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

RESEARCH PROJECTS

Thrust 1 — Efficiency

Project Name

Pl / Institution / Sponsor

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

Monika Ivantysynova, 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.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

1E.5: System Configuration & Control Using Hydraulic
Transformers

Perry Li, University of Minnesota

1E.6: High Performance Actuation System Enabled by
Energy Coupling Mechanism

John Lumkes, Purdue University;
Monika lvantysynova, Purdue University

1F.1: Variable Displacement Gear Machine

Andrea Vacca, Purdue University

1G.1: Energy Efficient Fluids

Paul Michael, Milwaukee School of
Engineering

1G.3: Rheological Design for Efficient Fluid Power

Randy Ewoldt, University of lllinois at
Urbana-Champaign

1J.1: Hydraulic Transmissions for Wind Energy

Kim Stelson, University of Minnesota;

A Characterization of the Pressure-Viscosity and
Compressibility Response of Five Oils for a Wide
Range of Temperatures

Scott Bair, Georgia Tech
Sponsors: Deere and Company

Advanced Hydraulic Systems for Next Generation of Skid
Steer Loaders

Scott Bair, Monika Ivantysynova
Sponsors: Confidential

Development of a Gasoline Engine Driven Ultra High
Pressure Hydraulic Pump

Andrea Vacca, 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




Project Name

Pl / Institution / Sponsor

Energy Efficient Fluids

Paul Michael, MSOE
Sponsors: Confidential

Energy Saving Hydraulic System Architecture Utilizing
Displacement Control

Monika lvantysynova, Purdue University
Sponsors: Confidential

Evaluation and Design Improvements for a Hydraulic Pump

Monika lvantysynova, Purdue University
Sponsors: Confidential

Evaluation and Design Study of the Piston/Cylinder
Interface of a Swash Plate Type Hydraulic Motor

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Investigation of Alternative Cylinder Block Materials using
Fluid Structure Interaction Modeling (FSTI)

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Modeling and Analysis of Swash Plate Type Piston Motor

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Modeling and Analysis of Swash Plate Axial Piston Motor

Monika Ivantysynova, Purdue University
Sponsors: Confidential

Modeling of Lubricating Features of External Gear
Machines and Development of Quieter Solutions

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

MRI: Development of a Controlled-Trajectory Rapid
Compression and Expansion Machine

Zongxuan Sun, David Kittleson & Kim
Stelson, University of Minnesota
Sponsors: National Science Foundation

New Geometries for Gear Machines towards the Reduction
of Noise Emissions

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

Numerical Modeling of GEROTORSs Unit

Andrea Vacca, Purdue University
Sponsors: Thomas Magnete GmbH




Thrust 2 — Compactness

Project Name

Pl / Institution / Sponsor

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

2B.4: Controlled Stirling Thermocompressors

Eric Barth, Vanderbilt University

2C.2: Advanced Strain Energy Accumulator

Eric Barth, Vanderbilt University

2C.3: Flywheel Accumulator for Compact Energy Storage

James D. Van de Ven, University of
Minnesota

2F: MEMS Proportional Pneumatic Valve

Thomas Chase, University of Minnesota

2F .1 Soft Pneumatic Actuator for Arm Orthosis

Elizabeth Hsiao-Wecksler, University of
lllinois at Urbana-Champaign

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

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

Thrust 3 — Effectiveness

Project Name

Pl / Institution / Sponsor

3A.1: Teleoperation Efficiency Improvements by Operator
Interface

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.3: Active Vibration Damping of Mobile Hydraulic
Machines

Andrea Vacca, Purdue University

3D.1: Leakage/Friction 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

3E.1: Pressure Ripple Energy Harvester

Kenneth Cunefare, Georgia Institute of
Technology

High Pressure Compliant Material Development

Kenneth Cunefare, Georgia Tech
Sponsors: Sauer-Danfoss

Model Predictive Control of Pneumatic Actuators

Wayne Book, Georgia Tech

Sponsors: National Defense Science and
Engineering Graduate Fellowship
(NDSEG)

New Generation Of Green, Highly Efficient Agricultural
Machines Powered By High Pressure Water Hydraulic
Technology

Monika lvantysynova, Purdue University
Sponsors: Confidential




Project Name

Pl / Institution / Sponsor

Rheology Modeling for Mechanical Face Seals

Scott Bair, Georgia Tech
Sponsors: John Crane

Self-powered Leak Detection System for Pipeline
Monitoring

Kenneth Cunefare, Georgia Tech
Sponsors: Veraphotonics, Mistras

Static Dissipating Hydraulic Filters

Paul Michael, MSOE
Sponsors: Confidential

Test Beds & General Research

Project Name

Pl / Institution / Sponsor

Test Bed 1: Heavy Mobile Equipment — Excavator

Monika Ivantysynova, Purdue University,
School of Mechanical Engineering

Test Bed 3: Hydraulic Hybrid Passenger Vehicle

Perry Li, Mechanical Engineering,
University of Minnesota

Test Bed 4: Patient Transfer Device — Hydraulics at Human
Scale

Wayne J. Book, Mechanical Engineering,
Georgia Tech

Test Bed 6: Human Assist Devices (Fluid Powered Ankle-
Foot-Orthoses)

Elizabeth Hsiao-Wecksler, MechSE,
uluc

Controllable Hydraulic Ankle Prosthesis

William Durfee, University of Minnesota
Sponsors: Minneapolis VA Medical Ctr.

CPS: Synergy: Integrated Modeling, Analysis and
Synthesis of Miniature Medical Devices

Pietro Valdastri, Vanderbilt University
Sponsors: confidential

Modulation of Anticipatory Postural Adjustments in
Parkinson's disease Using a Portable Powered Ankle-Foot
Orthosis

Elizabeth Hsiao-Wecksler, UIUC
Sponsors: NSF IGERT Student
Fellowship

Wearable eMbots to Induce Recovery of Function

William Durfeee, University of Minnesota
Sponsors: NIH, University of Michigan




EDUCATION AND OUTREACH PROJECTS

Project Name

Pl / Institution / Sponsor

EO A.1 Interactive Fluid Power Exhibits

J. Newlin, Science Museum of Minnesota

EO B.1 Research Experiences for Teachers (RET)

Alyssa Burger, University of Minnesota

EO B.3b Portable Fluid Power Demonstrator

John Lumkes, Purdue University

EO B.7 NFPA Fluid Power Challenge Competition

Alyssa Burger, University of Minnesota

EO C.1 Research Experiences for Undergraduates (REU)

Alyssa Burger, University of Minnesota

EO C.4 Fluid Power in Engineering Courses, Curriculum
and Capstones

James Van de Ven, Univ. of Minnesota

EO C.4a Bradley University Capstone Senior Design
Project

Elizabeth Hsiao-Wecksler, UIUC

EO C.4b Parker Hannifin Chainless Challenge

Brad Bohlmann, Univ. of Minnesota

EO C.8 Student Leadership Council (SLC)

Alyssa Burger, University of Minnesota

EO D.1 Fluid Power Scholars

Alyssa Burger, University of Minnesota

EO D.2 Industry Student Networking

Alyssa Burger, University of Minnesota
Student Leadership Council

EO D.5 CCEFP Webcast Series

Alyssa Burger, University of Minnesota
Student Leadership Council

EO E Evaluation

James Van de Ven, Univ. of Minnesota

NSF REU Site Award

Kim Stelson, University of Minnesota
Sponsors: National Science Foundation

NFPA Foundation Grant

Alyssa Burger, University of Minnesota
Sponsors: NFPA Foundation

NC A&T State University Regional Collaborations for
Excellence in STEM

Eui Park, NC A&T
Sponsors: EO Thrust A: Public Outreach
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Project 1B.1: Next Steps towards Digital Prototyping of Pumps and Motors

Research Team

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

Graduate Students: Andrew Schenk, PhD student, Daniel Mizell, PhD student, Ashley Wondergem,
PhD student

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

1. Statement of Project Goals

The goal of this project is to help transform the design of hydraulic pumps and motors from a
cumbersome task, requiring significant trial-and-error testing, to a modern approach driven by numerical
simulation and digital prototyping. Previous research has developed fluid-structure-thermal simulation
models which are capable of predicting the performance of critical lubricating interfaces inside axial piston
machines. This research addresses three key areas which must be investigated before these models can
be used in practical pump design. They are:

1. Only two of the three lubricating interface models have been directly validated with physical
measurements to date. This project is constructing a test rig to measure the fluid film thickness
between the slipper-swashplate and compare measured values to simulation results.

2. A good estimation of the pump leakage and discharge port temperatures are needed by the new
lubrication models and this information is unknown at the design stage of a new pump or motor.
The development of a pump thermodynamic model that solves for these unknown boundary
temperatures is essential to enable practical virtual prototyping.

3. This research will use the latest virtual prototyping and optimization techniques to propose
surface/material modifications to improve pump efficiency. Simulated designs will be
manufactured and physically tested to validate the computational work.

2. Project Role in Support of Strategic Plan

Piston pumps are often at the heart of many high power hydraulic systems and are especially critical in
the energy saving displacement control and hydraulic hybrid architectures, both of which are concepts
that have been proposed and developed in the CCEFP. By improving the efficiency of pumps and motors
over a wide range of operating conditions, it enables system designs to successfully compete with
alternative technologies. This project aims to complete the three goals listed above, enabling a digital
prototyping approach to a new generation of pumps and motors. Virtual prototyping represents the only
practical design method to create more efficient designs, utilizing new technologies for surface shaping,
material coatings and other advanced manufacturing technologies.

3. Project/Test Bed Description

A. Description and explanation of research approach

Positive displacement pumps are a critical element of

hydraulic systems. Although numerous pump designs

exist, swash plate type axial piston machines are widely

used today in industry due to their high pressure and

variable displacement capabilities, and their cost to

efficiency ratio. The hydraulic systems in which these

machines are used demand a wide range of pump

operating conditions, necessitated by system performance

requirements. Unfortunately, axial piston machines reach

their peak efficiency only over a limited range of operating

conditions near full displacement. 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 Slldlng Figure 1: Swashp[ate axialpiston machine

interfaces, as illustrated in Fig. 1, determine in large part cross section and identification of the three
lubricating interfaces in red



the achievable machine performance (speed, pressure, and maximum swash plate angle) and overall
efficiency.

The energy dissipated in the sealing and bearing gaps represents up to 90% of entire machine loss at low
displacement and up to 60% at maximum displacement. Advancing the development of lubrication
models, which predict the gaps energy losses, to be of practical use in virtual prototyping is essential to
propose better gap designs. These innovative designs will lead to better machine performance and
increased efficiency especially at low displacements.

B. Achievements

Achievements prior to the reporting period

Previous work made significant progress in advancing a model predicting the temperatures at the outlet
and case port based on the performance and design of a hydraulic pump or motor using the conservation
of energy [1]. Given an inlet temperature, the model was able to predict the working temperature of the
fluid in the case and outlet volumes as a function of the operating condition (speed, differential pressure,
and displacement) within 5°C for the port temperature while correctly predicting the trends of an
increasing temperature with an increasing speed and pressure. Steady state measurements were taken
on an existing unit to verify the results of the parameterized pump design and the thermal model [2].

Further work was also done to advance the validation of the cylinder block — valve plate interface of the
lubrication model. A specially designed valve plate and end case was equipped with various thermal
couples in order to measure the temperature distribution on the surface without disrupting the normal fluid
film of the interface [3]. Confirming the modeling approach used, the simulation was able to accurately
predict the simulated temperature field results both in trend and magnitude to within a few degrees.

Utilizing the validated model for the piston — cylinder interface, previous research investigated the impact
that the clearance between the piston and the bore had on the energy dissipation. The diameter of the
bore was varied from the nominal design of a commercially manufactured variable displacement
swashplate type axial piston machine at a variety of operating conditions. The results demonstrated that
by further reducing the bore diameter from the nominal value, the energy dissipation can be further
improved. This improvement is limited by the reliability of the machine and the achievable tolerances in
the manufacturing process.

Achievements during the reporting period

To further validate the lubrication model of the slipper - swashplate interface along with the impact that
not only the deformations have but also the wear incurred on the surfaces during the initial pump run-in
process, a pump was specially modified to allow for the insertion of six high-speed eddy current
displacement transducers to be mounted inside of the swashplate. As the rotating slippers pass over the
stationary sensor face, the specially calibrated sensors measure the dynamic film thickness between the
swashplate and slipper allowing for a direct comparison to simulation results [4]. A diagram of pump
modifications to incorporate the sensors is shown in Fig. 2.

Figure 2: Modified pump incorporating sensors



The slipper test rig was used to investigate the impact of slipper wear on fluid film thickness. Figure 3
(left) shows the measured film thickness at each of the six sensor locations with a diagram of the sensor
location number at the bottom. The film thicknesses for each of the nine slippers in the rotating kit during
initial operation are plotted with a thin line, and after the run-in wear period, the film thicknesses are
plotted with a thick line. It is clear that especially during the high pressure stroke, the slipper wear has a
significant impact on changing the lubrication operation. Simulations for the same operating condition
both considering the nominal (un-worn) slipper design as well as including the run-in wear profile are
presented in Fig. 3 (right). Similar changes in film thickness and tilting behavior between the nominal and
worn slipper designs are predicted further validating that the current model is able to predict the behavior
of the fluid film while considering both deformations and the influence of the wear profiles of the running
surfaces [5, 6].

Figure 3: Measured and simulated slipper fluid film thickness

Previous research has shown that the port and case
flow temperatures are critical input parameters for the
fluid structure and thermal interaction simulation
model. The use of the port and case flow prediction
model utilizing a simplified heat transfer model of the
pump has shown be difficult to obtain realistic value
for some different designs. The main reason for that
situation is that the heat transfer coefficient as a
required input parameter itself is unknown and
difficult to be determined accurately. Unfortunately
the existing port and case flow temperature
prediction model is very sensitive to those coefficient.
To improve the accuracy of the port and case
temperature  prediction, and eliminate the
requirement of the inputs that are difficult to be
determined accurately, a large number of measured
temperature data was studied from different pumps
and an empirical port and case flow temperature prediction model was developed.

Figure 4: Temperature variation due to pressure
change and heat transfer



Since in a real axial piston machine, the fluid pressure changes over a very short time period and the heat
transfer occurs under constant pressure mostly, in this empirical model the fluid temperature variation
process has been divided into two vectors as shown in Figure 4. The vertical black vector represents an
adiabatic compression or expansion and the green vector represents the temperature variation due to the
heat transfer at constant pressure. The temperature variation due to compression and expansion is
calculated based on the known fluid properties and the temperature variation due to the heat transfer is
calculated empirically. Comparing to the measured temperature, this model predicts the port and case
temperature at a reasonable accuracy over different operating conditions on different sized pumps [7].

In order to use the port and case flow temperature
prediction model coupled with the fluid structure
and thermal interaction model to support design
new pumps and motors, the simulation need to
start with given pump design, given inlet port
temperature, given fluid properties and estimated
outlet port and case flow temperatures. In a
second step the pump outlet port and case flow
temperature prediction model is used to calculate
the outlet port temperature and the case flow
temperature based on the power loss and the
outlet and case flow rate from the fluid structure
and thermal interaction model. In a third step the
obtained outlet port and case flow temperature
will be used to rerun the fluid structure and
thermal interaction model to update the power
loss and the outlet and case flow rate. The
described iteration cycle between the two models
will be repeated until the outlet and case flow
temperature converge as shown in Figure 5.

Figure 5: Simulation process of a new pump or motor

The previously experimentally validated piston — cylinder block lubrication model was utilized to
investigate the effect that micro-surface shaping of the piston
has specifically on the energy dissipation along with the
behavior of the fluid film in the gap over various operating
conditions. The surface of the piston was altered from a
commercially available nominal piston in a variable
displacement swashplate type axial piston machine with a
variety of different surface shapes as shown in Fig. 6 [8]. The
results of the simulations, as shown in Fig. 7, show potential
improvements of overall energy dissipation of up to 30% at full
displacement and 45% at partial displacements. Critical fluid
film thicknesses and areas of friction are also able to be
investigated to better understand what is occurring between
the piston and cylinder allowing to even better improve the
overall operation of the machine as the hydrodynamic
pressure build up in the fluid due to the surface profile is
improved [9].

Figure 6: Various micro-surface shapes
on the piston surface
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Figure 7: Reduction in energy dissipation due to micro-surface shaping of the piston

Member company benefits

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 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 [10].

Preferential patent licensing options for waved pump lubricating surfaces [11, 12].

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

Research Team

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

Other Faculty: Thomas R. Chase, University of Minnesota, Mechanical Engineering
Graduate Students: John Dekarski, Ed Sandberg, 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 efficient, high performance 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 with fixed displacement
pump/motors (P/M) to create “virtually variable displacement pump/motors (VVDPM)”. A prototype
VVDPM will then be performance mapped using an existing CCEFP test stand. Due to limitations of the
power unit and dynamometer on the test stand, prototype performance is to be mapped up to 20 MPa
operating pressure and 3000 RPM shaft speed.

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]. This project
addresses the Center’'s efficiency goal by developing efficient pulse width modulated alternatives to
inefficient throttling valves. By pairing these valves with fixed displacement pumps or motors of any type,
variable displacement functionality can be achieved with designs that are inherently efficient or compact
but traditionally fixed. The project 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 proposed in this
project combine the strengths of traditional
approaches by enabling nearly throttle-less
displacement control of compact, inexpensive
fixed displacement pump/motors using a single
on/off valve.

. . Figure 1: Hydraulic schematic of a VVDPM using a
One such VVDPM implementation based on a 4-way tandem rotary on/off valve. Check valves a

4-way tandem on/off valve is shown in Figure and b prevent cavitation while check valves A and B

1. The VVDPM enables variation of the output reduce pressure spikes during transition.

flow or torque of a fixed displacement

pump/motor by rapidly pulsing 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, as throttling occurs in this
state. And, they must have the ability to operate at high PWM frequencies to reduce ripple and achieve
high control bandwidth. A typical control valve consists of a linear translating element such as a spool or

13



poppet. The element must be accelerated and
decelerated rapidly to be used in PWM control. This
requires large actuators, since power input is proportional
to the cube of the PWM frequency.

The approach used in Project 1E.1 is to develop novel
on/off valves that use continuous rotary motion to
generate on/off switching [10]. These rotary valves do
not need to start and stop; therefore, the only power
required is that to overcome friction (proportional to
frequency squared). Moreover, in applications where the
pump or motor 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

B. Achievements
a) Achievements in previous years

An analysis-driven design of a virtually variable displacement pump/motor based on a rotary valve was
completed in Year 6 of the center. No further funding for this project was requested after Year 6.
However, a prototype was constructed using carry-forward funding. The prototype is based on the spool
valve architecture that has been under development since the inception of the CCEFP [10,17]. 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 [13,16]. The prototype utilizes a commercially
available fixed displacement bent-axis P/M. It was combined with the rotary valve by re-packaging it in a
custom case.

After prototype construction, attempts at efficiency testing were plagued with various problems that had to
be addressed before the prototype would operate reliably. The major problem of the spool seizing was
overcome last year. However, efficiency mapping of the prototype has since been delayed by building
construction at the University of Minnesota, which forced two moves of our lab.

b) Achievements in the past year

Achievements over the past year include modifying the base bent axis P/M, fixing various instrumentation
issues with the test stand, and mapping the efficiency of the base unit to validate the data coming from
the test stand.

It was found that the fixed displacement bent-axis P/M, when tested alone, had poor mechanical
efficiency. This problem was traced to a custom end-cap that interfaces with the PWM valve block. The
problem was corrected by adding shims to better replicate the stock end-cap. The base fixed-
displacement P/M is now performance mapped and volumetric and mechanical efficiencies are
appropriate for that device. This has validated that instrumentation issues with the test stand have all
been resolved.

The experiment had to be moved twice over the last year because of facility upgrades at the University of
Minnesota. The PWM valve block is now re-installed and the VVDPM performance is being mapped. lIts
performance will then be compared to the fixed displacement base P/M, and standard variable
displacement P/M’s.

Figure 3 shows the prototype on the test stand. The prototype VVDPM is on the left side of the picture,

with the 4-way rotary valve housed in a steel block bolted to a standard bent-axis fixed displacement P/M.
The spool is actuated axially via a closed loop position control, and spun with the DC motor seen on top.

14



The variable displacement P/M seen on the right hand side is used to load the prototype when motoring,
and drive the prototype when pumping.

Figure 3: Prototype setup on test stand

a) Plans for the next year

This project is nearing completion. No additional funding is expected through the CCEFP beyond year 9.
Now that the VVDPM prototype is operating reliably and the test stand is outputting correct data, its
efficiency will be evaluated and a paper prepared to discuss results.

If results are sufficiently promising, further development of an improved embodiment of the device may be
pursued through external funding sources.

b) Expected milestones and deliverables

e Efficiency performance map of the prototype VVDPM generated
* Paper to discuss results of prototype testing

C. 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. Also, the practical knowledge gained and challenges to be
overcome in turning the concept of a PWM controlled VVDPM into a working prototype will be an asset as
high speed on/off hydraulic valve technology evolves.
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Project 1E.3: Digital Pump/Motor System Integration and Control

Research Team

Project Leader: John Lumkes, Agricultural & Biological Engineering, Purdue
Other Faculty: Monika lvantysynova, ABE/ME, Purdue

Andrea Vacca, ABE/ME, Purdue
Graduate Students: Farid El Breidi, Tyler Helmus
Industrial Partners: Airlift, Hydraforce, Moog, Sauer-Danfoss, and Sun Hydraulics
1. Statement of Project Goals

The goal of this project is to translate the successful fundamental research of pump chamber voiding and test
bench experimental results of a three piston digital pump/motor to implementation on a test bed (hydraulic
vehicle or excavator) for demonstration and industrial commercialization. This requires two outcomes: the
development of optimal control strategies that allow the digital pump/motor to switch seamlessly between
operating modes (flow limiting/flow diverting) while maintaining optimal efficiency and minimal noise, and the
compact integration of valves and embedded controls to enable mobile operation. Full four-quadrant
operation has been demonstrated in all proposed operating modes, and efficiency and noise tradeoffs were
characterized for each mode. The results have been encouraging and provide motivation for a focused effort
to implement a digital pump/motor on a test bed.

Project Role in Support of Strategic Plan

The project will overcome a major system efficiency limitation in the fluid power industry by improving the
efficiency and dynamic performance of piston pump/motors. Regardless of the fluid power system, overall
efficiency is limited by the efficiency of the primary pump/motor. Project goals will be achieved by leveraging
the test bench, simulation, and experimental results to migrate the pump/motor design to a test bed. Current
test bed results have demonstrated higher operating efficiencies at lower displacements, four quadrant
operation, high displacement control bandwidth, and high operating pressures.

The project directly supports Thrust 1: Efficiency, and improves Test Bed 1 and Test Bed 3 overall
performance. It also impacts Thrusts 2 and 3, Compactness and Efficiency, respectively. Specifically, this
project overcomes the following technical barriers for each thrust:

e Efficient Components and Systems (improve P/M efficiency at low displacements)

»  Efficient Control (real-time optimal control flexibility)

» Efficiency Energy Management (piston-by-piston control of energy)

e Leak Free (positive sealing poppets replacing port plates)

Project Description

A. Description and explanation of research approach
Current state of the art variable displacement pump/motors have high efficiencies when operating at high
displacements. However, as the displacement of the pump/motor is reduced, the efficiency significantly
decreases. 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 to obtain over the full range of operating conditions (speed, pressure,
direction, and displacement). By actively controlling high speed on/off valves connected to each piston
cylinder displacement chamber, digital pump/motors can increase the efficiency and potential applications
within fluid power systems by minimizing leakages, friction losses and compressibility losses.

There are ongoing international research activities related to digital pump/motors. A primary motivation is
that digital pump/motors allow the displacement chambers to remain at low pressure when not needed,
reducing the losses [1]. Artemis Intelligent Power Ltd. used a radial piston configuration and mounted two
electro-hydraulic latching poppet valves for each displacement chamber. This allows the valves to be
latched in the open state and divert the fluid in the piston chamber to the low pressure port achieving
variable displacement flow [2]. The overall efficiency of this unit was high throughout a wide range of
displacement [3]. However, the valves can’t be actuated against high pressure, so this allows having only
one high pressure port and one low pressure port, which prevents the Artemis unit from self-starting when
motoring without adding additional valves.
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The design of 1E6 digital pump/motor enables implementation in most fluid power systems. The versatility
of this design comes from the ability to independently control the fluid flow of each piston chamber.
Individual control allows each piston to act as an independent pump/motor depending on conditions in the
hydraulic system. With this type of control and minimal additions, control structures can be implemented
to allow for different pressure outputs, energy recovery by motoring on certain pistons and pumping on
the others, and energy storage to and recovery from accumulators independently as described in the
work of Linjama and Huhtala [4] and experimentally validated by Heikkila et al [5]. As mentioned, this
outlet control can produce differing pressures from the same pump/motor and could thus be used to
replace and improve the dual pump/motors found in the Integrated Energy Recovery system [6].

. Achievements

a) Achievements in previous years

Previous work in Project 1E.3 developed a coupled dynamic model of a digital hydraulic pump/motor and
an experimental test stand that is crucial for understanding the design tradeoffs and operating
characteristics of the digital pump/motor [7-9]. The simulation model was used to characterize and predict
the efficiency, define the dynamic response and flow requirements of the on/off valves, and perform
design optimization studies. The model has been used to characterize different operating strategies (flow
limiting and flow diverting) and the effects on pump/motor efficiency and flow ripple. The three-piston
pump/motor unit was used to experimentally validate the model, design, and operating strategies of a
digital pump/motor. A schematic of the test bench setup is shown in Figure 1.

Figure 1: Schematic of test setup Figure 2: Picture of test setup

The 3-piston digital pump/motor (light blue, arrow) and test stand is shown in Figure 2. Each piston has
two on/off valves, one at the low pressure side and one at the high pressure side. There are three 2,000
Hz pressure transducers measuring the pressure in each of the displacement chambers. A check valve is
connected to the displacement chamber to provide a safe release of the displacement chamber pressure
in the case of missed valve timing.

There are different methods to achieve partial displacement. These methods, partial flow-diverting and
partial flow-limiting, were described by Nieling ef al [10]. Simulation and experimental tests have
successfully characterized the efficiency and noise tradeoffs of the different operating strategies (flow
diverting/limited, sequential/partial stroke). Sequential flow-diverting operates on a piston-by-piston cycle,
where all the flow from the displacement chamber is either diverted to tank or to system pressure.
Another method of operation is sequential flow-limiting. This is similar to the sequential flow-diverting
method described, but instead of diverting the piston flow the piston chamber is voided for a complete
cycle. This method either completely voids a chamber or the piston does a complete pumping cycle
depending on the displacement desired from the sequential algorithm. Construction of the digital
pump/motor test stand has allowed the testing of fundamentally new operating strategies in pump/motors,
similar to how camless engines in combustion research labs are used to explore new internal combustion
strategies. This adds a fundamental contribution to the design of pump/motors beyond the development
of a prototype unit (i.e. pump chamber voiding, verified on the test stand, could become the foundation for
a new class of variable displacement pump/motors not currently envisioned by conventional designs).

Figure 3 shows the flow-diverting operation strategy of both sequential flow diverting (F-D) operation and
partial F-D operation running at 700 rpm and 103 bar (1500 psi) pumping. The simulation efficiency
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results are 5% higher at full displacement to 20% higher at 25% displacement than the measured results
due to variation in valve characteristics (based on static PQ tests and dry tests of valve position
dynamics). The sequential flow limiting (F-L) and partial F-L operation strategies were comparable to the
F-D results, as seen in Figure 4. However, as expected both the simulated and measured F-L results had
better efficiency than the F-D results.

Figure 3: Sequential and partial flow-diverting, Figure 4: Sequential and partial flow-limited,
measured and simulated measured and simulated

Figure 5 shows the measured results of all 4 operating strategies when the digital pump is running at 700
rpm and 103 bar (1500 psi). The trends of the operating strategies are similar to the simulation results of
the four operating strategies seen in Figure 6. The operating strategy with the best efficiency for the
conditions and parameters stated in this work is sequential F-L, followed by sequential F-D, next is partial
F-L and the worst efficiency is partial F-D.

Figure 5: Measured results of 4 operating Figur 3.6-' Simulated results of 4 operating
strategies at 700 rpm and 103 bar strategies at 700 rpm and 103 bar

b) Acheivements in the past year

Valve correction algorithm

A real-time valve correction algorithm was developed, simulated, and tested on the digital pump/motor.
This correction algorithm uses the high and low pressure curves to account for the valve delay. Valve 1 is
always connected to port A, so pressure ripples are observed whenever valve 1 is actuated. This is
experimentally shown by the red circles in Figure 7. This ripple represents when the valve started to
move, so an algorithm was developed to measure the response time of the valve by measuring the
difference in time between the valve signal and the pressure ripple, thus calculating the response time for
the valve. Since valve event do not overlap, this algorithm would calculate the response time for all three
valves using one pressure transducer at port A. A similar approach was done to measure the response
time of the three valves connected to port B. This algorithm runs in real time for speeds up to 700 rpm, so
it would measure the valve transition time for the current cycle and send the signal to the next cycle to
open the valve in advance. More optimization needs to be done for faster speeds.
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Figure 7: Valve timing algorithm

Experimenting with peak and hold and reverse current driving strategy

To further improve our valve speeds, we experimentally examined the effect of peak and hold and
reverse current strategies on the turn-on and turn-off response of two Sun Hydraulic valves. This involves
sending high initial voltage and current to overcome inductance and eddy current lag while generating
high flux levels across the air gap. After these effects have been reduced by the peak voltage, a holding
current is applied to the solenoid to keep the armature in place.

Table 1: Comparison of average total turn-on and turn-of time of modified and original valves DTDA-XCN valves

Forward (ON)

Reverse (ON)

Forward (OFF)

Reverse (OFF)

Peak Duration (ms

)

Modified (ms)

Original (ms)

Modified (ms)

Original (ms)

Modified (ms)

Original (ms)

Modified (ms)

Original (ms)

0 26.04 31.97 39.44 33.30 162.56 79.10 95.70 -
2 14.70 22.77 27.17 24.83 1301 50.17 64.50 -
4 7.50 6.50 10.43 7.57 59.03 19.83 24.24 -
6 6.77 6.30 7.57 6.57 29.30 27.37 20.50 11.63
8 6.43 6.50 7.37 6.50 32.30 62.97 21.50 16.17
10 7.10 6.77 7.50 6.63 49.30 83.77 28.96 45.30

As shown in Table 1, experimental results show a decrease of more than 75% in turn-on response time
and more than 75% decrease in turn-off response in both valves. The delay time was reduced in both
opening and closing phases for both flow directions. The transition time for opening was improved under
peak and hold voltage strategies, but stayed relatively constant during closing because it is dependent on
the stiffness of the spring. The valve response effects were simulated and experimentally tested on the
digital pump/motor. As shown in Figure 8, the simulation model predicts an improvement in efficiency of
up to 15% using the flow diverting mode and up to 8% using the sequential flow diverting mode.
Experimental testing showed that a considerable improvement in efficiency could be achieved by using
faster valves, where an increase of up to 12% was achieved in the partial flow diverting mode and up to
5% in the sequential flow diverting mode.

Figure 8: Digital pump/motor simulated (left) and measured (right) efficiency comparison
when using the old and new valves for flow diverting and sequential flow diverting strategies
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D

Plans

a) Plans for the next year

There are two primary tasks for next year. The first task is to investigate different pump driving strategies.
When running at constant displacements, the valve signals become repetitive per cycle, so we are
studying different options of controlling the pump/motor which would minimize the effects of valve timing
on the efficiency and system behavior. This study is driven by the capabilities and freedom in operating
strategies of the current test stand and all the experimental data gathered which allow us to study the
feasibility of multiple configurations.

The second task is to investigate and develop the mode switching algorithm. Depending on the pressure
and flow requirements, different operating modes are more efficient than others. The goal is real-time
switching between operating strategies (partial flow diverting/limiting and sequential) based on the
condition required (flow ripple, heat, torque ripple, efficiency...) with the goal of maximizing system
efficiency and keep noise under allowable levels. Although this is easy to demonstrate on the test bench
by manually selecting the operating mode, if the pump/motor is to be successfully implemented on a test
bed, the controller must do this in real time and while minimizing any feedback to the system during the
actual mode switch.

b) Expected milestones and deliverables

Project Tasks:

e Task 1: Investigate different pump/motor configurations which are less valve dependent [4 months]

e Task 2: Investigate and develop mode switching algorithm [6 months]
Real-time switching between operating strategies (partial flow diverting/limiting and
sequential)

e Task 3: Investigate the use of project 1E.6 valves [4 months]
Validate further efficiency improvement by using faster and less non-linear on/off valves

e Task 4: Design and construct a test bed ready digital pump/motor prototype [12 months]

e Task 5: Implementing the portable prototype into an actual machine [4 months]

Milestones:
e Validated simulation and design tool for digital pump/motors [Completed]
e Multiple piston digital pump/motor test stand designed and built [Completed]
e Experimental characterization of digital p/m and operating strategies [Completed]
o Confirmation of research hypothesis that digital pump/motors are capable of high efficiency over
a wide operating range [Completed]
* Valve Correction algorithm [Completed]

New for Y9/Y10

e Design and simulate a new pump/motor design [May 2015]

e Experimentally validated mode switching algorithm [August 2015]

e Built a new pump/motor prototype [Oct. 2015]

* Design of test bed ready mobile digital pump/motor unit with integrated electronics, sensors, and
rotary group [Feb. 2016]

* Construction of test bed ready mobile digital pump/motor unit with integrated electronics, sensors,
and rotary group [April 2016]

* Implementation of mobile digital pump/motor prototype on a test bed [June 2016]

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 36 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: Perry Li, Mechanical Engineering, University of Minnesota

Other Faculty: Thomas Chase, Mechanical Engineering, University of Minnesota
Graduate Students: Mike Rannow, Chad Larish, John Dekarski

Industrial Partner: Danfoss Power Solutions

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 competing
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 between rotary
mechanical power and hydraulic power,
such as a pump, motor, or transformer.
Two methods are commonly used to vary
the flow or speed of these devices: adding
a throttling valve in series with one of the
hydraulic ports of the device, or building the
device such that its displacement can be
varied. The variable displacement option is
generally more efficient. However, 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 Figure 1: Efficiency comparison of standard swashplate

of variable pumps and motors are either vs. discrete piston control

bent-axis or swashplate type piston machines where 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, leakage and friction losses remain constant.
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A new approach to improving the efficiency decrease with displacement is the piston-by-piston variation
method. Research that was initiated at the University of Edinburgh, and has continued with the start-up
company Artemis Intelligent Power, 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. This increase in low displacement efficiency can be seen in Fig. 1.

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 valve plates, as used in many conventional alternatives, are also eliminated.

In project 1E.4, 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 CCEFP 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.

Using a mechanical control method offers many advantages. The simplicity of a single input control of
displacement versus more complex electronically controlled valve timing provides reliability and cost
benefits. Actuation power is reduced since a rotary valve does not need to be accelerated and
decelerated, and it doesn’t require constant holding power, as typical solenoid valves do. Having the
valve mechanically coupled to the drive shaft ensures repeatable timing, and this strategy can power the
spool despite contaminated oil. The mechanical approach does suffer one disadvantage: control
flexibility is reduced as a result of replacing flexible electric controls with fixed mechanical controls.
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 were used to 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 (Danfoss Power Solutions), who has
donated prototype parts.

B. Achievements

a) Achievements in previous years
The initial phase of this project was to examine how the losses in variable displacement
pumps/motors 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 rough design concept has been developed into a detailed prototype design. A number of valving
approaches were considered, and the selected on/off valve concept was designed to fit into a custom
pump housing for a wobble-plate style pump-motor. The design incorporates elements from a
donated pump prototype, along with 25 different custom designed parts. The detailed design of the
pump/motor components was an iterative process that included dynamic modeling as well as CFD
analysis. A design review was held with industry champion Danfoss Power Solutions, who provided
some helpful feedback on the design. The primary design changes resulting from the review
centered on material selection and heat treatment options.

The models used to generate loss comparisons were designed for a pump the size of the 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
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displacement are clear. 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.

Achievements in the past year

In the past year, the model for the various loss types in the swashplate and discrete piston designs
was reviewed with an industry expert. As a result of the review, a number of updates were made to
the model.

Fig. 2: Prototype during inspection and assembly

Throughout the project, modeling of the power losses have been updated to provide an estimate of
the overall efficiency of a pump/motor using the piston-by-piston control approach. In simulating the
designed valve control concept, it was found that the power losses in the motoring case are expected
to be significantly higher than in the pumping case. This is due primarily to the energy lost when
compressing a low pressure volume of oil to high pressure so that it can perform work on the pistons.
A method for creating a mechanical device that will automatically adjust the valve timing in pump and
motor modes to eliminate this efficiency difference between the pump and motor modes has been
designed. While the automatic adjustment mechanism will not be included in this prototype, the
pump/motor was designed to be able to statically modify the timing so that the effect of the timing
adjustment mechanism can be quantified.

The prototype hardware is shown in Fig. 2. Assembly is nearly complete. It 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)
e 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)
¢ Complete mechanical design of the pump/motor (complete)
* Analyze flow paths using Computational Fluid Dynamics (complete)
* Hold design review with Saur-Danfoss (complete)
* Finish prototype construction (2/15)
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* Test efficiency of the pump/motor (5/15)

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 1E.5: System Configuration & Control Using Hydraulic Transformers

Research Team

Project Leader: Perry Li, Mechanical Engineering, University of Minnesota
Graduate Students: Sangyoon Lee, Pieter Gagnon
Industrial Partner: Eaton, Case New Holland, Takako Industries, iRobot

1. Statement of Project or Test Bed Goals

This project investigates how hydraulic motion control systems can best make use of hydraulic
transformers to improve efficiency while maintaining control performance. Various existing and novel
transformer designs and system architectures will be modeled, analyzed and evaluated. Control
approaches that maximize both efficiency and precision will be developed and demonstrated. These
control approaches will be experimentally implemented on a transformer test bench and on the patient
mover test bed (new TB4).

