the following fault detections:

* Faults in sensors and actuators (relying on both DAQ / control software and hardware)

« Faults for ground (relying on hardware only).

» Display fault to operator so that the operator can react promptly.

Georgia Tech Collaboration
Georgia Tech’s Phantom interface resulting from project 3A.1 was successfully tested on TB1 in August,
2011. This interface allowed for tele-operation of the excavator.

Demonstration of Fine Actuator Control
TB1 was tuned and demonstrated for fine actuator control at a Bobcat facility. Several expert operators,
systems and test engineers, and marketing personnel tested the excavator to their satisfaction on April

22, 2011.

Planned Achievements following the reporting period

e Conduct on-vehicle experiments
o Deliverables:

Installation of hybrid hydraulics and smaller engine (04/01/2012)
Measurements of fuel and performance of hybrid system (06/01/2012)
Implementation of optimal controls onto test-bed (04/01/2013)
Measurements of fuel and performance of hybrid test-bed (04/01/2013)
Demonstration of pump-switching technology on test-bed (01/06/2014)
Incorporation of system prognostics schemes (01/06/2014)

¢ Demonstration of technologies from associated projects
o Deliverables:

Integration of high speed valves from project 1E.2 to create a virtual variable displacement
pump for low pressure system and measurements or resulting energy savings. (2012)
Comparison of energy consumption of the test bed using standard hydraulic oil and energy
efficient fluids developed in project 1G.1. (2012)

Integration of next generation of efficient pumps for control of a single actuator (2013)
Demonstration of adaptive material for seals from project 3D3. (2013)

Installation of next generation smart pump and demonstration of control of a single
actuator. (2013)

Demonstration and energy measurements for digital pump control of a single actuator
using a prototype high efficiency, high bandwidth, actively controlled variable displacement
pump/motor (from project 1E.3). (2013-2014)

C. Member company benefits
The results of the work on TB1 are directly transferable to industry and have already offered benefits
to member companies. Some of these benefits include:

o Test Bed 1 provides a usable displacement controlled actuator prototype that can be evaluated
and tested by industry members. This saves them much time and money compared to if they
were to build prototypes themselves in order evaluate the potential of displacement controlled
actuation hydraulic systems.

¢ The results of this test bed have shown that up to 40% fuel savings can be achieved which would
clearly be a benefit to OEM companies within the Center.

e The improved efficiencies and potential for reduced engine power made possible by the
technologies being developed in this project will help OEMs meet upcoming emission regulations
under the US EPA Tier IV nonroad diesel engine emissions standards currently being
implemented.
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Test Bed 3: Hydraulic Hybrid Passenger Vehicle

Research Team

Project Leader: Prof. Perry Y. Li, Mechanical Engineering, University of Minnesota
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Graduate Students: Kai-Loon Cheong, Jonathan Meyer, Zhekang Du, and Henry Kohring
Undergraduate Students: David Rose, Andrew Harm

Industrial Partners: Bosch-Rexroth, Eaton, Parker, Sauer-Danfoss, and others

1. Statement of Test Bed Goals

The overall goal of Test Bed 3 (TB3) is to realize hydraulic hybrid power trains for the passenger vehicle
segment which demonstrate both drastic improvements in fuel economy and good performance. As a test
bed project, it also drives and integrates associated projects by identifying the technological barriers to
achieving that goal. The design specifications for the vehicle include: (i) fuel economy of 70 mpg under
the federal drive cycles; (ii) an acceleration rate of 0-60 mph in 8 seconds; (iii) the ability to climb a
continuous road elevation of 8%; (iv) emissions levels that meet California standards; and (v) size,
weight, noise, vibration and harshness comparable to similar passenger vehicles on the market.
Resulting power trains must demonstrate advantages over electric hybrids to be competitive.

2. Test Bed Role in Support of Strategic Plan

Test Bed 3 directly supports goal 2: improving the efficiency of transportation. Efficiency is achieved by
utilizing fluid power to create novel hybrid power trains for passenger vehicles. The power trains integrate
high efficiency components and hydraulic fluids (Thrust 1), compact energy storage (Thrust 2) and
methodologies for achieving quiet operation (Thrust 3) from related CCEFP projects.

, High Pressure Accumulator
Low Pressure Accumulator

- Carbon Fiber Composite

MicroAutobox
- Controls hardware

Rexro A6 bent-axis pump/motors
- All gears and planetary gearset

Figure 1: Overview of Test Bed 3 HHPV Generation 1

3. Project Description

A. Description and explanation of research approach

The high power density of hydraulics makes it an attractive technology for hybrid vehicles since they
should be able to provide both high mileage and high performance. A few hydraulic hybrid vehicles have
been developed for heavy, frequent stop-and-go applications such as garbage or delivery trucks.
However, hydraulic hybrids have not yet reached the much larger passenger vehicle market. In order to
succeed in this market, hydraulic hybrid drive trains must overcome limitations in component efficiency,
energy storage density, and noise. These barriers represent worthwhile challenges that stretch the
envelopes of existing fluid power technologies.

Electric hybrids provide the closest competition to hydraulic hybrids. While hydraulic hybrids cannot
match the energy density provided by electric batteries, they have superior power density. This is
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particularly valuable for regenerating braking energy. Furthermore, hydraulic hybrids eliminate the need
for batteries, and thereby eliminate the cost, life and environmental concerns associated with them.

Three possible families of architectures for hybrid drive trains are series, parallel and power split. A series
drive transmits all power from the engine to the wheel with hydraulic pumps and motors. This
architecture enables running the engine at its most efficient combination of torque and speed; however, it
cannot take advantage of the high efficiency of purely mechanical power transmission through a shaft. A
parallel architecture augments the engine with a pump/motor. It transmits power to the wheels through
the efficient mechanical shaft, but it has less ability to keep the engine at its best operating point. TB3
focuses on power split architectures which are not as well studied as other hydraulic hybrid architectures.
Power-splits combine the positive aspects of the series and parallel drive train.