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

Transformers address the efficiency goal of the center by providing a throttle-less and regeneration
capable means to control hydraulic actuators. Transformers may also be amenable to compact
integration with actuators. Efficient and high performance control of actuators with appropriate form
factors could expand the use of hydraulics in human scale robotic applications. Demonstration of
transformer performance in the new test bed 4 (patient mover) is targeted, although transformers also
have applications in hydraulic hybrid vehicles, excavators, energy storage systems, and in small scale
human wearable devices as well.

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

In a typical hydraulic system with a centralized hydraulic supply and multiple services (actuators),
throttling valves are still being used predominantly due to their simplicity and capability for precise
control. While a load sensing pump can reduce the throttling loss for the service with the highest
pressure requirement, throttling losses are inevitable for other services with lower pressures. Moreover,
energies associated with over-running loads are generally not recoverable in throttling circuits. In both
construction equipment and mobile robot applications, large differences between pressure
requirements amongst the various services and opportunities for regenerative energy exist. For this
reason, alternative means to throttling for controlling services that are more efficient, allow for energy to
be recovered, and capable of high control performance, are needed.

Hydraulic transformers are devices that transform hydraulic power conservatively from one
pressure/flow combination to another pressure/flow combination. They are hydraulic equivalents of
gear-sets (mechanical transformers), and AC magnetic transformers / power converters (electrical
transformers). Fundamentally, a hydraulic transformer consists of a hydraulic pump and a hydraulic
motor that are mechanically coupled. As such, it is the inversion of a hydro-static transmission (HST).
Since pressure transformation does not use throttling, a hydraulic transformer with variable ratios is a
potentially efficient means to distribute and control power from a single hydraulic power source to
multiple functions.

One aim of this project is to gain understanding of how the intrinsic properties of the transformer impact
overall system performance and to provide guideline for the future design and optimization of
transformer devices. Beside the traditional pump/motor configuration, there is also extensive work
focusing on the design proposed by Innas that combines the role of pump and motor into one single
rotating group using a rotatable 3-ported valve plate [1-10]. In this project, the performance merits
(such as efficiency, size, and ripples) of the various configurations are compared via developing
models. From this study, which transformer configuration will be further studied will be determined.

In parallel with the comparison study, this project is developing efficient and precise control strategies
and control algorithms for hydraulic transformer based systems. While most hydraulic control concepts
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are based on flow control (e.g. via control of valves and pump displacement) [11-14], transformers are
in contrast pressure control devices. Therefore, control strategies and methods for analysis can be
quite different from the more conventional hydraulic systems.

Finally, effective and precise control using transformers will be demonstrated experimentally on the lab
bench and on the patient mover test bed in a human power amplifier mode.

B. Achievements
Achievements in previous years

Comparison of transformer configurations: A comprehensive comparison between three configurations
of the traditional pump/motor (PM) transformer (Fig. 1-3) and the 3-ported Innas Hydraulic Transformer
(IHT) configuration has been performed assuming similar axial piston architectures. Comparisons were
made with respect to size (as measured by overall displacement), flow/pressure ripples and
efficiencies. For each configuration, average and piston-by-piston dynamic models have been created.
Friction and leakage within the piston chambers, between the valve plate and barrel, and piston shoe /
swash plate friction, fluid compressibility and throttling loss valve were included based upon models in
the literature [16-18].

With these models, it was found that any of the 3 PM transformer configurations would need to have a
displacement 33% larger than an IHT to have similar flow capabilities. However if switching is allowed
between the different PM configurations for different operating conditions, the PM transformer
displacement would only need to be 17% larger than that of IHT. Such ‘port switching’ could be
achieved by the addition of two 3-way valves.

With respect to ripples, the models predict that an IHT would have significantly larger flow and pressure
ripples than a pump/motor transformer with the same number of pistons. This is primarily a
consequence of the pistons switching ports at locations other than top and bottom dead center, when
their flows are non-zero.

Piston-by-piston models of a 19cc IHT with 9 pistons and a 25cc PM transformer with 10 pistons (5 in
each unit) configured in 3 different manners (Figs. 1-3) have been developed and used to generate
efficiency maps at the input pressure of 200MPa. IHT is predicted to be 3~5% more efficient than the 3
PM transformer configurations. Moreover, each of the 3 PM transformer configurations is found to have
its own best efficiency region — PM-1 is good where transformation ratio (output pressure / input
pressure) is near 1; PM-2 is most efficient where transformation ratio is near 0.5; and PM-3 is most
efficient where transformation ratio is near 2. This suggests that by allowing switching between PM
configurations, a system that is efficient over the whole range of operating transformation ratios can be
achieved.

A B
T
Figure 1: PM Transformer-1 Figure 2: PM Transformer-2 Figure 3: PM Transformer-3
Tank port Shared Output Port Shared Input Port Shared

Prototype acquisition: It was decided to further study PM transformers with port switching capability
because of the sizing and efficiency advantages. To this end, a donation of a manually controlled
pump/motor hydraulic transformer prototype (Fig. 6) was obtained from Takako Industries. This device
consists of two variable displacement 3.15 cc/rev micropiston P/M units in the traditional pump/motor
configuration. Design work was done to modify the prototype to allow for computer control.
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Achievements in the past year

Trajectory Tracking Control In the past year, a trajectory
tracking controller has been developed for a transformer
controlled hydraulic actuator. In addition to controlling the
actuator trajectory, this controller also regulate the
transformer speed at target value. Initially, a backstepping
control approach based on quadratic Lyapunov function
was taken to meet the flow demand for the actuator
pressure dynamics and to regulate the transformer speed
at the predetermined value [20]. The controller was later
modified to use a passivity based backstepping approach
based on a Lyapunov function that is based on natural
stored compressible energy [21]. A supervisory control for
specifying the transformer speed for the given load
condition and minimizes losses has also been developed.
Simulated results in Fig. 4 show that the controller is able to
achieve trajectory tracking and regulation of the transformer
speed. Experimental implementation and testing is currently
underway.

Prototype Modification and Efficiency Characterization:

Figure 4: (Top) Cylinder trajectory tracking results
(Middle, Bottom) Transformer speed regulation

The prototype transformer obtained from Takako Industries last year was modified to allow for
computerized control of its displacements (Fig. 6). A test bench was constructed and implemented, with
solenoid valves configured as shown in Fig. 7-8, to enable switching between the various pump/motor
configurations. An operator can also switch between a cylinder, motor, or an orifice load depending on
the requirements of the experiment. Baseline efficient maps have also been generated for each
transformer configuration of the prototype operating off of a 10.5MPa (1500psi) distribution rail, as

shown in figure 5.

Figure 5: Experimental Efficiency Maps for Prototype

Figure 6: Automated prototype

Fig. 9 shows an open loop test of the prototype transformer switching configurations during operation. It
can be observed that switching configurations can rapidly change the output pressure of the

transformer, even as the unit's swashplates are held fixed.
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Figure 7: Experiment setup

Figure 9: Mode switch in operation

Implementation of the Controller: Initial experimental
testing of the trajectory tracking controller has also been
performed in the PM-1 configuration (Fig.1). Fig. 10 shows
that transformer was able to provide arbitrary output
pressure while regulating its speed at arbitrary speed when
connected to an orifice load, and Fig. 11 shows cylinder
trajectory tracking performance. Implementation with other
transformer configurations is underway.

C. Plans
Plans for the next year.

Control for Efficiency: Control algorithms will be developed
for efficiency of the system in addition to trajectory tracking.
One approach is to regulate the transformer operating
speed to reduce energy loss in the transformer as with the
supervisory control shown earlier. Another approach is to
regenerative energy during braking motion (Fig. 12). We
plan to investigate (1) how to use the recovered energy;
(2) how to store the recovered energy; and (3) how to
maximize the amount of recovered energy.

Recovered energy can be used to reduce the load on the
central hydraulic supply instantaneously or to be stored
for later usage. This could be stored external to the
transformer by using an accumulator (this case was
assumed in preliminary trajectory control studies).
Alternatively, recovered energy can be stored internally in
a substantial inertia acting as a flywheel. With a flywheel
energy storage, each storage phase or regeneration
phase needs to go through pump/motor only once as
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Figure 8: Schematic of experiment setup

Figure 10: Implementation with orifice

Figure 11: Implementation with Cylinder

Figure 12: Energy recovery with transformer



opposed to twice if an accumulator is used. Thus, there may be efficiency advantage with a flywheel
energy storage, especially if the energy will be reused quickly. Furthermore, a hybrid operation scheme
could be developed to store recovered energy either internally or externally depending on specific
operating scenario to maximize amount of recovered energy. Recovered energy can be maximized
through optimization of the operating region such that minimal amount of power is consumed when a
positive work is required and maximum amount of power is recovered when a negative work is required.
We plan to extensively model and simulate various operating scenarios and implement the best
algorithm in utilizing regenerative energy.

Demonstration of Transformer Controlled System: Controllers being developed will be implemented on
a human power amplifier device in University of Minnesota (Fig. 13). Initial evaluation of the controller’s
precision, accuracy, stability, and energy efficiency will be done in this environment. Ultimately,
performance of the controller will be demonstrated on TB 4, a patient transfer device at Georgia Tech
(Fig. 14).

Figure 13: Human Power Amplifier Figure 14: Patient Transfer Device

Expected milestones and deliverables

Results from the exhaustive quantitative comparison study for IHT and PM transformer designs will be
published. Control methodologies that ensures not only precision but also efficiency of the system will
be developed and implemented on the test setup in University of Minnesota and will be integrated into
TB 4 at Georgia Tech.

D. Member company benefits
Member companies can benefit from learning benefits of hydraulic transformers to save energy, and

how to apply and control hydraulic transformers in applications. The project may also provide
guidance on transformer configurations as a product.
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Project 1E.6: High Performance Valve Actuation Systems

Research Team

Project Leader: John Lumkes, Agricultural & Biological Engineering, Purdue
Other Faculty: Monika Ivantysynova, ABE/ME, Purdue
Andrea Vacca, ABE/ME, Purdue
Graduate Students: Jordan Garrity
Industrial Partner(s): Moog, Parker-Hannifin, Sun Hydraulics

1. Statement of Project Goals

The goals of the project are to 1) develop the bidirectional proportional control algorithms for the Energy
Coupler Actuated Valve (ECAV), 2) integrate the ECAV with both a poppet and a spool valve body and
experimentally investigate the pressure-flow-time performance, and 3) develop an integrated electrical
systems (driver circuits and sensor), actuator, and valve system that can be easily incorporated into
center and industry projects.

2. Project Role in Support of Strategic Plan

This project addresses the technical barriers of efficient components and is an enabler for efficient and
effective systems. Hydraulic valves are found on nearly every fluid power system in production. The core
technology developed in this project: compact, modular, high performance, proportional and scalable
valves are enablers or enhancers for every test bed in the center. Test beds 1 & 3 would benefit from high
efficiency pumps/motors enabled by these valves, or from increased bandwidth displacement control
when using current state-of-the-art variable displacement units.

3. Project Description

A. Description and Explanation of Research Approach

This project continues the development of a promising new concept of a valve actuation mechanism, the
energy coupler actuator (ECA), to solve the trade-off between fast switching and large nominal flow rates
in the design of high speed valves. The fundamental principal of the valve actuation system, as
successfully tested in the Y7/Y8 project cycle, is to couple a kinetic energy source with a translational
valve poppet or spool. Valve positions can be controlled by intermittently coupling or decoupling the
translational component from the energy source. Figure 1 illustrates the ECA design. When the MR fluid
is not magnetized, the liquid viscous friction forces between the rotary disk and the translational
components are small (Lord, 2011). If the left side coil is energized, magnetic flux will be generated in the
gap and will cause the MR fluid to thicken. As the fluid thickens, it creates a shearing force. The rotating
(clockwise for the example in figure 1) disk will clutch the translational piece and bring it upwards thereby
opening the valve. Similar mechanisms apply to the valve closing.

a) Schematic diagram b) 3D rendering

Figure 1: MR fluid energy coupler actuator valve
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The ECAYV design has the following advantages:

* High pressure can be at either port e System pressure-independent performance

e Large and scalable actuation forces * Low leakage

* Large stroke e Compact axial stacking of valves (Figure 2,
* Proportional control valve with multiple MR fluid energy coupler
e Small moving mass actuators).

Figure 2: ECAV stack valves configuration

B. Achievements

a) Achievements in Previous Years

Computer modeling of the ECAV across multiple physical domains was created initially to optimize the
design and performance of the ECAV. This included a 3D finite element model on electromagnetic field
strength, an actuation force model, and a flow domain model within the valve concept. After successful
implementation of the computer solved models, prototyping and experimentation of the design began to
compare with simulations. Results were generated on measuring displacement over time of the actuation
mechanism and improvements to the prototype were made to help enhance the project. Bidirectional
capabilities of opening and closing the ECAV were proven successful. Figure 3 shows the achievement of
bidirectional capability in the ECAV.

Figure 3: The switch-on, hold, switch-off cycle for the MR fluid ECA
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b) Achievements in the Past Year

Tests were conducted to determine the dynamic
performance of a prototype MR fluid ECAV. The
third generation prototype proved the most
successful in  experimental testing. This
prototype is built upon and utilizes the successful
parts off of the previous designs. This
translational piece has its coil windings around a
3D printed spool with a steel core to focus the
magnetic field in the assembly.

Figure 4 shows a comparison of the measured
displacement profile with what was modeled
across three different supply voltages of 48V,
72V, and 96V respectively. Simulated results
matched the experimental results quite well.

The ECAV response time for 1.5mm stroke
(100L/min nominal flow) was predicted to be
2.8ms and the resulting electric energy
consumption was evaluated as 1.2J electric
power per switch. Also, large displacements up
to 7mm can be achieved in 7ms. This
demonstrates the significant potential for large
stroke high bandwidth actuators.

Figure 4: Dynamic Displacement Profile

C. Plans

a) Plans for the Next Year

The proposed work over the next year includes task 1) to develop the bidirectional proportional control
algorithms for the Energy Coupler Actuated Valve (ECAV), and task 2) integrate the ECAV with both a
poppet and a spool valve body and investigate experimentally the pressure-flow-time performance. These
two tasks will be completed concurrently in the first year of the project. The third task will then be to
develop an integrated electrical system (driver circuits and sensor), actuator, and valve system that can
be easily incorporated into center and industry projects.

b) Expected Milestones and Deliverables
Tasks 1 & 2 will be completed concurrently in the first year of the project. The control algorithms will

initially be developed on the existing actuator prototype while the valve poppet and spool, and associated
housings, are developed. Task 3 (figure 5) is to develop and test integrated valve units with embedded

Figure 5: Valve Assembly with embedded sensors
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electronics, working towards the goal of
incorporating high performance valves into test bed
supporting projects like digital pump/motors, control
of swash plate displacement, and for enabling new
energy storage configurations (Linjama & Huhtala,
2010). Another outcome of task 3 and possible
application is the integration of the ECAV on the
digital pump/motor test stand, as shown in Figure 6.
This would provide a great multi-valve testing
platform while improving the overall efficiency,
controllability, and operating envelope of the digital
pump/motor.

D. Member Company Benefits

Figure 6: ECAV Digital Pump/Motor Concept

These valves would enable a higher efficiency for pumps/motors and would greatly benefit test beds 1 &
3, or the efficiency could be improved by increasing the bandwidth displacement control by using state-of-

the-art variable displacement units.

E. References
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Project 1F.1: Variable Displacement Gear Machine

Research Team

Project Leader: Andrea Vacca, Department of Agricultural & Biological Engineering and
School of Mechanical Engineering, Purdue University
Graduate Student: Ram Sudarsan Devendran (PhD Student)

Undergraduate Student: Marlon Baez

1. Statement of Project Goals

The primary goal of this project is to formulate and develop a unique concept for variable displacement
external gear machines (VD-EGMs). The new innovative design of the machine will preserve the well-
known advantages of current fixed displacement EGMs such as ease of manufacturability, low cost high
pressure range of operation and good operating efficiency. To reach the primary goal, the project also
proposes a general and innovative design method for EGMs that surpasses the current empirical design
approach used to design such units. Particularly, the project will take into consideration unconventional
designs, such as non-involute or helical gear profiles. Therefore the goals of the project can be mentioned
objectively as:

Objective 1 (O1): Formulate a new design principle for VD-EGM
Objective 2 (02): Propose a novel and general design methodology for EGMs.

2. Project’s Role in Support of Strategic Plan

The proposed research directly addresses the technical barriers “efficient components” and “efficient
systems” by introducing a new concept for a VD hydraulic machine. CCEFP is extensively researching
new system concepts to minimize energy consumption of the fluid power applications, and many
solutions are based on the potentials of VD units. However, the diffusion of efficient system layout
architectures based on VD units is not as broad as it should be, due to the inherent high cost factor
associated with VD pumps and motors. Therefore, research toward more cost effective solutions for VD
units is needed in the fluid power field. By proposing a new VD design concept, this project will support
the ongoing research on novel architecture and will permit a wider diffusion on more efficient systems
also in low cost fluid power machines. With a strong fundamental component on the approach for
designing EGMs, the research aims to surpass the current empirical methods that limit the possibilities of
formulating new design concepts for EGMs.

3. Project Description
A. Description and explanation of research approach
The well-known advantages of external gear machines (EGMs) such as low cost, compactness,
reasonable operating efficiency and good reliability make them as one of the prominently used
components in fluid power. Despite these advantages, EGMs are fixed displacement and they cannot
be used as primary energy conversion units in modern energy efficient layout configurations based on
variable flow supplies, such as in load sensing systems, hydrostatic transmissions or in displacement
controlled systems [1, 2].
With the exception of cases where the unit
operates at fixed pressure and flow rate, the
energy consumption of fluid power circuits based
on fixed displacement units can be as much as
70% higher than standard VD system layouts. For
this reason, both industry and academia have
been dedicating effort in formulating VD design
solutions for EGMs, with the aim of preserving the
advantages of limited cost (about 10 times lower
than existing VD units with the same capacity)
and reliability. Representative of the past efforts
are given by references [3-11]. All these past
effort share the idea of realizing an axial or radial

Figure 1: Parts of an external gear machine
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relative motion between the gears to obtain a variable output flow. However, the motion of the gears,
which are the most loaded elements in an EGM, involves major problems such as: sealing the tooth
space volume; guaranteeing a smooth meshing process and a good balance of the gears avoiding
contacts. A good solution for mentioned aspects generates complexities which increase the cost of
the unit and penalize its reliability. For these reasons, none of the solutions proposed for VD-EGMs
have found successful commercial application.

The proposed solution for VD-EGM

The novel idea for achieving Variable displacement in EGMs can be obtained by introducing an optimal
concept of variable timing of connections between the displacement chambers (tooth space volumes,
TSVs) and the inlet and the outlet ports.

Figure 2: (A) Slider placed within the bearing block of the VD-EGM (B) The progression of TSV as
a function of shaft angle. The meshing process realized the displacing action in the angular interval
0, for a portion of the meshing process (between D-S), the volume is trapped between points of
contacts.

The variation in the timing of the connections is achieved by the introduction of a movable element called
the slider as shown in Figure 2(A). The position of the slider determines the amount of flow displaced by
the unit per revolution, for both the cases of pumps and motors.

Figure 1: (A) Position of the slier to achieve maximum displacement
(B) Position of the slider to achieve minimum displacement

In order to achieve max displacement, the commutation between of the TSVs between inlet and outlet
groove (shown in Figure 3(A)) is realized when the volume is at its minimum (represented by “M” in Figure
2(B). Therefore, the max volumetric capacity of the machine is utilized since the TSV is connected to the
inlet and outlet for equal intervals of time. A variation of the displaced flow can be achieved by positioning
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the slider closer to the inlet side as represented in Figure 3(B). In this configuration, each TSV is
connected to the outlet for a larger period of time as shown in Figure 2(B), thereby a part of the fluid
already delivered to the outlet is taken back into the TSV. Therefore, an effective reduced flow rate is
displaced to the outlet.

B.

Achievements

Achievements prior to the reporting period:

Prior to the reporting period, the research team has made remarkable progress in this research topic.

1.

The Omni-comprehensive tool called HYGESIM — HYdraulic GEar machines SIMulator [12] was
successfully extended to simulate the performance of a VD-EGM. Particularly, HYGESim was
successfully used to simulate the VD-EGM in terms of pressure in the displacement chambers, local
pressure peaks and cavitation, flow pulsations, forces acting on the gears, input shaft torque etc.

A state of the gear generator capable of designing asymmetric gears was developed along with a
lateral bushings generator [13]. These models were successfully integrated into HYGESIM-
Geometrical model to calculate the different features necessary for the simulation of the VD-EGM.

A multi-level-multi-objective genetic algorithm based optimization workflow was generated for the
simultaneous optimization of the design of asymmetric gears and grooves in the slider. The
workflow used HYGESIM at its crux to evaluate the performance of the machine based of several
different objective functions such as: 1) Maximize the reduction in displacement 2) Minimize
pressure pulsations, 3) Minimize internal pressure peaks and localized cavitation effects and 4)
Maximize volumetric efficiency. An optimal design of the gears and the grooves in the slider was
determined at the end of the optimization which offered an impressive displacement variation from
100% to 68% [13].

Preliminary proof of concept tests for the VD-EGM was performed by prototyping the gears using
wire electric discharge machining. For the proof of concept, the grooves for max and min
displacement were directly machined on two different pairs of lateral bushing. Tests were performed
first of the configuration of the optimal gears with the corresponding lateral bushings for max
displacement. Followed by switching the lateral bushings for max displacement with those for min
displacement. It was successfully proved in experiments that variable displacement concept for
EGMs is successful in reducing the flow rates as well as the input torque has been reduced
proportionally with displacement thereby consuming lower power as compared to that at max
displacement [13].

Achievements during the reporting period:

Started from summer 2013, the research has made significant progress in addressing the research
objectives (O1 and 02).

(A) (B)

Figure 4: (A) Validation of delivered flow rate for VD-EGM with proof of concept
(B) Validation of input shaft torque for VD-EGM with proof of concept
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1. Validation of HYGESIM model with proof of concept tests: The results of the simulation tool

HYGESIM for VD-EGM was successfully validated with respect to the proof of concept tests.
It can be seen from Figure 4(A) that the flow rate proportionally (68%) reduces at min displacement as
compared to those at full or max. displacement. A good agreement between simulated data and
measurements can be observed from the figure. Figure 4(B) represents the input shaft torque validation.
It can be seen that the input shaft reduces proportionally at min displacement. It can be seen that the
input shaft reduces proportionally at min displacement. Approximately 32% reduction in torque is
obtained at all the operating conditions tested for min displacement. The lower input shaft torque
required reflects on the lower energy consumption at min. displacement, thus supporting the viability of
a VD-EGM.

The validations for volumetric efficiency are reported in Figure 5(A). It can be noticed that the volumetric
performance at max displacement, as shown by the orange curve matches very closely to that of the
reference design. It can also be seen that the vol. efficiency at min displacement is lower than that at
max displacement. This can be explained to due to the fact that the internal leakages are greatly
dependent on the delivery pressure and hence they have a larger influence on efficiency at lower
displacement. The trends of simulated volumetric efficiency at min. displacement matches pretty closely
to that of the measured values, thereby purporting the capabilities of HYGESim to predict the
performance of the VD-EGM at varying levels of displacement. The validation for delivery pressure
ripple is shown in Figure 5(B). It can be seen that in all the conditions, the ripple at max displacement is
much lower than that of the reference. Also for min displacement, the ripple is comparable to that of the
reference. Hence it is expected that at max displacement, the VD-EGM will perform with very low noise
emissions, however at min displacement, the VD-EGM will perform at a higher ripple/noise as compared
to max displacement but still within acceptable limits as offered by the reference commercial design.

(A) (B)

Figure 5: (A) Validation of vol. efficiency for VD-EGM with proof of concept
(B) Validation of delivery pressure ripple for VD-EGM with proof of concept

2. Prototype Design: The working idea for idea for the pressure compensated design for VD-EGM can
be explained using Figure 6(A). The asymmetric gears are placed inside the casing which has inlet
and the outlet ports on the rear flange of the pump. The particular kind of design with ports on the
flange allows more room for the placement of additional parts of the actuation system. The high
pressure and low pressure regions are represented by HP and LP. The grooves are machined on a
movable slider as shown and it is connected with the help of a connecting rod to the spring. The
preset pressure in the spring can be adjusted by the bolt which is seen outside the casing.
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(A) (B)
Figure 6: (A) Principle of pressure compensated design for VD-EGM (B) Internal parts of the pressure compensated design

The fluid at HP acts on the left of the slider and on the right the spring force corresponding to its
compressed length on the right. Since the slider is movable a balance of forces is achieved on the slider
and an equilibrium position of the slider is obtained according to the pressure at the HP and the pre-set
spring force. In this way an automatic variation of the displacement can be achieved. The final assembly
of the pressure compensated VD-EGM is shown in Figure 6(B).

Planned achievements following the report period
¢ Deliverables:

o Prototyping of the actuation system (manual and pressure compensated) for changing the
displacement in the proposed VD-EGM design. (May 2015)

o Testing of VD-EGM prototype and model validation (July 2015)
o Possible integration in TB.1 - fan drive system (August 2015)
o Extension of the research to parametric unconventional multi involute profiles (August 2015)

o Drawings and simulation model for the optimal solution with unconventional multi involute
profiles (October 2015)

o Simulation results purporting the benefits of unconventional designs over standard designs
(December 2015)

C. Member company benefits

e The CCEFP members will gain a more deep understanding of the principle of operation of
external gear machines

e The novel design approach used to quantify the performance of the EGM (see objective functions
above) is general and can be used for the evaluation of other positive machines. This would bring
to new design approaches for hydrostatic units.

e The members will understand the fundamentals of the application of unconventional gear profiles
to gear machines and the benefits in doing so.

* Licensing options for the novel variable displacement external gear machine design
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Project 1G.1: Energy Efficient Fluids

Research Team

Project Leader: Paul Michael, Milwaukee School of Engineering (MSOE)
Graduate Students: Shreya Mettakadapa, Shima Shahahmadi, MSOE
Undergraduate Student: Bobby Draeger, MSOE
University Partners: Scott Bair, Georgia Institute of Technology
Tom Chase, University of Minnesota
Industrial Partners: Afton Chemical, Danfoss, Evonik, Idemitsu Lubricants, Gates, Lubrizol,

Parker Hannifin, Poclain Hydraulics

1. Statement of Project Goals

The goal of this project is to bridge the gap between the fundamental understanding of tribology and the
performance of complex fluid power systems. This goal is being pursued by characterizing hydraulic fluids
in benchtop instruments, analyzing fluid efficiency effects in a hydraulic dynamometer, and modeling fluid-
component interactions. Improvements in the bulk modulus, boundary friction, and shear stability
properties of fluids yielded double-digit reductions in hydraulic motor friction and pump flow losses.
These results have been used to develop and validate efficiency models that incorporate fundamental
properties of hydraulic fluids. While significant efficiency improvements have been realized, gaps remain
with respect to understanding the relationship between efficiency and the properties of the hydraulic
fluids.

2. Project Role in Support of Strategic Plan

This project will increase system efficiency by advancing hydraulic fluid technology. The CCEFP has
identified system efficiency as a major technical barrier that must be overcome to achieve the test bed
performance objectives. Increased system efficiency also makes possible the use of smaller, more
compact valves, pumps, and motors. This project, which incorporates the high-pressure research in
project 3D.2, was used to guide the formulation of a hydraulic fluid that improved the low-speed
mechanical efficiency properties of the test fluid for the hydraulic hybrid vehicle test bed (TB3).

3. Project Description
A. Description and Explanation of Research Approach

This project seeks to improve the efficiency of hydraulic systems by studying how fluid properties
impact hydraulic component performance. In hydraulic pumps, viscosity modifiers (VM) have been
found to reduce leakage flow losses. [1] Resistance to permanent viscosity loss due to shear has
been identified as a key requirement. [2] However the impact of non-Newtonian viscosity behavior on
system efficiency is not well understood. In this project, a hydraulic dynamometer and fundamental
fluid property characterizations will be used to develop models for the rational design of energy
efficient hydraulic fluids.

B. Achievements
Achievements in previous years

Previously we found that the starting and low-speed mechanical efficiencies of orbital, radial piston
and axial piston motors were enhanced by using ester base stocks or friction modifier additives that
reduce boundary and mixed-film friction. [3, 4] Energy-dispersive X-ray spectroscopy analysis of
hydraulic motor and tribometer specimen surfaces revealed high concentrations of sulfur and
phosphorus from the antiwear additive. The addition of a friction modifier reduced the concentration of
sulfur and phosphorus on the surface which underscores the necessity of a well-balanced additive
system. [5] Models for the relationship between hydraulic motor efficiency and Stribeck number were
developed that are of the Michaelis-Menten chemical kinetics form. [6] These volumetric and
mechanical efficiency models utilized the sonic-shear viscosity and yielded a mean standard error of
less than 0.5%. These findings are significant because they provide insights toward the development
of fluids that enhance hydraulic system efficiency.

43



Achievements in the current funding period
Fluid Property Evaluations

The high-pressure viscosity, shear stability, traction and bulk modulus properties of the following fluids
were evaluated:

* HMA46 straight-grade mineral oil
e HV46 high VI mineral oil

* HEESA46 synthetic ester

e HBMOA46 high bulk modulus fluid

The bulk modulus was determined by Professor Bair of Georgia Tech using a metal bellows pressure
vessel. The change in relative volume was measured at 20°, 50°, 80°C and pressures up to 3,000 bar
(43,500 psi). These measurements were used to determine pressure and temperature rate of change
parameters for use in the Tait equation of state. As shown in Figure 1, the bulk moduli of the HM46,

Figure 1: Bulk modulus at 250 Bar and 20, 50 and Figure 2: Traction coefficient measurements at 50N,
80°C. Bulk modulus showed a strong correlation 80°C and 20% SRR. Traction coefficient showed a strong
with pump leakage flow rates. correlation with the low speed mechanical efficiency of

hydraulic motors.

HV46 and HEESA46 fluids were approximately 25% lower than that of the HBMO46.

Traction curves were generated using a ball-on-disk tribometer at 50°, 80°, 125° C with an applied load of
50 N and a 20% slide-to-roll ratio. The test specimens were ANSI 52100 steel and the contact pressure
was approximately 1 GPa. As shown in Figure 2, the

traction coefficients of HEES46, HBMO46FM and

HV46 were approximately 20% lower than that of

HM46 and HBMO46.

Efficiency Testing

Pump leakage flow and motor mechanical efficiency

measurements were collected in a hydraulic

dynamometer at the MSOE Fluid Power Institute.

The circuit incorporated a Danfoss Series 45 open-

loop variable-displacement axial piston pump. The

pump inlet temperature was maintained at 50 and

80°C (%1°). Pump displacement was controlled by a

remote proportional electrohydraulic valve. The Figure 5: Comparison of actual and modelled case
combined case drain and compensator flow rates are drain and pressure compensator flow losses. Modelling
shown in Figure 3. The HBMO46 and HBMO46FM results indicate that[fumpﬂow losses are affe:’ctedby the
fluds reduced parasitic pump flow losses by bulk modulus, density, and p.ressure-wscosnjy. Model

. . L e error 0.335 gpm, 5790 data points.
approximately 20%. These findings are significant
because reducing flow losses in pumps can improve system efficiency by mitigating the heat load.
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Torque losses for the radial piston motor are shown in Figure 4. At low speeds (<12 rpm), the losses for
the HM46, HV46 and HBMOA46 were relatively high while the losses for the HEES46 and HBMO46FM
were relatively low. At higher speeds (>12 rpm) torque losses were similar for all of the fluids. Reducing
low speed torque losses in motors can improve system efficiency by increasing the power available to
engage the payload.

Modeling

Experimentally validated models for pump leakage flow and motor torque losses based upon hydraulic
system operating conditions and fluid properties have been developed. The model for relating pump flow
losses to fluid properties was developed through an extension of earlier work by Jeong. [7] The leakage
flow model incorporated terms for laminar, turbulent, and compressibility flow losses. Step-wise
regression was used to maximize model accuracy and minimize the number of variables. It was found
that the low shear rate dynamic pressure viscosity was a better predictor of laminar flow losses than the
ASTM D5621 test method for sonic shear stability of hydraulic fluid. Further work is required to determine
if this is due to the high viscosity stability of the prototype fluids. A comparison of experimental and
modeling results is shown in Figure 5.

A model that relates radial piston motor efficiency to fluid properties was developed by Reynolds. [8] The
model incorporates a geometric and kinematic analysis of the cam, roller, and piston interfaces. The
friction losses shown in Figure 6 were estimated from traction measurements shown in figure 2. While
this approach generated a larger mean standard error than the Michaelis-Menten based efficiency
equations, this model permits a direct estimate of friction losses based upon traction curve
measurements.

Figure 6: Torque ripple in radial piston motor over 30-degrees of rotation due to cam, roller and piston interactions.

Plans

The near-term objective of project 1G.1 is to investigate the relationship between the shear-dependent
viscosity characteristics of fluids and hydraulic component efficiency. Prior investigations have focused
on boundary lubrication, friction modifiers, synthetic base stocks and highly shear-stable fluids. In the
coming year, extended testing of mineral oil based fluids formulated with low and high shear-stability is
planned. Viscosity properties will be characterized through a wide range of shear rates to determine the
appropriate conditions for modeling the efficiency of multi-grade hydraulic oils with assistance of
Professor Bair.

Plans for the next year

* Task 1: Formulate high and low shear stability multi-grade hydraulic fluids.

* Task 2: Evaluate the shear rate dependence of viscosity using several methods (Sonic, KRL,
HTHS)
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Task 3: Evaluated the efficiency of the above hydraulic fluids via dynamometer testing

Task 4: Expand and combine fluid-effects model for pump and motor.

Expected milestones and deliverables.

Complete fluid formulations [Q1 2015]

Complete shear dependent viscosity studies [Q3 2015]
Complete efficiency testing [Q1 2016]

Complete modeling effort [Q2 2016]

C. Member Company Benefits

Hydraulic equipment users benefit from reduced energy costs and enhanced productivity.

Hydraulic equipment manufacturers benefit from the opportunity to use smaller power units
without compromising performance.

Hydraulic fluid and additive manufacturers benefit from development of a rational basis for
formulating high efficiency hydraulic fluids.
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Project 1G.3: Rheological Design for Efficient Fluid Power

Research Team

Project Leader: Randy Ewoldt, Mechanical Science and Engineering, UIUC

Other Faculty: James Allison, Industrial and Enterprise Systems Engineering, UIUC
William King, Mechanical Science and Engineering, UIUC

Graduate Students: Jonathon Schuh, Mechanical Science and Engineering, UIUC

Lakshmi Rao, Industrial and Enterprise Systems Engineering, UIUC

1. Statement of Project Goals

The overall objective of this project is to increase the efficiency of fluid power components through the
rational design of fluids with rheological complexity. We will evaluate the potential of nonlinear
viscoelastic fluid properties, coupled with asymmetric surface textures, to meet diverse design objectives
for efficiency, such as low friction, high normal stress, and low leakage. These performance
enhancements will be achieved through a fundamental understanding of Non-Newtonian lubricant
behavior on textured surfaces, utilizing new mathematical techniques to optimize high-dimensional
complex fluid properties, and implementation of the fluid and textures in fluid power components. Target
applications include reciprocating rods, as well as seals and rotating components. We will fabricate and
test textured plates in a novel gap controlled tribo-rheometer. Integration of the designed Non-Newtonian
fluids will be applied to the excavator and the orthosis test beds.

2. Project Role in Support of Strategic Plan

Fluid properties and efficiency are fundamental and applicable broadly to fluid power applications. The
target application would be to overcome current barriers to fluid power systems and provide a
transformational capability for future fluid power systems. The work constitutes fundamental research in
the areas of fluids, tribology, and design. The project will develop expertise in fluid design for the CCEFP,
creating new opportunities for engagement with industry. Designs will be validated through collaboration
with industry and through application to the excavator and orthosis test beds.

3. Project Description
A. Description and Explanation of Research Approach

The combination of Non-Newtonian fluids and surface texturing is a transformative design approach
for creating efficient fluid power components. The areas of complex fluids, design, and surface
texturing have been considered separately, and have not been applied in combination to fluid power
efficiency applications. Non-Newtonian fluids can meet diverse design objectives due to their complex
function-valued properties [1], and microtextured surfaces can significantly reduce friction, adhesion,
and wear [2-5]. Yet, microtextures with viscoelastic fluids have received limited attention in the open
literature. Experimental [6] and computational [7] studies can be found, but they are limited to
symmetric textures and/or simplified rheological considerations.

In our approach, we consider the full range of non-linear viscoelastic behavior. Previous work by our
team and others with Newtonian fluids show that textured surfaces may offer significant advantages
for fluid power including reduced friction and reduced leakage. The long term goal of the project is to
introduce the new aspect of fluid design, considering the wide range of rheological complexity and its
coupling with surface textures, to produce fluid power components that have lower friction and
leakage compared to standard fluid power components.

In order to determine the design of the Non-Newtonian fluids and the surface textures, experimental
and numerical work will be performed. A novel experimental setup has been developed in order to
mitigate experimental effects than can cause a misinterpretation of the friction reduction of the system
and is shown in Figure 1. Several asymmetric plates will be manufactured in order to determine the
effect of the asymmetry angle a on the friction reduction. The experimental results will be compared
to numerical simulations in order to validate the numerical method. This validated numerical method
will then be used to determine the optimal texture configuration and Non-Newtonian rheological
properties for reducing friction in fluid power systems.
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Figure 1: Schematic of experimental setup (modified rotational rheometer) and the three types of
textures tested (flat, symmetric, and asymmetric). FN is the measured normal force and M is the

measured torque. The top plate rotates in both directions in order to determine directional-dependent

effects.