This test bed is currently developing two hydraulic hybrid passenger vehicles, each of which offers unique
research benefits. The “Generation 1” (Gen 1) vehicle (Figure 1) was built in-house using the platform of
a utility vehicle (a Polaris “Ranger”). The vehicle has been outfitted with a modular power train. This
enables experimenting with different pump, motor and energy storage technologies, including those
developed in complementary CCEFP projects. However, this vehicle cannot be driven at speeds higher
than about 25 MPH due to concerns about vehicle stability.

The “Generation 2” (Gen 2) vehicle is being developed in partnership with Folsom Technologies
International (FTI). It is built on the platform of a F150 pickup truck, which has refined vehicle dynamics
capable of highway speeds. Its powertrain uses a custom-built continuously variable power split
hydromechanical transmission (HMT) developed by FTI which will be complemented with hydraulic
accumulators to enable hybrid operation. The powertrain is built as a compact, integrated, self-contained
package. However, the integrated package prevents changing the hydraulic pump/motors or
instrumenting them individually. Also, the transmission is not optimally sized for hybrid operation and
presents some control restrictions when operated in hybrid modes. Therefore, the Gen 1 vehicle is being
continued despite the pending availability of the roadworthy Gen 2 vehicle.

B. Achievements

Energy Management Strategy

An energy management strategy that can be applied to the control of either vehicle has been developed
[8]. The strategy is based on the three level hierarchical control approach that was developed in previous
years [5]. Specifically, [5] describes a Lagrange multiplier approach, which is a computationally efficient
method for solving the optimal control problem of energy management for hydraulic hybrid vehicles. It
has been shown to be effective for use in power train design optimization [2, 10]. However, this method
is limited by two restrictions: (1) the accumulator is assumed to remain at a constant pressure, which is
equivalent to assuming that it is infinitely large, and (2) the drive cycle must be known beforehand.

The new strategy, explained in detail in reference [8], overcomes the first restriction. It relates the power
loss from using the accumulator to power lost through the drive train for a specific drive cycle. The
Lagrange multiplier can be interpreted as the normalized equivalent loss associated with charging and
discharging the accumulator. Two alternative implementations of the new strategy are possible. In the
first, the Lagrange multiplier is applied to a short time window to continuously optimize operation of the
drive train. In the second, the Lagrange multiplier is made a function of the state of charge of the
accumulator. The first approach is more computationally intensive in real time, but the second must be
optimized in advance before it can be applied in real time. Both alternatives are able to maintain the state
of charge of the accumulator within its physical limits with only a 3-5% penalty on fuel economy compared
dynamic programming, which is the best, but most computationally expensive, optimization method.

Future work will consider estimating the drive cycle based on statistics to alleviate the need for
deterministic drive cycle information.

Achievements and Plans for the Generation 1 Vehicle

Drive Train Redesign: The original Generation 1 vehicle drive train, which was capable of independent
wheel torque control, suffered from several limitations that restricted its usefulness. The vehicle’s frame
would flex enough during driving that chains in the system would sometimes skip teeth. In addition, the
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planetary gear trains, which combine power from hydraulic pump/motors with engine power at the rear
wheels, were undersized, so they were not capable of carrying the full wheel torque specification.
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Figure 2: Schematic representation of
redesigned Generation 1 HHPV powertrain

The drivetrain was completely redesigned in 2010. Figure 2 shows schematic of the revised system. The
problems experienced in the original drivetrain have been eliminated by using only gears. The drivetrain
has been simplified by replacing dual rear wheel “speeder” pump/motors and planetary gear trains with a
single “speeder” pump/motor and a stock automotive rear wheel differential. The original axial piston type
pump/motors have been replaced with a set of 28cc high efficiency bent axis piston units. Gear ratios
and pump/motor sizes have been chosen to optimize fuel economy under EPA driving cycles and to
satisfy the acceleration specification. The original high pressure accumulator had developed a leak, so it
has been replaced with a new 52 liter carbon fiber composite accumulator.

The transmission assembly was completed in August 2011 (Figure 3) and it was installed in the vehicle in
November 2011. Vehicle plumbing was done in collaboration with the Fluid Power Group at Hennepin
Technical College (completed February 2012). The vehicle should be ready for testing in Spring 2012.

In parallel with the installation of the transmission, the controls firmware has been upgraded from
MATLAB xPC Target to a popular automotive industrial standard system, MicroAutobox, from dSpace.
The upgrade will improve robustness and computational power of the controller.

Hydrostatic Dynamometer System: An in-house hydrostatic dynamometer was designed in 2011. The
main purpose of building the dynamometer is to provide rapid experimental validation of the hybrid
powertrain’s performance. The target of this system is to be able to conduct a dynamometer test on a
mid-size vehicle through EPA’s Urban Dynamometer Driving Schedule and Highway Schedule. The new
dynamometer eliminates the need for a test track (neither the Gen 1 nor the Gen 2 vehicles can be driven
on public streets) or third-party dynamometer access costs. It allows year-round access and is also more
repeatable than outdoor testing, thereby alleviating weather-related delays. It is expected to significantly
accelerate the design and tuning of the vehicle controller.

A hydrostatic dynamometer is chosen for this
application mainly due to its capability of both
absorbing and motoring. Other advantages include
lower cost than an electrical dynamometer and high
bandwidth due to its low inertia. The dynamometer is
not intended to achieve industrial standard accuracy,
but it is targeted to be repeatable.

Vehicle
drive shaft

The dynamometer is shown schematically in Figure
4. The assembly of the dynamometer system is
complete. It will first undergo constant load testing to

Figure 4: Hydrostatic Dynamometer System ensure proper hardware operation. Then, computer
Schematic

Power unit
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control will be added to both the hybrid vehicle and the dynamometer. Computer control will enable a
‘virtual driver’ to drive the test vehicle through any desired speed trajectory with the dynamometer
exerting the required load to produce the specified speeds.

Pump/Motor Performance Characterization: Performance maps for the bent axis pump/motors used in the
rebuilt transmission of the Gen 1 vehicle were generated by gathering 2000 data points under a variety of
operating conditions using a test stand built previously [6]. These maps are necessary to design
controllers to optimize vehicle efficiency. Results show significant deviation from manufacturer’s data.

Future Plans for the Generation 1 Vehicle: Plans for the Gen 1 vehicle include: testing the redesigned
transmission in continuously variable transmission (CVT) mode, integrating the Project 1A.1 high level
control strategies, testing the efficiency of advanced hydraulic fluids, determining the efficiency of a
virtually variable displacement pump/motor created in Project 1E.1, and testing two novel accumulators.
These plans are described in order below.

Initially, the Gen 1 transmission will be operated in a degenerate CVT mode rather than as a full hydraulic
hybrid. These experiments have two purposes. First, operation as a CVT serves to prove the
effectiveness of the low level control strategy. Second, the fuel economy obtained from operation as a
CVT provides a benchmark for comparing improved energy management strategies.

Hybrid operation will be tested next with the implementation of various energy management strategies.
Both the modified Lagrange multiplier strategy and Project 1A.1’s rule-based control strategy will be
implemented. The more complex Stochastic Dynamic Programming (SPD) and Model Predictive Control
(MPC) algorithms developed in Project 1A.1 will be implemented and tested in Summer 2012.

A new project which utilizes the Gen | vehicle as a test bed for Project 1G.1 is planned. A synthetic
biodegradable ester will be utilized as the hydraulic fluid, which is expected to exhibit higher efficiency at
low speeds [11]. The new oil will be compared with a shear stable high viscosity index hydraulic fluid that
serves as the baseline oil for the vehicle. The new vehicle dynamometer will be utilized for these tests.

Two new accumulator designs will be tested during the 2012-2013 period. Discussions are underay for
testing an efficient accumulator developed by an outside corporation that operates at near isothermal
conditions. Also, a prototype of the strain energy accumulator being developed by Project 2C.2 is
expected to be ready for testing next year. The strain energy accumulator will have the advantage of
constant pressure operation, thereby improving the energy density of the hydraulic powertrain. The
modular architecture of the redesigned transmission enables the pump/motors to be changed out.

The bent axis pump/motor used as pump/motor “S” will be replaced with a pulse width modulated fixed
displacement pump/motor designed in Project 1E.1 during summer 2013. Simulations have been
performed to optimize the gear ratios for the pulse width modulated pump/motor [9]. The actual efficiency
using the new pump/motor will be experimentally determined and compared to the baseline efficiency.

Achievements and Plans for the Generation 2 Vehicle

Effort on the Generation 2 vehicle in 2011 has focused on returning the FTI transmission to service, and
creating a test plan for generating the efficiency map of the transmission. Each of these efforts is
described below. Continuing plans for 2012 are described at the end.

Returning FTI Transmission to Service: Ford has donated an F150 truck for the project. The FTI
transmission, hybridized with hydraulic accumulators, will replace the original transmission of the truck.
FTI transmission will characterize the efficiency of the transmissions before it is sent to UMN.

Problems with the controls on the FTI dynamometer in early 2010 resulted in the transmission being
driven at high speed in reverse. Since no lubricant is supplied in this configuration, extensive damage
occurred to both mechanical and hydraulic components in the transmission. While the transmission has
now been repaired, residual problems have arisen repeatedly, causing several delays.

Efficiency Map Test Results: The dynamometer tests have produced some results (see Figure 5). The
input speed of the transmission is set to 1000 rpm, the transmission ratio is set to a specified value, and
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then the output load is varied. The results show an improvement in efficiency by using a shear-stable high
viscosity index (VI) hydraulic fluid. Standard Automatic Transmission Fluid (ATF) with 5 cSt viscosity is
used as a baseline for this test (blue lines in Fig. 5). The high VI hydraulic fluid (15 cSt), provided by
Evonik Rohmax (Magenta lines in Fig. 5), reduces volumetric losses within the hydraulic units [11]. The
improvement is especially significant at higher transmission ratios as shown in Fig. 5(a). Performance of
the transmission is similar with both fluids at overdrive transmission ratios (Fig. 5(b)). These results are
consistent with those of Project 1G.1 [12]. The highest efficiency achieved was 92%. A full range of
dynamometer tests are essential for fuel economy prediction and the design an optimal controller.

Figure 5: Dynamometer efficiency test results with different fluid
comparison (Blue: Standard ATF, Magenta: Rohmax Hydraulic Fluid)

Future Plans for the Generation 2 Vehicle: A new mechanical problem in the FTI transmission is currently
being repaired. Following that, the dynamometer tests described above will be completed. The
transmission and accumulators will then be installed in the truck. A basic controller will be developed to
make the truck operational at FTI. The truck is expected to be delivered to the University of Minnesota in
Summer 2012. Development of the full controller can then begin. Much of the controller development
that has been completed for the Generation 1 vehicle will be adaptable to the Generation 2 vehicle.

Milestones and Deliverables
* Hydro-static Dynamometer System operational (2/12)
+ Testdrive of Generation 1 vehicle completed (3/12)
« Efficiency evaluated in CVT mode using Energy Management Strategies (4/12)
* Project 1A.1 integrated by implementing Stochastic Dynamic Programming (SDP) and Model
Predictive Control (MPC) (7/12)
» Efficiency of alternative hydraulic oils compared (12/12)
* Performance of alternative hydraulic accumulators compared (3/13)
»  Project 1E.1 pump/motor installed as Pump/Motor “S” in Generation 1 vehicle (8/13)
* Project 2C.2 Strain energy hydraulic storage integrated on Gen 1 vehicle (6/14)
+ Transmission efficiency characterized with Folsom dynamometer facility (6/12)
»  Generation 2 vehicle operational (8/12)
» Controller demonstrated in Generation 2 vehicle (12/12)
» EPA cycle fuel economy evaluation (3/13)
+ Initiation of Generation 3 transmission design on mid-size sedan vehicle (1/14)
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C. Member company benefits

Practical hydraulic hybrid passenger vehicles would create a new and lucrative market for hydraulic
products. Also, development of the HHPV enables members to gain experience in a non-traditional
potential market segment which requires very high efficiency at relatively low power.
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1. Statement of Project Goals

3.