B. Achievements
Achievements in previous years

This is the first year of this project. However, it builds off of work performed in a previously funded
CCEFP project, Project 1D. That work previously developed a novel gap controlled tribo-rheometer,
which was fundamental in developing our current experimental setup. It also showed experimentally
and numerically that using symmetric surface textures can decrease viscous friction with Newtonian
fluids compared to a flat plate reference.

Achievements in the past year

We have achieved accurate, reproducible experiments with asymmetric textures, leading to new
observations and insight about shear stress reduction and normal force production in fully lubricated
sliding contact. The precision-alignment of our system eliminates the risk of misinterpreting shear
stress reduction and/or normal force production that is not actually due to textures. By eliminating this
issue, our validated setup provides confident experimental observations of the effect of texture
profiles and fluid properties.

In the past year, we experimentally measured the viscous friction reduction and normal force
production for a flat plate, a symmetric texture, and two asymmetric textures with Newtonian and non-
Newtonian fluids. Our observations with asymmetric textures, and with non-Newtonian fluids, are both
new to the field. We have confirmed, with well-controlled texture profiles, that surface textures can
decrease viscous friction from the flat plate reference. We observed enhanced reduction with deeper
(larger volume) textures. We have also shown that symmetric textures with Newtonian fluids produce
forces that are barely above the experimental resolution for our experimental setup. In contrast,
asymmetric textures produce forces that are much larger. The sign of the normal forces are direction
dependent for the asymmetric textures, and the magnitude of the force depends on the asymmetry
angle B in a non-monotonic way. This suggests that there is an optimal asymmetry angle 8 for
producing normal forces with textures and Newtonian fluids. We have also achieved measurements
with non-Newtonian viscoelastic fluids (dilute polymer solutions) with both symmetric and asymmetric
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textures. The largest normal forces are observed with the combination of viscoelastic (normal stress)
effects and asymmetric textures.

Figure 2: Experimental torque measurement of high viscosity oil standard S600. (A) flat plate; (B) symmetric

texture; (C) asymmetric texture with =21.7° (D) asymmetric texture with =5.3°. CW denotes clockwise spin

of the upper flat plate (c.f. Figure 1), and gives step contraction for the asymmetric textures. CCW denotes

counter clockwise spin, and gives step expansion for linear slope depth. Viscous heating is seen at the highest

shear rates when the dimensionless group (the Nahme number) is approximately )
U~ an

Na=——>0.1.
kK oT

Figure 3: Experimental normal forces measured using high viscosity standard S600. The forces have been corrected for
inertia and surface tension effects. Non-parallelism was minimized in the experimental set up. (A) flat plate; (B) symmetric
texture; (C) asymmetric texture with =21.7° (D) asymmetric texture with =5.3°. CW denotes clockwise spin, and gives step
contraction for the asymmetric textures. CCW denotes counter clockwise spin, and gives step expansion for the asymmetric
textures.
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C. Plans
Plans for the next year

Since we have shown that an optimal value of B exists for producing normal forces with asymmetric
textures, the next step will be to manufacture more asymmetric textures with varying asymmetry
angle B values and experimentally testing them with Newtonian fluids. From this experimental data,
the optimal value of 8 can be determined. Numerical work will also be performed and compared to the
experimental work in order validate the numerical method and numerically determine the optimal 8
value, and we will pursue design optimization routines for identifying optimal texture profiles and fluid
properties. Finally, experimental work will be performed with Non-Newtonian fluids in order to
determine how the combined effects of surface textures and Non-Newtonian fluids compare to the
base results of surface textures and Newtonian fluids.

Expected milestones and deliverables

In the next year, we will deliver the optimal value of 3 for the asymmetric textures. We will also deliver
experimental results with viscoelastic Non-Newtonian fluids and surface textures to show the
interactions between surface textures and Non-Newtonian fluids, and how these interactions can
decrease friction for fluid power systems.

D. Member Company Benefits

Frictional losses occur in every fluid power system. The goal of this project is to help reduce these
frictional losses in many applications encountered by the member companies of the CCEFP. The
reduction of frictional losses, and thus increased efficiency, will be greatly beneficial through the
industry.
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Project 1J.1: Hydraulic Transmissions for Wind Power

Research Team

Project Leader: Kim Stelson, Department of Mechanical Engineering, University of Minnesota
Other Researchers: Mike Gust, University of Minnesota
Brad Bohlmann, University of Minnesota
Post Doc: Feng Wang, University of Minnesota
Graduate Students: Biswaranjan Mohanty, University of Minnesota

Rahul Dutta, University of Minnesota
Undergraduate Students:  Becca Trietch, Yale University
Industrial Partners: Bosch Rexroth, Sauer-Danfoss, Linde, Eaton, Clipper Windpower

1. Statement of Project Goals

Wind power is a plentiful, renewable source of energy, able to produce emission-free power in the
kilowatt to megawatt range. The US Department of Energy has a goal of having 20% of the nation’s
energy come from wind by 2030. Land-based or off-shore wind farms can provide wind energy to the grid.
However, grid-connected facilities require expensive power transmission lines, typically incur significant
construction and maintenance costs, and are highly regulated. A small wind facility can be a cost-effective
method of power generation for areas with limited power needs, such as farms or factories. Usually, mid-
sized turbines are designed as fixed speed machines which reduce costs by eliminating the power
converter. However, fixed speed operation does not allow the rotor to capture the maximum energy as
wind speed varies. To capture wind energy more efficiently, a continuously variable transmission (CVT) is
required.

A hydrostatic transmission (HST) functions as a continuously variable transmission and eliminates the
need for the gearbox. Gearbox reliability is a major issue and gearbox replacement is quite expensive. In
a recent study by Reliawind, it was reported that the major components contributing to low reliability and
increased downtime of wind turbines are the gearbox, power electronics and pitch systems. An HST has
the potential to increase system efficiency, improve system reliability and decrease the lifetime cost of
energy. The application of HST is mainly on the mid-sized wind turbine since most commercially available
hydraulic components (pumps and motors) match that power level well. This reduces the technology risk
of developing new hydraulic components for the turbine.

The objective of this project is to investigate the possibility of applying HST to the mid-sized wind turbine,
identify the technical barriers of the hydrostatic wind turbine, explore different control methods and energy
strategy to maximum energy capture, and establish a hydrostatic wind turbine test platform in the lab.

2. Project Role in Support of Strategic Plan

The project aligns with the Center’'s efficiency thrust and addresses the transformational barrier of
efficient components and systems. The system efficiency of a wind turbine has three components:
aerodynamic efficiency (converting the wind stream to power in the rotor shaft), drivetrain efficiency
(transferring the rotor shaft power to the generator; usually includes increasing rotation speed) and
electrical efficiency. Replacing the gearbox in a wind turbine with an HST lowers drivetrain efficiency, but
substantially reduces maintenance and repair costs. In addition, the HST will allow the aerodynamic
efficiency and generator efficiency to increase resulting in a higher system efficiency.

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

Modeling and control of hydrostatic wind turbine

To evaluate the performance of the hydrostatic wind turbine, a high fidelity dynamic simulation model
was built in Matlab/Simulink. The model is a physical equation based model which simulates both the
quasi-static and the dynamic conditions. The rotor aerodynamic data used in the simulation model was
generated by using FAST code, NREL's primary CAE tool for simulating the coupled dynamic response
of wind turbines. The hydraulic components efficiency data are provided by main hydraulic component
manufactures to give the best estimation.
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A control strategy based on Kw? law is proposed for the control of the hydrostatic wind turbine. In the
hydrostatic turbine for region 2, torque control using the Kw? law is still used. Instead of controlling the
generator torque through power electronics, the rotor reaction torque (pump torque) is determined by
the line pressure which is controlled by varying the motor displacement. By using a Pl controller to
track the desired line pressure, the torque can be controlled.

Figure 1: Control schematic of a hydrostatic wind turbine

The normalized power across the turbine drivetrain at different wind speeds was evaluated through the
simulation. It clearly shows the power losses across each component in the turbine drivetrain. These
includes the rotor aerodynamic losses, pump and motor losses, line loss and charge power losses.

Figure 2: Normalized power across the turbine drivetrain (rated wind speed: 9.5 m/s)

Accomplishments:
1. Evaluated the performance of the proposed turbine control strategy;
2. Evaluated the power losses across the turbine drivetrain at different wind speeds;
3. Identified the control challenges for the hydrostatic turbine.

Short-term energy storage for mid-size hydrostatic wind turbine

To make hydrostatic transmission more attractive, this study investigated a short-term energy storage
using hydraulic accumulator to increase the turbine annual energy production (AEP). The working
region of the short-term energy storage is the transition region between region 2 and 3.
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Figure 3: Short-term energy storage for hydrostatic wind turbine

Accomplishments:
1. Proposed a system configuration for the energy storage;
2. Developed a rule-based control strategy for the proposed energy storage system;
3. Conducted a sensitivity study of the accumulator size on the annual energy production;

The target application of this concept study is mid-sized wind turbines. Characteristics of AOC 15/50
(50 kW turbine from Atlantic Orient Corporation) were chosen for blade aerodynamic turbine model.
Simulation results show that the AEP increases with the accumulator size until it reaches a point of
diminishing return. For a 50 kW wind turbine the optimum accumulator size was found to be 60 liters
which increases the AEP by 4.1%.

Figure 4: Sensitivity study of accumulator size on turbine AEP

Hydro-mechanical transmission for mid-sized wind turbine

To make the hydrostatic drive more competitive in the wind application, a hydro-mechanical (HMT)
transmission combining the planetary gear set and the hydrostatic transmission is proposed. By
combining the high efficiency of a gearbox and the variable transmission function of an HST, the HMT
offers a competitive solution for mid-size turbines.

Figure 5: Hydro-mechanical transmission for mid-size wind turbine

53



Accomplishments:
1. Proposed a hydro-mechanical transmission drivetrain configuration;
2. Compared the drivetrain efficiency and generator power between HMT and HST turbines.

Simulation results show that an HMT turbine has higher drivetrain efficiency and generator output
power than an HST turbine. If the additional cost is low enough, a hydro-mechanical transmission could
be a more cost effective solution than a hydrostatic transmission for mid-sized turbines.

Hardware-in-the-loop (HIL) power regenerative test platform for hydrostatic wind turbine

To validate the proposed ideas, a power regenerative midsize hydrostatic turbine test platform is being
built at the University of Minnesota, providing a powerful tool for wind research. In Figure 6, the block in
dark gray is the hydrostatic transmission under test and the block in light gray is the hydrostatic drive
(HSD) simulating the virtual rotor. The wind power simulated by the HSD is virtual and the HST under
test is real. It is a hardware-in-the-loop wind platform.

Figure 6: Hardware-in-the-loop power regenerative wind test platform

Instead of dissipating the turbine output power, it combines a VFD electric motor to power the
hydrostatic drive. With the power regeneration, the electric motor only needs to make up for the losses
in the system, making it possible to simulate large turbine output power with small electric motor.
Simulation results show that the test platform can simulate the maximum turbine output power of 110
kW with a 60 kW VFD electric motor.

Figure 7: Power regeneration of the HIL wind test platform

One big difference between the HIL wind test platform and the real wind turbine is the rotor/blade shaft
inertia. The rotor/blade shaft inertia in the real turbine is usually large and it is not practical to simulate it
in the lab. The large shaft inertia discrepancy between the wind platform and the real turbine makes the
rotor shaft react quite differently in both cases. To simulate the rotor shaft dynamics in the real
condition, a rotor shaft inertia compensation strategy is proposed for the HIL wind test platform.
Simulation results show that it can simulate the real world rotor shaft dynamics very closely.
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Figure 8: Rotor/blade shaft inertia compensation

Accomplishments:

1.

akobd

Conducted the system parameters design for HIL wind test platform;

Developed a dynamic simulation model of the HIL wind test platform;

Developed a control algorithm to simulate the wind power input;

Evaluated the power regeneration of the test platform through simulation;

Evaluated the proposed rotor/blade shaft inertia compensation strategy through simulation.

B. Achievements
Achievements in previous years:

Evaluated the performance of the proposed turbine control strategy;

Evaluated the power losses across the turbine drivetrain at different wind speeds;
Identified the control challenges for the hydrostatic turbine;

Conducted the system parameters design for HIL wind test platform;

Developed a dynamic simulation model of the HIL wind test platform;

Developed a control algorithm to simulate the wind power input;

Evaluated the power regeneration of the test platform through simulation;

Evaluated the proposed rotor/blade shaft inertia compensation strategy through simulation.

Planned future work:

Complete the infrastructure of the HIL wind test platform;

Simulate the different wind power inputs using the platform;

Validate the proposed control strategy for HST turbine (region 2);

Test the transmission efficiency at different wind speeds;

Investigate dynamic behaviors of the HST turbine during wind turbulence;
Implement different research ideas through the HIL wind test platform.
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C. Member company benefits

Wind energy drivetrains represents a large new potential market for fluid power. Although the
hydraulic drivetrain solution is robust and cost-effective, there are no wind turbines with HST or
HMT drivetrains commercially available today. Several of the Center's member companies have
investigated applying hydrostatic transmissions to wind turbines. More than one has approached
the Center to investigate working with Center researchers to move the technology toward
commercialization and one DOE funded project was completed. Given the increased government
focus on renewable and sustainable energy and the advantages fluid power brings to wind
energy, we believe that the Center’s researchers and their industry partners are in a position to
facilitate the adoption of fluid power technology to wind energy thus opening a large new market
for our members.
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Project 1J.2: A Novel Pressure Controlled Hydro-mechanical Transmission

Research Team

Project Leader: Kim Stelson, Department of Mechanical Engineering, University of Minnesota
Other Researchers: Brad Bohlmann, University of Minnesota
Mike Gust, University of Minnesota
Post Doc: Feng Wang, University of Minnesota
Graduate Students: Biswaranjan Mohanty, University of Minnesota
Emma Frosina, University of Naples Federico Il
Industrial Partner: Mathers Hydraulics

1. Statement of Project Goals

The growing demand of fuel efficient vehicles, low carbon footprint technologies and drivability requires
more efficient vehicle drives. This creates opportunities to integrate new technologies to achieve better
performance with energy efficiency. The automatic transmission is a widely acceptable solution. However
it is unable to maintain optimal efficiency over the entire engine operating range. In contrast, a
continuously variable transmission (CVT) can decouple the engine speed from the wheel speed, making
the engine run more efficiently. The hydraulic form of a CVT is a hydrostatic transmission that uses a
hydraulic pump to drive a hydraulic motor. Due to its high power density, durability, continuously variable
ratio and smooth operation, the hydrostatic transmission (HST) has been widely used in off-road
applications such as agricultural, construction and forestry machinery.

With continuously variable transmission and energy storage, full engine management becomes possible.
The high power density of the hydraulic powertrain allows for lower vehicle weight, more regenerative
braking and faster acceleration. The EPA’s world first series hydraulic hybrid delivery vehicle has 60-70%
better fuel economy and 40% or more reduction in CO2 emissions [1]. Altair's series hydraulic hybrid city
bus delivers 30% or more fuel efficiency than other diesel-electric buses available today [2].

The objective of the project is to develop a compact and efficient pressure-controlled hydro-mechanical
transmission suitable for vehicles and mid-size wind turbines. The new transmission is expected to be as
efficient as conventional HMT with planetary gears but is more compact and cost-effective. A prototype
will be built in partnership with Mathers Hydraulics. The full characteristics of the transmission will be
developed and validated through tests. Simulation studies will be conducted to investigate the potential of
the transmission in both on-road and off-road vehicles and mid-size wind turbines.

2. Project Role in Support of Strategic Plan

Strategic barriers addressed are: (1) efficient components and systems (2) compact integration (3) energy
management & efficient control. The outcome of this project could result in a simple, compact, cost-
effective, efficient drive with an integral clutch. In addition, it readily accommodates future energy storage
for hybridization. This transmission could be integrated into the hydraulic hybrid passenger vehicle test
bed (TB 3) or the wind power test bed (TB p).

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

The hydraulic transmission uses a double-acting vane pump as the base module since it has a more
balanced design, longer lifetime and quieter operation compared to gear pumps or piston pumps. The
structure of the Vane pump Power Split Unit (VPSU) and its hydraulic symbol are shown in Figure 1.
The rotor, with the vanes inside, is coupled to the input shaft. The floating ring is coupled to the output
shaft. The hydraulic symbol on the right is newly proposed to reflect the fact that it has a floating ring.

The new transmission combines pumping and motoring functions in one unit by floating the ring,
making it function as a conventional hydrostatic transmission consisting of a pump and a motor. The
pumping unit, consisting of input shaft, rotor/vane assembly and the rotating ring, is no different from a
conventional vane pump except for the rotating ring. The motoring unit consists of the rotating ring and
the output shaft coupled to it.
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Figure 1: Vane pump Power Split Unit based on double-acting vane pump

Component Study of Vane pump Power Split Unit:

To understand the characteristics of the VPSU, a computational model was developed. The pump
geometry is shown in Figure 2. The fluid volume and three dimensional mesh are shown in Figure 3.
For ease of understanding the unit is simulated under constant pressure and constant input shaft
speed (2400 rpm). The output torque was evaluated at different output shaft speed is shown in figure 4.

Figure 2: Pump Geometry

Figure 3: Fluid volume and its 3D mesh
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Figure 4: Output torque at 500 PSI at different output shaft speed

Accomplishments:

1. Developed a 3D CFD model to understand the performance of the VPSU at different
operating pressures.

2. Evaluated the shaft torque at different working pressures and at different output shaft speeds.

3. Evaluated input and output shaft torque relationships at different output shaft speeds.

Sizing of components of Vane Pump Power Split Transmission (VPPST):

The key component in this design is VPSU which splits power into a hydraulic path to run a variable
displacement motor and a mechanical path to rotate the output shaft of the VPSU. The power sharing
between mechanical path and hydraulic path is controlled by the hydraulic motor displacement. The
hydraulic power is then added to the drive shaft to amplify the torque. The schematic of power split
transmission and CAD model is shown in Figure 5.

Figure 5: Schematic of VPPSU and its 3D CAD model

The sizing of VPPST is done for class 1 pick-up truck. Two different architectures were studied and
shown in Figure 6. The size of the VPSU for 222.5 Kw engine at different operating pressures is shown
in Figure 7. The size of motor and intermediate gear ratio at different operating pressures for
architecture one and architecture two are shown in Figures 8 and 9.
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Figure 6: Schematic of architectures

Figure 7: VPSU Displacement at different pressures

Accomplishments:
1. Proposed two different architectures for vane pump power split transmission.

2. Evaluated the size of VPSU, variable displacement motor and intermediate gear at static
conditions.

3. Evaluated power required by class 1 pick-up truck at different operating conditions.

Figure 8: Size of motor and intermediate gear for architecture 1

60



Figure 9: Size of motor and intermediate gear for architecture 2

B. Plans
Planned future work:

e Complete the 3D CFD analysis of VPSU at different operating pressures.
* Investigate the drag effect of hydraulic oil and vane tip on floating ring.

* Validate the CFD result through component testing.

e Simulate the VPPST architecture under dynamic conditions.

* Investigate the engine performance at different drive cycles.

* Implement the control strategy to control swash plate angle.

C. Member company benefits

The vane pump power split transmission represents a large new potential market for fluid power.
The current automatic drivetrain solution is a widely acceptable solution. However, it is unable to
maintain optimal efficiency over the entire engine operating range. The VPPST is an infinitely
variable transmission allows for optimum engine operation by decoupling the engine speed from
the drive speed. The transmission also has an integral clutch that allows de-clutching the engine
from the drive train by retracting the vanes of the VPSU. The compact unit is quite and cost-
effective too. It is going to create a new business for the member of companies.
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Project 2B.2: Miniature HCCI Free-Piston Engine Compressor

Research Team

Project Leader: David Kittelson, Mechanical Engineering, University of Minnesota
Other Faculty: William Durfee, Mechanical Engineering, University of Minnesota
Graduate Student: Dustin Johnson

1. Statement of Project Goals

This project has two goals. The first is to generate new knowledge about the science and engineering
of homogeneous charge compression ignition (HCCI) in free-piston engine-compressors on a small
scale. Such devices would be suitable as tiny power supplies for fluid power systems. The second goal
is to design, build, evaluate and deliver a tiny, high-efficiency free-piston air compressor that delivers
approximately 20 W of cold compressed air and runs on cartridges of clean-burning dimethyl ether
(DME) fuel. The engine compressor will be suitable for projects in CCEFP Test Bed 6, such as the
Portable Pneumatic Ankle Foot Orthosis, and other small scale mobile pneumatic fluid power devices
including hand tools and robots.

2. Project Role in Support of Strategic Plan

This project supports CCEFP’s goal of developing new fluid power supplies that are one to two orders
of magnitude smaller than anything currently available (10 W — 1 kW). This in turn 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 that prevents these new applications of
fluid power is the lack of a compact, light, high energy density source of pressurized fluid. This project
addresses this problem with an internal combustion free-piston engine coupled with an air compressor
that will be more compact, lighter in weight, and run longer than current pneumatic supplies that use a
battery powered electric motor to run an air compressor.

3. Project 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 engine is based on mathematical modeling which is
supported by testing of components from a very small conventional engine, and testing of the
prototype itself. Using experimental results, appropriate models with fitted parameters can be
chosen to better simulate the engine-compressor, 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

Achievements in previous years

The project started September, 2008. A second prototype has been fabricated, which is about 12
cm long with 12.5 mm bore in the engine and air compressor, and weights 260 grams. Various
unique design features improved upon the first prototype to ensure alignment of components and
reduced friction, while maintaining relatively good sealing.

Experimental data were compared with the simulation model and verified that the model was able
to predict key engine-compressor characteristics. Analysis of experiments performed with the free-
piston engine prototype showed that the rate of combustion was slow compared to the expansion
process, leading to reduced efficiency. The relatively slow combustion was associated with glow
plug ignition used in the prototype and traditional flame propagation. HCCI is associated with very
fast flameless combustion and should lead to significant efficiency improvements when
incorporated.

The free-piston engine compressor was designed to be self-regulating without active control, but

cyclic variation has led to inconsistent running. Cyclic variation occurs in all engines but it is worse
in two-stroke designs where the quantity of trapped charge (fuel-air mixture) may vary from cycle to

62



cycle. As a result of the free-piston’s lack of mechanical constraints, its range of travel depends on
the strength of combustion. A weak charge causes a shorter stroke which hinders scavenging. In
order to minimize this problem, the piston assembly was designed to over-stroke by 2 mm,
ensuring that the scavenging ports are uncovered to provide a fresh charge for each cycle. A
stronger combustion will cause the pistons to move beyond their normal stroke, which may cause
physical damage to the engine if the extra energy is not controlled. In a longer stroke the
compressor and rebound spring absorb more energy but rubber bumpers were also built into the
prototype to absorb the remaining energy and prevent damaging metal-to-metal collisions. At
higher output pressure, the compressor can absorb more of the extra energy from stronger cycles;
however, there is also an increased chance that the engine will stall during weak cycles. Ongoing
design issues associated with this problem include improving scavenging to reduce cyclic variation
and developing a better bumper material.

The piston and cylinder liner from an AP Hornet .09 model aircraft engine are used in the current
generation Il prototype, both in the engine and compressor. Piston material is hyper-eutectic
aluminum alloy with high silicon content in the alloy for lubricity. The cylinder liner is brass, with a
thin layer of chrome plating. At room temperature, the stock cylinder liner is tapered so that it has
negative clearance at top dead center (TDC). This causes the aircraft engine to be difficult to turn
when cold, but it evens out and creates a good seal when warm. Extra force is required to turn a
cold engine, but the crankshaft momentum accomplishes this until it warms up. In a free-piston
configuration the rebound spring does not provide enough force to overcome the tight fit. Therefore,
the engine cylinder liner was reamed from 12.48 mm at TDC to 12.51 mm and the compressor
cylinder liner was reamed to 12.55 mm. With an increased diameter cylinder, thermal expansion
causes extra clearance in a warm engine leading to more blow-by leakage. Scuffing and increased
wear are also an issue limiting maximum runtime to only a few minutes.

In order to gauge the effectiveness of improvements made to the engine-compressor, thorough
testing was done with the current prototype. The prototype was run with glow-plug ignition using
methanol-based model airplane fuel. While starting and running, the in-cylinder pressure and piston
position were continuously monitored and recorded along with the output from the compressor.

During a typical 20 sec. run, the free-piston engine compressor pressurized a 530 mL air reservoir
from atmospheric pressure to approximately 3.4 bar (50 psig). The compressor produced an
average of 10 W of cool compressed air power. It was determined that runtime was limited to about
20 sec. because heat transfer and thermal expansion caused increased clearance and excessive
leakage. After cooling for a short time, the engine could be restarted.

Since this device is intended to be used in close proximity to people, its noise level, vibration, and
heat output need to be considered. While running the engine compressor, the sound level was
measured to be approximately 100 dB at a distance of one foot. Temperature measurements have
not been taken because the engine does not heat up to its steady state operating temperature
during the current short run times.

Achievements in the past year

Work on this project during Year 9 (Feb. 1, 2014 - Jan. 31, 2015) has focused on two areas: First,
continuing to improve prototype runtime through materials and component design, and second,
obtaining detailed measurements of the compressor performance and developing a model of the
COmMpressor.

In order to reduce friction and wear in the prototype engine, a commercially available dry lubricant
coating was applied to the sides of the stock piston. This was intended to reduce energy lost to
friction and increase the life of the piston and cylinder liner. The coating is 30 ym thick, so the
cylinder liner was reamed further to a diameter of 12.56 mm, cutting through almost all of the
chrome plating. With the reamed cylinder and the coated piston installed in the engine side of the
prototype, continuous running could not be achieved. Detailed roundness and cylindricity
measurements of piston and cylinder liner were done professionally. Measurements were also
taken of the cylinder liner stock piston previously run in the prototype. The previous parts were
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much truer than the modified parts. The lack of precision in the piston coating and further reamed
liner created inconsistent clearance in the engine. Cylinder liners and pistons will be custom made
with greater precision. The parts will be made with brass and aluminum and will have a nickel
plating or a low friction nickel-teflon coating. In upcoming tests, various combinations will be tried to
determine which gives the longest runtime.

Due to the poor reliability of the free-piston engine compressor prototype, performance data of the
compressor side could not be obtained. In order to test the prototype compressor, a test stand was
built to run the compressor independently of the free-piston engine. The valves, piston, and
cylinder liner from the prototype compressor were transferred into an engine block with a
crankshaft to move the piston up and down. The crankshaft is powered by a variable speed electric
motor so the compressor can be run continuously at any speed up to 12,000 rpm. The output air
from the compressor is sent to a reservoir which can be held at constant pressure with a back-
pressure regulator. At steady state operation, the measured mass outflow from the regulator is
assumed to equal the mass airflow produced by the compressor. Data from the compressor testing
over a range pressures and at various speeds are shown in Figure 1. It was also found that blow-
by leakage between the piston and cylinder is significantly reduced when oil is present.

A thermodynamic model of the compressor was

created. To begin, the compressor cycle was divided

into four ideal processes: adiabatic compression, air

delivery, adiabatic expansion, and intake. Pressure,

temperature, volume, and mass were calculated

through each process to complete a cycle. In order

to better match real conditions, losses were included.

Leakage was accounted for as well as pressure drop

across the intake and output valves. These were

based on a simple linear orifice model where mass

flow is proportional to pressure difference. With the

geometry of the actual compressor included, the

model was run under conditions similar to the

compressor testing. The loss parameters were

adjusted until the data produced by the simulation Figure 1. Airflow of the prototype compressor
closely matched that of the test. The simulated

airflow data can be seen in Figure 1 overlaid with the test data. The overall efficiency and the
volumetric efficiency are predicted by the model. These are shown in Figure 2. The air exiting

Figure 2. Compressor efficiency as predicted by the model. (Left) Efficiency from work input to compressed air
output; this does not include cooling of the air. (Right) Volumetric efficiency.

the compressor is heated above ambient, but the goal of this project is to produce 20 W of cool
compressed air power. Losses are incurred when the air cools in the reservoir, which reduces
efficiency by almost one half.
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A second version of the compressor model has been begun that uses conservation of energy to
model the thermodynamics throughout the compressor cycle in small increments. In this model,
calculations are based on cylinder volume from slider crank motion to match the crankshaft rotation
of the test stand.

C. Plans
Plans for the next year
In the upcoming year, more details will be added to increase the realism of the new air compressor
model. Heat transfer in the compressor will be modelled and the orifice flow model of leakage will
be improved.

Work will continue on hardware improvements in the engine side of the current prototype. A
number of new pistons and cylinder liners are currently being fabricated. These high-precision
parts will be tested in the engine to determine what combination of materials and coatings have the
best thermal properties to allow the longest run time. Materials to be tested are brass and
aluminum coated with either nickel plating or a low-friction nickel-teflon.

When reliable engine operation has been established, the air compressor can be tested as part of
the free piston prototype instead of in a separate test stand. These results are expected to be
similar to those found from the test stand. The air compressor model can easily be updated to
reflect the free-piston motion instead of the crankshaft. Moving forward, hardware improvements
can then be made in the prototype compressor. Since it does not experience high combustion
temperatures, a material like PTFE could be used to reduce friction. A better seal could be
achieved with o-rings. The thin stainless-steel check valves in the compressor may need to be
improved, as well. Valve stops can be put in place to prevent exaggerated motion. The current
valves deteriorate from fatigue, which is worsened by oil flowing through.

Expected milestones and deliverables

Task 1: Improve engine-compressor performance

* In order to move towards the goals of this project, a reliable prototype will need to start and
run consistently. It should be sufficiently durable that it can run continuously for several hours
and survive multiple runs without replacement of major parts.

* A number of hardware improvements are necessary. Parts that are more refined will allow for
longer running with less wear, and they will reduce mechanical losses during operation.

* Problems that should be addressed are: piston wear and scuffing, piston-cylinder sealing,
fuel delivery and scavenging, and compressor valve sealing and fatigue.

Task 2: Implement HCCI

e Pure homogeneous charge compression ignition (HCCI) will greatly improve cycle efficiency
due to much faster combustion than glow plug ignition. HCCI requires a higher compression
ratio, so piston-cylinder leakage must be minimized and design considerations made to
achieve adequate compression. Cylinder heating may be needed to assist starting of a cold
engine.

e Appropriate fuels that work well for HCCI should be used. One of these is dimethyl-ether
(DME), which is clean and renewable. DME exists as a gas under ambient conditions but is
stored as a liquid in pressurized cartridges. Due to the low lubricity of DME, some other form
of lubrication will need to be added to the engine. It is not easy to mix oil with a gaseous fuel
such as DME.

* A better fuel delivery system will be required for the engine. The use of fuel from a
pressurized cartridge could provide more consistent fuel flow metering than the current
carbureted system.

D. 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: Zongxuan Sun, Mechanical Engineering, University of Minnesota
Graduate Students: Chen Zhang, Ke Li
Industrial Partner: Ford Motor Company, Individual Project Champion: John Brevick

1. Statement of Project Goals

The goal of this project is to provide a compact and efficient fluid power source for mobile applications (10
kW-500 kW), including on-road vehicles and off-road heavy machineries. This is achieved through the
development of a hydraulic free-piston engine (HFPE).

2. Project Role in Supporting of Strategic Plan

The project will address two transformational barriers as outlined in the CCEFP strategic plan: compact
power supply and compact energy storage. This is achieved by proposing a hydraulic free-piston engine
(HFPE), 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 machines.

3. Project Description
A. Description and explanation of research approach
Fluid power is very effective at energy transmission due to its superior power density and flexibility.
The current practice for energy storage is using hydraulic accumulators to store high-pressure fluid.
However, applications of fluid power are limited by the
relatively low energy density of the hydraulic system.
An alternative approach is to store the energy in the
form of hydrocarbon fuel and convert it to fluid power in
real time. This configuration offers the ultimate power
density and energy density, and therefore become
extremely attractive for mobile applications. However,
to realize this concept, it is necessary to convert the
chemical energy into fluid power in real time to match
the dynamic power demand. The hydraulic free piston
engine (HFPE) is a promising candidate due to its fast
dynamics (output can be changed on a cycle-to-cycle
basis in milliseconds), resulting from its unique
architecture, low inertia and modular design. A

Figure I+ Schematic of the Free Piston Engine s chematic diagram of the HFPE is shown in Figure. 1.

Driven Hydraulic Pump

A major technical barrier for the wide spread of the FPE technology is the lack of robust and precise
control of piston motion, which is determined by the complex dynamic interactions between the
combustion and the load in real time [1-10]. Unlike a conventional ICE with the crankshaft to maintain
its piston trajectory, a FPE without such a mechanism is exposed to large cycle-to-cycle variation,
especially during transient operation. To address the above challenge, the research is divided into
three steps: a) development of precise piston motion control; b) efficient and reliable operation of the
HFPE; c) optimization of the HFPE operation for targeted mobile applications.

B. Achievements

a. Achievements in previous years — precise piston motion control

Previously, an active controller was designed to act as a “virtual crankshaft’, which regulates the
piston to follow any reference trajectory using the energy from the storage element [11-15]. By
adjusting the opening of the servo valve, the controller actually controls the hydraulic forces acting on
the piston pair, and therefore regulates the piston motion. Additionally, a transient controller was also
developed and implemented on the HFPE to deal with the transient period when the engine switched
from motoring to firing [16]. Figure 2 and Figure 3 show the related experimental results, which
demonstrates the effectiveness of the virtual crankshaft mechanism and the transient controller.
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Figure 2(a). Tracking performance firom Figure 2(b). Combustion tests with the

motoring experiment regulation of the virtual crankshaft
Figure 3(a). Transient period when engine Figure 3(b). System behaviour after
switch from motoring to firing applying the transient control

b. Achievements in the past year

In the past year, a high pressure fuel injection system has been designed and integrated with the

HFPE, which provides the fuel injection pressure as high as 1000 psi. Such a high injection pressure

not only reduces the fuel injection duration, but also improves the air fuel mixing inside the
combustion chamber and benefits the
combustion afterwards.

Additionally, feedforward controllers are
investigated as well to complement the
existing virtual crankshaft mechanism and
further improve the piston tracking
performance. The experimental results
demonstrate the effectiveness of the
feedforward controllers [17].

Attributed to the improvement on control
and the hardware enhancement, we have
achieved continuous combustion in the
HFPE last year. Figure 4 shows the
corresponding experimental result, which
offers valuable information for future HFPE
research, as no previous experimental

Figure 4. Continuous HFPE combustion operation . .
€ P results have been published in the
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literature on FPE operation with opposed-piston-opposed-cylinder (OPOC) architecture. Note the
results also show the cycle-to-cycle variation of the combustion, which is mainly due to insufficient
intake manifold pressure. Construction of a custom supercharging system is currently ongoing.

Besides the progress on the HFPE opeation,
an novel combusiton control method was
also proposed to further enhance the engine
performance using the ultimate flexibilty of
the piston motion in the HFPE. By changing
the piston trajectory, we can adjust the
volume of the combustion chamber, affect
the pressure, temperature and species
concentrations of the in-cylinger gases and
therefore tailor the combustion process for
better engine performance. The
corresponding simulation proves this idea
(Figure. 5) and shows that higher indicated
Figure 5. Efficiency gain of the HFPE thermal efficiency can be achieved in the
HFPE compared to conventional ICEs [18].

C. Plans

a.

1)

2)

3

Plans for the Next Years

Trajectory-based Combustion Control Development

Besides the engine efficiency, different piston trajectories also affect the emissions production by
varying the temperature profiles inside the combustion chamber. To investigate this hypothesis,
the trajectory effect on the emissions performance has to be conducted at first. Afterwards, an
optimal trajectory can be provided in terms of the highest efficiency and the minimum emission
performance.

Enhancement of HFPE System Capability

To further improve the system performance and quantify the engine efficiency, new subsystems
will be integrated as well. Specifically, a supercharge system will be installed and necessary
sensors will be implemented in the loading system in order to measure the effective work output
of the HFPE.

Optimization of HFPE for mobile applications

Since the HFPE does not connect to the load mechanically, accumulators and hydraulic motors
are required to mobilize the vehicles, which is similar to the series hybrid vehicles. However, due
to the high modularity of the HFPE, the system architecture can be drastically different from the
conventional ones. Therefore, a novel system level optimization strategy that ensures smooth
operation, optimal efficiency and reduced emissions, needs to be developed.

The optimization strategies will be implemented in a hardware-in-the-loop platform. As in the case
of a hydraulic hybrid vehicle, the vehicle dynamics as well as the drivetrain dynamics will be
modeled [19-20], and this virtual system is run in real time parallel to the actual HFPE to emulate
the numerous loading conditions of the HFPE. Therefore, extensive experiments can be
conducted for various applications with different architectures under different drive cycles.

Expected milestones and deliverables
e Task 1: Trajectory-based combustion control development [12 months]
o Investigation on the trajectory effect on the engine emission [4/30/2015]
o Optimization of the HFPE piston trajectory [1/31/2016]
e Task 2: Enhancement of HFPE system capability [16 months]
o Installation and testing of the supercharge system [9/30/2015]
o Installation of the necessary sensor to quantify the engine efficiency [5/31/2016]

68



e Task 3: Optimization of HFPE for mobile applications [36 months]
o Optimization of HFPE for mobile applications [3/31/2017]
o Implementation using a hardware-in-the-loop system [1/31/2018]

Milestones:

e Trajectory-based combustion control development [month 12]
e Enhancement of HFPE system capability [month 16]
e Optimization of HFPE for mobile applications [month 36]

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 create new opportunities for both fluid power components
and system integration due to the new modular fluid power supply.
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Project 2B.4: Controlled Stirling Themocompressors

Research Team

Project Leader: Eric Barth, Vanderbilt University, Mechanical Engineering
Graduate Student: Anna Winkelmann
Industrial Partner: Enfield Technologies

1. Statement of Project Goals

The goal is to design and build a second generation Stirling thermocompressor as a design evolution
of the first generation device that has already been completed with CCEFP funding. The research
goals are: (1) design and experimentally validate a Stirling thermocompressor for untethered fluid
power applications, as driven by the challenging and representative requirements of the ankle-foot-
orthosis test bed (TB6), (2) continue to pursue a dynamic model-based design approach for a Stirling-
based thermocompressor based on validated models from the generation 1 device, (3) experimentally
characterize the generation 2 device for model validation purposes and performance, and (4) study the
scalability of technology developed for the Stirling thermocompressor from miniature pneumatic power
supplies up to industrial air compressors, particularly with respect to enhancing heat transfer within the
compressor to enhance efficiency. A fifth goal has been added to the project as well: (5) study different
power outputs, namely a miniature hydraulic power unit based on the pressurizer portion of the
thermocompressor, small-scale electric power generation, or high-pressure water filtration units. The
goals of the project will be achieved by paying attention to the lessons learned from the generation 1
device from both a model-based / fundamental standpoint, as well as from an implementation
standpoint.