The goal of this test bed is to demonstrate a compact rescue robot, an example of portable, un-
tethered human scale fluid power applications. Current rescue robots are electric. They can navigate
and observe, but do not have the needed force or power to perform rescue operations. Our goal is to
develop a mobile fluid-power robot that can operate for a reasonable length of time (2 hours minimum),
navigate in difficult terrain (urban disaster site), produce a required force (500 Ibs of lift) with precision
control and resulting dexterity (sufficient to apply medical test and treatment devices) and transport a
specified weight (250 Ibs.).

. Project Role in Support of Strategic Plan

The Compact Rescue Robot occupies the power range from 100W to 1KW in the Center’s efforts to
apply to the full power range of applications. This range is poorly addressed by fluid power today due
to barriers, including a lack of compact power supplies, lack of miniature components and difficulty in
tele-operation and control.

Project Description
A. Description and explanation of research approach

The existing applications at the human scale are simple one degree-of-freedom devices and
generally dependent on large external power supplies. Examples are log splitters and the “jaws of
life” for extracting victims of accidents. While the technology is very successful and indicates the
potential of fluid power, their applications are limited. Expansion to more degrees of freedom will
require untethered power, miniaturized components and remote or autonomous operation.
Addressing these issues in the context of fluid power requires an imaginative leap into devices with
this collection of requirements. Rescue in disaster scenarios is the leap we have taken. Advances
will be relevant to scenarios in the military, construction, agriculture, personal service and
assistance to the handicapped and aged. The state of the art in rescue robots has been reviewed
by NIST in its periodic examination published in the Rescue Robotics Handbook.[1] All entries are
electrically powered, although a few extremely heavy ones have hydraulic manipulators attached.
Some have been exercised on a few disaster sites, but have not been capable of an actual rescue.
The military (DARPA) is pursuing rescue on the battlefield with a battlefield extraction assist robot
(BEAR [2]) and a quadriped field transportation robot (Big Dog [3]), both employing hydraulics.
Neither would meet the specifications for Test Bed 4 (TB4).

TB4, residing at the top of the three plane chart, will demand inputs from several projects to be
successful. Possible compact power supplies are a free piston engine compressor or pump, or a
hot gas vane motor. Safe and intuitive tele-operation will be accomplished through multi-modal
haptic user interfaces. The current incarnation of TB4 uses pneumatics, and the free piston
engine-compressor is the current project that will be able to provide power in a suitable package.

B. Achievements

In the past years, TB4 has advanced most through the development of two separate platforms. At
Vanderbilt, a four-legged crawler actuated by custom miniature high-pressure valves coupled with
a Bimba cylinder and linear damper, has been designed and constructed (Figure 1). The robot is
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controlled via CANbus communication to local microcontrollers at the three joints on each leg. In
the past years, the Vanderbilt hardware has been pre-programmed with several low-level gaits for
motion across relatively predictable surfaces, including a crawl, a walk, and a trot. The Vanderbilt
technology has been intended for use with hardware designed at Georgia Tech: An operator
workstation that uses two Sensable Phantom™ haptic joysticks together with an A/V headset to
provide feedback to the operator (Figure 2). The workstation maps the two joysticks to the four
legs of the robot, granting the operator intuitive control of gait and manipulation motions. Georgia
Tech has also developed a two-legged platform for manipulation testing and interim functionality.
These platforms are interfaced using xPC Target real-time software.

Figure 1: The four legged robot Figure 2: Operator workstation and
at Vanderbilt. surrogate robot at Georgia Tech.

Quantifiable Performance Advantages: A study, undertaken at Vanderbilt, used the mass and
performance of the TB4 hardware in combination with properties of Center-developed power
sources to point out the substantial improvements in energy efficiency that TB4 can bring to mobile
human-scale platforms capable of significant manipulation. These studies, shown in Table 1,
demonstrate that using fluid-power can greatly reduced the mass of the system, especially as
longer run-times are expected. This reduction in weight in turn allows the system to carry larger
loads and last for longer periods of time on less energy, thereby validating many of the efforts of
TB4 and associate CCEFP projects.

Run Time Extra Weight (relative

System (hrs) Mass (kg) to lightest version)
Electric 3 21 10.9

IC Engine Hydraulic 3 23.1 13.0

HGVP Hydraulic 3 17.7 7.6

Free Piston Compressor 3 10.1 0

Electric 10 36.5 24.0

IC Engine Hydraulic 10 25.9 134

HGVP Hydraulic 10 25.2 12.7

Free Piston Compressor 10 12.5 0

Table 1: Quantitative Analysis of Rescue Robot Mass for Fluid Power
and Electric (Battery) Energy Sources
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Hardware Advances: The Vanderbilt robot has been completed, revised for functionality,
documented, and brought to Georgia Tech. Because it had originally been developed in a non-real
time environment, changes were needed to ensure that the hardware functioned with the operator
interface created at Georgia Tech. An undergraduate researcher, Michael Baker, successfully
converted several programs developed by Keith Wait at Vanderbilt from non-real time Simulink to
xPC Target compatible Simulink. He has thus far converted several of the key components
needed for control of the motions, and is in the process of applying these to the pre-programmed
gait software that had been developed at Vanderbilt.

Georgia Tech has also improved the two-legged testbed, which is used as simulation verification
and as a platform for actuator control improvements. Whereas the four-legged testbed couples a
damper with a cylinder to make control of the position control joints simpler on a mechanical level,
the two-legged testbed employs pressure sensors and Bimba™ cylinders with position feedback.
This allows testing of alternate control strategies, such as passive control. In the last year,
substantial improvements have been made to this platform. Control was achieved via the operator
workstation, using commands from the haptic joysticks to direct motion of the legs. Electronics
were reconfigured for a cleaner, more effective, and robust design. The previous custom cylinders
were replaced with Bimba hardware, as noted above, actuated by Festo proportional directional
valves. An undergraduate researcher, Michael Valente, redesigned the legs to accommodate the
different, more compact cylinders and increase leg motion. The revised design was used in an
extensive study for the MS thesis of Hannes Daepp, which explored the modeling of pneumatic
systems of this type.