2. Project Role in Support of Strategic Plan

This project contributes to two thrusts within the Center: compactness and efficiency. The
compactness and efficiency barrier are addressed by developing a fluid power based, portable, and
compact power and actuation system that will provide an order of magnitude greater power and
energy density than the current state-of-art batteries. High heat transfer will be achieved by
maximizing the heat transfer area and by utilizing pre-pressurized helium as the working fluid within
the device; therefore increasing the efficiency and power density. Compactness is essential for a
human assist device like the ankle-foot orthosis. By designing this small, compact device, it will be
determined whether the energy/weight and power/weight advantages of fluid power will hold for small
devices. The ultimate goal of this work is to fulfill the CCEFP’s strategic vision of providing a source of
power for untethered fluid power devices in a way that will open up whole new applications and whole
new markets in robotics.

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

Stirling machines have long held the promise of being an efficient, clean, reliable, and nearly
maintenance-free source of power. However, after a century of research, the design of the Stirling
engine in general stagnated in the late nineteenth century. Electric motors and internal combustion
engines gradually took over the role of the Stirling engine. The primary reason for this development
was the low power density. The early Stirling engines embodied heavy devices which produced
only small amounts of power particularly in the sub 10kW scale. In the twentieth century the Stirling
engine moved away from its purely kinematic arrangement where the motion of the displacer and
power piston are kinematically constrained, towards a purely dynamic arrangement; namely the
free-piston Stirling Engine. The free-piston engine replaced the bulky, complicated kinematic
linkages with small, lightweight dynamic elements; therefore making the device more compact and
more power dense. Primary advantages of a free-piston arrangement include the ability to
completely seal the engine, the elimination of side forces on the piston, and the ability to
pressurize then engine to obtain higher power densities [1]. William Beale invented the first
dynamic Stirling engine in the 1960’s. Although the free-piston Stirling engine showed promise in
increasing the power density, they need to maintain self-oscillation. Since free-piston engines must
achieve the correct phase dynamically, they are very sensitive to their parametric properties (which
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are difficult to design), and to the load (which is difficult to hold within acceptable bounds). Despite
these difficulties, many free-piston Stirling engines have been built and shown to work, such as
Beale’s arrangements [2,3], the Harwell Thermomechanical Generator [3,4,5.], or the ingenious
liquid piston Fluidyne Stirling engine by West [6,7]. The selection of the parameters and the
sensitivity of their parameters are generally not well understood. In order to overcome this
difficulty, the Stirling engine for this research will control the displacer piston directly. By doing this,
the movement of the displacer piston is decoupled from the pressure dynamics in the engine. This
allows more design degrees of freedom and ensures that the device is insensitive to load or
internal dynamics variations. It also allows the potential to better control and shape the
thermodynamic cycle and represents an opportunity to enhance efficiency, power or any weighted
combination in real-time.

Achievements

Achievements in previous years
Design, modeling, fabrication, and experimental testing of a first-generation controlled Stirling
thermocompressor in 2012-2013:

o First generation prototype represented a true thermocompressor — meaning working fluid was
the air being pumped

o It was a multistage thermocompressor. Each stage was designed to progressively increased
pressure of the working fluid until the target output pressure of 80 psig was reached.

o Displacer within the engine was driven by a DC
motor and a linear reciprocating lead screw.

o Engine housing was made from a fused quartz
cylinder due to its low thermal conductivity.

o In cylinder heat exchangers were developed to
increase the heat transfer area.

o Experimental results showed a pressure ratio of
1.6 at 800°C and 2.8 Hz

These results were lower than expected due to excess
dead volume and a slow leak at the high temperature
seal. Also the reciprocating lead screw mechanism
represented too much friction which resulted in
significant losses. Therefore, a second generation
prototype had to be designed.

Achievements in the past year

From the experimental results of the first generation
device it was clear that the architecture of the device
needed some changes. A second generation Stirling
device was designed and modeled (see Figure 1). This
device has a separate, sealed engine section that is
pre-pressurized and uses helium as its working fluid for
maximum efficiency and power. The engine section can
be paired with many power output stages, such as a
compressor, a hydraulic pump, a linear electric
generator or a water filtration and desalination system.
Here the focus is directed towards the hydraulic pump
instead of the pneumatic compressor. This has several
reasons. First, in hydraulics the pressure potential

Figure 1. Cross-section of the second
generation device
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energy cannot be lost in the form of heat and will result in higher power deliver efficiencies than a
compressor. Secondly, since hydraulic fluid is nearly incompressible, any motion will assure

pumping.

A separate pump uses the differential pressure
swing inside the engine section to pump
hydraulic fluid at a desired output pressure. The
pump section is composed of three chambers;
the driving chamber, the pumping chamber,
and the return chamber (see Figure 2). The
driving chamber will be connected to the cold
side of the engine section such that they are
always at the same pressure. The bottom
chamber represents a self-balancing return
chamber. This is achieved by staying at an
average pressure via a flow restriction induced
by simple needle valve. As the displacer piston

moves down inside the engine section, the Figure 2. Cross-section of the pumping section

pump stage uses this differential pressure

swing to pump hydraulic fluid. When the engine pressure is higher than the average pressure, the
piston-rod assembly in the pump section moves down, compressing the hydraulic fluid in the lower
pumping chamber. When the desired output pressure is reached, hydraulic fluid is pumped out of
the lower pumping section. At the same time, hydraulic fluid is decompressed in the upper
pumping chamber such that hydraulic fluid will be pumped in from the low pressure side of the

hydraulic system.

Conversely, when the average pressure is higher than the engine pressure, the piston-rod
assembly is moved up, compressing hydraulic fluid in the upper pumping chamber. Once the
desired output pressure is reached, pressurized hydraulic fluid is pumped out. Simultaneously, low
pressure hydraulic fluid is sucked into the lower pumping chamber through check valves.

More complexity has been added to the dynamic model of the device
over the first generation’s model. A regenerative effect and shuttle heat
transfer losses due to the movement of the displacer piston have been
incorporated into the model. The gap in between the outside surface of
the displacer piston and the inner surface of the cylinder was modelled
to have a regenerative effect. This regenerative channel assumes that
the walls of the displacer piston and cylinder store some heat when the
displacer piston moves up and transfers heat to the gas when the
displacer piston is moving down. Shuttle heat transfer losses occur due
to the movement of the displacer piston between the hot and the cold
side. As the displacer piston moves up and down, the displacer absorbs
heat that it transfers to the cold side when moving down. Similarly the
displacer piston cools the hot side when the displacer piston moves
from the cold side to the hot side. This effect cannot be avoided but is
less severe the longer the length of the displacer. Heat transfer rate into
and out of the engine section in the model was limited to the rated
output power of the heaters on the hot side and the effectiveness and
thermal resistance of the cooling fins on the cold side.

The engine section for this prototype has been build and tested (see
Figure 3). In order to get a better knowledge about the dynamics inside

Figure 3. Photograph of the
engine section of the second
generation device.

the engine section, the engine section was tested without having a pump attached. Results look

promising but further analysis has to be done this year.
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Plans for next year

Experimental results will have to be evaluated and will have to be compared to the performance
predicted by the model. With the knowledge of dynamics of the engine section, pump dimensions
and parameters will have to be carefully selected. A hydraulic pump will need to be built and
attached to the engine section. With the engine and pump section combined, the entire model has
to be tested for validation; experimental results have to be evaluated and compared with the
dynamic model. For the future, a cooperation with Oak Ridge National Laboratory is highly sought.
This would allow 3-D metal printing with their Manufacturing Demonstration Facility (MDF). 3-D
printing would open up new designs for heat transfer and material mixing that conventional
machining would never be able to do.

Completed and Expected Milestones and Deliverables
* Milestone 1: Generation 1 device initially designed and constructed. [Completed]

* Milestone 2: Generation 1 device pressure ratio experimentally characterized [Completed]
e Milestone 3: System Modeled and Validated [Completed]
e  Milestone 4: Pressurizer and Compressor stage designed and modeled [Completed]

e Milestone 5: Pressurizer experimentally characterized [Completed] and dynamic model
validated [in progress]

* Milestone 6: Power out stage experimentally characterized and dynamic model validated
[04/2015]

e Milestone 7: First full controlled Stirling power unit modeled and validated [06/2015]
*  Milestone 8: Design and fabricate the hydrocarbon fueled heater [01/2016]
*  Milestone 9: Final full controlled Stirling power unit completed [05/31/2016]

Member company benefits

The first two years of this work on the device intended for the Ankle-Foot Orthosis will be of
interest to a future emerging market having to do with power prostheses and orthoses. As work
matures on powered versions of these devices, it is expected that the need will materialize for
more capable portable power sources. Companies manufacturing these devices should have
future interest in this technology. The second part of this work after the second year will be of
interest to industrial pneumatic companies given the increasing incentives for energy savings.
Enfield has expressed interest along these lines.
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Project 2C.2: Carbon Nanotube Advanced Strain Energy Accumulator

Research Team

Project Leader: Eric Barth, Mechanical Engineering, Vanderbilt University

Graduate Students: Josh Cummins

Undergraduate Students:  Chris Maurice, Andrew Voss, Daniel Awogbemlia

Industrial Partner(s): Enfield Technologies, Case New Holland, Lord Corporation, US Army

Aberdeen Proving Ground

1. Statement of Project Goals

The goals of this project are to achieve accurate material characterization, address manufacturability
issues, improve energy density and strength properties, and achieve distributed strain sensing by
incorporating carbon nanotubes into the advanced strain energy accumulator. In year one, selection of an
appropriate rubber compound for the accumulator will be completed and manufacturability issues will be
addressed. In year two, carbon nanotubes (CNTs) will be incorporated into the new rubber material, the
resulting material properties will be measured and compared with the baseline accumulator and
distributed strain sensing using the embedded carbon nanotubes will be attempted. If successful, the
carbon nanotube strain measurements will be compared with existing measurement methods. The
improved rubber material can be applied to both pneumatic and hydraulic accumulators.

2. Project Role in Support of Strategic Plan

First, with the recent interest of Lord Corporation, Enfield Technologies, General Nano, and the
Department of Defense, the project has the potential to attract new industrial partners and supporting
government agencies thus supporting the sustainability portion of the Center’s strategic plan. Next, the
project aims to accurately characterize material properties and address manufacturability issues
increasing the likelihood of successful transition to production. Additionally, with the incorporation of
carbon nanotubes into the elastomeric accumulator, improvements in material properties and energy
density can be realized resulting in more efficient and compact energy storage. Furthermore, the addition
of carbon nanotubes has the added potential to provide a distributed sensing capability and with it, the
ability to monitor the structural integrity of the component, making it safer and easier to use.

3. Project Description
A. Description and explanation of research approach
Material Characterization and Manufacturability

The motivation for the current research has been the development of the advanced strain energy
accumulator. Due to the hyperelastic nature of the material, adequately characterizing the strength
properties and energy density has been a challenge. Prior to involvement with Lord Corporation,
accurately measuring strain and subsequently estimating strain/energy density has previously only
been performed on material samples and not on a full prototype. In addition, manufacturing an
accumulator for the hydraulic hybrid has had a number of manufacturing challenges that have
prevented implementation to date. Lord Corporaton, as a leader in elastomeric materials, offers
invaluable knowledge and experience in characterizing and manufacturing elastomeric and non-linear
systems. In partnership with Lord Corporation, it is firmly believed that identifying an ideal rubber
compound for this particular application, characterizing the selected rubber’s material properties and
addressing the manufacturability issues is a low hanging fruit with low risk that will be accomplished in
the course of this work.

Carbon Nanotube Reinforced Rubber — Strength and Energy Density Improvement

Once the rubber has been accurately characterized and the manufacturing issues have been
addressed, more advanced materials can be instituted. Elastomers have large energy densities but
lower fatigue strengths. One method that has been investigated to improve the strength properties of
rubber is the addition of CNTs into the rubber material. [1, 2] The improvement in the material
properties of rubber with CNTs was demonstrated by Kim et al. [1] and was seen to increase as a
function of weight percent for both the axial and transverse directions.
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Carbon Nanotube Reinforced Rubber — Carbon Nanotube Distributed Strain Sensing

In previous work done on CNT reinforced rubber, the primary goal of the research was either a general
investigation of the improvement of material properties or general impact on electrical properties of
rubber. [1,2] Kang, Schulz, et al. [3] investigated the ability of CNTs to be used in sensing applications.
There is no evidence that CNTs have been incorporated into rubber materials in an effort to improve
material properties, utilize the electrical properties and harvest energy in a single device. In addition for
the CNTs to be used in a distributed strain sensing capacity, Kim et al. [1] have also shown the ability
of CNT reinforced rubber to provide large shielding capability which would be an ideal material property
in certain applications including aerospace and defense.

The potential for elastomers with improved strength properties and distributed strain sensing
capabilities is great. In the helicopter industry, as far back as 1975, bearings were identified as the
number one cost driver of a helicopters transmission system [4] and remain so today. In conversations
with a major aircraft Original Equipment Manufacturer (OEM), it was stated that hydraulic repair issues
are one of the top warranty drivers in new aircraft. All of these hydraulic components use rubber
gaskets and seals, which with improved material properties and strain sensing capability, have the
potential to save these industries millions of dollars annually in both material and maintenance costs [5]
resulting in a high risk high reward application.

B. Achievements
Achievements in Previous Years

In previous years a low pressure strain energy accumulator prototype demonstrated nearly constant
pressure behavior that was measured upon charging, also known as “ballooning,” and discharging the
bladder. The thinner the accumulator wall thickness, the more evenly the strain was distributed in the
material. A thinner wall however, results in a lower allowable pressure in the bladder. The lower
allowable bladder pressure necessitates a change in bladder geometry from the original thick wall
shape in order to utilize the full material energy density while maintaining high pressure. The geometry
must uniformly strain the material to its maximum thin wall limit in order to maximize material energy
density and enable high pressures. Ideal configurations allow pressures that are higher than the
elastomeric accumulator material maximum allowable stress.

This initial body of work revealed that the “balloon” concept exhibits a nearly flat P-V curve after the
initial radial expansion. While this is desirable, further investigation revealed limitations of the balloon
strain energy accumulator design. The distributed piston accumulator design was developed to
overcome the limitations of the balloon accumulator design. Much of the early work focused on the
“distributed piston” accumulator because of its energy storage capability that more fully utilized the
material by achieving a higher energy density while exhibiting a P-V curve similar in shape to the
balloon configuration.

Work on the Distributed Piston Elastomeric Accumulator (DPEA)
approach developed geometry-based design equations. [6] A
prototype DPEA accumulator was constructed and experimentally
evaluated. Experimental testing of polyurethane bladders and
uniaxial tension specimens was conducted. These experimental
results were used to make projections for a full scale device and were
compared to an idealized gas-charged accumulator. It was shown
that the DPEA accumulator has a system energy density many times
larger than conventional gas charged accumulator and that the DPEA
is not limited by maximum elongation considerations.

In addition to the hydraulic version, the strain energy accumulator
was applied to a pneumatic device — the Ankle-Foot Orthosis (AFO)
test bed (TB6). A balloon-in-shroud version of the strain energy
accumulator was designed and constructed to recycle the exhaust
air of the pneumatic rotary actuator of the AFO test bed. It was

Figure 1: Pneumatic strain energy
accumulator implemented on TB6.
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experimentally demonstrated to have an energy savings in excess of 25% relative to operating with no
accumulator. The strain energy accumulator used was dropped in place leaving room for fine tuning of
the accumulator to maximize the device efficiency thus fully realizing the energy savings potential of
the strain energy accumulator. The pneumatic accumulator used in the AFO test bed is shown above in
Figure 1, fully integrated into the test bed.

Achievements in Past Year
Early on in the past year, tasks one, two and five were accomplished in quick order:

e Task 1: Identify rubber type best suited for pneumatic and hydraulic applications in collaboration
with Lord Corporation

e Task 2: Work with Lord Corporation to address and overcome manufacturing issues and
manufacture samples with specified geometry

e Task 5: Identify carbon nanotube type and carbon nanotube supplier and order carbon nanotubes
to be used in research

It was determined that natural rubber was the best material to maximize strain energy recovery due to
its minimal losses from hysteresis and the Mullins effect. Switching to natural rubber would also
necessitate switching from traditional hydraulic fluids and is being taken into consideration moving
forward in evaluating natural rubber for the strain energy accumulator. In addition to identifying natural
rubber as the ideal rubber type, Chemlok was identified as the adhesive material that would address a
majority of our manufacturing issues. Chemlok offers a metal to rubber bond that is stronger than the
rubber itself. This allows for direct interface between the metal and rubber, eliminating for unnecessary
connection components that often lead to stress concentrations and points of failure. Finally, the
University of Cincinnati and their NanoWorld laboratory offer unique capabilities in growing carbon
nanotubes with multiple techniques as well as equipment to fabricate various samples and test
specimens.

With the ideal rubber type known, Chemlok identified as the adhesive agent that will solve many
manufacturing issues, and carbon nanotubes sourced, task three was under taken:

e Task 3: Conduct material property tests on newly fabricated strain energy accumulator rubber
specimens

Various rubber samples in both sheet and tube form were ordered for testing. Simultaneously a
material was identified that incorporated gold nanoparticles into rubber that was electrically conductive.

While the material does not have the same material properties or durability required here, it is the
closest semi-commercially available material. The test specimens of the gold nanoparticle rubber are
shown in Figures 2 and 3 that were used for cyclic loading and damage testing respectively. The
results indicated that a conductive rubber is feasible and that load measurement and damage detection
are possible but only up to strain values of approximately 75% for the material used in the test. A full
report of the findings of the tests completed can be found in Cummins et al. [8]

Concurrently testing of the rubber test specimens was conducted on a standard MTS load frame.
Stress/strain measurements were taken with both the load frame and with the Digital Image Correlation
(DIC) system, shown in Figure 4. Both systems were able to obtain stress/strain data, observe
hysteresis in the loading and unloading of the dog bone specimen, and observe localized stress/strain
data with the DIC system. More information can be found in Cummins et al. [10]
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Figure 2: Metal Rubber dogbone Figure 3: Metal Rubber rectangular test specimen used in damage
specimen used for cvclic load testing testino 1.) Vertical snin 2.) Horizontal scratch 3.)Vertical scratch

The next task to be addressed was that of task four:

e Task 4: Conduct testing of new accumulator on test beds

A concerted effort was made to quickly advance the Technology Readiness Level (TRL) of the strain

Figure 4: Load frame and DIC stress/strain testing of rubber

tensile test dog bone specimen

Figure 5: Pneumatic strain energy
accumulator implemented on interactive

energy accumulator from the previous level of a three to a five. Building off the momentum from the
previous year where the strain energy accumulator was integrated as a component in the AFO test
bed, thus raising the TRL to a level four, we continued with a breadboard demonstrator. The
breadboard demonstrator shown in Figure 5 is a manually operated demonstrator that acts similar to
how the hardware would operate within a system, raising the TRL level to that of a level five.

Figure 6 shows the strain energy accumulator
breadboard demonstrator that was developed in
conjunction with CCEFP member company Enfield
Technologies. This automated breadboard
demonstrates how the accumulator would behave
in an automated system, further supporting a TRL
classification of level five. These demonstrators are
being brought to trade shows where they are being
displayed as interactive displays to attract new
member companies to the CCEFP.

Additionally, it is believed that taking the

breadboards to manufacturing trade shows will
help attract new CCEFP member companies and
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provide new opportunities to transition the strain energy accumulator into preproduction environments
such as manufacturing equipment that relies on pneumatic components. Through utilizing existing
relationships with current Center member companies, forging new relationships with potential new
member companies and other Engineering Research Centers (ERC’s), and receiving additional award
money for exhaust gas recirculation it is anticipated that the pneumatic strain energy accumulator will
reach a TRL level of six or possibly even seven in the coming year on its way to successful
commercialization in the final year of National Science Foundation funding as the Center looks to
become self-sustaining.

C. Plans
Plans for the next year

In the coming year various elements of tasks one through five will continue to be addressed as the
accumulator continues its development on the way to commercialization. Additionally, heavy
emphasis will be placed on tasks six through eight:

e Task 6: Manufacture CNT reinforced elastomer samples

e Task 7: Conduct strength and distributed strain sensing tests to determine material properties
and materials ability to measure and monitor strain with CNT reinforced rubber

e Task 8: Apply material to test beds, identify new applications and conduct necessary and/or
additional testing such as energy saving studies or EMI shielding tests.

Specific plans for tasks one through five already started include continuing to study natural rubber
and compare to other rubbers, study Chemlok at attachment points, quantify energy savings, look for
parameters to optimize and use digital image correlation system to measure stress/strain of strain
energy accumulator in situ.

Expected milestones and deliverables

* Quantification of energy savings of strain energy accumulator
* Complete fabrication of carbon nanotube embedded elastomer
* Test material properties of CNT elastomer up to 300% strain

¢ Demonstrate distributed strain sensing capability

* Test carbon nanotube elastomer material on test beds

* Identify new applications and conduct additional testing possibly to include EMI shielding ability

D. Member company benefits

The carbon nanotube advanced strain energy accumulator project will improve the advanced strain
energy accumulator developed previously, increase the TRL level of the strain energy accumulators
and advance the understanding and application of carbon nanotube elastomers. Strain energy
accumulators have extraordinary energy density, simple configuration, low material costs, are easy to
manufacture, less susceptible to leaks, require no pre-charging, and do not experience gas diffusion,
making them preferable to traditional accumulators. Advancements and advantages such as those
aforementioned will help inspire and motivate member companies in innovation as was mentioned in
the panel discussion at the inaugural Fluid Power Innovation and Research Conference (FPIRC). In
addition, member companies such as Enfield Technologies and others will benefit from deeper
relationships with Vanderbilt University and extend their pool of potential candidates for future
employment. New Industry relationships are forming from the current body of work and include
continued talks with General Nano which have led to discussions with the University of Cincinnati and
their NSF Engineering Research Center and possible future joint efforts between the ERC's.
Increasing the TRL level of the pneumatic accumulator from a three to a five has led to increased
industry interest and attraction of potential new industry partners as well as additional funding for an
exhaust gas recirculation project.
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Project 2C.3: Flywheel Accumulator for Compact Energy Storage

Research Team
Project Leader: James D. Van de Ven, Mechanical Engineering, University of Minnesota
Graduate Students: Kyle Strohmaier, Paul Cronk

1. Statement of Project Goals
The goal of this project is to develop a high energy density hydraulic storage system, the hydraulic
flywheel accumulator. The system will be demonstrated in a bench top prototype with an energy
density of 18 kJ/kg, which is three times higher than a conventional carbon fiber-wrapped accumulator
[1]. The target round-trip efficiency for the prototype energy storage device is >80%.

2. Project Role in Support of Strategic Plan

The hydraulic flywheel accumulator can theoretically increase the energy density of hydraulic energy
storage by over an order of magnitude while maintaining, good round-trip (storage-regeneration)
efficiency. Overcoming the energy density barrier is key to implementing a hydraulic hybrid power
train in a passenger vehicle. The proposed work will demonstrate the hydraulic flywheel accumulator
at an energy density of three times that of an advanced conventional accumulator, while generating
the modeling, simulation, and optimization tools necessary to further increase the energy density in
follow-on work.

3. Project Description

A. Description and explanation of research approach
The focus of this project is the hydraulic flywheel accumulator, a novel device that stores energy in the
hydro-pneumatic and rotating kinetic energy domains. The energy density of the hydraulic flywheel
accumulator is theoretically more than an order of magnitude higher than conventional accumulators
[2]. This is due to the high energy density of rotating kinetic energy storage, which reaches 325 kJ/kg
for high performance flywheels [3]. Furthermore, the ability to store energy in two modes decouples
the system pressure from of the state of charge, allowing the system pressure to be actively
controlled. The changing volume of hydraulic fluid in the device results in a variable flywheel inertia
that creates coupling between the energy domains.

The hydraulic flywheel accumulator (HFA), which has been granted a full utility patent [4], is a
cylindrical piston-style accumulator rotated about its central axis and coupled to a pump/motor, Figure
1. Hydraulic fluid enters and exits the HFA at the center of one end of the cylinder. The opposing side
of the piston is occupied by nitrogen gas at a pre-charged pressure.

Figure 1. Diagram of the hydraulic flywheel accumulator. Figure 2. Pressure distributions of the gas and hydraulic
The pump/motor is coupled to the flywheel-accumulator  fluid in the device. Due to the centripetal acceleration and
directly or through a geared connection. The hydraulic density of the hydraulic fluid, a parabolic pressure
inlet is at the center of the opposite end. distribution is formed.

Energy can be added or removed from the HFA in two ways, either through an applied torque or by
adding or removing hydraulic fluid. When hydraulic fluid is added to the device, the piston
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compresses the gas, increasing the pneumatic energy storage, and the moment of inertia increases.
In the absence of an applied torque, the increase in inertia creates a decrease in the angular velocity
as described by the conservation of angular momentum. If the quantity of hydraulic fluid in the HFA
remains constant as a torque is applied, the angular velocity increases, causing a decrease in the
hydraulic system pressure. This unique coupling allows the hydraulic system pressure to be directly
controlled by modulating the method of energy storage.

There are two important reasons that the HFA is superior to using a fixed inertia flywheel coupled to a
hydraulic system through a pump/motor, as has been done in prior works [21, 22]. First, high power
transients can be absorbed in the hydro-pneumatic domain, allowing use of a small displacement
pump/motor. A small pump motor, assuming it is variable displacement, will operate at a higher
average displacement, and thus be more efficient than a larger pump/motor operating at a lower
average displacement. The smaller pump/motor also improves compactness and reduces weight.
Second, due to the energy conversion losses in a pump/motor, storing energy in the hydro-pneumatic
domain is more efficient. By setting up the control strategy to allow the system pressure to vary
slightly (say 10%), small energy charge and discharge events can be achieved purely pneumatically
with less energy loss, while maintaining large energy storage capacity through the rotating kinetic
domain.

. Achievements in the past year

During the past year of CCEFP funding, an energy loss model has been constructed, the geometry of
a high energy density prototype has been optimized, and the detail design of the prototype has been
completed. A cross-sectional view of the HFA, designed for easy prototyping, is presented in Figure 3.
The housing consists of a composite cylinder and metallic liner, which acts both as a flywheel rotor,
storing the majority of the kinetic energy in the HFA, and as a mechanism to contain fluid pressure in
the radial direction. Most of the strength of the housing is provided by the composite, while the liner
facilitates sealing to the piston and end caps. Two end caps fit inside of the housing, concentrically on
an axle, and sealing against the liner. The end cap and axle system acts to contain fluid pressure in
the axial direction. Split retaining rings, nested in counter bores in the end caps and grooves in the
axle, prevent outward axial movement of the end caps and, on the gas side, transmit torque between
the end cap and the axle. The gas side of the axle is coupled to the storage PM. The gas-side end
cap is constrained to the housing with radial pins which prevent motion in the axial and tangential
directions. The axle has internal ports of diameter on the oil side of the HFA to allow for addition and
extraction of oil. The oil-side end cap is constrained to the housing only concentrically, such that the
internal pressure of the HFA does not impose any axial stress on the housing via the end caps.
Besides the compressive interaction that might arise during HFA operation, there is no radial constraint
between the end caps and the housing. The piston, which separates the oil from the gas, has axially-
sliding seals at both the axle and the housing.

Figure 3. Cross-sectional view of the energy dense HF A using a center tie-rod.
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An elitist genetic optimization, specifically the NSGA II, was used to optimize the HFA design for
application in a hybrid vehicle. The optimization had two objectives, minimizing system mass and
minimizing drive cycle losses over a drive cycle. The optimization was subject to two constraints. The
first requires that an HFA design solution must exhibit a material safety factor of 3. The second
requires an HFA design solution to allow the vehicle to complete one cycle of the Urban Dynamometer
Driving Schedule. Given the axial piston pump-motors that appear to be suitable for the HFA, the
upper bound on maximum angular velocity is set to 1,885 rad/s (18,000 RPM). To avoid solutions with
impractically-low energy density, the lower bound on w,,,, is chosen to be 2,865 rad/s (3,000 RPM).
Further bounds were applied to the geometry of the HFA for packaging purposes. The Pareto optimal
front for the solution candidates is shown in Figure 4. The solutions between the dotted vertical lines
were further evaluated as candidates for the laboratory prototype.

Figure 4. Energy Capacity and System Mass vs. Energy Density for the Laboratory-scale Pareto-optimal Set

Figure 4 illustrates important trends in the Pareto optimal results. Beginning with the most
accumulator-like solutions (the far-left of this plot), increasing energy density of the HFA allows the
design energy capacity to decrease. This is primarily due to the fact that a vehicle with a lower-mass
energy storage system incurs less rolling resistance. However, at a certain point (near 9 kJ/kg),
increases in energy density cease to pay off, at least from the perspective of design energy capacity,
E;. The higher operating speeds required by the most energy-dense solutions lead to large drive
cycle losses. To compensate, these solutions must actually have a higher energy capacity, even
though the road loads continue to decrease with mass. In light of this phenomenon, the logical choice
for the laboratory prototype is the solution with the minimum design energy capacity.

Based on geometry determined through the optimization, a laboratory prototype was designed.
Through detailed design, the seals, bearings, tolerances, and off-the-shelf components were selected.
An isometric and cross-sectional view of the prototype is shown in Figure 5. The parts for this
prototype are currently being fabricated.
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C. Plans

Figure 5. Cross-sectional view of the flywheel accumulator prototype system.

The project plan to demonstrate the hydraulic flywheel accumulator in a bench top prototype includes
the following tasks during the following two years:

Task 1: Conduct viscous dissipation experiments.

Task 2: Drive train simulation and optimization of the HFA parameters.
Task 3: Perform a detailed design of prototype HFA.

Task 4: Fabricate the HFA prototype

Task 5: Perform designed experiments with the HFA prototype.

Milestones:

Empirical fluid model constructed from viscous dissipation experiments complete [month 8]
Drive train simulation with revised models operational [month 9]

Optimal solution for prototype selected [month 12]

Detailed design of HFA prototype complete including detail drawings of all parts [month 18]
HFA prototype fully operational [month 20]

Testing and characterization of HFA prototype completed [month 24]

D. Member company benefits
A utility patent for the hydraulic flywheel accumulator has been granted and can be licensed by
member companies. The technology holds the promise of creating a more compact and energy dense
method for storing energy in hydraulics systems. Its implementation could create new applications
and markets for hydraulics, such as a hydraulic hybrid passenger car.
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Project 2F: MEMS Proportional Pneumatic Valve

Research Team

Project Leader: Prof. Thomas Chase, Mechanical Engineering
Graduate Student: Nebiyu Fikru and Erik Hemstad
Industrial Partner(s): Enfield Technologies & Parker Hannifin

1. Statement of Project Goals

The goal of this project is to utilize Micro-Electro-Mechanical (MEMS) technology to create extremely
efficient proportional valves for pneumatic systems. The valves are expected to require under 5 milliwatts
of actuation power to hold them in the fully open state while producing a maximum flow rate of 40 slpm
when venting from a pressure of 6 bar to 5 bar. They are also compact: the target envelope of the valves
is just 4 cc. Supporting goals of this project include: leveraging the potential of piezoelectric materials
such as lead zirconate titanate (PZT), developing MEMS-scale sealing technologies and developing
position sensing strategies for the MEMS scale devices.

2. Project Role in Support of Strategic Plan

This project has breakthrough potential toward the Center’s transformational strategic goal of developing
efficient fluid power components. While we are developing generic proportional valves, the extremely low
power requirements and compactness of these valves make them especially attractive for portable and
mobile applications. The project also contributes to the Center’'s goals of developing leak-free systems
and compact integrated systems. The project involves developing original sealing technologies for
MEMS scale valves, a technology necessary for bringing these valves to commercial markets. The
project was originally inspired by, and will be showcased on, the Ankle-Foot Orthosis of Test Bed 6.

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

Microvalves have been under development over the past 30 years. However, previous valves can only
deliver flow rates on the scale of milliliters per minute [1]. The basic concept underlying our novel valve
design is illustrated in Fig. 1(a). We have overcome the flow limitation by ganging together an array of
potentially hundreds of microvalves in parallel. Reducing the size of each individual orifice reduces the
force on each actuator. This makes it possible to reduce the actuator size to the MEMS scale.

\

During Year 6, we demonstrated that an array of multiple orifices will yield the same flow rate as a single
large orifice having equivalent area. Therefore, the concept of parallelizing the flow using multiple
miniature orifices and actuators is sound. Also, since each actuator has extremely low mass, the valves
are expected to have exceptional bandwidth. Furthermore, MEMS batch fabrication methods are
expected to result in low-cost valve manufacturing when taken to the commercial production scale.

Our valves will utilize a “bimorph” piezoelectric architecture, illustrated in Fig. 1(b). Two layers of
piezoelectric material are sandwiched between platinum electrodes. The two layers have the same
polarity, but they are subjected to reverse voltages. As a result, the bottom layer expands as the top layer
contracts, causing the actuator to deflect as a cantilever beam subjected to pure bending. Alternatively,
one active layer can be deposited on a passive layer, which is described as a “unimorph” actuator.

Since the actuators in Fig. 1(a) are connected in parallel, common electrical contact points are used to
supply electric current to all actuators simultaneously. As the supply current is increased, deflection of
the actuator pallets increases, thereby increasing the flow rate. Proportional control could also be
achieved through a digital wiring scheme which fully opened sub-groups of actuators in binary
combinations.

86



(@) Basic device architecture (b) Structure of a “bimorph” piezobender

Figure 1. MEMS valve concept.

Four valves have been identified in the literature which utilize a parallel actuator/orifice strategy similar to
our valve. The first uses PZT actuators but has low flow rates, 7.3 mL/min, and high leakage, ~10% [2].
The others are non-piezoelectric and are also characterized by low flow rates: electrostatic actuation of
diaphragms, 150 mL/min [3]; membrane valves, 250 mL/min [4]; and high-frequency flap and tether
valves, 2.1 L/min [5].

B. Achievements

Achievements in previous years

This project was initiated in Year 5-6 and extended twice, first to Year 7-8 and then again to Year 9-10.
Accomplishments during the first four years include: performing a literature review on pneumatic MEMS
valves [1], constructing an ISO 6358 compatible [6] test stand, demonstrating the valve concept on a
“‘meso-scale” version of the MEMS valve, integrating a capacitive displacement sensor on the meso-scale
valve, developing a compressible flow model with improved ability to model valve flow at low
displacements, and fabricating and testing early prototype MEMS scale port plates. The “meso scale”
valve utilizes a commercially available 35 mm X 12.7 mm X 2 mm piezobender. It served to demonstrate
the remarkably low power consumed by piezoelectric actuators, both at the macro- and micro-scale.

The most notable previous achievement was fabricating a functional MEMS unimorph actuator array in
year 8. Unimorphs are simpler to fabricate than bimorphs, but they suffer from lower force or deflection
for the same applied voltage. They were fabricated as a stepping stone toward bimorph fabrication in
Year 9. Our actuator arrays utilize PZT as the piezoelectric material due to its outstanding piezoelectric
coefficient, a measure of tip deflection per unit voltage applied. A related notable achievement was
establishing a relationship with the only facility in the United States that can fabricate thin film PZT for
MEMS on a contract basis: the Nanofabrication Lab of Pennsylvania State University (PSU) [7,8]. All of
our MEMS actuator arrays are fabricated at that facility.

Achievements in the past year

Achievements in the time period between February 1, 2014 and January 31, 2015 include:

e The first successful bimorph MEMS actuators were fabricated in May 2014 (see Fig. 2). The
actuators demonstrated substantially larger deflection than unimorph actuators fabricated in 2013
(480 pm vs. 84 |,|m)1 at a lower actuation voltage (12 V vs. 40 V).

e Three wafers of bimorph actuators, each containing 14 devices, were fabricated between August and
December 20147 (see Fig. 3(a)). These are our first wafers to contain multiple types of devices. The

A portion of the improvement in deflection is attributable to better control of the etch depth of the silicon base wafer,
as described in the last achievement bullet.

% The four month development time was due to a series of unanticipated fabrication problems arising at the PSU
Nanofabrication Lab. The most serious was delaminating of the device layers, which was apparently caused by high
environmental humidity at the time the PZT layers were deposited on the wafers.
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multiple devices enable us to experiment with different actuator geometries efficiently. A key
indicating the different device types is provided in the Figure. Actuators on “pre-wired” devices are
connected to device-wide electrode busses upon fabrication. Actuators on “wire bonded” devices are
not. The latter style provides for leaving individual actuators disconnected from the main device bus
in the case that shorting occurs between the electrodes of any actuators. This problem has
occasionally occurred on previous actuator arrays, thereby disabling the entire array. However,
connecting every actuator individually is labor intensive, so the pre-wired style is preferred in the case
that the devices are free of shorting.

(a) View of top of device. (b) Deflection vs. actuation voltage.

Figure 2. First working bimorph actuator array (May 2014).

Three different styles of port plates were designed to match the actuator geometries listed in Fig. 3(a)
(see an example in Fig. 3(b)). The first style contains 27-80 uym orifices, the second contains 27-29
pum orifices and the third contains 130-29 pym orifices. They are designed for modular combination
with actuator arrays where possible; for example, any of actuator styles 1P, 1W, 2A or 2W (see Fig.
3(a)) can be combined with either style of port plate containing 27 orifices. This provides a wide
variety of potential valve geometries with different pressure and flow capacities. A total of 27 port
plates were then fabricated.