In the future, the Georgia Tech revised design will be completed and implemented with the new
cylinders and improved range of motion. This will be used to test control techniques targeted at
precise movement of large loads by pneumatically actuated manipulators. Venkat Durbha, a
University of Minnesota PhD student advised by Prof. Perry Li, is exploring improved controllers
following a passivity based design approach using this version of the test bed.

The Vanderbilt hardware will be completely integrated into the Georgia Tech platform, allowing
usage of both the low-level, pre-programmed gaits and the semi-autonomous operator-guided gaits
to control the robot. Control techniques similar to the ones used on the two-legged Georgia Tech
testbed will be implemented here, too. The robot will also be further equipped with A/V feedback
using a pan-and-tilt camera that moves together with operator motions of an associated headset,
previously developed at Georgia Tech on the interim test bed. Alternative vision displays have
been considered by Hisashi Mizumoto, a visiting graduate student from Kyoto University. This
display provides a trailing view of the robot as if the operator were actually following behind the
rescue robot. Such a display has been shown to be superior in giving the operator a better
understanding of the robot’s situation in the environment. It places a computer generated drawing
of the robot with current limb angles and orientation in an image taken from the robot a few steps
earlier. Technical difficulties with the robot made a complete demonstration of the technique
impossible, but the concept applied to legged robots was presented.[4]

Testing Environment: While the low-level gaits used on the four-legged crawler have been tested
in several outdoor environments, a necessary component to proving the versatility of the designed
hardware is the usage of standardized “challenging” terrains. Using the NIST [1] environments as
a guide, a modular terrain block was created that can be configured to illustrate several difficult
scenarios. This terrain will be used as a way of verifying the capabilities of the robot and simulation.

Advances in Simulation: Another key component of TB4 is the hardware simulation. The
simulation was created in 2008/09, and uses an open source robotics library, courtesy of Seoul
National University, known as SrLib. This library lets the user select from a variety of joints and
links to create kinematic representations of the desired hardware. These are then placed in a
simulated dynamic environment, where joints can be controlled either by actuated forces
(representative of the actual hardware), or desired positions (representative of the ideal
circumstance). This serves several key functions: First, it enables the testing of higher level
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control and operator interface features that would otherwise not be possible without a complete and
functional robot, control scheme, and environment. Similarly, it allows design of the operator
interface in parallel with robot design, which can be tested within the safe and efficient bounds of
the simulation.

A third feature of simulation is the result MS thesis work by Hannes Daepp providing a better
understanding of joint dynamics and allows simulated testing of new control techniques. This is
made possible by coupling the dynamic simulation of the robot with a low-level model of an
actuator, consisting of the valve, cylinder, and associated controller. This model, which has been
discussed in two papers [4, 5] published/accepted for publication this year, has been designed in
Simulink and uses a simple proportional valve model, internal cylinder dynamics, and a friction
model to generate a force output. The model has been verified within Simulink to show near
equivalent position and pressure behavior as physical systems, using a simple test setup as a
measurable comparison. These models have also been implemented together with the simulation,
where they have demonstrated similar behavior and drawn conclusions on the effect of naturally
occurring time delays in multi-platform simulations on the behavior of pneumatic models.[5]

The dynamic actuator models were then applied to the joints and improved upon to ensure
equivalence not only in single-platform simulations, but also when combining multiple software
tools for a comprehensive dynamic simulation.[6] The model developed is being used as a basis
for advanced controls approaches, starting with establish pneumatic control techniques such as
sliding mode control and LQR-derived control. The simulation itself will continue to be used as a
guide for interface design and operator control strategies.

Operator Interface and Robot Control: The final key component of the TB4 platform is the operator
interface. This interface uses two Phantom haptic joysticks to control the legs of the robot, using a
strategy known as the Follow-the-Leader gait to map the user to the robot for gait motions. This
strategy allows the user to place the front legs, while to computer decides where to place the rear
ones based on knowledge of variables such as stability, safe footholds, and desired direction.[7]
Several changes have been made in this interface in the past year. Haptic guidance has been
enabled, granting the user a better sense of telepresence through feedback from the joysticks. The
interface has also been redefined on a software level, using several modes of operation and
internal state machines to provide clarity and ease of use to both the operator and the designer.
Several new gaits were added, including haptically guided ones developed at Georgia Tech and
the pre-programmed low level gaits provided by Vanderbilt.

The operator interface has also benefited from a higher level controller developed at Georgia Tech
that places a penalty on stability (with respect to balance, not actuator performance) of the robot
and relates it back to the user in the form of haptic feedback. Thus, the user is guided to move in
such a way that the stability of the robot is never compromised. This operator-in-the-loop controller
results in more effective overall motion without impeding too heavily on the user’s level and sense
of control.

Future plans for the operator interface are primarily focused on applying it to the four-legged
crawler and ensuring complete functionality. This entails coupling higher level control approaches
that related robot balance and user desired motion with lower level actuator motion control to
ensure that the user is able to effectively guide the robot across difficult terrain, as well as move the
legs to lift items when necessary.

The priority focus of TB4 in the coming months is integration with the Free Piston Engine
Compressor (FPEC), Project 2B.1. In order to demonstrate the viability of this development, the
robot must operate without power tethers, meaning the FPEC must ride on the robot. This guides
modification of the robot in several ways. First, the entire operation must be made more reliable.
Second, we must contend with the possibility that pressures will be lower than the 300 psi value
originally conceived as provided by a monopropellant (H202) power source. We also may need to
develop strategies for consuming a smaller volume of compressed gas. In order to stress the utility
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of a legged vehicle, a means of using two legs for manipulation is being developed. In order to free
up the front legs for this purpose, outriggers are being fitted to the robot. When extended, the
outriggers will hold up the front of the robot at a height suitable for the manipulation task at hand.
Representative of these tasks are administering aid to a victim, positioning a pneumatic jack for
lifting a fallen timber, or testing the stability of damaged structures.

Since originally conceived as a test bed for fluid powered devices, both pneumatic and hydraulic, of
human scale, alternatives to the current rescue scenario are being considered. The opportunity to
work with another Engineering Research Center, the Quality of Life Technology (QoLT) Center at
Carnegie Mellon University and the University of Pittsburgh, recently emerged with an appropriate
application. The need to transfer patients who are unable to move themselves is very pervasive.
Movement from bed to chair, chair to toilet, and back again occurs many times a day for each
patient. Multiple people are typically involved in each move and each time the patient and the care
giver is prone to injury. The concept is for a device that can function as the member of a team
which includes one or more human caregiver. In their studies to date, electrical drives have proven
inadequate because of the low force density, where hydraulics excels. Initial contact has been
made and a general strategy for cooperation between centers has been devised. The challenges
of this application are within the scope of the CCEFP, including the need for quiet, leak free, safe
operation in close proximity to people. Compactness is also a priority. In the coming round of
funding it is anticipated that hydraulics at the human scale will be directed in this manner, to rescue
individuals from the confines of a hospital bed.

TB4 has also supported several undergraduate researchers, as noted throughout the summary of
achievements. Allison Byrum, contributed towards control and dynamic modeling of the two-legged
testbed. REU Michael Baker and undergraduate researcher Michael Valente both worked on TB4,
integrating the Vanderbilt model with the Georgia Tech system, constructing terrain obstacles, and
designing and constructing a revised manipulator design for the two-legged platform working with
the newly acquired Bimba cylinders.

Finally, work on TB4 has resulted in several additional papers [8, 9] on modeling, simulation, and
interfaces of fluid-powered technologies, presented or accepted to be presented at conferences
both within and outside the fluid power community.

C. Member company benefits
Festo, Bimba, and Enfield are the companies most closely related to TB4 in its present incarnation.
Hydraulics component and fluid companies stand to gain from future advances. The end users and
integrators for this power range of devices do not generally exist, but could include John Deere,
Toro, Caterpillar and Bobcat.
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Test Bed 6: Human Assist Devices (Fluid Powered Ankle-Foot-Orthoses)

Research Team

Project Leader: Prof. Elizabeth Hsiao-Wecksler, MechSE, UIUC

Other Faculty: Prof. Will Durfee, Mechanical Engineering, UMN
Dr. Geza Kogler, Applied Physiology, Georgia Tech

Graduate Students: David Li, UIUC; Emily Morris, UIUC;
Kathy (Braun) Houle, UMN; Jicheng Xia, UMN

Undergraduate Students: UIUC: Seth Gordon, Princeton (REU); UMN: Derick Monroy (REU), Kali
Johnson, Anshul Gupta, Connor Mulcahy

Industrial Partner: Parker Hannifin (Richard McDonnell)

1. Statement of Project Goals
The goal of this testbed is to drive the development of enabling fluid power technologies to:

(1) Miniaturize fluid power systems for use in novel, human-scale, untethered devices that operate in the
10 to 100 W range.

(2) Determine whether the energy/weight and power/weight advantages of fluid power continue to hold
for very small systems operating in the low power range, with the added constraint that the system
must be acceptable for use near the body.

Human assist devices developed in TB6 provide functional assistance while meeting these additional
requirements: (1) operate in the 10 to 100 W target power range, (2) add less than 1 kg of weight to a
given segment of the body, excluding the power supply, and be designed to minimize physical
interference during use, and (3) provide assistance from 1 to 8 hours. The focus of this testbed is the
development of novel ankle-foot-orthoses (AFOs) to assist gait. An AFO with its stringent packaging
constraints was selected because the ankle joint undergoes cyclic motion with known dynamic profiles,
and requires angle, torque, and power ranges that fit within the testbed goals.

2. Project Role in Support of Strategic Plan

This testbed facilitates the creation of miniature fluid power systems by pushing the practical limits of
weight, power and duration for compact, untethered, wearable fluid power systems. This testbed benefits
society by creating human-scaled fluid power devices to assist people with daily activities and is creating
new market opportunities for fluid power, including opportunities in medical devices.

3. Test Bed Description

A. Description and explanation of research approach

Problem Statement: In the US alone, individuals who suffer from or have been affected by stroke (4.7M),
polio (1M), multiple sclerosis (400K), cerebral palsy (100K) or acute trauma could benefit from a portable,
powered, daily wear AFO [1]. For individuals with impaired ankle function, current solutions are passive
braces that provide only motion control and joint stability. These designs often fail to restore normal ankle
function because they lack the ability to actively modulate motion control during gait and cannot produce
propulsion torque and power.

The ideal AFO should be adaptable to accommodate a variety of functional deficits created by injury or
pathology, while simultaneously being compact and light weight to minimize energetic impact to the
wearer. These requirements illustrate the great technological challenges facing the development of non-
tethered, powered AFOs. The core challenges that must be met to realize such a device are: (A) a
compact power source capable of day scale operation, (B) compact and efficient actuators and
transmission lines capable of providing desired assistive force, (C) component integration for reduced
size and weight, and (D) control schemes that accomplish functional tasks during gait and effectively
manage the human machine interface (HMI). Therefore, the development of light, compact, efficient,
powered, un-tethered AFO systems has the potential to yield significant advancements in orthotic control
mechanisms and clinical treatment strategies.
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State-of-the-Art: Passive AFO designs are successfully used as daily wear devices because of the
simplicity, compactness, and durability of the designs, but lack adaptability due to limited functionality. To
date, powered AFOs have not been commercialized and exist as research laboratory devices constructed
from mostly off-the-shelf components [2, 3].The size and power requirements of these components have
resulted in systems that require tethered power supplies, control electronics, or both [4, 5].