(a) Sample port plate:
Wafer including 14 devices of 5 different types 27-d80 um orifices
Figure 3. Examples of full MEMS wafer and port plate fabricated in Fall 2014.

The new actuator arrays include the first attempts at actuator geometries which are not cantilever
beams. Specifically, some of the actuators utilize fixed-fixed beams, which introduce the possibility of
generating substantially higher forces (at the expense of lower deflection).
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Device mounted to standard 24-pin package. Deformation of piezobenders (visible
as warping of center of beams).

Figure 4. Testing of first style “2P” device harvested from the wafer illustrated in Fig. 3(a).

The first device successfully harvested from the December 2014 wafers was tested in January 2015
(see Fig. 4). A deflection of the fixed-fixed beams of approximately 30 pm was observed before a
wire bond between a main device bus and a supporting package separated.

Several compounding drift problems that had plagued the electronics of our ISO 6358-compatible test
stand were tracked down and resolved. The stand is now being utilized to fully map the performance
of the meso-scale valve described in previous years. It can also now be used to test complete MEMS
valves as they become available.

We have previously reported on difficulty etching precisely through the 500 ym thick silicon wafer,
which provides the foundation to our MEMS valves, to release approximately 2 ym thick actuators.
New processing methods have been developed to overcome this problem3.

C. Plans

Plans for next year

Plans for February 2015-January 2016 are listed in chronological order below:

Develop processes to align and bond actuator arrays to port plates: Alignment requires accuracy of
about 20 ym in the x- & y- directions, 0.5 um in the z-direction and 0.5° in angular orientation. Three
alignment strategies have been considered. The first was to develop our own alignment fixtures,
which we abandoned due to the discovery of less resource intensive solutions. The second was to
utilize photolithographic contact alignment machines available in the Minnesota Nanofabrication
Center, which we abandoned because they are designed to manipulate complete wafers rather than
individual devices. We are instead pursuing utilizing a “chip bonding” machine that we have located
in a nearby industrial facility. Our current bonding strategy consists of tack-bonding the actuator array
to the port plate during alignment, then mechanically clamping the parts together in a clam shell
package. We will continue to investigate alternative adhesive bonding solutions.

Performance map the first complete MEMS pneumatic valve: The first assembled actuator array and
port plate package will be mounted in the UMN test stand to enable mapping its flow versus actuation
voltage performance.

Optimize MEMS valve design for application to the Test Bed 6 Ankle-Foot Orthosis: The prototype
actuator arrays and orifice plates illustrated in Fig. 3 will have a maximum pressure capacity of 5.5
bar and a maximum flow capacity of 3.7 slpm, which are below the specifications required for the
Ankle-Foot Orthosis. Performance parameters determined from the previous test will be integrated
with our models to develop a new valve design with higher pressure and flow capacities. Improved
prototype valves will then be fabricated.

Develop leakage strategies: Leakage of the MEMS valves will be studied when the first actuator
array/port plate assemblies become available, and the findings will be applied to reduce leakage in
future designs.

*A05 um thick SiO; layer still remains attached to the bottom of the actuators, but this is less problematic.
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D.

Develop on-board displacement sensing strategies for MEMS valves: As time permits, methods for
adding circuitry to the MEMS devices to enable displacement sensing will be explored. The addition
of displacement sensing strategies would enable the implementation of MEMS servo-valves.

Expected Milestones and Deliverables

« Demonstrate first complete packaged MEMS device [3/15/15]

+ Demonstrate MEMS pneumatic valve on Ankle-Foot Orthosis (Test Bed 6) [8/31/15]
+ Demonstrate MEMS valve with reduced leakage [1/31/16]

Member company benefits

CCEFP member companies will benefit from this research in three ways. First, the valve constitutes a
new concept for constructing a miniature pneumatic valve 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 and meso level flow devices.
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Project 2F.1: Soft Pneumatic Actuator for Arm Orthosis

Research Team

Project Leader: Elizabeth Hsiao-Wecksler, MechSE, UIUC

Other Faculty: Girish Krishnan, Industrial & Enterprise Sys Eng, UIUC
Sameh Tawfick, MechSE, UIUC
Placid Ferreira, MechSE, UIUC
Brooke Slavens, Occupational Sci & Tech, UW-Milwaukee

Graduate Students: Deen Farooq and Gaurav Singh, UIUC
Undergraduate Students: Chenzhang Xiao, Ye Oo, Michael Rouse, UIUC
Industrial Partners: Enfield Technologies, Parker Hannifin

1. Statement of Project Goals

This newly-funded project has two main goals: to develop novel high-force,

energy storing, miniature soft pneumatic actuators, and to directly integrate

them as the structure for soft robotic upper extremity orthoses for pediatric

patients that use crutches for ambulation. While walking with crutches, peak

loads observed in the wrist typically approach 50% of body weight and wrist

postures experience extreme extension angles ~35° (Fig. 1) [7-9]. We seek

to develop a light-weight (< 1 kg), pliable (tunable modulus of rigidity),

powered (by <100 psi) wrist orthosis and integrated compact actuators to

reduce transient loads and associated wrist stresses by 50% and improve

wrist posture to a more neutral position; therefore lowering the risk for joint

injury such as carpal tunnel syndrome, while allowing for normal wrist and

arm range of motion when not used for load bearing. To this end, we will

develop new knowledge and tools for the design-for-manufacturability of

soft pneumatic actuators known as Fiber Reinforced Elastomeric Enclosures (FREE) [5]. We will expand
the range and functionality of current contracting McKibben muscles, which are based on simple equal
and opposite fibers, by developing a robust analysis framework to generalize the construction and
operating principles for FREE actuators to yield different deformation patterns. Further, we will develop a
new manufacturing process where flat elastomeric sheets patterned with variable angle vascular
microchannels and high strength fibers will be rolled into generalized FREE actuators to provide higher
energy density at the same operation pressure and additional deformation patterns: expansion, rotation,
and spiraling snake-like motion to produce compressive forces, torque, and constriction forces,
respectively.

2. Project Role in Support of Strategic Plan

The development of miniature soft pneumatic actuators and soft pneumatic arm orthosis directly address
one of the four major goals of the Center, namely the development of “new miniature fluid power
components and systems ... that are one to two orders of magnitude smaller than anything currently
available”. This project will also address at least four of the nine technical barriers to fluid power: compact
energy storage (5), compact integration (6), safe and easy-to-use (7), and quiet (9). Further, the pediatric
wrist orthosis would be an added test bed platform that complements the work being accomplished on the
pneumatic ankle-foot orthosis of Test Bed 6 (Human Assist Devices) at the University of lllinois. The
development of compact, light-weight, high-force, energy storing, soft fluid powered actuators has the
potential to revolutionize the creation of portable medical assistive devices such as powered prosthetics
and orthotics.

3. Project Description

A. Description and explanation of research approach

In this project, we aim to design, manufacture and test soft pneumatic actuation concepts for wearable
flexible orthosis. The testbed for this application will focus on developing a lightweight soft wrist orthosis
for pediatric patients that use crutches for ambulation. The repetitive, high loads and poor wrist postures
associated with crutch use have been shown to lead to joint pain and injury, carpal tunnel syndrome,
arthritis, or joint deformity. Currently, the natural progression finds pediatric crutch users often
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transitioning to using wheelchairs, as their arms
cannot support their body weight as they grow and the
effects of these secondary injuries become
unsustainable. This transition reduces mobility, fitness,
and quality of life. Creating an effective orthosis would
be beneficial for these pediatric patients or any
assistive mobility device users, whom are susceptible
to overuse injury and pain (those with acute limb injury
or surgery, elderly, adult pathology populations).

The key enabling building block for soft pneumatic

actuators in this projects are known as Fiber

Reinforced Elastomeric Enclosures (FREEs) as shown

in Fig. 2. FREE actuators are inspired in operating

principle and construction by Pneumatic Artificial

Muscles (PAMs) or McKibben’s actuators. This project

aims to expand the capabilities of McKibben actuators

by generalizing its construction and operating principle

to vyield different deformation patterns. A FREE

actuator has two families of helical fibers with arbitrary orientation reinforced on a hollow elastomer tube
that is actuated by pressurized fluid (air or liquid). The orientation or the helical angles of the two families
of fibers a and B respectively, span the design space of FREE actuators as shown in Fig. 2 [5]. The
popular configuration of McKibben actuators spans just a line (shown in green in Fig. 2 as Antisymmetric
fibers). FREEs can have different deformation patterns such as pure extension, contraction, axial rotation
and more generally a screw motion or simultaneous translation and rotation [1, 5]. These deformation
patterns are co-related to the fiber orientations using the kinematic governing equations that result from
the inextensibility of fibers.

This project will conduct the research necessary to develop working prototypes of the soft pneumatic
actuators (Task 1) and pediatric wrist orthosis (Task 2).

In Task 1, we will leverage the understanding of generalized FREE actuators to create novel building
blocks and structural embodiments for soft exoskeletons. We will first develop a robust analysis
framework to evaluate forces exerted and the stiffness of different FREEs constructions as functions of
applied pressure. This framework will be used to evaluate and objectively compare various design
concepts and optimize the design to match functional requirements. We will explore the development
compact fluid powered torsional actuators, which will be optimized to maximally overcome the trade-off
between maximum angular displacement and obtained moment. We will also explore the use a
generalized FREE actuator in conjunction with a compliant MEMS spring as an energy storage unit or
accumulator. The compliant MEMS spring can be designed to have a specified nonlinear force vs.
displacement behavior to control the energy release rate. We will develop a new diverse manufacturing
process to enable the systematic miniaturization of FREE actuators to < 100 ym diameter with tunable
fiber orientation in a time and labor efficient process.

In Task 2, the actuators will undergo bench-top testing and will be integrated into multiple generations of
wrist orthoses for improved performance. Product design and user operational specifications will be
assessed. We will determine appropriate operational specifications for user safety, comfort and efficiency.
The wrist orthosis will be tested on able-bodied adults and children during Lofstrand crutch mobility. Time
permitting, testing will extend to children with orthopedic disabilities.

B. Achievements

This new project was funded starting in 6/1/14. Work to date has resulted in four invention disclosures [2-
4, 10] and one conference presentation [6].

Task 1 (Soft FREE Actuator Design and Manufacturing):
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We have developed a method to analyze the large

deformation behavior of FREEs. This methodology

aspires to maximally decouple the kinematics and

kinetostatics, without the compromising on the accuracy

of the deformed shape including the stroke length and

axial rotation. This allows us to determine the actuator’s

deformation behavior (Fig. 3) without considering material

properties, thereby making the analysis simpler and more

suitable for extending to design. A FREE is essentially a

cylindrical hyperelastic membrane with two families of

inextensible fibers wound helically on its outer surface.

Upon pneumatic actuation, the actuator tries to maximize

its enclosed volume while the fibers maintain their constant length. Therefore, we have posed the
analysis as a volume maximization problem with constraints due to the inextensibility of fibers.

After carrying out the kinematic analysis, we have added the material model of the hyperelastic
membrane to carry out the elastokinetic analysis of the actuator. This analysis allows us to obtain force vs
displacement and torque vs rotation relationships (Fig. 4), when the actuator is pressurized to different
pressures. While this offers an alternative, yet faster technique to analyze McKibben actuators (Fig. 4a),
which have well-established mechanics-based models in literature, it also analyzes FREEs with
asymmetric fiber angles for which there are no known models (Fig. 4b). These plots can be used to
redesign the FREE geometry and the material for a specific stroke and force requirement.

Figure 4: (a) Force vs displacement data at different actuation pressures for a contracting FREE actuator. (b) Torque vs
angular deformation data at different actuation pressures for a rotational FREE

We have built upon an existing macro-scale manufacturing process of FREEs. This process involves
embedding fiber networks on latex elastomer tubes. A binding agent such as rubber cement is used to
adhere the fibers to the elastomer. One end of the tube is rigidly shut with end caps and the other is fixed
to an air hose using appropriate fittings. Once manufactured, we experimentally tested the deformation
behavior of the actuators and compared it with finite element analysis. Our emphasis was to test the
stroke and the fiber orientations throughout the range of the FREE deformation space and found good
agreement between the various analysis models for a rotating actuator (Fig. 5) and the fiber orientations
throughout the range of the FREE deformation space and found good agreement between the various
analysis models for a rotating actuator (Fig. 5).
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Figure 5: Finite element analysis of the (a) underformed,and (b) deformed and experimental testing (c) underformed and (d)
deformed fiber angle orientations of a rotational FREE. These angles are also plotted in a FREE design space that spans the
two fiber angles.

We are working on a new manufacturing process to enable the systematic miniaturization of FREE
actuators as well as the quick prototyping of highly complex fiber architectures. During the past year, we
were able to fabricate a 1x1” coupon with complex internal stiff ribs. (Fig. 6) This design was done using
Kapton sheets as the stiff layers, and 3M VHB tape as the soft elastomeric layers. Both were cut using
CO2 Laser cutters and laminated and sealed by the double sided acrylic tape. Challenges: Sealing the
very small ribs (< 1 mm width) remains a challenge and eventually the sealing fails.

Figure 6: Flat actuator made by stacking and sealing alternating layers of Kapton sheets and 3M VHB tape.

Also we realized that the minimum realistic feature size with the laser cutter is 1mm. We are currently
using this technique to make larger size flat McKibben like actuator that can curl when pressurized to be
fixed to the crutch bracket. We believe that the sealing challenges will be overcome by making the rib size
> 5mm. We expect to have a first prototype in May 2015.

Task 2 (Wrist Orthosis Prototypes)

To minimize poor joint alignment and loading of the arm during crutch-assisted gait, we have recently
proposed orthotic supports to improve wrist posture and transfer loading from the hand and palm to the
forearm during forearm, or Lofstrand, crutch use. We realized that to prevent wrist hyper-extension and
maintain neutral wrist orientation, it was not necessary to create a powered orthosis to orient and
maintain wrist posture. Rather, a simple, lightweight, inexpensive, passive wrist support has been
designed (Fig. 7a) [3]. This design can be easily retrofitted to any crutch and does not require the arm to
be secured to the

94



crutch; thereby allowing immediate freedom of arm
movement when not used for ambulation. To reduce
loads transmitted to the hand and arm, a powered soft
pneumatic sleeve orthosis has been proposed to partially
transfer loading to the forearm (Fig. 7b) [2]. This sleeve
takes advantage of the soft and pliable yet strong FREE
actuators (Fig 7c). By attaching to the crutch cuff, the
sleeve and wrist support allow the hand and arm free
movement for reaching, similar to a traditional crutch
design.

To power the pneumatic sleeve, we are also pursuing the harvesting of
pneumatic energy during ambulation by designing a pneumatic pump
mounted in the tip of the crutch (Fig. 8) [4]. The harvested gas can be used
as a replacement to an external pneumatic power supply or as a supplement
to such a power supply. The pumping action will also provide shock
absorption and added compliance to the crutch to improve user comfort.

Plans for the next year.

Task 1.a: Design of FREE actuators
a. Design customized FREE actuators, whose kinematics maximizes
area of wrap around the proposed pneumatic sleeve.
b. Extend FREE analysis models to estimate and optimize wrapping force on the sleeve.
Task 1.b: Manufacturing of FREE actuators
a. Get flat actuator to work on larger sizes to use it as the actuating sleeve and fit it to the bracket of
the crutches
b. Work on developing micro- soft actuators by making silicon microfabricated molds in the
cleanroom.
Task 2: Develop orthosis prototypes
a. Design and test Gen 1.0 pneumatic sleeve and passive wrist support with crutch tip pump on
bench and on healthy subjects
b. Refine design and test Gen 2.0 design on bench and on healthy subjects

Expected milestones and deliverables.

Task 1.b. Design of FREE actuators
* First design of FREE wrapping actuators on a sleeve (March 2015)
* Analysis tools to estimate wrapping kinematics and force (August 2015)
*  Optimization and redesign (October 2015)
* Scaling down the FREE actuators and evaluating its functional implication (January 2016)
* A user-interactive FREE design tool (February 2016)

Task 1.c. Manufacturing of FREE actuators
* First prototype made by undergraduate assistant for flat sleeve (~10x10” size) ( May 2015)
e Second prototype by (August 2015)
e  For the micro actuators, done with micro-fabricated molds (Oct 2015)
e Start fabricating the actuators (August 2015)
e Testing of micro actuators will begin (February 2016)

Task 2: Develop orthosis prototypes
* Complete tip pump and Gen 1.0 prototype sleeve designs (May 2015)
e Complete passive wrist support testing (June 2015)
e Complete Gen 1.0 healthy testing by (August 2015)
* Complete Gen 2.0 prototype sleeve design (Oct 2015) and healthy testing by (May 2015)

95



C. Member company benefits

CCEFP member companies can benefit from this project through the development of a robust framework
for realizing high-force, energy storing, miniature soft pneumatic actuators that can produce a variety of
motion patterns. The manufacturing processes will allow for possible automated fabrication approaches
and customizable actuators. In addition to possible applications in orthotics and prosthetics, these FREE
actuators could be applicable to a number of other applications that could use soft robots such as
healthcare as assistive feeders, manufacturing automation, agricultural crop harvesting, or even space
exploration.
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Project 2G: Fluid Powered Surgery and Rehabilitation via Compact, Integrated Systems

Research Team

Project Leaders: Robert Webster and Eric Barth, Mechanical Engineering, Vanderbilt
Jun Ueda, Mechanical Engineering, Georgia Tech

Other Faculty: Vito Gervasi, Rapid Prototyping Center, MSOE

Graduate Students: David Comber, Vanderbilt

Melih Turkseven, Lauren Lacey, Euisun Kim, Georgia Tech
Charles Williams, MSOE

Undergraduate Student: llya Kovalenko, Georgia Tech
Summer REUSs: Emily Matijevich, Vanderbilt; Johnathan Williams, Georgia Tech
Industrial Partners: Enfield Technologies, KYB Corporation

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 actuators, mechanisms, and sensors are no longer independent entities
assembled together, but are a single integrated system that can be manufactured simultaneously using
additive manufacturing. 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.

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 actuators, mechanisms, 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.

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

Fluidic energy transmission is the only effective way of transmitting energy during imaging in an MRI.
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.

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 enable the surgeon to visualize the position of instruments in relation to sensitive subsurface blood
vessels, nerves, tumors, etc. and enable the robot to directly position a tool at a desired target specified in
a medical image. Both 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 due to its ability to clearly
show soft-tissue boundaries and structures that are not visible in other imaging modalities. Fluid power 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. To achieve compact and MRI-compatible actuation, we have developed a fail-safe pneumatic
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stepper using new geometries of inflatable bellows that are enabled by a design for additive
manufacturing approach.

MRI 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 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 on the distribution of strain energy [1, 2]
that mitigates the hysteresis in the structure and improves the signal-to-noise ratio of sensing.

B. Achievements in Year 9
MRI-compatible Actuators and Surgical Robots
Invention of novel, non-invasive approach to access and treat the hippocampus

Together with our collaborating
neurosurgeon at VU Medical
Center, we have designed a
radiofrequency (RF) ablation
electrode and an accompanying
concentric tube needle [3]. This
device is designed to enable a
novel, non-invasive access path
through the foramen ovale, a
natural opening in the skull base
at the top of the patient’s cheek.
This access path is a new
approach and is highly
advantageous since the soft
tissue will seal the access path
and prevent contamination of the
brain through it. Our new
steerable needle system will
provide a percutaneous
treatment by deploying through a
straight outer cannula, which is Figure 1. 3D-printed robot and outer cannula fixture are compactly positioned

manually inserted beneath the with a patient manikin. This layout fits inside an MRI magnet opening of 60 cm
cheek skin and docked to the

foramen ovale. A helically curved, shape-memory alloy needle, actuated at its distal end by a precision

pneumatic robot, will maneuver the RF ablation electrode from the foramen ovale to and through the
hippocampus from head to tail. MR imaging and thermometry
will guide the needle along the planned path, and monitor the
delivery of thermal ablative therapy.

Our work has resulted in mature hardware, and the complete
system to enable the transforamenal ablation approach consists
of a precision pneumatic robot, mounting devices, a robotic
steerable needle, and MRI guidance. Using existing prototypes,
the photograph in Fig. 1 portrays the general layout we envision
for positioning the robot inside the MRI scanner with the patient.
Figure 2. Steerable needle of concentric, It should be noted that all components in Fig. 1 are functional
telesconine. curved elastic tubes. and are not mock-ups. The robotic steerable needle idea that
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enables our proposed transforamenal ablation approach is the concentric tube needle concept (see Fig.
2). The needle is made from several nested tubes that telescopically extend from one another. Because
each individual tube is curved and made of shape-memory alloy (nitinol, the same alloy used in cardiac
stents), the needle can bend controllably when axial insertions and rotations are applied at tube bases.

Invention of intrinsically-safe, MRI-compatible pneumatic stepper actuator

For traditional piston-cylinders, there are failure
contingencies in which the piston could travel the
full stroke of the cylinder and potentially endanger
the patient. Therefore, we have created our own
fluid power actuator that is intrinsically safe and
MRI compatible. Building upon prior results of the
Project 2G collaboration between Vanderbilt and
MSOE [5], this prototype was jointly designed at
both institutions by a novel approach for
manufacture by selective laser sintering (SLS); this
additive manufacturing process enabled compact

integration of actuator components, resulting in a Figure 3. Prototype with helix-shaped concentric tube
small footprint for the device, shown in Fig. 3. It is needle. One half of the device housing is not shown, to
designed to both translate and rotate the base of a expose inner working parts.

single tube of the steerable needle. Because the

steerable needle is made of multiple, nested tubes, the actuator design is modular, allowing for several
modules to be cascaded together, one for each tube of the needle. Employing an inchworm-like behavior,
the actuator translates and rotates the needle bi-directionally in discrete steps, and is thereby intrinsically
safe. When inflated, one bellows expands linearly to
translate the needle, and another bellows expands
rotationally to exert torque on the needle. These forces
and torques are imparted to the needle using diaphragm-
actuated clamps that, when inflated, firmly grasp the
needle. The actuating bellows and gripper diaphragms
were manufactured as a single assembly on an SLS
machine at MSOE. They are hermetically sealed (i.e. no
sliding seals) to prevent contaminants such as blood or
cerebrospinal fluid from entering pneumatic circuitry. A
provisional patent on this invention was jointly filed by
Vanderbilt and MSOE [6]. Building upon prior work in
Project 2G on precision pneumatic controls for MRI-
compatible devices [9-12], a novel hybrid controller for the
pneumatic system was designed and tested. As shown in
Fig. 4, this controller has demonstrated precision
positioning of the needle: 0.013 mm and 0.29 degrees.

Figure 4. Hybrid control of needle insertion to
reference depth. Steady state error: 0.013 mm.

Rehabilitation via Pneumatically Driven MRI-Compatible Systems
Pressure Observation for Tele-Operated Pneumatic Systems Using Force Sensor

Prior studies at Georgia Tech, made in Y8, have depicted the key factors that characterize the pressure
dynamics of the actuator. A long transmission line induces a delay in mass transportation and introduce a
pressure gradient through its length. MRI compatible pneumatic actuators have low friction; yet, they
present a significant gas leakage and resistance at the connection ports which lead to an important
difference between the valve and actuator pressures that could potentially destabilize the closed-loop
control. An accurate feedback on the actuator pressure states is crucial for high-bandwidth operations
that involve human interaction [14].

A non-linear, asymptotically stable pressure observer that utilizes interaction force measurements for
error correction was proposed and tested in Y9 [18]. An MRI-compatible, optical force sensor had been
developed in Y6-Y7 to realize the force exerted at the tip of the actuator piston without any dynamic or
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transportation delays [1, 2 7, 13]. The goal of the proposed observer is to provide accurate pressure
estimations where standard pneumatic system modeling methods fail to characterize the system
dynamics. Primarily the systems with complicated pneumatic hardware, such as MRI compatible robots,
are targeted.

The accuracy of the observer was verified by
performing typical force control experiments
on a typical tele-operation setup with 7.25
meters long transmission line. Comparisons
were made between the proposed observer
and the following two conventional
approaches: Pressure measurements at the
valve and a standard pneumatic system
model. The valve is the only location for
pressure measurement on a typical MRI-
compatible system. The standard model
does not involve any form of feedback and
estimates the chamber pressures in a purely
open-loop manner.

The proposed observer based on force
sensing achieves a quick response and
substantially reduces the estimation errors in the transient phase. This improvement can be observed in
Fig. 5 where the transient pressure fluctuations during a 2 Hz force controlling experiment are shown. The
time delay and attenuation in the mass flow rate introduced by transmission lines are not captured by the
standard model as expected. The observer attained a more accurate estimation, enforcing the estimation
to satisfy the measured actuator force.

Figure 5. Pressure Estimations vs. True Actuator Pressure

Estimation performances are evaluated quantitatively by the
averaged sum of squared errors (MSE) in the potential energy
within one cycle in the steady-state condition. Table 1
presents the calculated errors (MSE) for each method and
indicates a significant improvement in the estimation accuracy
by the use of the observer. In the presence of such factors,
the observer based on force sensing appears to be beneficial

. and effective in reducing estimation errors.
Table 1 - Averaged Sum of Squared Errors in

the State Variables [18]

Modeling of pneumatic line transmission delay and attenuation:

In addition to novel methods for pressure observation, a
pneumatic system model, exclusively developed for tele-
operated systems, has been established in Y8 [16]. The
transmission line and the actuator were regarded as two
separate chambers serially connected to the valve. It
improved the accuracy of system characterization, which
is projected to be used on non-linear controllers. The
impact of the proposed model was observed on fixed-
volume chamber tests with a 7.25 meters long tube up to
1 Hz valve input signal. In Y9, the accuracy of the model
was further improved by accounting the friction on the
transmission lines. This extended model was shown to
maintain its accuracy up to 5 Hz, as shown in Fig. 6
where the model's pressure estimation is compared to
that of the standard model.

Figure 6. Pressure estimated by the developed model
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Facilitation Exercise using a Pneumatic Device

An fMRI-compatible rehabilitation device with a pneumatic
tendon hammer has been designed in Georgia Tech to
study the neural mechanisms of Repetitive Facilitation
Exercise (RFE) [8, 15]. The developed system facilitates a
myotatic reflex by applying a mechanical impact in
synchronization with the patient’s intention to move the
hemiparetic limb. An MRI-compatible rotary actuator for
wrist pronation was designed and integrated to the
developed prototype to enhance its functionality [17].
Timing precision of the new system was confirmed to be
satisfactory for RFE which is a reflex-based facilitation
therapy that requires a high temporal precision. Following MRI-compatibility checks and preliminary
conceptual tests that have started in Y8, studies on human subjects have started in Y9. The functionality
of the device was elaborated on a healthy human subject using transcranial magnetic stimulation (TMS),
a magnetic stimulator that generates a local neural signal on the subject’s brain [16, 19]. The device was
shown to provide a satisfactory temporal precision for inducing a reflex signal synchronized to the TMS
related weak neural activity, confirming its suitability for the intended therapy.

Figure 7. TMS tests with the developed MRI-
compatible prototype

Plan for next 2 years

The MRI scanners at Vanderbilt University Institute for Imaging Science (VUIIS) are available to all
CCEFP investigators as Test Bed 3, a zero maintenance, zero capital investment test bed. Pls Webster
and Barth will continue collaboration with Dr. Joseph Neimat, a neurological surgeon at VU Medical
Center, for clinical insight and guidance of the surgical robot project, and full integration of the surgical
robot with Test Bed p. Pl Ueda has been collaborating with Dr. Shinohara in Applied Physiology at GA
Tech and Dr. Butler at Georgia State University so that project results can be seamlessly transitioned to
clinical settings. Results may also be applicable to Pl Ueda’s stroke rehabilitation robot project in
collaboration with Drs. Kawahira and Shimodozono at Kagoshima University, who invented a new
therapeutic procedure for hemiplegic limbs. Study on the neuroscientific aspect of the rehabilitation
procedure is currently supported by the Georgia Tech Neuro Engineering Center Seed Grant Program.
Outcomes of this project will be used to improve the design of the rehabilitation robot. Pl Ueda has
submitted a NSF Smart and Connected Health (SCH) grant proposal with Drs. Shinohara, Butler, and
King to characterize the neural facilitation during the robotic rehabilitation using fMRI. Furthermore, PI
Ueda has submitted another NSF National Robotics Initiative (NRI) grant proposal with Drs. Wagner (P1),
Borensterin, and Howard to apply the established pneumatic actuation technology to exoskeletons for
children.

C. Member company benefits

Among the CCEFP member companies, some valve and actuator companies, including Enfield
Technologies, NetShape, Inc; Hoowaki, LLC, have agreed to support the project at VU. In addition, KYB
Corporation, a NFPA member, Enfield Technologies and DTl Robotics USA Inc. have agreed to support
the project at GT. In addition, Pl Ueda visited the KYB Corporation R&D Center, an industry collaborator
of this project, and agreed to work with them to investigate the potential of their water hydraulic
technology for developing future clean rehabilitation robots. During Y9-10, Pls Webster and Barth will
collaborate with Enfield Technologies in the area of precision pneumatic controls research. This
collaboration will include an annual working meeting for the team at Enfield’s facilities in Shelton, CT.
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Project 3A.1: Operator Interface Design Principles for Hydraulics

Research Team

Project Leader: Wayne Book, Mechanical Engineering, Georgia Tech

Other Faculty: JD Huggins, Mechanical Engineering, Georgia Tech
Eui Park, Industrial Engineering, NCAT

Graduate Student: Samuel Seifert

Industrial Partners: Caterpillar, CNH, Danfoss, HUSCO, Bobcat

1. Statement of Project Goals

This project will consolidate results on multi degree of freedom interfaces over the range of speeds,
dimensions, numbers of interfaces, extent of automation and interface modalities found with hydraulic
actuation. Experimentation via excavator simulation and simple displays has been the principle source of
data up to this point. Studies performed on the Georgia Tech excavator simulator have illustrated a
potential double-digit percentage improvement in efficiency and economy when using advanced hand
controllers, however these studies have been inconsistent. Another goal for this project is to determine
the root of these inconsistencies, providing a better understanding of how user interface drives
performance. The intuitiveness of hand controllers, position versus velocity control, and the effectiveness
of selected data presentation modes will be evaluated.

2. Project Role in Support of Strategic Plan

The project supports the strategic plan’s call to make fluid power effective, safe and easy to use. The
Strategic Call for Proposals prioritizes high efficiency and effective system control, both of which are
central to this project. Previous work has shown higher task efficiency as measured by soil moved per
unit fuel consumed and soil removed per unit time when advanced and intuitive controls are used.
Reasonable questions about the application of these advanced controls to the full range of fluid power
applications still remain. It is known that dynamically slow machines favor human interfaces with velocity
commands whereas dynamically faster machines favor interfaces with position commands, but the
boundary condition between fast and slow is not well defined. When selecting a human interface for a
task, the most intuitive controls are the most efficient, but the most intuitive controls can lack ergonomics
and lead to rapid operator fatigue. The transition from one type of human interface to another depends on
the task, and because fluid power is being applied to a huge range of tasks with different characteristics it
is valuable to understand how to select an optimal interface. Excavators, patient transfer devices and
high-speed robotic arms do not share an optimal interface or control strategy. This project will
quantitatively justify interfaces and controllers based on task characteristics.

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

A large number of fluid power installations are operated directly by humans. In these systems,
the effectiveness of the communication channels between human and machine have a high
impact on system performance.[1] This research attempts to make excavator operation more
efficient, safe and effective by optimizing the communication channels between the excavator and
human operator.

Traditional excavator control is done along the kinematic joints. Using dual two degree of
freedom joysticks, excavator operators control the pump flow to each joint piston. Flow induces a
torque on the joint, which induces motion. The boom, arm, and bucket joints control the end
effector height, depth, and rotation. The swing joint controls the horizontal positioning of the
bucket relative to the operator. The traditional two-joystick interface was adopted by industry
because it was easy to implement from a hardware perspective. There is a steep learning curve
associated with this interface due to the mental load it places on the operator. Human operators
naturally break down tasks into Cartesian coordinate commands: emptying a bucket load requires
moving the bucket up, then forward. The concept of Cartesian direction is lost on traditional
excavator control. Operators are forced to do inverse kinematics, a process of translating
Cartesian commands to joint angles and angular velocities, to determine the necessary joystick
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positions required to induce the desired end effector movement. Skilled operators can do the
inverse kinematics in near real time, however it requires many hours of training to reach this skill
level. Difficulty of performing inverse kinematics suggests that the operator and excavator
system would perform better if the command channel from the operator to the excavator were in
Cartesian space, because it would be more intuitive to the operator. This research has explored
several non-traditional control interfaces that alleviate the need for the operator to mentally
perform inverse kinematics.

When coordinated control is implemented in Cartesian space, commands can be given as
positions, velocities, or accelerations. Prior studies [4, 5] are conflicting as to which input method
is most effective. This research has sought to discern (1) an explanation for the preference for
velocity control in hydraulic systems, (2) to determine if position control might improve
performance and for which systems, (3) to see if augmented human-machine interfaces might
facilitate this improved performance, and (4) to improve the design of the hand input mechanism
itself to avoid operator fatigue. Discussion with industry partners explored the usefulness and
feasibility of various alternatives for improving the interface.

Data acquisition for this research has been performed on the Georgia Tech excavator simulator.
Previous teleoperation of TB1 in Purdue suggests that the simulator is a realistic substitute to a
live excavator. However, verification of the simulator results on an outdoor excavator is
envisioned. The Georgia Tech simulator is housed in a Bobcat 435 compact excavator. The
excavator cab rotates with the simulation environment, but the excavator arm has been removed
and replaced by a large screen TV. The arm of the vehicle, the soil and the state of the excavator
are displayed to the operator on the TV, and an audio signal mimics engine noise.

Achievements
Achievements in previous years

This research has explored several ways of eliminating the need for the operator to perform
inverse kinematics. One such implementation involved a position controller that was
kinematically identical to the excavator arm. With this controller, the excavator would mimic any
manipulation of the controller joints. By manipulating the end effector of the controller in
Cartesian space, the operator could easily move the bucket up, down, forward, or backward with
little cognitive load. This control method performed the inverse kinematics mechanically, as the
desired excavator angles are identical to the controller joint angles due to the kinematic similarity.
Other controllers that have been tested eliminated the need for the operator to perform inverse
kinematics through computation. Unlike humans, computers can perform the inverse kinematics
required to move an end effector to a desired location or in a desired direction in real time,
without error. Using a Phantom Omni 6 degree of freedom controller, several variations of
coordinated control (commands sent in Cartesian space) were implemented. This research has
shown that both the kinematically similar position controller and the coordinated control
implemented with the Omni Phantom perform better than the traditional dual joystick flow control,
increasing operator effectiveness by up to 81% and fuel efficiency by 18% [2, 3]. While the
alternative control strategies reduced operator errors and decreased task completion time, both
the phantom and kinematically identical controller increased operator fatigue making them unfit
for prolonged use. For the kinematically identical controller, the ergonomics were improved by
rotating the mini excavator arm on its side, allowing the operator to rest their weight on an
armrest.[7] This horizontal configuration eliminated the performance drop off seen by previous
(fatigue inducing) controllers when used on sessions lasting 10 minutes or more in length.

This research has provided an insight to the differences, advantages, and disadvantages of
position, velocity, and acceleration control. Various ad hoc explanations have been given for the
superiority of position or rate control in manually operated systems in previous studies. Dr. Elton
proposed the need for systems to match operator intent with feedback [6]. Elton’s findings
confirmed that rate control is more suited for dynamically slow systems than positional control.
Elton then proposed that giving the operator feedback to match their intent while in position
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control could narrow the performance gap between rate and position control for slow systems.
Elton confirmed this with several tracking based video games, and later on the excavator
simulator. Elton matched operator intent with feedback by projecting a ghost in his games and on
the excavator simulator. This ghost showed the operator the target position of the system, which
alleviated the problem the operators were having not know what position they were commanding.

Achievements in the past year
Simulation Improvement: Head Tracker

Last year a correction algorithm was developed to compensate for the distortion caused by the
simulator operator’s proximity to the TV. This algorithm was crucial to creating an immersive 3D
environment, and was used with the recently installed 3D TV. This algorithm returns a projection
matrix that the graphics pipeline uses to render simulation objects onscreen in the position and
orientation the operator would naturally observe them in. The operator’'s head position is an input
parameter to this algorithm, and was originally set to be a constant position somewhere above
the excavator chair. This methodology provides reasonable looking geometry only when the
users head is near the set point. Very tall or short operators, or operators that move their head
during operation will experience a discontinuity where the TV image should change, but does not.
To alleviate this problem and to make the simulator more immersive, head-tracking hardware was
added to the excavator and integrated with the simulation software. Problems due to calibration
and tracking accuracy arose, and were overcome. With the current implementation, operators of
any size can get the proper visual environment, and operators can move their head around the
cab to get a better view of obstructed objects.

Simulation Improvement: Collision with Physical Environment

During the pilot study for a test designed to quantify the differences between 2D and 3D display, it
became apparent that a simulation simplification that was previously ignored needed to be
corrected because it was tainting results. This simplification was the lack of physical constraints
between the excavator arm and the environment: users could (and did) swing the arm through
objects that would be hard stops in real life. The worst culprits were the bins that operators were
asked to dump spoil into: because running into the bins offered no impedance, users were not
penalized for misjudging the locations of the end effector relative to the bins. The concept behind
the 3D TV was that it would give the operators a better sense of where the end effector was in the
environment, helping them to avoid running into things and allowing them to complete the same
task in less time. To measure that advantage (or lack there of), operators needed to be penalized
for running into objects. The implemented penalization is a hard stop: if the operator swings the
excavator into a bin or other obstacle, the excavator ceases movement, and the operator has to
back out and go around the obstacle. With the system, any advantages with the 3D display
should show in the task time and fuel efficiency figures. This system was implemented using
PhysX, a robust physics simulator and collision detection library maintained by NVidia and
primarily used for video games. Work was done connecting the excavator’'s hydraulic model
(developed in Simulink) to the PhysX engine.