Research Approach: We are following a roadmap for developing portable fluid powered AFO devices with
increasing complexity and performance requirements. In 2008, the design and construction of an energy-
harvesting AFO that selectively restricted joint motion using a pneumatically-driven locking mechanism
was completed [6]. The lessons learned during this design process were used to accelerate the design of
a portable fluid powered AFO. Using a systems engineering approach, the fluid powered AFO system has
been divided into four subsystems that align with our core system challenges: power supply,
actuator/valving, structural shell, and control system (electronics, sensors, and HMI). The subsystems
have target specifications that must be met to realize a fully functional device. The power supply must
weigh < 500 g, produce at least 20 W of power, run continuously for ~ 1 hour, and be acceptable for use
near the human body. The actuator and valving must weigh < 400g and provide a minimum of 10 Nm of
assistive torque at a reasonable efficiency. The structural shell must weigh < 500 g, be wearable within a
standard pair of slacks (fit inside a cylinder with 18 cm OD), and operate in direct contact with the body.
The control system must control the deceleration of the foot at the start of stance, permit free ankle
plantarflexion up to mid stance, generate a propulsive torque at terminal stance, and block plantarflexion
during swing to prevent foot drop; all in a robust and user friendly manner. In 2008, University of
Minnesota students were added to the testbed team to examine opportunities to increase propulsion
torque and power through high pressure hydraulics. Over subsequent years, lllinois and Minnesota teams
have been using the portable fluid powered AFO platform to explore lower pressure pneumatics and
higher pressure hydraulics, respectively, as promising technology paths for tiny fluid power systems
suitable for untethered human assist devices.

B. Achievements

Portable Pneumatic AFO (PPAFO) UIUC

In 2010, we constructed our first generation portable,
powered, ankle-foot orthosis (PPAFO) using off-the-
shelf commercially available @ components to
demonstrate device feasibility (Figure 1). The Gen1.0

(F)

PPAFO is an improvement over state-of-the-art passive (G)
and active systems [4, 5] because it provides subject-

specific motion control and torque assistance without

tethered power supply or electronics. A U.S. patent

covering the technology embodied by the PPAFO is (A)

being filed [7]. Description of the PPAFO system
hardware, characterization of system performance, and (E)
preliminary results from both healthy and impaired

walkers were formally detailed [8]. The Gen 1.0 PPAFO  Figure I: Genl.0 portable powered ankle foot
can generate up to 12 Nm at 115 psig and run orthosis (PPAFQO) shown assisting an. impaired
continuously for about 40 min at 30 psig for both "@ker (LefY). The rotary actuator (A) is powered
plantarflexor and dorsiflexor assistance, falling short of using a compressed CO, bottle (B) worn by the
the more than 1 hour of use requirement. Preliminary ~ Subject on the waist. Onboard electronics (C),
component and operational efficiencies of the Gen1.0  force sensors (D), and an angle sensor (E) are
PPAFO system were examined [9]. An overall system used to control the solen.otd valves (F). A second
efficiency of 19% was calculated from the product of ~ Pressure regulator (G) is used to modulate the
the two efficiencies (component: 50% and operational: magnitude of the dorsiflexor assistance.

39%).

In 2011, in a continued effort to improve the overall efficiency of the PPAFO, we investigated the thermal
impact of the gas intake and possible means to save fuel by thermal regulation. These efforts were
started by a summer REU student and continued in our collaboration with a CCEFP E&O sponsored
yearlong capstone senior design team in Mechanical Engineering at Bradley University in Peoria, Illinois.
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Due to the thermal cooling nature of liquid CO,, gas temperature and output pressure decrease over time,
which result in reduced thermal efficiency of the system. We hypothesized that gas intake at a higher
temperature can decrease fuel consumption and increase run duration. The summer REU study
determined that utilizing longer tubing submerged in room temperature water resulted in fuel savings up
to 7%. The capstone team has studied the thermal impact on the CO, bottle during continuous use in two
extreme cases (isothermal and isentropic). They have determined that 17% of the CO; in the bottle i
wasted by being converted to dry ice in an isentropic scenario. Preliminary results suggest that sufficient
heat exchange to maintain the bottle at room temperature will increase fuel savings. Solutions to improve
the overall system efficiency will continue to be investigated in 2012, e.g., warming gas intake, heat
exchanger on the bottle, recycling compressed exhaust gas, and harvesting of human energy during gait.

During the beginning of 2011, we realized that the compact integrated rotary actuator developed by
MSOE in 2010 would not be a viable design. Therefore, in efforts to continue to driving a technology pull
for a compact rotary pneumatic actuator, we have pursued three avenues. (1) MSOE has been tasked to
improve their design — they are exploring improving the original design and also have proposed a new
design based on bellow technology. (2) The UIUC TB6 team has been collaborating with CCEFP industry
partner Parker Hannifin to utilize their expertise in pneumatic rotary actuators to design a custom product.
(3) The Bradley University capstone design team is also exploring the development of a rotary actuator
that incorporates a gear system. In 2012, we expect to see prototypes from each of these efforts and will
be incorporated into a new (Gen 1.1) PPAFO prototype.

Ascending Stairs

One of the challenges in making the PPAFO a portable gait
assistance device is its ability to provide assistance accordingly at
various scenarios (level ground walking, stairs
ascending/descending). In 2011, we began work in gait mode
recognition. There are two critical aspects of this problem: first, the
original sensor array on the PPAFO has limited sensing ability (only
heel and toe contact forces and ankle joint angle), which do not
contain enough information to reliably detect gait mode. Second,
the gait mode has to be recognized at the earliest possible time to
prevent potential misfiring and loss of balance risk to the wearer.
To address these limitations, we used a 6DOF inertial
measurement unit (IMU). Preliminary results successfully estimate
the 3D motion of the PPAFO, and recognize different gait modes at
the very beginning of the mode change (Figure.2). Future work

Elevation (Z)

includes proper actuation scheme implementation to assist functional I
gait and use of IMU data to track the foot during seating therapy. Level ? Ascend : Level
We have targeted the PPAFO to be a portable device, which Distance (X)

can operate outside of the laboratory or clinic for at-home  Figure 2: Stair ascending gait mode
assistance or therapy. During 2011, we have refined potential ~ recognition. Real-time 3D PPAFO
applications for the PPAFO. Along with CCEFP faculty and  position was tracked using a 6DOF IMU
students at NCAT on Project 3A3, we are pursuing the  atthetoe.

development of a computerized clinician user interface that can

be used to track the patient’s medical history, therapy progression, and ultimately allow for recording and
monitoring of the PPAFO performance while on the patient and also clinician programming of the PPAFO
attributes. Additionally, we now seek to investigate the efficacy of the PPAFO as an integrated and
portable rehabilitation robot in a seated ankle rehabilitation therapy for acute post-stroke patients. Recent
studies using a powered, but tethered, AFO have been found to successfully improve ankle function and
gait performance in post-stroke patients (Roy 2011). NCAT is also assisting with the development of an
interactive game (using a serious gaming approach) to be used by the patient while using the PPAFO as
a joy stick to navigate the game.

We continue to work with several CCEFP projects, which are contributing to the testbed to improve

subsystem performance given target specifications. Center technologies are being used to address
subsystem limitations, including the miniature HCCI air compressor power supply (Project 2B2), an
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integrated shell with thermal management abatement (Project 2D), and the pneumatic MEMS
proportional valves to improve compactness (Project 2F).

Hydraulic AFO (HAFQO) activity at Minnesota:

In 2009, we identified high pressure hydraulics as a promising technology path for tiny fluid power
systems suitable for applications such as the untethered AFO. In 2010, theoretical analysis of tiny
hydraulic systems was conducted to understand their limits [15]. Additionally, a compact fluid power EHA
system was assembled with LiPoly battery, Maxxon motor, Oildyne cartridge pump and Bimba hydraulic
cylinder, to demonstrate the capabilities and limits of using off-the-shelf components.

During 2011, theoretical analysis of tiny hydraulic systems was continued to identify the design guidelines.
* Efficiency models for the piston and vane

pump were built and verified, which enabled 50! &
us to compare these two types of pumps in <
a complete system. The analysis showed °;40
that a piston pump gives a lighter AFO %
weight due to its higher efficiency. So we < 30
decided to use a piston pump as the %
pumping component of the hydraulic AFO § 20
system. 123 10

. . @

e Further analysis showed that the power unit |
of the hydraulic AFO has to be separated i 56 o 5o O OO
from the actuator unit to achieve a better Gait cycle (%)
performance than the equivalent
electromechanical system. This suggests an Figure 3: Hydraulic AFO system efficiency

AFO architecture that is similar to a
miniaturized hydraulic excavator.

e The design of a complete hydraulic AFO system that was targeted to recover the full ankle joint
function is underway. Analysis results showed that a gearhead was mandatory to minimize the weight
of the system. The efficiency of the system, which is determined by the efficiency of two hydraulic
cylinders, two hydraulic hoses, a hydraulic pump, a planetary gearhead, a brushless electric motor
and a LiPo battery, was modeled, as shown in Figure 3.

Publications
During 2011, work associated with Test bed 6 has resulted in 6 peer-reviewed publications in scholarly
journals, 8 conference proceedings, and 1 trade journal article.

Plans, Milestones and Deliverables for Next Year

PPAFO:

e (Spring 2012) Gait mode recognition testing for different scenarios (level ground, ramp, stairs
ascending/ descending); PPAFO pneumatic system component efficiency analysis and design
guidelines; Subject testing for energy recycling scheme

e (Summer 2012) Construction of Gen 1.1 PPAFO with enhanced shell, wireless microcontroller, OTS
proportional valves; Demonstration of HCCI engine prototype and thermal management structure,

clinician user interface, and MSOE, Bradley, and Parker rotary actuators on PPAFO; Explore
pressure & air flow control for torque & rotational velocity control

* (Winter 2012) Investigate iterative learning control of the PPAFO actuation

e (Spring 2013) Demonstration of MEMS proportional valves on PPAFO; Preliminary integration of
rehabilitation application interface with serious gaming

HAFO:
e (Spring 2012) Full system efficiency analysis of ver2 HAFO, for dynamic load application; Finish
customizing piston pump (modified from Oildyne pump) and cylinders

177



e (Summer 2013) Fully functional and integrated ver2 HAFO; Design a control strategy for ver2 HAFO
Plans, Milestones and Deliverables for Next Five Years

Over the next five years of this testbed, we will future develop the current technologies and explore new
ones to continue driving new technology needs.

Continued work:
e Pneumatics: Push development of compact proportional valves, actuators, power sources; energy
harvesting through recycling and human power harvesting.

e Hydraulics: Push development of compact fluid power EHA system; Improve actuation speed

e Clinical applications of portable powered AFO: computerized clinician user interface; seated ankle
therapy for post-stroke rehabilitation

New areas:
e Develop comprehensive and accurate mathematical model of complete pneumatic AFO system.
Use model to create pneumatic AFO devices that optimize efficiency with the goal of increasing run-
time and decreasing weight.

¢ Create new knowledge on a high pressure pneumatic AFO device where "high pressure"” means
around 500 psi. First assess this technology with comprehensive mathematical models, then
validate the models by designing, constructing and evaluating physical devices.

e Continue to research tiny hydraulic devices operating at about 2,000 psi. Critical needs include (1)
validated, comprehensive mathematical models that can be used to predict behavior of hardware,
(2) concepts for generating pressurized fluid from either battery or hydrocarbon fuel stored energy
sources, (3) comprehensive assessment of safety when high pressure tiny hydraulic devices are
used in close proximity to humans.

C. Member company benefits
New technologies that miniaturize current components such as power sources, actuators, and valves
will be developed. This could spawn new markets for miniature fluid power systems. During 2011, we
have been in discussion with a CCEFP industry partner regarding licensing the PPAFO technology.
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