User Study on Efficacy of 3D Display, Coordinated Rate Control

A 50-person study was completed in December 2014. This study had two goals: quantify
difference between 2D and 3D display modes on the excavator simulator, and test the
performance of a coordinated rate control joystick user interface. Previous studies performed on
the excavator simulator were done on a 2D TV screen. There were questions as to whether or
not the lack of depth tainted those results. By comparing operator performance in 2D and 3D
environments, we are able to quantify operational differences for the 3D setup. During the study,
each participant operated the excavator simulator during three half hour sessions. The 50
participants were randomly split into two groups, one group operated the simulator in 2D mode
during session 1 and 3D mode during session 2, and the other group did the opposite. Session 3
was used to introduce a new controller to the participants, and was ignored for the 2D-3D
comparison. Each session comprised 4 five-minute trials during which the participants we’re
instructed to perform a trenching task. The first trial was a warm up, and all data from warm ups
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was ignored. Participants were instructed to remove as much soil as possible in the allotted time
while keeping the excavator under control. They were scored on how much soil was removed
and how much fuel was consumed at the end of each trial.

Figure 1: Comparing 2D, 3D Efficiency Metrics

Figure 1 illustrates no conclusive difference between operator performance on 2D and 3D
screens. The left to right increase in each graph is associated with the user learning as the
session progresses; with each trial the operators perform better and better. The error bars show
the standard deviation of each distribution, the giant standard deviations illustrate a large variety
in operator skill level. The main takeaways from Figure 1 is that the soil removed per unit time
and soil removed per unit fuel numbers for 2D and 3D were nearly identical. This implies that 3D
projection had little effect on operator performance, and our previous data that was acquired on
2D screens remains valid.

Performed simultaneously with the
2D-3D study was a study on
excavator user interface. Each
group from the 2D-3D split was split
again into two more equally sized
groups. The first of which operated
the simulator with a traditional
control interface for sessions 1 and
2, and the second did the same with
a coordinated rate controller. For
session 3, everyone switched
controllers:  people using the
coordinated rate controller went to
traditional, and vice versa. The
coordinated rate controller was
implemented with the standard
excavator joystick hardware. The
four degrees of freedom

corresponded to the Cartesian Figure 2: Control Style Comparison

position of the end effector and the

end effector rotation (bucket dump). The layout was identical to the high performing, rotated,
kinematically similar arm that was tested by Winck previously on this project using position rather
than rate control.
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Figure 2 compares the two control styles. The left to right increase trend illustrates learning;
participants perform better with practice. The drop between trials 6 and 7 corresponds to when
the study participants switched control styles. The different drop off magnitudes indicates that it
is easier to switch from the traditional control style to the coordinated rate control style than it is to
go the other way. Standard deviations for this dataset are large, which again indicates the widely
varying skill level of study participants. When asked about interface preference, 26 subjects
preferred coordinated control, 6 preferred traditional control, and 18 made no distinction. Unlike
coordinated control of position that has been tested previously, coordinated rate control on the
joystick interface underperformed the traditional control style although the difference does not
meet tests of statistical significance. At this point it is unclear why, and one of the project goals
going forward is to determine a cause for this discrepancy. The difference between the maximum
speeds permitted in the two approaches and the correspondence between joystick position and
bucket direction will be considered in seeking an explanation.

Plans
Plans for the next year

Data analysis for the study that was completed in December is unfinished. Those results will be
further analyzed and compared with previous results to draw conclusions about the coordinated
rate controller. We are interested in performing a new study that measures operator finesse (as
opposed to speed). Details are still unclear, however there is a possibility this study will be
performed on live hardware.

Expected milestones and deliverables

1. Paper on benefits of 3D display on excavator simulator

2. Paper on coordinated velocity control of excavator

3. Complete the evaluation of selected coordinated control interfaces
4

Completion of experiments on actual hardware (dependent on coordination with industry
and CCEFP test beds)

5. Generalization of results to other machines with similar characteristics

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 Danfoss have donated
equipment that has enabled the studies to be as realistic as possible. HUSCO has been
invaluable in critiquing the progress and relating experience with excavator operations.
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Project 3A.3: Human Performance Modeling and User Centered Design

Research Team

Project Leader: Steven Jiang, Industrial and Systems Engineering, NCA&T
Other Faculty: Zongliang Jiang, Industrial and Systems Engineering, NCA&T

Eui H. Park, Industrial and Systems Engineering, NCA&T
Graduate Students: B. Jimmerson, D. Davis, D. Stajsic

Undergraduate Students:  A. Bouncer, S. Breeze, K. Sanders

1. Statement of Project Goals
The goal of the project is to investigate human performance in complex fluid power 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 will address the effectiveness and efficiency barriers by comprehensively assessing fluid
power system operator performance, by developing a quantitative human-machine interaction model
that will help excavator designers better understand the limits of cognitive and physical capabilities of
human operators of fluid power systems. These quantitative models would be used to predict operator
performance in an effort to develop a safe, intuitive, efficient and effective user interfaces for selected
test beds. Further, this project will address the effectiveness barrier through the application of user
centered design techniques/tools to improve the interfaces of emerging as well as existing fluid power
systems by soliciting user needs and observing users interact with fluid power systems both in
simulated laboratory environment and in real world scenarios.

3. Project Description

A. Description and explanation of research approach

Human factors play a very important role in fluid power systems ranging from interface design to
operator performance and safety. In this project, we studied the impact of the auditory feedback on
excavator operator performance and investigated the impact of various factors on nurses operating a
patient transfer device. Traditionally, engineers have designed products from a technology-centric
perspective. Unfortunately, the technology driven approach has led to information overload and errors
causing products to be ineffective [1]. Consequently, operators are usually blamed for 60% to 85% of
all accidents [2, 3]. However, accidents/errors are not always the fault of the operator, rather, the
design of the product itself [1]. Human factors research has shown that the users’ perspective must be
included in the design and development process to achieve effective and efficient results [4]. Human
performance plays a significant role in overall system performance. This can be evidenced by the
patient transfer device. Work related musculoskeletal disorders (MSD) have become a challenge and
financial burden for employers in the United States because of the negative impact on worker's
compensation claims, absenteeism and productivity. In 2011, MSD accounted for 33% of all worker
injury and illness cases reported [5]. Healthcare was the industry with the most reported cases [5].
Since 2006, nursing occupations have been reported as one of the top ten highest risks for work-
related MSD in the United States [6]. MSD cases involving patient handling accounted for 98% of all
reported cases [7]. To help resolve these issues, a new patient transfer device using fluid power is
under development (Test bed 4). This study intends to identify significant factors and their impacts on
nurses operating the patient transfer device and incorporate the findings in the design as part of the
user centered design process. The American Nursing Association reported that the lower back
followed by shoulders and knees are the most affected body parts when handling patients [8]. The
Center for Disease Control reported that lower back injuries are also the most costly MSD [9]. The
direct and indirect costs associated with only back injuries in the health care industry are estimated to
be $20 billion annually, according to the U.S. Department of Labor [6]. Therefore, with nursing
personnel currently leading the nation in work related back injuries, more research is needed to
identify and provide safe guidelines for patient handling that will decrease the potential risk of MSDs.
The objective of this study is to use the user-centered design (UCD) approach and human
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performance modeling tools to gain knowledge about healthcare worker's goals, capabilities, and
limitations to design an effective, efficient, and safe patient transfer assist device.
The following approach was used in this study:

1.

A user centered design approach was applied:

Identified customer needs through observation of expert users and focus group
Conducted task analysis to gain a thorough understanding of tasks performed
Established usability goals

Conducted usability study on existing patient transfer device

Conducted time study

Conducted Feedback Survey

Conducted video recordings for motion capture

Identified limitations and capabilities for modeling purposes

Conducted benchmark test for Test Bed 4

Human performance modeling was applied:

Digital human modeling tools, Jack® simulation software with standard tools that use human
factors, anthropometry, and physiology of the human body to evaluate the movements a
person has been built to conduct a biomechanics evaluation.

3D virtual human modeling + Kinect to mimic work and safety issues

Figure 1: Simulation of caregiver transferring patient from bed using Hoyer lift

Figure 2: Simulation of Kinect capturing postures in Jack software

B. Achievements

Achievements prior to February 2015:

Revised haptic-controlled excavator simulator in preparation for the auditory experiment
Conducted an empirical study on auditory feedback using the simulator

Conducted literature review on MSDs related to patient transfer

Conducted task analysis for patient transfer device
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* Developed apparatus for patient transfer experimentation

* Conducted an empirical study on patient transfer
Achievements in this reporting period:

* Developed Digital human models to mimic caregivers performing a transfer task
o 1. Building Jack Models

= A caregiver was created to represent Weights and Heights: 5%, 50%, 95% percentile
of the population

= A patient was created to represent 50" Percentile of the male population
o 2. Animating Jack
= Task Simulation Builder and Kinect were used to build the animation.
o TSB was used to creating poses that were identified from the task analysis
o Customized movements were made using Microsoft Connect
o 3. Import CAD drawings of two lift designs
= Hoyer lift
o 4. Create Environment

= Environment 1: contains one caregiver, a patient and a hospital bed in a standard
hospital room

= Environment 2: contains one caregiver, a patient, a wheel chair, a hospital bed, and
Hoyer lift design in standard hospital room

o 5. Use Tool Kit to Collect Data
= SSP - predicts strength requirements for tasks such as lifts, presses, pushes and
pulls and the percentage of men and women who can perform the task
* Environment 1 was populated with the caregiver, the patient, and the bed.

o Low back analysis from the simulations involving turning the patient to their side revealed
the following:

= The compression forces was as high as 6860 N, which exceeds the maximum
permissible limit of safety standard of 6300 N

= at higher bed heights, pushing the patient produced much more favorable results
= if pushing the patient is an available option to the caretaker it should be used
=  When pushing the patient, the majority of the load is handled by the shoulders

=  When pulling the patient, additional bend is needed thus causing more low back
strain

o SSP estimated the percentage of 50th percentile female nurse population that can actually
perform this task:

= Trunk strength capability was analyzed

= the percentage of population able to perform the task is as low as 6.73% and 14.86%
= Pushing shows a higher spread of the population is able to perform the task

= Higher bed height yields more preferable results, especially when pushing the patient

= Improper sling fitting can occur, due to lack of trunk strength to handle the load
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Figure 3: Low back and SSP analysis for environment 1

Environment 2 was populated with the caregiver, the patient, Hoyer lift, chair, and the bed.

o Lower Back Analysis::The results for simulations involving transferring the patient from bed
to wheel chair focusing on the pushing and pulling motion revealed:

= the compression forces was as high as 6100 N, which exceeds NIOSH Limit of
3400N and just below the maximum of 6300 N

= the pushing motion produced much more favorable results than pulling wheel type
and location can have a positive effect of reducing the compression force when
maneuvering the lift and relieve some of the patient load.

o SSP Analysis: SSP estimated the percentage of 50th percentile female nurse population
that can actually perform this task:

= trunk strength capability was analyzed

= the percentage of population able to perform the task is as low as 21.37% and
25.24%.

= pushing shows a higher spread of the population is able to perform the task

= Design improvements to the boom (extension), powered wheels, and swing of the
base could potentially increase the number of caregivers that can perform the task

Figure 4: Low back and SSP analysis for environment 2
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Plans for the Next Five Years

Identify usability goals for the patient transfer device

Develop prototype interface for the patient transfer device

Conduct usability study on the prototype interface of the patient transfer device
Revise the interface design for the patient transfer device

Develop human performance models for the patient transfer device

Conduct empirical study on operator performance using human subjects for the patient transfer
device

Expected Milestones and Deliverables

Usability studies of the patient transfer device
Development of prototype interface for the patient transfer device
Human performance models for patient transfer device

Empirical experiments studying operator performance for patient transfer device

Member company benefits

The human performance studies can be applied to investigate operator performance for any complex
fluid power systems where operators interact with 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.3: Active Vibration Damping of Mobile Hydraulic Machines

Research Team

Project Leader: Andrea Vacca, ABE/ME, Purdue University

Graduate Students: Guido, Francesco Ritelli, Davide Cristofori (Graduated)

Undergraduate Students: Two REU/year: Roy Fisher (Summer 2012), Bixing Yan (Summer 2013)
Industrial Partners: Parker Hannifin, CHN

1. Statement of Project Goals

The goal of the project is to develop a novel energy-efficient control methodology to reduce vibrations in
hydraulic machines. The proposed control strategy has potential to replace or limit costly and energy
dissipative methods currently utilized to achieve acceptable dynamical behavior in mobile fluid power (FP)
applications. The novel solution would allow for a reduction of both amplitude and duration of actuators
oscillation up to 70%. The solution offer also margin of energy consumption reduction. Based on an
adaptive control method based on pressure feedback (using pressure sensors located in well protected
locations of the machine), the proposed techniques is suitable to all mobile applications without
introducing significant cost increase.

2. Project Role in Support of Strategic Plan

This project is related to the “control and controllability” topic, and addresses the major technical barriers
of “control and energy management” and “efficient systems”. In particular, the project proposes an
innovative adaptive electro-hydraulic (EH) control methodology for general application to fluid power
machines that permits to reduce machine vibrations according to a general and inexpensive technique
that addresses the inherent nonlinearities of the hydraulic systems and the unpredictable operating
conditions of the machine (e.g. varying inertia of the load, terrain roughness, variable geometrical
configuration of the booms, etc.).

The proposed control method has positive implications as concerns safety, efficiency, controllability and
productivity of current FP machines. Moreover, the novel EH method will allow: a) the simplification of
current hydraulic circuits, through the removal of elements normally introduced to improve system
dynamical behavior; b) to enlarge the area in which fluid power technology can be conveniently applied.

3. Project Description
A. Description and explanation of research approach
FP systems are routinely affected by oscillatory dynamics of moving parts which can lead to stability
issues. Undesired vibrations not only worsen controllability, but also reduce productivity and impact
comfort and safety of operation. Despite the research efforts in finding solutions to control such
oscillations, a general solution has not been found yet. Current damping methods are designed for
specific applications and they can damp oscillations only in a limited range of operating conditions.
Additionally, they usually introduce systems slowdown (capacitive methods) or energy dissipation
(resistive methods).

A first distinction among methods for vibration dampening is whether the hydraulic system is integrated
with electronic control logic. According to this classification, there are pure hydraulic (PH) solutions and
electro-hydraulic (EH) solutions.

Pure hydraulic technology

These methods are based on capacitive elements (e.g. accumulators) and/or resistive elements (e.g.
orifices). Being based on fixed parameters these methods are suitable to damp the system only within
a small range of operating conditions, and the tuning is typically based on extensive “trial and error”
empirical processes made for each single application. The literature reports numerous methods that
belong to the pure hydraulic technology category, including the use of accumulators or restrictors. Of
particular interest for this research are the dissipative methods based on the applications of
counterbalance valves [1-4].
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Electro-Hydraulic (EH) technology

EH technology is based on an optimal management of the power source with respect to a feedback
signal representative of the oscillation extent. EH technology has often been combined with PH
technology, to extend the range of stability of the hydraulic system and/or to limit the contribution of
pure-hydraulic techniques drawbacks on the entire system. Examples are: active suspensions;
earthquake simulators, vehicles braking systems; hydraulic robots; active damping seats.

This research particularly investigates the pressure feedback control methodology, in which the
pressure signal is used to indirectly quantify the oscillation. In this case a control based on real-time
identification of the relationship between pressure and oscillations is required. Some interesting results
obtained in the past have not reached practical application because of the complexity of the proposed
controllers and of its model-based nature, which makes it difficult to extend to other applications.

The solution of the drawbacks of the past proposed pressure-feedback techniques represent the main
challenge of this project. In particular, the proposed control methodology will address the problem of
oscillation damping of FP machines considering:

e The uncertainties typical of FP machines (unpredictable load mass, machine varying kinematics,
terrain roughness, etc.) and inherent nonlinearities of the hydraulic actuation systems. For this
reason the control methodology will be adaptive and not model based;

* The need for formulating a control method that ensures stability and performance over the entire
range of operating conditions. This is the crucial limit of current adaptive solutions in FP
applications. For this reason the adaptive control will be based on Extremum Seeking control
methodology in an innovative way in the FP field;

* Functionality, reliability and cost requirements of FP applications. For this reason the proposed
control methodology will be formulated for pressure feedback control (pressure sensors used as
feedback signal), overcoming the limits of current position tracking control methods for harsh
applications.

Figure 1: Detailed control loop implementation for a general linear hydraulic actuator

The proposed control solution and its innovative contents

This research applies for the first time to FP applications the adaptation/optimization scheme using the
Extremum Seeking (ES) theory. ES is an algorithm able to identify the set of parameters that can seek
for the maximum or minimum of a given function. Figure 1 and Figure 3 describe the idea under the
proposed control approach. A controller is used to control the input signals of the control elements (flow
control valves, for the case considered in this research), Figure 2. The input parameters of the
controller are signals given by pressure sensors installed near the actuator for which the oscillations
have to be minimized. The tuning of the control parameters is achieved through online or offline
optimization methods. Figure 3 represents the idea for the optimization according to the offline scheme.
A cost function associated to the oscillation is evaluated using real experiments or computer
simulations. The ES algorithm is used to achieve minimum oscillation through a fast convergence loop.
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B. Achievements
a) Achievements in previous years
Started in summer 2012, during the first two years the following activities have been performed:

Control strategy achievements

A first off-line version of the control algorithm was implemented and tested on the reference machine
(Figure 2). The optimization scheme is shown in the Figure 3 and the controller was based on a
proportional-derivative (PD) controller with gain scheduler based on the operator signal and on the
pressure feedback. For the optimization, a simplified AMESim model for the entire system was
implemented.

Figure 2: Experimental setup of the
reference hydraulic crane instrumented at
Maha Center of Purdue University Figure 3: Controller tuning optimization process

The controller parameters obtained by this procedure were tested on the actual experimental crane
equipped with accelerometers on the end of the mechanical arms. Results show a significant
improvement in the machine dynamics (about 30% settling time and overshoot reduction), [5]. Such
oscillation reduction was obtained using the standard and energy inefficient machine configuration. A
more significant result was obtained when the setting of the counterbalance valve were changed in order
to achieve a better overall energy efficiency. The controller implementation and results were published in

[6].

Energy consumption estimation

In order to perform an estimation of

the energy consumption and its

possible improvement, a study was

conducted on the reference

machine, Figure 2, by changing the

settings of the CBV. Two typical

operating cycles were considered

for the study, in order to investigate

the overall operation of the machine

(lifting/lowering, with/without load).

A detailed AMESim model, created

Figure 1: Overall energy consumption comparison for a working cycle to model the behavior of the valve,
using different counterbalance valve settings supported this activity. First an
analytic study on CBV was

performed with the goal of deriving a relationship between the valve settings and the machine energy
consumption/dynamics. The main results have been published in [7]. In this work a graphical method to
study the operation of CBV was presented. Different valve settings were also experimentally tested and
results showed that the overall energy consumption of the entire system can be reduced by up to 34%
using more energy efficient counterbalance valve settings. The results for one working cycle are given in
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Figure 4. As Figure 5 shows, the dynamic response
of the machine is greatly affected by the valve
setting changes. However the application of the
control strategy showed the ability of bringing the
machine response back to an acceptable behavior
while utilizing the more efficient configuration, [6,7].

b) Achievements in the past year
During the last year (02/1/2014-01/31/2015), the
following activities were completed.

Experimental-Auto-Tuning  Method  for  Active
Vibration Damping Controller

Part of the effort was put in demonstrating the Figure 5: Dynamic response of the standard machine
effectiveness of the optimization-based approach in CBYV settings and of the energy efficient machine
a real world scenario. One key factor for an CBYV settings with and without control applied

experimental application is the fast convergence

property of the optimization algorithm when its parameters are properly set. This reduces the number of
iterations needed and therefore populates the gain scheduler more quickly. The results of the
experimental application of the control technique proposed are published in [8]. Figure 6 shows the
optimization results for a particular operating condition. The controller parameters reach convergence in
about 40 iterations. This shows the possibility of applying the control method to the actual experimental
setup.

Generalization of the Control Strateqgy for Vibration Damping

The success of the optimization, Figure 3, lies on the efficient quantification of the vibration extend which
is the objective to be minimized. To extent the generalization of the control method proposed a new cost
function was introduced. It does not require a priori knowledge of the working cycle. This approach
enables the control strategy to be potentially applied to any kind of working scenario and does not require
the intervention of a control designer. In particular the accelerometer was not used for the cost function
calculation anymore. The new cost function is composed of two cost functions. One utilizes the pressure
information to quantify the oscillation content, while the second one utilize the command to the control
element. The latter cost function guarantees a good operator command tracking. In doing it also the
speed of the actuation is kept. The results of this new approach are presented in [9].

Figure 6: Optimization results for a particular operating Figure 7: Graphical representation of the new
condition performed using the actual experimental setup cost function calculation method
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C. Planned achievements following the report period — milestones and expected deliverables
* Improvement of the experimental setup:

o Crane oscillating platform construction
e Formulation of a novel frequency based control method for payload oscillation reduction

o Controller structure formulation

o Preliminary experimental test activity

o Control method application and results analysis

D. Member company benefits

+ The member companies will gain knowledge on the EH techniques available to efficiently control flow

control valves improving system dynamics

* General applicability. The technique can potentially be applied to completely different hydraulic

machines (for example to reduce cabin oscillations of off road vehicles)

* No significant hardware requirements. Being the range of undesired oscillations at low frequency,
traditional technology can be sufficient to obtain good oscillating damping features with the proposed

technology

* Reduction of cost: the novel technology can be used in place of expensive devices of current state of
the art (e.g. accumulators). Also the automatic controller tuning reduces the time required to tune up

the system.
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Project 3D.1: Leakage and Friction Reduction in Fluid Power Systems

Research Team

Project Leader: Richard F. Salant, Georgia Institute of Technology
Graduate Student: Yuli Huang
Industrial Partners: Trelleborg Sealing Solutions, Freudenberg NOK, Bosch-Rexroth, John

Deere, Caterpillar, Concentric AB, 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 and friction 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.
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.

Past research on rod 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.
The present project, in the CCEFP, builds on that work. At the same time, several other
researchers have been making advances [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 and from the open literature.

B. Achievements

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

The transient models, both elastic and viscoelastic have been used to simulate the performance of
a single lip U-cup seal. Simulations have been generated for a time-varying rod speed with
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constant sealed pressure case, and a time-varying rod speed and time-varying sealed pressure
case.

The results of the simulations have revealed much about the basic physics of rod seal operation.
They show that these seals do indeed 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. The viscoelastic model has produced results
similar to those from the elastic model for moderate to long cycle time applications. However, for
short cycle time applications, the viscoelastic effects become important and produce cycle to cycle
variations.

The seal models treat the seal surface as rough and the rod surface as perfectly smooth. To
examine the effects of the rod surface finish, a seal model that includes the rod surface geometry
has been developed. Two types of seals were analyzed, a polyurethane U-cup seal and a step
seal with a PTFE sealing element. For the U-cup seal, over most of the velocity range, the fluid
transport into the cylinder (during the instroke) with the plunge-ground rod is lower than that with a
smooth rod, indicating that such a surface finish reduces the ability of the seal to prevent leakage,
including that due to imperfections in the lip, non-axisymmetry, and other effects not accounted for
in the model. Furthermore, during the instroke the friction force on the rod is higher for the plunge-
ground rod than for the smooth rod. For the step seal, it was found that the plunge ground rod
yielded the same performance as the smooth rod, in regard to both fluid transport and friction
force. The reason for this difference compared to the U-cup seal has been determined to be due to
the difference in seal roughness: the polyurethane U-cup seal has an rms roughness of 0.8
microns while the PTFE step seal has an rms roughness of 4.0 microns. It was also found that the
plunge-ground rod finish increases the friction force on the rod over most of the velocity range with
the U-cup seal, but not with the step seal. However, with both types of seal the plunge-ground
finish produces large oscillations in the contact pressure, which are expected to increase the rate
of fatigue induced wear.

A major effort has been directed toward developing a model to investigate engineered micro-
patterned rod surfaces to reduce seal friction while maintaining zero net leakage. The past
simulation work done on this project has 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 diameter rod, these forces are in the range of 1000-1500 N. 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 and mechanical seals. The present project takes a similar approach,
applied to rod seals, initially considering a pattern of micron-scale triangular cavities in the surface
of the rod.

For this study a new approach has been taken, in order to reduce the computation time. In this
approach, it is noted that the deformation of the seal is very small compared to the interference
during mounting, so the state of stress within the seal is relatively constant during operation.
Therefore, the sum of the dynamic contact pressure and the fluid pressure in the sealing zone
must equal the static contact pressure. Once the static contact pressure is computed and the fluid
pressure is computed (from the Reynolds equation, as described above), the dynamic contact
pressure is readily obtained. Using the Greenwood-Williamson model, the film thickness in the
sealing zone is computed, without the need for a deformation computation. This film thickness
distribution is then inserted into the Reynolds equation solver, and iteration proceeds to
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convergence. This approach also takes account of viscoelasticity by preventing the seal material
from protruding into the cavities.

The research generated by this project thus far has been published in 10 archival journal papers,

presented in 3 plenary and 1 keynote lecture, 2 invited papers, 28 additional conference
presentations and 5 seminars.

Progress During the Reporting Period

All of the seal simulation results generated over the past several years assume flooded lubrication
conditions in the interface between the seal and the rod. Using the new approach, described
above, in addition to flooded conditions, starved conditions have also been considered. In practice,
whether flooded or starved conditions actually exist, depends on the particular sealing application.

With a smooth rod, it has been found that starved conditions result in just a portion of the sealing
zone being lubricated, so that contact pressures are increased and there is a much higher friction
force than under flooded conditions.

The effect of the plunge-ground rod finish has been re-examined under starved conditions. For the
U-cup seal, it was found that the effect is just the opposite as that under flooded conditions: the
plunge ground rod yields a lower friction force than a smooth rod. This agrees with published
experimental work.

Extensive studies have been performed, under both flooded and starved conditions, of the effects
of rods with micro-cavities and micro-protrusions on friction. It has been found that under flooded
conditions, such micro-patterns can significantly reduce friction. However, under starved
conditions, the opposite occurs and they increase friction. The details of these results are
contained in the thesis of Yuli Huang.

Planned Progress
This project terminated at the end of year 9. However, work is underway to publish two to three
additional journal papers.

Member company benefits

Leakage is a major barrier to expanding the benefits of fluid power to many new applications.
Reducing, ideally eliminating, leakage will improve the system’s performance and lessen
maintenance costs in existing applications. The models created by this research can be used by
industry to help minimize component and system leakage.
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Project 3D.2: New Directions in Elastohydrodynamic Lubrication

Research Team

Project Leader: Scott Bair, School of Mechanical Engineering, Georgia Institute of Technology
Industrial Partners: Lubrizol, Afton Chemical, John Deere, Caterpillar

University Collaborators:  Ashlie Martini, University of California, Merced, simulation

Ivan Krupka, Brno University, Czech Republic, film thickness measurement
Riccardo Casilini, George Mason Univ, measurements of relaxation time
Michael Khonsari, Louisiana State University, simulation

Punit Kumar, National Institute of Technology, India, simulation

Philippe Vernge, INSA Lyon, France, film thickness and traction

Paul Michael, MSOE, lubricant formulation

Arno Laesecke, NIST Boulder, viscosity correlations

Wassim Habchi, Lebanese American University, simulations

Roland Larson, Lulea University of Technology, traction measurements

1. Statement of Project Goals

1)

2)

3)

4)

Progress in the classical field of elastohydrodynamic lubrication (EHL) has for decades been paralyzed
by the assumption that shear-thinning should be indistinguishable from the shear dependence of the
viscosity of a liquid heated by viscous dissipation and that the parameters of this simple shear
dependence can be obtained from the shape of a friction curve. As a result of this project, in the last
few years, by abandoning these assumptions and employing real viscosity measured with viscometers,
there has been revolutionary progress in predicting film thickness and friction. The goal of the project is
to transform elastohydrodynamic lubrication into a quantitative field, able to provide solutions to
problems in fluid power. This is a basic research program intended to support applied research in fluid
power. There are now five thrusts to this project-two are new for this year. Much of the work will be
done concurrently since progress depends upon collaborators in laboratories scattered around the
world working on different schedules.

Extending the pressure range for shear-dependent viscosity measurement-with INSA Lyon
Shear-thinning of base oils can only be observed in steady shear at very high pressures. The
problem arises from viscous dissipation that results in thermal softening which masks the constitutive
response when the viscosity is low. Viscosity may be increased by reducing the temperature or by
increasing the pressure. High pressure is also required to prevent shear cavitation, making this the
obvious strategy. A new 1.1 GPa Couette viscometer will be jointly developed with INSA-Lyon. This
instrument will provide the capability of measuring shear dependence of the low viscosity base oils
that are widely used today in formulating hydraulic oils.

Demonstrating the prediction of friction from primary properties-with Brno University and Lebanese
American University

A commercial polymer-thickened oil, supplied by Caterpillar, will be tested for the temperature,
pressure and shear dependence of viscosity at Georgia Tech. Film thickness and friction will be
measured at Brno to be compared with simulations performed at LAU.

Rheology of degraded oil-with MSOE and Afton

Most efficiency testing is done on unused oil. Recent results from 1G1 suggest that the improved
mechanical efficiency of multigrade oils results from the reduced sheared viscosity. It is not known if
this improvement stems from shear-thinning or shear degradation. Efficiency testing will be done by
Michael (1G1) on oils from Afton which have been degraded by severe shear. The viscosities of the
new and degraded oils will be measured as a function of temperature, pressure and shear to
investigate the origin of the improvement.

Accurate prediction of minimum film thickness in EHL-with Brno and LAU

It is well-known that the classical film thickness formulas do not accurately predict the minimum film
thickness even when the viscosity has been adjusted to explain the central thickness. This is an
unfortunate situation since the minimum film thickness influences durability of the surfaces. During
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the previous five years of this project, many measurements of minimum film thickness have been
collected at Brno University on rheologically well-characterized liquids. These data will be used in
concert with the numerical simulations of Habchi at Lebanese-American University to arrive at an
accurate minimum film thickness formula for engineering.

5) Solution of Navier-Stokes for piezoviscous liquids-with LSU

The basic equation of lubrication, the Reynolds equation, a simplification of the Navier-Stokes
equations, was derived under the assumption of constant viscosity. In EHL, the viscosity changes
many orders of magnitude as the liquid is transported about 100 microns distance due to
piezoviscosity. Incredibly, the field of EHL has been employing an equation which may be poorly
suited to the task. Solving the Navier-Stokes equations for a piezoviscous liquid becomes
problematic when the product of the principal shear stress and the pressure-viscosity coefficient goes
to unity. Secondary flows develop as the product approaches one and the equations change
character from elliptical to hyperbolic at one. A solution will be attempted for flow between parallel
plates in collaboration with Michael Khonsari at LSU.

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 load and decrease in radius of curvature of the sliding/rolling
elements will result in diminished film thickness. The reduced film must impact the reliability. New
insights into the effects of scale [2,7], load [8] and lubricant degradation [16,27] are being provided by
this project.

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 [20,23,26] using the
temperature/pressure correlation for viscosity devised by this project [4,5,6,10,17], the first
experimentally validated EHL friction calculations were performed which included thermal-softening
and shear-thinning. Fragility has been shown to be the principal property controlling friction at very
high contact pressures. Thermal conductivity of the liquid becomes important at high sliding speeds.

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

What sets this program of fundamental research into EHL apart from any previous approach is
the use of primary measurements of liquid transport properties under the actual conditions of
EHL. 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 effects of scale
[2,7], load [8], rheology [1,13,20,23,24,26], thermal properties [23,26,28] and shear degradation
[16,17] has been predicted from EHL simulation using measured rheological properties and the
predictions have subsequently been experimentally validated. Both film thickness and friction
may now be predicted [23,26,28] 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. 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.

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.
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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.

New high pressure measurement techniques are being developed and data gathered. New
correlations are being developed to apply these data to numerical simulations. The numerical
strategies are being developed to understand and to predict film-forming and friction.

B. Achievements
a. Achievements in previous years

This project has been providing discoveries at an astonishing rate. As a result, the entire field of
EHL has been transformed from one for which many explanations existed for the same
phenomena to one in which precise predictions may be made from measurable properties of the
liquid.

The achievements of this project may best be summarized by a list of resulting publications.
Thirty-nine papers have resulted from the seven years of work; nine have been written, submitted
or published within the last year alone. They are listed below. For examples: The effects of scale
and load on film thickness were accurately described. New viscosity correlations have been
derived. New accurate film thickness equations have been derived and tested with real viscosity.
The dimensionless numbers delineating friction regimes were derived.

The high productivity of this program has been mostly due to collaborations but also due to the
unstructured plan. Each new discovery has opened the possibility of new opportunities. The
same approach will be employed in future work. For example, work this year has emphasized the
need for improved modelling of rheological properties, especially shear-thinning, at EHL pressure
levels. Therefore, next year, a new viscometer will be constructed in collaboration with INSA-Lyon
for measurements at higher pressures. Increasing the pressure will allow measurements on
ultra-low-viscosity base oils.

b. Achievements in the past year

1) A new thermal conductivity cell has been completed for 700 MPa pressure and a density
scaling rule has been investigated for a mil spec oil.

2) The first normal stress difference and the shear dependent viscosity have both, for the first
time, been measured under pressure for a polymer-blended oil and the principal of time-
temperature-pressure superposition was validated for normal stress differences.

3) The Cox-Merz rule was used to predict friction from oscillatory shear measurements for the
first time.

4) The principal of time-temperature-pressure superposition was validated for oscillatory
shear for the first time.

C. Plans
a. Plans for the next year.
1) Extend the pressure range for shear-dependent viscosity measurement-with INSA Lyon

2) Demonstrate the prediction of friction from primary properties-with Brno University and
Lebanese American University

3) Rheology of degraded oil-with MSOE and Afton
4) Accurate prediction of minimum film thickness in EHL-with Brno and LAU
5) Solution of Navier-Stokes for piezoviscous liquids-with LSU

b. Expected milestones and deliverables.

Results will be reported in journal papers and conference presentations. This project supports
education and outreach through collaborations with faculty and students in ten universities. The
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39 journal papers written or published have broadened public awareness of fluid power
research.

D. Member company benefits

Member companies gain insight into the effects of liquid properties on the performance of
concentrated contacts within equipment components. The property relations which are being
generated in this program may be immediately used by industry members in modeling friction and
film thickness. Some members have begun to use these data in modeling.
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Project 3E.1: Pressure Ripple Energy Harvester
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Project Leader: Kenneth A. Cunefare, Woodruff School of Mechanical Engineering, Georgia
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1. Statement of Project Goals

The goal of this project is to model, develop and prototype energy harvester devices capable of producing
useful power from pressure ripple in high-pressure hydraulic systems. The application of the devices is for
powering sensor nodes within a fluid hydraulic system, as may be used for health monitoring or data
acquisition applications. This project has fulfilled all of its initial project goals, including proof-of-concept
devices with demonstrated performance for powering of wireless sensor nodes. In addition, detailed
design models have been developed and validated. Current research goals include exploration of means
to increase the power conversion efficiency at low hydraulic noise levels, as well as developing means to
improve efficacy at high static pressures. Full funding of this project ended in May, 2014; current funding
is for graduate student support, only.

2. Project Role in Support of Strategic Plan

The research is predominately focused in the effectiveness thrust, in that it enhances the utility and
efficiency of hydraulic systems. Further, it is enabling of compact and efficient implementation of self-
powered sensors and control capabilities, relevant to the Efficiency thrust. Such capability, for example, is
relevant to sensing systems considered for Test Bed 1. The technology could reduce the overall system
complexity, improve reliability, and reduce maintenance contact.

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

Harvesting low levels of electrical energy from the pressure ripple in a hydraulic system is an enabling
technology for integrated wireless health-monitoring sensors that eliminate the need for batteries or wires
providing power to individual sensors. As with other such energy harvester developments, this would
reduce maintenance contact and reduce the number of potential points of failure. Distributed sensors are
common in hydraulic systems, and wireless health-monitoring systems are being deployed within the
hydraulics industry, such that there are immediate applications for the technology.

The pressure ripple in a hydraulic system represents a relatively high energy density source such that the
direct piezoelectric effect may be exploited to generate useful levels of power, as has been demonstrated
in the work accomplished to date [1-5].

While there are numerous publications on energy harvesting from low density sources such as thermal,
vibration, wind turbulence, flow turbulence, we have found no citations to work that directly exploits the
pressure ripple directly as we consider here. There has been some work on energy harvesting from air
borne noise by various means, but the low energy density of such fields has led to the use of techniques
and devices that would not be appropriate in a pressurized hydraulic system [6-17]. If one seeks to
harvest energy from a typical low level acoustic signal in the environment, either one must have a large
device, or a means of achieving an efficient focusing of the available energy, or have a need for only very
low power levels (microwatt or less). In pumped fluids, however, the situation is significantly different, as
the use of positive displacement pumps can lead to high intensities within fluid systems, with intensities
on the order of kW/m? being possible.

Project 3E.1 focuses on exploitation of pressure fluctuations in hydraulic systems for low power electricity

generation through direct piezoelectric transduction. The devices developed in this project are termed
Hydraulic Pressure Energy Harvesters (HPEH). A particular advantage of energy harvesting in fluid
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hydraulic system is that the pressure disturbance is often periodic in nature, such that the bulk of the
energy is carried by one or a limited set of frequency components; this is in contrast to the majority of
energy harvesting sources considered to date, where the energy distribution tends to be broadband and
random. Another aspect unique to fluid hydraulic system is that they can be subject to high static
pressures, e.g. 35 MPa, combined with acoustic pressures on the order of 5 to 10% of the static
pressures. The fluid hydraulics community uses the terms “pressure ripple” and “dynamic” pressure for
acoustic pressure. The high pressure and fluid nature of the system argue against the use of unbacked
diaphragms, wafers, or films such as have been used in other energy harvesting applications.

B. Achievements

Achievements in past year

Significant advancement of the technology for HPEH devices was achieved over the course of the
project. Key achievements included development and validation of a model for a high-performing
harvester circuit within an HPEH, development of multiple generations of HPEH devices for various
objectives, and successful demonstration of the first ever HPEH-powered wireless temperature sensor.
HPEH devices were developed that demonstrated power outputs ranging from 150 uW to over 3.3 mW;
given that low-data-rate wireless sensors may be expected to consume on the order of less than 100 uW,
it is clear that HPEH devices have demonstrated the output power levels necessary to enable a wide
variety of sensing applications.

Figure 1 depicts the key elements of an HPEH-powered wireless sensor mounted on a fluid hydraulic
system. The housing of the HPEH retains a multilayer piezoelectric stack, and has a connection to the
fluid system. The stack is exposed to pressure forces in the fluid system through an interface that serves
to isolate the stack from the fluid, while permitting pressure forces to be coupled into the stack.

Figure 1: Simplified schematic of self-powered wireless hydraulic pressure
energy harvester sensor, where the interface implements fluid-mechanical
coupling between the piezoelectric stack and pressure ripple in a pressurized
fluid.

Modeling

An advanced power production model was developed that enables performance prediction of HPEH
designs. The electrical equivalent model for an HPEH is depicted in Figure 2b, where the active element,
a piezoelectric stack, is represented as a current source in parallel with a capacitance.
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b)
a)
Figure 2: a) Multi-layer stack subject to an applied pressure force and terminated with an energy

harvester resistive-inductive load impedance with internal resistance in the inductor, b) Equivalent
electrical circuit with the stack modeled as a current source in parallel with a capacitance.

Consideration of the voltage response of the system leads to a predictive model for the power output of
the device as

)
where

2
and

3)
The optimal load resistance and inductance to maximize the average power is found via

“
from which the optimal load resistance is

(&)
and the optimal load inductance is

(6)

The analysis above enabled design analysis and optimization of HPEH devices for particular applications
and available pressure ripple.

The bulk of the effort in the reporting period focused on validation of the predictive performance models
described above, through design and testing of a number of proof-of-concept devices and sensor nodes.
Several of the devices were developed in the prior reporting period, and their test and evaluation was
completed in this reporting period.

Prototypes

Six generations of HPEH prototypes, depicted in Figure 3, have been developed through the project to
date. The devices were designed to withstand a static pressure of up to 34.5 MPa (5000 psi). Of
particular note, all of the devices were designed and fabricated by REU students. The REU students have
also participated in the testing of the devices, and appear as co-authors on several of the project's
publications.
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Figure 3. HPEH prototypes with threaded connector for attachment to fluid hydraulic systems;
successive generations, left to right to the center of the picture, designed for smaller piezoelectric
element and more compact packaging. Later generations, from center of the picture to the right side of
the picture, designed for specific piezoelectric performance assessment and alternative seal designs
(center),and HPEH integration with existing commercial hydraulic sensor housings (right two

prototypes).

Results

Example results for five generations of devices are presented in Figure 4; the devices had different target
output power per volume, and as such span the range of device sizes and outputs targeted by the project.
The HEH devices have met or exceeded all of the performance and schedule targets for the project.

Figure 4. Power output vs. resistance in the harvester circuit for five generations of HPEH prototypes.

C. Member company benefits

This project has yielded very positive results that are strongly rooted in practical application and the
development of new technology. The technology is enabling of self-powered sensors at almost any type
conceivable; it also enable self-powering of low-powered control valves, solenoids, etc. This concept has
the potential for broad application far beyond its original inspiration.

Two companies (Parker-Hannifin and Danfoss) have notified Georgia Tech that they will participate in the
patenting and licensing of the technology through the Center's IP agreement. An affiliated program
explored the use of the technology to develop a HPEH-powered wireless pipeline leak detection system;
this project was funded through an STTR; a Phase Il proposal to continue the work was under
preparation at the end of the reporting period.
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1. Statement of Test Bed Goals

The compact excavator test bed was a demonstrator of throttle-less hydraulic actuation technology since
the inception of the center through spring 2012. This technology, called displacement control (DC) or
pump-controlled actuation (PCA), promises fuel savings for various multi-actuator machines used widely
in the construction, agriculture and forestry industries. Following predictions based on system simulations,
significant fuel savings have been demonstrated on the test bed over the standard excavator system.

Over the past few years, efforts have been focused toward transition of the test bed becoming a
demonstrator of a novel hydraulic hybrid configuration with pump switching. The series-hybrid
architecture introduces secondary controlled actuation for the swing drive in combination with the
implementation of an energy storage system in parallel to the other DC actuators for the remaining
working functions. Such architecture enables energy recovery from all actuators, capture of swing braking
energy and 50% engine downsizing. The pump switching architecture introduces a distributing manifold
that acts as a logic element to minimize the installed pump power while maximizing the number of
actuators available to the operator. This architecture leverages fuel savings above those demonstrated
with the non-hybrid DC excavator prototype and the reduction of production costs and improved reliability.

2. Test Bed Role in Support of Strategic Plan

The compact excavator test-bed primarily addresses the efficiency thrust of the center. The prime role of
the test-bed is to be a demonstrator of energy savings that are possible in multi-actuator machines,
through efficient system architectures and through advanced power management strategies. Through
project 1A.2 work was developed to evaluate and ultimately implement 1) throttle-less DC actuation, 2) a
novel highly efficient hydraulic hybrid swing drive and 3) pump switching, a reliable and cost effective
solution for the reduction of the installed pump power. In addition, the developments of project 1A.2 led to
the theoretical development, simulation and formulation of appropriate control concepts for each of the
aforementioned proposed technologies. The test bed has also been used for the demonstration of a novel
human-machine interface as part of project 3A.1 at Georgia Tech. The test bed is well positioned for
testing of energy-efficient fluids researched at MSOE (Project 1G.1), and for evaluation of high efficiency,
virtually variable displacement pump/motors that utilize high-speed on-off valves (Projects 1E.3 and
1E.6), at Purdue University. With the transmission of the test bed to a series parallel hybrid DC system it
will also open the door for testing new accumulator technologies researched within the center e.g. the
advanced strain accumulator (Project 2C.2).

3. Project/Test Bed Description

The current state-of-the-art in hydraulic drive and actuation technology involves the use of different forms
of resistance control through the utilization of valves. Most mobile applications use load-sensing (LS),
negative flow control (NFC), positive flow control (PFC) architectures or variations of these architectures.
In those systems one or two hydraulically controlled variable displacement pumps provide the required
flow to all actuators by adjusting the system pressure to the highest required pressure of all actuators.
Control valves throttle flow from the operating pressure to the desired actuator pressure and meter flow in
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accordance with respective operator inputs. This leads to large throttling losses across the control valves
supplying all actuators other than the actuator operating at maximum pressure (in a typical cycle, only
one or two actuators operate at high pressures, with the others at low or medium pressures). Further,
energy from braking or lowering of actuators is either wasted or recovered very inefficiently, through these
architectures.

Displacement controlled (DC) actuation is a highly efficient throttle-less actuation with simultaneous
utilization of energy recovery without energy storage. The basic circuit for linear single rod cylinders was
introduced by Rahmfeld & lvantysynova (1998). One variable displacement pump/motor is used per
working actuator in a closed-circuit, and throttling valves are entirely eliminated. The only control element
is the pump displacement, and the unit automatically moves over-center to allow energy recovery. The
initial challenge was to demonstrate that pump control could compete with the performance of valve
controlled systems with respect to bandwidth and accuracy. Another challenge was to define the
maximum required pumps in multi-actuator machines by introducing pump switching architectures and
new control concepts. This complete new hydraulic actuation technology has been demonstrated in the
past on a wheel loader where measurements showed 20% higher fuel efficiency. As a first result of the
CCEFP research a four pump DC system with multiple switching valves was implemented for the eight
actuator mini-excavator test-bed. 40% fuel savings were demonstrated through independent, side-by-side
testing at a Caterpillar facility over the standard machine in August 2010. The technology offers several
new energy efficient features to be introduced to mobile machines. In an affiliated project, energy efficient
active vibration damping of the boom and machine cabin has been demonstrated on a skid-steer loader
[1]. Competing throttle-less actuation technologies are open-circuit DC actuation and hydraulic
transformers. Open-circuit DC actuation is a feasible alternative, however it involves the use of several
logic valves per actuator and accompanying control laws, which greatly complicates the actuator control.
The INNAS Hydraulic Transformer (IHT) concept is not yet a proven technology that has been
demonstrated on mobile multi-actuator machines.

The DC hydraulic hybrid prototype captures the swing drive braking energy in a hydraulic accumulator.
Through the use of a secondary-controlled variable displacement motor for the swing drive, both the
energy recovery concept and the manipulation of the excavator cabin motion are possible. The energy
stored in the accumulator may be re-used either for reducing the load on the engine or for powering the
swing at a later stage. The proposed system architecture does not require any additional units compared
to the DC non-hybrid prototype, and energy from the boom, stick and bucket can be recovered through
the DC circuits. The typical cyclical operation of these machines, together with added energy storage
capability leads to the idea that engine downsizing is possible with appropriate power management. In
such scenario, peak power requirements would be met by assistance from the accumulator. On the test-
bed, the engine will not be downsized, however through the use of appropriate power management,
engine load will be limited to 50% of peak power in order to demonstrate the feasibility of the concept in a
functioning machine.

Caterpillar has released a hydraulic hybrid version of a 37-t excavator (336E H) and has announced the
release of a hydraulic hybrid front shovel. The 336E H excavator uses a parallel hybrid architecture,
wherein an extra pump/motor is added to the engine shaft, in parallel to the pumps supplying the working
actuators. The additional pump is responsible for charging and discharging the accumulator. Caterpillar
has claimed 25% fuel savings over the 336E, it is claimed that swing braking energy is captured.
However, the addition of another pump in the Caterpillar system will introduce additional power losses to
the system. This is not the case in the in CCEFP series-parallel hybrid DC architecture. Also, due to the
fact that all remaining functions are still valve-controlled, it is not possible to recover energy from other
working functions like boom, arm or bucket in the current 336E-H Caterpillar machine.

Achievements Prior to Reporting Period

e Four variable displacement pumps were installed on test bed 1 along with associated sensors
and electronic control hardware to retrofit the prototype with DC actuation and control laws for
pump displacement, actuator position and actuator velocity control were developed and
implemented.
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e The DC hydraulic system was demonstrated by video at the CCEFP annual meeting and in
person to a delegation from Caterpillar on 2009.

e Simulation and measurement results on test bed 1 determined that up to 50% of the cooling
power capacity 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%.

* A proposed optimal power management algorithm from project 1A.2 was evaluated using a pipe-
laying cycle. Results showed 56.4% fuel efficiency improvement over the non-optimally managed.

* In April 2011, test bed 1 was evaluated for fine actuator control to the satisfaction of a team of
Bobcat expert operators, test and system engineers in Bismarck, ND.

e Through project 1A.2, a feasibility study predicted that the novel series-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.

e Through 1A.2 in 2011, a conservative power management strategy demonstrated that the
proposed test bed 1 hybrid configuration together with downsized engine, can achieve 52% fuel
savings compared to the standard machine (> 20% over the prototype DC excavator).

e Also through 1A.2, optimal power management strategies were developed to achieve up to 27%
fuel savings over the non-hybrid DC excavator.

e Optimal sizing studies using dynamic programming were undertaken to evaluate various possible
unit and accumulator sizes as well as accumulator pre-charge pressures.

e The hydraulic hybrid swing was successfully implemented on test bed 1.

e Control strategies were implemented with the goal of demonstrating the hydraulic hybrid
functionality.

Achievements During Reporting Period
Hydraulic Hybrid Actuator Level Control

Since the conception of secondary-controlled drives, many advances in the control of the actuator
position, velocity and torque have been developed. However, every approach so far assumes a constant
pressure at the working port of the secondary unit. Efforts in this area for test bed 1 focus on the
synthesis of a robust controller which achieves maximum actuator performance (good tracking of the cab
velocity) while minimizing losses by actively controlling the secondary unit working pressure. The
proposed controller design was carried out using the Robust Control Toolbox in MATLAB. Simulation of
the proposed controller promised improved tracking for the actuator level control over a manually tuned
PID controller. In reference to Figures 1 and 2, measurements of the pressure show greatly improved
tracking for various inertia loads and commanded speeds. However, the speed tracking is only improved
in certain areas displaying overshoots when decelerating. For illustration purposes, Figures 3 and 4 show
the commanded and measured pressures and cabin speeds for a manually tuned PID controller.

Figure 1: Proposed controller pressure tracking Figure 2: Proposed controller cab speed tracking
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Figure 3: PID controller pressure tracking Figure 4: PID controller cab speed tracking

Pump Switching

With the developments from project 1A.2, the concept of pump switching was realized in test bed 1.
Pump switching has the potential to minimize the number of pumps in a DC hydraulic system. However,
this parameter will depend upon machine operation and operator demands. In the case of test bed 1, the
limitation is imposed by the main purpose of an excavator: digging. This limitation exists since
experienced operators use the swing, boom, arm and bucket simultaneously. The distributing manifold
has been designed to distribute the flow from the hydraulic units to all of the actuators. Therefore, the
coupling of a well-designed manifold and proper controls lead to the maximization of the number of
actuator combinations which an operator may use. To demonstrate the operability of the actuators in test
bed 1, the hydraulic manifold was manufactured by SunHydraulics and installed in the prototype. The
aforementioned control concepts were implemented and studied for test bed 1. Measurements of pump
switching for the boom actuator are presented under a large load to show the ability of the control
algorithms to prevent undesired actuator transients (Figures 5 and 6). The intention of the obtained
measurements is to present the most challenging operation which is to allow the valve to open while the
operator commands very small increments in motion. In all measurements, an exaggerated miscalibration
of the swash plate was imposed to force the wrong pilot-operated check valve to open.

Figure 5: Pump switching without control using the boom Figure 6: Pump switching with control using the boom
actuator under a high load actuator under a high load
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Electronic Anti-stall Controller

One of the often overlooked challenges of fluid power systems is that in most cases hydraulic drives are
extremely powerful relative to their primary movers. If not addressed properly, this condition can degrade
performance, controllability, efficiency and even lead to complete system shutdown. To prevent engine
overloading and its undesired effects, several hydraulic and electro-hydraulic anti-stall system have been
proposed and commercialized. The main challenge for DC actuation is the one pump per actuator
requirement. This condition complicates the conception and implementation of an anti-stall apparatus. For
this reason, we have proposed for the first time an electronic anti-stall control for DC actuation. Similar to
the majority of anti-stall controllers, the proposed scheme is enabled based on the error between the
engine speed measurement and reference value. However, the operation of the DC actuation as well as
its nonlinear behavior are taken into account. Since the hydraulic units in DC actuation may operate as
pumps or motors they can contribute to loading or aid in unloading the engine.

The advantage of the proposed approach is that the displacement of the hydraulic units operating as
motors is not affected by the anti-stall controller, maximizing their torque, while the displacements of the
units operating as pumps are penalized depending on their torque level and the available torque from the
engine. To deal with the nonlinearities in the system, a manually tuned gain scheduler takes into account
the error between the measured and reference engine speeds and each units’ differential pressure. The
commanded unit displacements are limited according to the gain-scheduler. To show the validity of the
controller approach, the strategy was implemented in test bed 1. An aggressive cycle was measured to
show the controller working at extreme operating conditions. In reference to Figure 7, it can be observed
that the engine speed error is maintained relatively small.

Figure 7: Engine speed error

Planned Achievements following the reporting period

* Synthesize smart controllers for pump switching to both optimize the entire system operability and
increase DC system reliability through control redundancy

* Derive and implement advanced controls for the power management of the hydraulic hybrid
swing drive.

* Improve the anti-stall control algorithm capabilities through the formulation of an algorithm that
optimizes the gain values of the now manually tuned anti-stall gain schedule.

Member company benefits

The results gained from test bed 1 are directly transferable to industry and have already offered benefits
to member companies. Below are some of these benefits:

* Test bed 1 was actively evaluated and tested by industry members (Caterpillar, Bobcat, Parker-
Hannifin and CNH) during its time as a DC, non-hybrid prototype excavator. In the future, it can
be tested and evaluated in its hybrid configuration. This saves them much time and money
compared to building their own prototypes in order to evaluate the potential of DC actuation as
well as that of the hybrid DC architecture.
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e 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 hybrid
DC excavator architecture being developed in this project will help OEMs meet upcoming
regulations under the TIER emissions standards, together with providing the resulting monetary
benefits.
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Test Bed 3: Hydraulic Hybrid Passenger Vehicle

Research Team

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

Other Faculty: Thomas R. Chase, Mechanical Engineering, University of Minnesota
Graduate Students: Kai-Loon Cheong, Tan Cheng

Industrial Partner(s): Bosch-Rexroth, Eaton, Parker, Danfoss, and others

1. Statement of Test Bed Goals

The overall goal of this project is to realize hydraulic hybrid power trains for the passenger vehicle
segment which demonstrate both excellent 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) exhaust emissions meeting California standards; and (v) size, weight, noise, vibration
and harshness comparable to similar passenger vehicles on the market. Power trains produced in the
scope of this project must demonstrate advantages over electric hybrids to be competitive.

2. Test Bed Role in Support of Strategic Plan

Test Bed 3 (TB3) directly supports goal 2: improving the efficiency of transportation. Efficiency is
achieved by utilizing hydraulic assist to enable operating the engine at or near its “sweet spot” and
regenerating brake energy. The power trains integrate high efficiency components, hydraulic fluids and
energy management algorithms (thrust 1), compact energy storage (thrust 2) and methodologies for
achieving quiet operation (thrust 3) from related CCEFP projects.

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

The high power density of hydraulics makes them an attractive technology for hybrid vehicles, since
both fuel economy and high performance may be achievable. Hydraulic hybrids provide an intriguing
alternative to electric hybrids because the large battery required for electric hybrids can be eliminated.
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.

TB3 focuses on power split architectures, which combine the positive aspects of the series and parallel
drive train. They are not as well studied as the simpler architectures. Two hydraulic hybrid passenger
vehicles are being developed in the scope of this test bed, each of which offers unique research
benefits. The “Generation 1” vehicle (Figure 1) was built in-house using the platform of a utility vehicle
(a Polaris “Ranger”) connected to an in-house built hydrostatic dynamometer. 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.

The “Generation 2” vehicle is being developed in partnership with Folsom Technologies International
(FTI). It is built on the platform of a Ford F-150 pickup truck, which has refined vehicle dynamics
capable of highway speeds. Its power train utilizes a prototype continuously variable power split
hydraulic transmission developed by FTI. Adding hydraulic accumulators to the CVT enables hybrid
operation. The power train is built as a compact, integrated, self-contained package. However, the
integrated package prevents changing out the hydraulic pump/motors or instrumenting them
individually. Development for the last two years has focused on the Generation 1 vehicle, although
development of the Generation 2 vehicle has continued as resources permit. The Generation 2 vehicle
is housed at the Folsom facility in Albany, NY.
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Figure 1: Overview of Test Bed 3 HHPV Generation 1 with hydrostatic dynamometer.

B. Achievements

Achievements are separated according to the two platforms: the Generation 1 vehicle and Generation
2 vehicle. Within each category, achievements in previous years are briefly summarized first, followed
by more detailed descriptions of achievements in the past year (2014).

Achievements Applicable to the Generation 1 Vehicle

Recent years’ major achievements:

. Drive train rebuild: The first hydraulic hybrid transmission was completely rebuilt in 2011-2012 to
use only gears to transmit power to and from the hydraulic pump/motors. The all-gear design
improved the power capacity, the efficiency and the reliability of the power train.

. Dynamometer. The vehicle was coupled to a hydrostatic dynamometer in 2012, eliminating the
need to drive the vehicle on a test track. The dynamometer was designed and constructed in
house to enable it to motor as well as load the vehicle, thereby enabling it to simulate braking
events.

. New engine installation and characterization: The vehicle’s engine was discovered to be
inadequate to take the vehicle through all planned drive cycles, so it was replaced with larger and
more efficient engine in 2013. The new engine was characterized using the dynamometer
described above.

. Powertrain and dynamometer control systems: Three controllers have been designed and
implemented on the vehicle-dynamometer system (see Figure 1). The first, the “powertrain
controller”, is integrated with the hybrid vehicle itself. It utilizes a three-level hierarchical strategy,
which was described in previous years. The second is the dynamometer controller. This
controller also simulates the inertia of the vehicle, which requires monitoring the torque applied to
the drive shaft. The third, described as the “virtual driver” controller, interfaces with both the
dynamometer and the vehicle’s throttle controller. The virtual driver controller replaces an actual
driver. It makes it possible to track arbitrary drive cycles repeatably, which is necessary to gather
reliable fuel efficiency data.

Major achievements in year 2014:

. Clutch system redesign: Now that we are able to program actual drive cycles, we learned that the
transmission occasionally and briefly transmits torque to the vehicle’s engine, rather than vice
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versa. The electric clutch that we formerly used to couple the engine to the transmission only had
the ability to transmit torque in one direction. Therefore, instances of reverse torque transmission
would damage the clutch. A new hydraulic clutch, with two way torque transmission capability,
was purchased and installed. A small electrically driven hydraulic pump, originally intended for
use on a convertible top, was adapted to enable engaging the clutch with an electric signal. This
architecture eliminates the need to throttle hydraulic fluid from the main hydraulic system to
power the clutch. The new clutch system now enables us to simulate complete drive cycles.

Sensors upgrade on vehicle: Several sensors were added to the vehicle to enable better
quantifying drive cycle efficiency. A wireless torque sensor was installed on the transmission
input shaft to directly measure engine torque. At the suggestion of one of our industry mentors,
pressure and temperature sensors were installed at the inlet and outlet ports of the two hydraulic
pump motors to improve the assessment of their efficiency, particularly while experimenting with
alternative hydraulic fluids.

Dynamometer controller improvement: The dynamometer was previously modeled as a second
order system. Further study of system identification results revealed that it is better modeled as a
third order system. This improvement increased the bandwidth of the dynamometer controller
from 6 rad/s to about 15 rad/s.

Energy management strategy implementation: The top level of the three level vehicle controller
was programmed to implement a rule based energy management algorithm developed in related
Project 1A.1. Results for the urban and highway drive cycles are shown in Figure 3. (Preliminary
results from the highway drive cycle were reported in Year 8.) As noted in “Dynamometer
Hardware Upgrades”, the vehicle inertia was artificially reduced to enable completing these drive
cycles with an undersized hydraulic power unit available for the dynamometer at the time of
testing. This is the first time that the HHPV has been tested in hybrid mode using an urban drive
cycle. Unfortunately, the results showed little improvement in fuel economy over CVT mode. The
likely reason is that the algorithm used was not designed to fit the Generation | vehicle.
Improvement is expected for future hybrid algorithms such as Mild Hybrid and Lagrange
multiplier.

Figure 2: Hybrid powertrain operated with Rule-based strategy in urban (left) and highway (right) drive cycles

Dynamometer Hardware Upgrades: Two improvements on the dynamometer were completed in
December 2014. First, the dynamometer has not been able to simulate the full inertia of the
Generation | vehicle due to an undersized power supply. The power supply was increased from
5.6 kW to 15 kW to overcome this problem. Second, the charge pump for the dynamometer was
formerly attached in parallel with the main pump/motors, which are driven by the vehicle’s drive
shaft. As a result, the drive shaft could not be run at low speed, as charge pressure would be
lost. As a consequence, note that the output shaft speed is not allowed to drop below 400 RPM
in Figure 2. This problem was overcome by installing a separate 750 W electric motor to drive
the dynamometer charge pump exclusively. This modification also removes a parasitic power
loss on the dynamometer, further increasing its power capacity.
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Achievements Applicable to the Generation 2

Recent years’ achievements:

Transmission Characterization: A method has been developed to determine the efficiency map for
the FTI transmission under various hybrid operating conditions given limited data. This map is
necessary for proper design of the vehicle operating strategy.

Effect of hydraulic oil: The transmission efficiency depends on the hydraulic oil used. It has been
demonstrated that replacing the low viscosity (5 c¢St) Automatic Transmission Fluid (ATF) with a
higher viscosity (15 cSt) fluid results in improved efficiency, especially at low transmission ratios.

Hardware preparation: The FTI transmission has been re-installed on the Ford F-150 at Folsom.
The signal conditioning and data acquisition system is installed on the vehicle. Hardware-in-the-
loop testing has been completed at UMN.

Major achievements in year 2014:

Visit #1: The control computer was interfaced
with the vehicle. Access was established with

the engine and transmission control inputs and
sensors.

Visit #2: System identification was performed

on the drive train.

Visit #3: The low level portion of the 3-level

hierarchical vehicle controller was implemented.

A free-spinning test of the CVT was performed;

e.g., the wheels were raised off of the ground.
Figure 3 illustrates that the controller maintains

the engine speed at 900 rpm as the

transmission ratio is changed by varying the Figure 3: CVT free-spinning test
pump/motor displacements.

C. Plans
Plans for the Generation 1 Vehicle

Plans for the Generation 1 vehicle will focus on core project integration. It is noted that several of events
from the Year 8 plan have been re-scheduled to Year 9. The reason is that power to the fourth floor lab
space where the vehicle was housed was discontinued on short notice in August 2014 due to building
remodeling, and power for operating the dynamometer in its new lab space was not made available until
late December 2014. Nevertheless, two benefits resulted from the move. First, we were able to specify
power in the new lab to accommodate the new 15 kW dynamometer power supply described earlier.
Second, the new space is on the first floor and has a garage door, so the vehicle can be easily removed
from the building for road demonstrations. The Year 9 plans are described in order below.

1.

Additional high level hybrid energy management control strategies will be tested. The mild
hybrid mode is now being implemented, which will be followed by the modified Lagrange
multiplier strategy. The more complex Stochastic Dynamic Programming (SPD) and Model
Predictive Control (MPC) algorithms developed in Project 1A.1 will be implemented and tested
in Fall 2015.

For Project 1G.1 (Energy Efficient Fluids), a synthetic biodegradable ester will be utilized as the
hydraulic fluid, which is expected to exhibit higher efficiency at low speeds [10]. The new oil will
be compared with a baseline shear stable high viscosity index hydraulic fluid in Spring-Summer
2015. The modified Lagrange hybrid control strategy will be used if it shows improvement over
CVT control.

A pulse width modulated virtually variable displacement pump/motor (VVDPM) designed in
Project 1E.1 will be evaluated using torque and speed data provided by the Gen | vehicle.
Simulations have been performed to optimize the gear ratios for the pulse width modulated
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pump/motor [8]. The VVDPM will be evaluated on a test bench using the torque-speed data in
a hardware-in-the-loop configuration. Performance will be compared with the baseline bent-axis
unit (summer 2015).

4. A conventional accumulator is currently used on the low pressure side of the vehicle. When its
pressure rises, vehicle efficiency declines, since the differential pressure across the
pump/motors decreases. Strain energy accumulators being developed by Project 2C.2
introduce the potential for maintaining the low pressure at a constant low level. We are
planning to replace the low pressure accumulator with a prototype provided by Project 2C.2,
and we will measure the change in efficiency associated with this replacement (December
2015-January 2016).

Plans for the Generation 2 Vehicle

Much of the controller development that has been completed for the Generation 1 vehicle will be adapted
to the Generation 2 transmission, and fine-tuned for the differences in architectures. After the Generation
2 vehicle is fully functional, the continuous variable transmission (CVT) strategy and a hybrid strategy will
be tested.

1. Visit #1: Implement two high level control strategies: CVT and mild hybrid (regenerative braking,
launch assist, CVT).

2. Visit #2: Implement full hybrid operation and prepare vehicle for dynamometer testing.

Milestones and Deliverables
Generation I:

e Task 1: Implement the mild hybrid and modified Lagrange multiplier method developed and
compare their effectiveness. [4/15]

e Task 2: Baseline Generation | vehicle performance by running it through the EPA urban drive
cycle in a hybrid mode using mineral oil based hydraulic fluid. Compare performance of
biodegradable synthetic hydraulic oil using identical drive cycle and mode. [8/15]

e Task 3: Evaluate the 4 quadrant Virtually Variable Displacement Pump/Motor (VVDPM)
developed in Project 1E.1 under a hardware-in-the-loop test (1E.1) [6/15]

* Task 4: Test efficiency gain attributable to installing a strain energy accumulator (2C.2) [1/16]

Generation II:
* Demonstrate CVT control strategy in Generation 2 vehicle [6/15]
e Demonstrate mild hybrid control strategy in Generation 2 vehicle [12/15]

D. Member company benefits

Development of practical hydraulic hybrid passenger vehicles creates a new and lucrative market for
hydraulic products. In addition, development of the HHPV enables member companies to gain
experience in a potential market segment where they have not traditionally worked which requires very
high efficiency at relatively low power. Finally, the test bed provides an ideal application for testing the
efficiency of alternative hydraulic fluids intended for use in power trains.
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Test Bed 4: Patient Transfer Assist Device

Research Team

Project Leader: Wayne J. Book, Mechanical Engineering, Georgia Tech
Research Engineer: James Huggins, Mechanical Engineering, Georgia Tech
Graduate Student: Heather Humphreys, Mechanical Engineering, Georgia Tech
Undergraduate Student: Zack Siegel, Mechanical Engineering, Georgia Tech
Industrial Partners: Parker Hannifin, Eaton

1. Statement of Test Bed Goals

The high level goal of Test Bed 4 is to explore ways to expand and improve the use of fluid power to
needs at the human scale and associated new application areas. Many applications in this power range
interact with humans; the patient transfer assist device provides an opportunity for us to explore how fluid
power can be utilized with humans in the workspace. We have identified a significant market need for an
improved, cost effective assist device for transferring mobility limited patients, especially heavier patients.
This device is designed to meet this growing need by providing a way for caregivers to move patients
without injury to the patient or themselves. It also provides a human scale system for testing integrations
of various CCEFP subsystem projects/components.

To benefit from the power and force density of fluid power, effective human interfaces and control
algorithms are very important. It must be safe for humans in its workspace, allow for simple and intuitive
operation of multiple degrees of freedom (DOFs) by a single caregiver, have smooth motion without
vibration or oscillation, and be highly maneuverable. Related and client CCEFP projects include passivity
based control (3A.2), control of vibration (3B.3), multi-modal human machine interfaces (3A.1), user-
centered design (3A.3), the hydraulic transformer (1E.5), and potentially others. The research includes
developing methods to allow for intuitive collaborative manipulation, managing external interaction forces
with a powerful machine operating in a relatively delicate environment, and compensation for nonlinear
and non-ideal characteristics resulting from lower-cost components.

2. Test Bed Role in Support of Strategic Plan

The CCEFP seeks to make fluid power ubiquitous. As such the power of hydraulics must be adapted to
uses in the delicate situations which are epitomized by patient care. Affordable, quality care of mobility
limited individuals is currently hampered by the need for multiple caregivers to perform transfers of
patients that may occur a dozen times in a day. Obese, even moderately heavy patients are especially
difficult to transfer. The needs for the patient transfer assist device application exemplify some primary
CCEFP goals, such as the need for a safe and effective operator interface, a very compact and mobile
design, and minimal noise and leakage, all in a multi-DOF system. This test bed provides an opportunity
to explore how fluid power can be used in non-traditional environments such as homes and clinical
institutions, with humans in the workspace. It also provides a system in which to test features needed for
these fluid power applications. Contrary to prior concerns, the research is consistent with the goals of the
center in that it demonstrates expansion of fluid power technology to a smaller than typical scale, in a
more delicate environment. It addresses barriers that arise in these new applications, such as control with
low-cost components with non-ideal characteristics, management of forces in any undesirable
environmental interactions, and physical collaboration with humans.

3. Test Bed Description
Overview

A significant market need has been identified for an improved mobile assist device to aid in transferring
mobility limited people, particularly bariatric patients [1]. With the increasing aging population and the
increasing number of bariatric patients, the number of mobility limited patients is significantly increasing.
Institutions have recognized the risks of injury to caregivers and most are implementing “no lift policies”
which require the use of an assist device to lift the weight of a patient [2, 3]. However, current market lift
devices are antiquated and insufficient for many patient and caretaker needs; transfers often require
multiple personnel and as much as 10-20 minutes. Only a few projects have addressed the problem of
patient transfers, and most do not consider bariatric patients. One example of a prototype patient transfer
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and rehabilitation device was developed by NIST [4]. This test bed concept stemmed from a related
project with our collaborators at the Quality of Life Technology NSF ERC, which developed a wheelchair-
mounted device for transferring patients. However, using electrical actuation, they were unable to achieve
the desired lifting power [5]. Hydraulic actuation has the advantage of providing large force capability in a
compact package, with the power source located at the base of the device. This is an ongoing test bed;
currently it has four degrees of freedom fully functional. The next stage of the research focuses on
various control techniques, operator interface design, and modeling and dynamic simulation.

Challenges & Technology Advancement Barriers

One challenge is to develop a multi-DOF device that is compact, untethered and highly maneuverable,
while also powerful enough to maneuver up to 1000lb payload. Another primary challenge is the
development of a control strategy to allow a single caregiver to control all degrees of freedom of this
powerful lift device in an intuitive, safe, simple manner, while simultaneously maneuvering and fine-tuning
the complex patient payload. The machine itself needs to be untethered, mobile, and capable of
maneuvering a heavy payload through complex motions; hydraulic actuation provides the needed
compact power source, and it allows for the power source to be located at the base of the device. These
requirements directed us to an onboard battery power supply and electric motors driving hydraulic pumps,
in an efficient pump controlled architecture to eliminate valve losses.

The control and caretaker interface design objectives are unique and challenging aspects and primary
areas for continued work. In this operator interface, the caretaker and machine collaborate to maneuver
the patient; the caretaker interacts directly with the patient, fine-tuning position and orientation, placing
limbs, etc., while simultaneously controlling the lift device. In order for a single caregiver to perform
transfers quickly and safely, the caretaker needs to remain near the patient and within reach of the input
device. Key components of this control and interface research include (a) safe operation of a powerful
hydraulic machine with humans in the workspace and subsequent management of forces exerted by the
machine, (b) lower level electro-hydraulic pump control in multiple degrees of freedom, and (c) intuitive
collaborative manipulation using an assistive device. Additional challenges involve management of the
slow and nonlinear plant dynamics.

A. Achievements
Achievements in previous years

At the start of the project, a substantial needs assessment was completed, involving individual
interviews, a focus group, and a benchmark operator study with current market patient lift devices.
The assessments included patients who use current market lifts, engineers and salespeople in the
patient lift industry, home caretakers, nurses, assisted living facility administrators, and physical
therapists. The study shed light on a number of shortcomings of current market lifts. We learned that
the new design needs to be much more maneuverable in tight spaces, such as transfers into cars and
inside bathrooms, providing accessibility to more locations. The device needs to allow for a single
caregiver to perform even complex transfers; often only one caregiver is available. Heavier or
bariatric patients are particularly difficult for caretakers to maneuver; the device needs to provide
forces sufficient to handle bariatric patients. Furthermore, the benchmark operator study
demonstrated that the transfer operations often involve inadvertent small collisions with the
environment. It is desirable for these unwanted interaction forces to be managed, considering the
necessary high force capabilities of the machine.

Based on the information from the needs assessment, a design for the first prototype was developed.
A design review meeting was held, including researchers from the assistive device industry, fluid
power researchers, engineers from the current patient lift industry, and human factors researchers. It
was determined that hydraulic actuation of multiple degrees of freedom would be beneficial. The first
two degrees of freedom of the machine were fabricated and integrated, a main lifting scissor
mechanism and a boom extension. The machine uses an electrohydraulic pump controlled
architecture, intended to provide better efficiency than valve-controlled systems by eliminating
throttling losses. The system includes a servo drive, reversible DC electric motor, small gear pump,
and hydraulic actuator for each degree of freedom. The control input is the reference current for the
servo drive. The operator input is measured from a force sensing handle mounted near the patient,
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providing intuitive coordinated control; the operator simply pushes on the machine in the desired
direction of motion, and it moves the patient accordingly.

Additionally, some initial testing was performed on a pre-prototype patient transfer assist device,
which used a valve-controlled vertical lifting cylinder to actuate a boom which lifted the patient sling. A
force sensing handle was mounted to the boom, which provided the operator input. A passivity-based
human power amplifier controller was implemented on the pre-prototype. This control approach uses
feedback of both motion and actuator force, with the goal of acting as a mechanical tool to amplify the
human input force, within passivity constraints. Preliminary operator experiments were performed
using the passivity based human power amplifier controller [6].

Achievements in the past year
System Integration & Hardware

Two additional degrees of freedom have been added, the differential drive wheels. For the purpose of
safety in testing controller designs, the wheels are currently mounted on a separate cart. The wheels
are actuated by low speed high torque hydraulic motors. The wheel cart uses the same actuation
system architecture as the first two degrees of freedom, with a servo drive, reversible DC electric
motor, and hydraulic motor, for each wheel. The cart uses a separate onboard National Instruments
Single Board Rio controller, which is similar to the controller used on the main lift and extension;
when the wheels are integrated into the full machine, the control code will be easily portable. The cart
also has a separate set of batteries and a force/torque sensing handle for the operator input (Figure

1).

Figure 1. First prototype patient transfer assist device; left: main lifting and
boom extension, right: differential drive wheels on separate testing cart

The operator input force maps to a reference patient velocity, and the kinematics calculations for
conversion from patient motion to wheel motion are performed on the controller. Wheel position
feedback is obtained from encoders, and feedback rate control is implemented on the controller. The
cart is fully functional and ready for testing of more advanced control architectures, such as obstacle
avoidance. Additional updates have also been made to the overall electrical system, including
addition of a breakout board and electrical box to handle all sensing, including pressures on each
side of each actuator, motor currents, actuator positions, operator input forces, and other system
forces. A detailed description of the design of the patient transfer assist device is given in [7].

Dynamic System Modeling

A model has been created to simulate the mechanical dynamics of the main lifting scissor
mechanism, boom extension, and actuation mechanisms, as well as a variable patient payload, in
MATLAB [8]. A gray box model based on system identification by spectral analysis, roughly based on
the form of a first principles based model, has been developed for the actuation systems, with input
reference motor current and output actuator motion. Further investigation is in process to capture
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significant nonlinear or non-ideal features of the actuation systems, such as stiction, deadband, and
other characteristics.

Control and Operator Interface

In order to allow for this powerful machine to operate safely in a relatively delicate environment with
humans in the workspace, and to reduce the caretaker mental workload, it is desirable to manage any
undesirable interaction forces. For the main lifting and boom extension, some interaction with the
caretaker and patient is necessary. Therefore, it is desirable to develop controllers which manage
both force and motion. A substantial literature study has been performed on various types of
interaction controllers, particularly those that are well-suited for hydraulic actuation. Several forms of
interaction control will be tested on the boom extension.

The first form of interaction control to be implemented on the hardware system is an impedance
control [9], currently implemented in a mechanical dynamics simulation on the scissor lift and boom
extension, and in the hardware system on the boom extension [8], shown in Figure 2. The controller
uses a low level force control based on pressure measurements from the hydraulic motor. The
required estimate of the external interaction force is estimated from pressure measurements and
knowledge of the system dynamic properties, such as inertia and friction/damping.

Figure 2. Interaction control; left: current impedance control implementation
on boom extension, right: interaction concept of virtual spring in task space

The architecture shown in Figure 2 has been tested on the boom extension hardware system.
Preliminary experiments demonstrate that the motion of the machine under closed loop control can
be significantly affected by small external forces (less than 15 Ibf), exerted by a human.

Plans
Plans for the next year
System Integration and Modeling

Once controller testing for the wheels is complete, the differential drive wheels will be integrated into
the full patient transfer assist device system. The machine and electronics were designed to allow for
integration with the additional actuators, sensors, and hydraulics. Four degrees of freedom, the
wheels, the vertical lift, and the horizontal boom extension, will be controlled from the same operator
input force sensing handle. Management of the redundancy between the boom extension and the
wheeled base will be determined. An investigation on this base redundancy management, along with
tipping stability, will be performed. Basic models of the hydraulic actuation system and mechanical
dynamics for the boom and lift have been created. Models for the differential drive wheels will be
added and integrated into the full system model. Also, further characterization of nonlinearities and
other non-ideal features of the pump controlled actuation systems will be added, and the full system
will be integrated in simulation.

Operator Interface and Control Design

The current focus for the control design is on interaction control, to manage any undesirable external
interaction forces. It was apparent from the benchmark operator testing that unintentional interactions
between parts of the machine and the environment are common, and with such large force capability,
management of such forces is needed. First, a few different types of interaction control will be
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implemented on the horizontal boom extension, along with any needed compensation for
nonlinearities or other non-ideal hardware system features. These include forms of the currently
implemented impedance control (with low level force control), an admittance-based human power
amplifier (with low level position control), and a passivity-based human power amplifier. The most
suitable forms of interaction control will also be implemented on the vertical lifting degree of freedom.
Obstacle avoidance algorithms based on ultrasonic sensing will be implemented on the wheeled
base. The system will be integrated to provide coordinated control of all degrees of freedom of the
machine from a single force sensing handle. The design of the caretaker physical interface will be
improved, based on input from NCAT, including determining an appropriate ergonomic location for
the input handle.

Operator Testing

Once the system integration is complete, a set of operator experiments will be performed. The
experiments will include tests similar to those from the benchmark study, which included several
transfer operations between a bed, a wheelchair, a chair and the floor, as well as a time study and
survey. It will also include experiments to evaluate the performance of the obstacle avoidance /
interaction control. Results will be evaluated by statistical methods, including ANOVAs, and the
results will be presented. Improved or alternative caretaker physical interface designs will also be
tested.

CCEFP Project Integration

Collaboration continues with NCAT on project 3A.3 on their modeling of the caretaker physical and
mental interaction with the machine. CAD models of the prototype patient transfer assist device have
been provided and are being used in their simulations. They are also providing input on the operator
testing, evaluation, and interface design. A form of vibration control similar to that used in project 3B.3
with Dr. Vacca may provide a different method to compensate for an instability problem encountered
in this test bed hardware system resulting from an overrunning load condition; they have provided
some guidance toward our understanding and solution of this issue, and investigation on viability of
implementation on Test Bed 4 will be pursued further. The graduated passivity-based human power
amplifier controller developed in project 3A.2 was implemented on a pre-prototype of this test bed,
and it continues to be a candidate controller and will be tested on the current prototype hardware.
Finally, initial investigation and exchange of information has begun related to simulation of integration
of a hydraulic transformer, project 1E.5, into Test Bed 4.

Longer Term Vision

In later years, this test bed can provide a platform in which to test additional small scale subsystem
and component technologies and operator interface designs, as they further develop. Alternative
hydraulic system architectures may be tested. This system is also a good candidate for testing
regeneration.

Expected milestones and deliverables

¢ Preliminary testing with control strategies implemented in simulation and hardware completed
[Month 10]

e First round of human operator studies completed [Month 13]
e Preliminary testing with additional actuated degrees of freedom completed [Month 15]
* Preliminary testing with alternative operator and patient interface designs completed [Month 19]
* Results of testing with other CCEFP component projects [Month 22]
e Final testing and reporting* completed [Month 24]
*Note: added after proposal

Member company benefits

This project provides several potential benefits to member companies. It exemplifies a significant
market need where fluid power technology can be utilized, to expand the use of fluid power in home
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and healthcare applications. This has potential to combat any negative perceptions of fluid power in
these areas (e.g. noisy, leaky, unsafe, etc.), paving a way for further expansion into these domains. It
also provides an opportunity to develop more effective operator interface concepts for multiple
degrees of freedom that work well with humans in the workspace. Furthermore, it is expected to
demonstrate methods for effective small scale closed loop electro-hydraulic pump control from
electric motors.
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Industrial Partner: Parker Hannifin

1. Statement of Test Bed Goals
The goal of this test bed is to drive the development of enabling fluid power technologies by:

(1) Miniaturizing fluid power systems for use in novel, human-scale, untethered devices that operate
in the 10 to 100 W range.

(2) Determining 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 test bed (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 test bed 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 test bed goals.

2. Project Role in Support of Strategic Plan

This test bed 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 test bed 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 lower limb orthoses [1]. For individuals with impaired ankle function,
current solutions are passive braces that provide only motion control and joint stability and lack the
ability to actively modulate motion control during gait and cannot produce propulsion torque and
power.

Challenges: 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,
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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.

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, 7]. 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
under 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. To achieve our goals we have pursued two parallel paths: a portable pneumatic AFO
(the PPAFO) and an untethered hydraulic AFO (the HAFO). We report on each below.

B. Achievements
Portable Pneumatic AFO (PPAFQO)

In 2010, the first generation PPAFO demonstrated device feasibility [8-10] and was an improvement
over state-of-the-art passive and active systems [4, 5, 11] because it provided subject-specific
motion control and torque assistance without tethered power supply or electronics. The device
provided modest dorsiflexion (toes-up) and plantarflexion (toes-down) torque actuation at the ankle.
Two U.S. patent applications on the PPAFO were filed with CCEFP students and faculty from UIUC,
UMN, MSOE and GT as co-inventors [12, 13].

Since then, we improved the efficiency, compactness, control, usability, and applications of the
PPAFO. The hardware includes an OTS pneumatic rotary actuator located at the ankle joint, a
canister of compressed CO, at the waist (a placeholder for a future compact power source), and a
waist-worn microcontroller (Figure 1d). The Gen 1.0 PPAFO could generate up to 12 Nm at 100 psig
with run times less than 30 minutes with a 20 oz. bottle (Figure 1a). Theoretical and experimental
component and system efficiencies of the PPAFO system suggested that the exhaust gas from the
higher pressure plantarflexion actuation (100 psig) could be captured into an accumulator and
recycled to power the lower pressure dorsiflexion actuation (30 psig) [14, 15]. Working with students
at Vanderbilt on Project 2C.2 (strain energy accumulator), we constructed a pneumatic elastomeric
accumulator for use with the regenerative pneumatic circuit that was tested during walking tests and
we investigated the effect of two control algorithms on fuel efficiency. By increasing the net work
output, a more intelligent, state estimation controller improved fuel efficiency by 72% compared to a
basic controller with the regenerative circuit [15]. Using the state estimation controller and the
regenerative pneumatic circuit, the run time for a 9 oz bottle was expanded from original 15 to 19
minutes.

For the 2012 Gen 2.0 PPAFO, we developed a lighter and simpler structural shell that allows for

swapping of modular system components (Figure 1b). The shell has no metal vertical struts and no
medial support. The weight of the PPAFO went from 1.86 kg to 1.60 kg. Multiple sized (S, M, L) foot
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and shank shells were fabricated to support testing on different sized test subjects. To reduce the
size and increase the torque of pneumatic actuation, we have sponsored Mechanical Engineering
capstone design teams at Bradley University from fall 2011 to spring 2014 as a CCEFP E&O
capstone project. The 2014 team delivered a design with dual cylinders and gear train that achieves
40Nm @ 110 psig. We are currently integrating this actuator with the Gen 2.0 shells to create the Gen
3.0 design (Figure 1c).

To control the PPAFO in varied walking environments (level ground, stairs, ramps), we examined
different actuation-timing control strategies, solenoid vs. proportional control, and recognition and
control for different gait modes. Our initial controller for level ground walking was a simple direct event
threshold-based control using just the heel and toe sensors [9]. To accommodate impaired gait, we
developed a model-based state estimator controller that added the angle sensor [8]. We examined
how work and fuel use were affected by the controllers and inclusion of a regenerative circuit using
the elastomeric accumulator [15]. A simulation and bench-top study highlighted that proportional
valve control has better tracking and efficiency compared to solenoid valves [10]; however due to the
large size of commercial proportional vales, we have not implemented this on the PPAFO, but it does
highlight technological barriers to compact fluid-powered orthoses. In 2011, we began work in
recognition and control for different gait modes using a 6DOF inertial measurement unit (IMU) [16,
17]. Progress in 2012 and 2013 resulted in success rates of identifying level ground, stairs, or ramps
of 97-99%. We determined that only stair or ramp descent require a different controller than level
ground or stair/ramp ascent, and differential gait mode control has been implemented [18]. In Y9, we
worked on improved control algorithms that use modified fractional time and Bayesian regularized
artificial neural networks for estimating walking state.

In 2013, in collaboration with researchers at the Rehabilitation Institute of Chicago, we began testing
the Gen 2.0 PPAFO compared to tibial stimulators and passive AFOs in post-stroke and multiple
sclerosis (MS) subjects. At the end of Y9 we nearly completed a 20-person study on MS participants.
Results suggest that walking with the PPAFO reduces stride length and velocity, but improves joint
kinematics perhaps leading to less stress on compensating joints for ankle impairment [19]. In an
associated project with the Movement Disorders Center at the University of Minnesota, we are
investigating the use of the PPAFO as a gait initiation device for people with Parkinson's disease
(PD). A pilot study on healthy young adults provided insight into the feasibility of this application [20],
and an on-going study with people with PD began in 2013 [21]. Preliminary results suggest that
modest mechanical assistance at the ankle could enhance diminished or absent force production and
lateral weight shift while preparing for the start of a step in people with PD and symptoms of freezing
of gait.

Figure 1: Three generations of the PPAFO (a) 1.0, (b) 2.0, (¢) 3.0. (d) CAD rendering of Gen 2.0 system.

Untethered Hydraulic AFO (HAFQO)

The research objective for the HAFO test bed is to understand the limits of small-scale hydraulics in
the 10-100W range. The motivation is the need for small, untethered wearable robots. The rationale
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for using hydraulics is that the higher pressures that can be attained with hydraulics enables high-
torque exoskeletons. From an analysis of small-scale system, we determined that the hydraulic
pressure must be over 500 psi for high power-to-weight [22] and chose 2,000 psi as the nominal
pressure for the HAFO. The key design requirements driving the test bed HAFO are: (1) 90 Nm
torque, (2) 70 deg range of motion, (3) 100 deg/sec velocity, (4) fits under pants, (5) less than 1 Kg
mass at the ankle, (6) 3,000 steps between recharge, (7) no tether. In Year 9 we completed the
design and assembly of a wearable HAFO and met all of the key design requirements except
requirement 6 that we have yet to test [23].

The configuration of the HAFO is: Battery = DC Motor = Pump = Hose = Cylinder. The system
layout and prototype is shown in Figure 2. Performance bench testing of the prototype showed the
system can reach the 90 Nm and 100 deg/s target and has about a 3 Hz bandwidth.

C. Plans, Milestones and Deliverables for Next Year

PPAFO: Complete longevity assessment of PPAFO with additional healthy test subjects to verify
robust operation. Perform clinical trials on use of PPAFO on post-stroke, multiple sclerosis, and
Parkinson’s populations. Investigate new control schemes for state estimation and gait mode
recognition. Implement new higher torque output pneumatic actuation system on Gen 3.0 PPAFO.

Figure 2: HAFO layout and prototype.

HAFO: Complete bench testing of the HAFO prototype. Complete walking testing of prototype.
Develop new controllers. On the analysis side, we have begun to develop a comprehensive suite of
design tools for small-scale hydraulic systems. Using static physics models of piston pumps, hoses
and cylinders, we are able to predict the weight and efficiency of a system for a chosen operating
point. During Y10 we will validate these models and will add in models for control valves.

D. Plans, Milestones and Deliverables for Next Five Years

PPAFO: Demonstrate the PPAFO on different patient populations (MS, PD, stroke) and seek
external funding to support extended clinical research. To achieve these goals, we will conduct the
following tasks:

Task 1: Improve torque to weight and torque to size performance, and a proportional MEMS valve.
Integrate MEMS valve and higher torque actuation system. Milestones: Investigate control of Gen 3.0
PPAFO [June 2015]; Integrate MEMS proportional valve into PPAFO [December 2015].
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Task 2: For a walking assistance application, design and implement control, including neural network
state estimation and gait mode recognition. Milestones: ANN integration (computer driven) completed
[June 2015]; Gait mode recognition and actuation without one-step delay completed [August 2015];
Concepts for energy harvesting completed [December 2015].

Task 3: For a seated rehabilitation therapy application, we will work with clinical stroke collaborators
to identify testing protocols. Pressure and air flow control for torque and rotational velocity control will
be examined to allow proper operation of the PPAFO. A post-stroke therapy system will be
demonstrated. Milestones: Identify therapy requirements [June 2015]; Initial integration of clinician
and patient user interfaces with PPAFO [September 2015]; Torque and rotational velocity control
completed [March 2016]; Demonstration of post-stroke therapy [May 2016]

HAFO:

Task 1: Create suite of design tools for small hydraulic systems that predicts size, weight and
efficiency.

Task 2: Examine selected fluid power circuit and control architectures for small hydraulic systems.

Task 3: Implement the HAFO in a child-size version for a research project involving children with
cerebral palsy.

Task 4: Seek external funding to support application studies.

E. Member company benefits

New technologies that miniaturize components such as power sources, actuators, and valves will be
developed. New design tools that simplify the process of small hydraulic systems. This could spawn
new markets for miniature fluid power systems.
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Education and Outreach Program of the
Center for Compact and Efficient Fluid Power
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Program Objectives learning power nation education workforce | higher ed
integration and
industry
Thrust A: Public Outreach
Bringing the message of fluid power to the general
public
A.1 Interactive Fluid Power Exhibits X X X X
Thrust B: Outreach
Bringing fluid power education to K-12 students, with a
focus on middle and high school outreach
B.1 Research Experiences for Teachers (RET) X X X X
B.3B Portable Fluid Power Demonstrator and Curriculum X X X X
B.7 NFPA Fluid Power Challenge Competition X X X X
Thrust C: College Education
Bringing fluid power education to undergraduate and
graduate students
C.1 Research Experiences for Undergraduates (REU) X X X X
C.4 Fluid Power in Engineering Courses, Curriculum and X X X X X X
Capstones
C.4A Capstone Senior Design Project: A Third-Generation
Pneumatic Rotary Actuator Driven by Planetary Gear Train X X X X X X
C.4B Parker Hannifin Chainless Challenge X X X X X X
C.8 Student Leadership Council (SLC) X X X X X
Thrust D: Industry Engagement
Making connections between CCEFP and industry
D.1 Fluid Power Scholars X X X X X
D.2 Industry Student Networking X X X X X
D.5 CCEFP Webcasts Series X X X X X
Thrust E: Evaluation X X X X X X

Measuring CCEFP program effectiveness
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Introduction

This document summarizes the Education and Outreach (EO) projects that are active in the
Engineering Research Center for Compact and Efficient Fluid Power (CCEFP).

The mission of the Education and Outreach Program of the NSF Center for Compact and
Efficient Fluid Power (CCEFP) is to develop research inspired, industry practice directed fluid
power education for pre-college, university and practitioner students; to integrate research
findings into education; to broaden the general public’s awareness of fluid power; and through
active recruiting and retention, to increase the diversity of students and practitioners in fluid
power research and industry.

The vision of the Education and Outreach Program is a general public that is aware of the
importance of fluid power and the impact of fluid power on their lives; students of all ages who
are motivated to understand fluid power and who can create new knowledge and innovate;
industry that capitalizes on new knowledge to lead the world in fluid power innovation; and
participants in all aspects of fluid power who reflect the gender, racial and ethnic composition
of this country.

The strategy of the Education and Outreach Program is to develop and deliver high quality
projects that wherever possible capitalize on existing, broadly distributed education and
outreach networks to maximize program impact; to develop projects that can be replicated
and/or adapted by other educators and program leaders for new audiences; and to leverage
and coordinate the accomplishments of individual Education and Outreach projects to
facilitate the progress and successes of other Education and Outreach projects.

The objectives of the Education and Outreach Program are to:

1. Motivate all diverse citizens to navigate the STEM pathway in order to expand and
promote a talented STEM workforce.

2. Promote awareness and excitement of fluid power among technical college,
undergraduate and graduate students.

3. Disseminate fluid power fundamentals, research, and innovation through evaluated
fluid power curricula, projects and programs that highlight fluid power concepts and
applications.

4. Create a culture that integrates research and education for technical college,
undergraduate and graduate students, as well as industry professionals across
CCEFP and NFPA partner institutions

5. Increase the number of students well-prepared to pursue fluid power research, jobs
and careers.

6. Strengthen ties between higher education and the fluid power industry.

Organization: The EO program is divided into thrusts, each containing several projects.
Some projects are focused on STEM education with examples drawn from fluid power when
appropriate, while other projects are specific to fluid power technology and its application.

Diversity: The CCEFP is striving to change the face of fluid power by providing opportunities
for a diverse population to become involved in fluid power--women, underrepresented
minorities and those with disabilities. The CCEFP is committed to recruiting, engaging and
retaining these diverse audiences in its programs: university faculty, undergraduate and
graduate students; pre-college students and teachers; and students of all ages through its
outreach activities. Some of these efforts are conducted through the offices and programs at
each of its seven universities; others are realized through the work of the Center's affiliated
organizations, including NSBE, LSAMP and AGEP institutions; still others are coordinated by
the CCEFP staff.
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Thrust A: Public Outreach

The purpose of this thrust is to bring the message of fluid power—its ubiquity and its
potential—to the general public.

Project A.1 Interactive Exhibits on Fluid Power The staff of the Science Museums of
Minnesota (SMM) is creating, field-testing and displaying exhibits that demonstrate basic
attributes of fluid power and highlight CCEFP research. These exhibits serve as models for
dissemination to other science museums, student centers at technical universities, and/or
lobbies at fluid power companies. Fluid Power exhibits currently on display at SMM include an
axial piston pump, hydraulic hybrid car, hydraulic transmission, super-mileage car and a
hydraulics lab. SMM has also developed a fluid power activity kit that volunteer staff use to
introduce visitors to fluid power concepts. This project is now being extended in order to
engage undergraduate engineering students, enrolled in Senior Capstone Design courses, in
developing prototypes of interactive exhibits relevant to fluid power, working with industry
mentors wherever possible. These prototypes will be further developed by SMM staff and
eventually housed in industry and university sites around the country. [Project Leader: J
Newlin, SMM]

Thrust B: Pre-College Education

The purpose of the education thrust is to bring fluid power education to K-12 student
audiences, with a focus on middle and high school students.

Project B.1 Research Experiences for Teachers (RET) As a part of the National Science
Foundation’s RET program aimed at improving science, technology, engineering and
mathematics (STEM) education, the CCEFP’s RET program enables teachers in pre-college
schools to introduce fluid power to their students, drawing on their summer-long experiences
in CCEFP research labs. A special CCEFP RET focus is recruiting teachers from high schools
participating in the Project Lead The Way program. [Project Leader: Alyssa Burger, CCEFP]

B.3b Portable Fluid Power Demonstrator and Curriculum The goal of this project is to
develop a demonstration kit and accompanying activity-based curriculum that teaches the
basics of fluid power in a way that is complex enough to provide challenging learning
experiences for teachers and students, yet simple enough to be economical, reliable and
portable.

Project B.7 NFPA Fluid Power Challenge Competition The Fluid Power Challenge is a
design competition for eighth grade students to learn how to solve an engineering problem
using fluid power. The event comprises of two days. On the first day - Workshop Day -
students are introduced to the basics of fluid power, get hands-on experience by building kits
that use fluid power, and are introduced to the challenge they must solve. The students return
to their schools to work in teams to design and build their fluid power device, along with
keeping a portfolio to document their work. About a month later, the students return for the
second day of the event - Challenge Day - to build their device they designed at their own
schools and compete against the other teams in a timed competition. The goals of the Fluid
Power Challenge are to: 1) Actively engage students in learning the basics about fluid power;
2) Give support and resources to teachers for science and technology curriculum; 3) Create a
fun learning environment for math and science; 4) Encourage students to acquire a diversity
of teamwork, communication, engineering, and problem-solving skills; 5) Introduce eighth
grade students to the fluid power industry; 6) Help build a strong workforce for tomorrow.
[Project Leaders: Alyssa Burger, CCEFP]
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Thrust C: College Education

The purpose of the education thrust is to bring fluid power education to undergraduate and
graduate engineering student audiences. The vision of the college education program is that
all undergraduate mechanical engineering students in this country be exposed to fluid power
in their required curriculum.

Project C.1 Research Experiences for Undergraduates (REU) The objective of National
Science Foundation’s REU program is to encourage top undergraduate students nationwide
to continue their studies as graduate students in STEM fields. This interest is kindled by
providing selected students with a summer experience in a university research lab. The
CCEFP supports this initiative by hosting at least 14 REU students each year, a minimum of
two per university site. The Center’'s REU program includes an orientation to and instruction in
fluid power technology, its applications and the research activities of the CCEFP, followed by
work in the Center's research labs. The CCEFP actively recruits women, students with
disabilities and underrepresented minority students for its REU program. [Project Leader:
Alyssa Burger, CCEFP]

Project C.4 Fluid Power in Engineering Courses, Curriculum and Capstones To provide
a strategy and goals for 1) developing new, semester-length undergraduate and graduate
courses in fluid power, and include substantial content on fluid power in existing
undergraduate and graduate courses; 2) developing curriculum modules and tools for broad
dissemination; 3) leverage industry supporters to sponsor capstone design projects with fluid
power content. [Project Leader: Jim Van De Ven, UMN]

C.4a Capstone Senior Design Project: A Third-Generation Pneumatic Rotary Actuator
Driven by Planetary Gear Train The primary educational impact of this project is to expose a
team of undergraduate engineering students to concepts of fluid power design, specifically
rotary torque generation using a pneumatic power source. All of the students participating in
the capstone design course will be exposed to fluid power issues as they participate in the
gated review process which includes four oral progress report presentations by the design
team. The project has exposed the student teams to first-hand experiences with fluid power
through pneumatic design issues such as torque generation, leakage and seals, fluid
dynamics, and also thermodynamic analysis of dealing with expansion of compressed gas
(CO2). [Project Leader: Elizabeth Hsiao-Wecksler, UIUC]

C.4b Parker Hannifin Chainless Challenge Four of the seven CCEFP institutions have
participated in the Parker Hannifin Chainless Challenge - an engineering design competition
for undergraduates to design and create the most efficient and effective human-assisted
green energy vehicle. The students are required to design and build the drive system for their
vehicles, as well as participate in the final demonstration competition. They can utilize either
off-the-shelf components provided by Parker Hannifin or design their own. The demonstration
event includes a judging criterion, a straight sprint race, and distance/performance race. This
final event is conducted over a two day period. Cash awards were given to the winning team
in each specified category. The CCEFP provides supplemental funding to team who apply for
the Center’s Capstone Project Grant. [Project Leader: Brad Bohlmann, CCEFP]

Project C.8 Student Leadership Council (SLC) The Student Leadership Council is an
independent board of the CCEFP. The SLC’s current and proposed activities support the
education and outreach program of the Center and impact all students within the CCEFP. An
SLC officer is a member of the Center’'s Executive Committee and participates in the meetings
of the Industrial Advisory Board. The SLC is managing a travel and project grant program
used to support student travel between CCEFP institutions and to companies engaged in the
fluid power industry. The travel grant program will foster greater communication between the
research institutions as well as between students and industry partners. In addition, SLC
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members are responsible for the Center's webcast program, and provide recommendations
and guidance for other Center programs including the annual student retreat and various
networking opportunities with industry [Project Leaders: Alyssa Burger, UMN; SLC officers]

Thrust D: Industry

The purpose of the industry thrust is to build bridges of communication and knowledge
transfer between engineering faculty and their students and the corporate stakeholders of the
fluid power industry—manufacturers, suppliers, distributors, and their customers.

Project D.1 Fluid Power Scholars/Interns Internship programs bring opportunities for
engineering students to gain practical experience working in the fluid power industry while
providing host companies with access to a diverse pool of talented engineering students.
Working with industry, the CCEFP created the Fluid Power Scholars/Intern program and
launched it in the summer of 2010. Fluid Power Scholars/Interns receive a scholarship to an
intensive three and one half-day instructional program in fluid power, taught at the Milwaukee
School of Engineering's Fluid Power Institute, and then join a corporate supporter of the
CCEFP for a paid summer internship. [Project Leader: Alyssa Burger, CCEFP]

Project D.2 Industry Student Networking The goal of this project is to provide CCEFP
students with opportunities to network within the fluid power industry in a variety of ways. In
doing so, there are multiple benefits to students and companies: all students will better
understand the fluid power industry and the applications of fluid power technology; companies
will be able to meet, interact, learn about Center research, and discuss potential employment
opportunities with students, benefiting from the fresh insights and perspectives that students
bring to these these exchanges; students’ efforts to find internships and later job opportunities
in the fluid power industry will be facilitated. Channels utilized in this project include company
tours, poster sessions, and resume exchanges as well as additional opportunities that extend
the Center's outreach to more students and companies. [Project Leader: Alyssa Burger,
CCEFP, Student Leadership Council]

Project D.5 CCEFP Webcast Series The CCEFP hosts bi-weekly webcasts, each with two to
three presenters describing either research projects or discussing Center-wide programs such
as education an outreach projects, strategic planning initiatives, special topics, or project
evaluation. The webcasts are open to all CCEFP students and faculty and to all CCEFP
member companies. The webcasts are an important means for Center-wide communication
and knowledge transfer. [Project Leader: Cherie Bandy, CCEFP, Alyssa Burger, CCEFP,
Student Leadership Council]

Thrust E: Evaluation The purpose of the evaluation thrust is to provide comprehensive and
rigorous evaluation of the CCEFP education and outreach projects and programs. Quality
Evaluation Designs (QED) is the contracted external evaluator of CCEFP Education and
Outreach. The overall goal of the QED external evaluation is to collect data that have the
potential to promote sustainability of E&O beyond NSF funding of CCEFP. To do this, QED
will pursue the following objectives: to anticipate in the evaluation design a new
administrative/organizational CCEFP structure that supports and integrates E&O goals and
objectives, to identify current and potential stakeholders who could sustain E&O goals and/or
programs during and after the current funding cycle, to collect data and draft reports that
address the value-added of E&O to CCEFP goals and programs.
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Graduated E&O Programs and Projects

Project A.2 Youth Science Team Fluid Power Youth Science Team at the Science Museum
of Minnesota. Funded by the CCEFP, the Youth Science Team teaches others about fluid
power through museum exhibits, student-created learning activities and outreach.

Project A.3 Multimedia Educational Materials The CCEFP leverages the use of
multimedia to inform, train, educate and interest the general public in fluid power technology.
Utilizing audiovisual technology to promote hydraulics and pneumatics and how these
systems are part of societies everyday operation. In 2008, the CCEFP and NFPA produced
two videos: Discovering Fluid Power and Fluid Power: The Force for Change for both public
and private use. Both organizations regularly disseminate the video, it is offered on public
television outlets and has been broadcast across the world. Secondly, a sponsored CCEFP
project includes the Fluid Power Educational Smart-App for Mobile Devices - a gaming
mechanism for interactive fluid power learning.

Project A.3 Discovering Fluid Power Video The CCEFP continues to reach out to
audiences outside academic communities through the production and dissemination of
videos. “Discovering Fluid Power, ” a 25-minute television documentary produced by Twin
Cities Public Television and the CCEFP, is shown nationwide on public television channels
and is available for viewing at www.ccefp.org.

Project B.2 Project Lead The Way (PLTW) Project Lead The Way (PLTW) is a not-for-profit
national program dedicated to developing STEM-relevant courses for middle and high
students. The National Fluid Power Association (NFPA) and PLTW are affiliated
organizations within the CCEFP and, together with the Center, form a three-way partnership
for this project. The newest cooperative effort in this partnership is the development of a fluid
power simulator.

Project B.3 Hands-On Fluid Power Workshops Fluid power is most easily understood by
students of all ages when accompanied by hands-on experiments. Targeted audiences for the
workshops, all of whom can lead various student groups in these learning experiences,
include CCEFP faculty and students, SMM staff, CCEFP industry member engineers and
technical college and pre-college classroom teachers.

B.3a Hands-on Pneumatics Workshop: The goal of this project is to create curricular
material and portable lab kits for use in hands-on workshops about pneumatics. Workshops
and kits will be disseminated nationwide through engineers from CCEFP member companies
and CCEFP faculty.

Project B.4 gidaa STEM Programs The gidaa K-12 STEM Camps are offered for students in
3rd through 10th grade. Offered as a day-camp, once per month, the camps provide students
with a mix of lab science and field science experiences. Program highlights include an
introduction to the scientific method and a focus on Native American Indian culture. The gidaa
K-12 Robotics Program is offered day and after-school for interested students at South Ridge
(K12 school within the Fond du Lac reservation) and Cloquet Middle and High School, Cloquet,
MN. South Ridge hosts the only regional RoboFest Competition in the state. [Project Leaders:
Alyssa Burger, UMN]

Project B.5 BRIDGE Project BRIDGE (Building Resources and Innovative Designs for
Global Energy) is a project spearheaded by the National Society of Black Engineers (NSBE),
the Innovative Engineers (IE), and the American Indians in Science and Engineering Society
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(AISES) student groups at the University of Minnesota. The BRIDGE Project uses these
designs to implement renewable energy systems in remote communities. This work is done in
collaborations with groups in developing nations.

Project C.2 Fluid Power College Level Curriculum The purpose of the Fluid Power College
Level Curriculum project is to create, digitally publish, disseminate and use high quality
college level teaching materials in fluid power.

Project C.3 Fluid Power Projects in Capstone Design Courses All ABET accredited
undergraduate engineering degree programs have a capstone design experience where
fourth-year students work in teams for one or two semesters on a practical design project. The
objective of this project is to work with fluid power companies to sponsor and actively engage
with students in capstone design projects with fluid power content.

C.3c Hydraulic Fluid Power for Fuel-Efficient School Buses A project to develop a
hydraulic hybrid retrofit of a school bus at the Georgia Institute of Technology is yielding
impressive results.

Project C.5 giiwed’anang North Star Alliance The CCEFP launched the giiwed'anang
North Star Alliance. Primary goals include student support of local AISES chapters. The
project also strives to grow and nurture the student and professional regional chapters of the
American Indian Science and Engineering Society (AISES).

Project C.6 Fluid Power Simulator For undergraduate mechanical, aerospace and
agricultural engineering students, high-school students in a PLTW program and professionals
new to fluid power, the CCEFP fluid power simulator (FPS) will be a medium-fidelity,
essential-capability, easy-to-use, freeware simulator of fluid power systems. Unlike existing
commercial simulators, the CCEFP FPS will be targeted towards the education market, but
will maintain technical rigor.

Project C.9/10 Research Diversity Supplements (RDS) The Center's Education and
Outreach program is committed to providing opportunities to broaden the participation of
underrepresented students in undergraduate and graduate engineering programs through
this Research Diversity Supplement to current CCEFP research projects.

Project C.11 Innovative Engineers (IE) The Innovative Engineers (IE) student group was
formed in 2010 by engineering students at the University of Minnesota who were inspired to
actively pursue renewable energy solutions for people in remote and developing areas.

Administration of the Education and Outreach Program

The E&O Program is lead and coordinated by Education Program Director James Van De Ven
and Education Outreach Director Alyssa Burger. The Directors report to CCEFP Director Kim
Stelson. Additionally, Principal Investigators of specific projects contribute to program direction
and implementation. Responsibility for fluid power education and outreach rests with every
CCEFP participant. Each research and test bed project in the Center has an E&O component.
The E&O activities of individual research projects are reported in the project update reports.
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EO Project A.1: Interactive Exhibits

Project Team Science Museum of Minnesota
Project Leader: Director of Physical Sciences, Engineering, & Math, J. Newlin
Other Personnel: Master Prototyper, Forrest Price

Master Prototyper, Peder Thomson
Head of Exhibit Production, Cliff Athorn
Senior Exhibit Developer, Chris Burda

1. Project Goals and Description
The purpose of this project is to educate the public about fluid power and the CCEFP through
creating and displaying exhibits that convey the basic message of fluid power as well as exhibits that
highlight CCEFP research. Prototypes and exhibits developed and field-tested at the Science
Museum of Minnesota, an organization affiliated with the CCEFP, will serve as models for
dissemination to other science museums around the world.

2. Project Role in Support the EO Program Strategy
SMM will support CCEFP by developing products for public exhibition that will reach Minnesota
museum audiences and that can be replicated and/or adapted by other educators and program
leaders for new audiences. These products will introduce public audiences to the concepts behind
fluid power and the possibilities for future industrial and social applications of fluid power.

3. Achievements
SMM has pursued three approaches to date: working with senior undergraduate mechanical
engineering classes to develop exhibit prototypes as capstone design projects, working with a team
of high school students on a supermileage car, and building display prototypes in SMM's exhibit shop.

Capstone Projects In 2007, 2008, 2011, 2012, and 2014 small teams of
University of Minnesota seniors developed exhibits as part of their capstone
design courses. The first (2007) was an exhibit about a hydraulic scheme for
regenerative braking in vehicles. The second (2007) was a an exhibit that
introduced two basic principles of fluid mechanics - the use of fluids to
transmit force and the development of mechanical advantage through
coupling cylinders of different diameters. The third (2008) was a comparison
of the use of pulse-width modulation for control of electrical lighting circuits
with its use for controlling fluid power applications. The fourth (2008) was a
prototype of a water-based fluid power experiment lab for use by museum
visitors. The fifth (2011) was an exhibit that demonstrates the power of
hydraulics to assist human effort and shows a model of a hydraulic-powered
ankle orthosis. The sixth (2012) was an exhibit that demonstrates the use of
an open accumulator to capture energy from a wind turbine (Figures 6 — 7).
The seventh (2014) was an exhibit that let visitors compare two forms of air
compression — adiabatic and isothermal. The first of these exhibits has been
on display at the museum since 2007 (Figure 1). Another inspired the
hydraulics lab exhibit (see description below) on display since 2010 and
improved by museum staff in 2012. The sixth exhibit has been on display at
the museum since July, 2012. The seventh is now undergoing modifications
to make it suitable for long term display. Plans for this coming year include a
new Capstone project that will focus on introducing visitors to a liquid piston

Stirling Engine.
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High School Project In 2008, an SMM prototyper (Price) worked an advisor to a team of students from
Eden Prairie High School who developed a hydraulic hybrid Supermileage Car. The team ran the car,
powered by a 1 cylinder gasoline engine controlled to pump fluid into an accumulator at its most
efficient speed and torque, in a supermileage contest and achieved a mileage of 170 miles per gallon.
Since the contest did not include stops and restarts, the hydraulic regenerative braking system did not
come into play. Students improved the car after the contest and then worked with SMM staff to
prepare it for display. It was on exhibit floor from 2008 until summer, 2012.

Museum Projects SMM prototypers have produced two finished exhibits that are now on display on
the museum floor. One of these is a hydraulic variable torque transmission with accumulator-based
energy storage. This exhibit was on display from 2008 until summer 2012. The second is a working
cut-away variable-displacement axial piston pump arranged to pump tall streams of clear hydraulic
fluid (Figure 2). This exhibit has been on display since 2008.

SMM built a Hydraulics Lab (Figures 3 — 5) that allows museum visitors to set up their own fluid
power demonstrations and experiments. This bench consists of a large shallow work surface
mounted on legs at table height. Visitors use clear water tubes with quick-connect fittings to build
fluid power circuits that include pumps and reservoirs; check valves and spool valves; flow indicators;
raised tanks and pressurized accumulators; and actuators of various kinds. In 2012, SMM relocated
and redesigned the exhibit to improve both visitor interaction and daily maintenance. SMM added
two attractive hydraulic devices and challenged visitors to make them work. One is an imaginative
carousel operated by a Pelton wheel. The second is a large bell that can be rung by operating a
double-acting hydraulic cylinder. To make using the lab easier for visitors, SMM installed a touch-
screen video display that shows how to make hydraulic tube and device connections and how to build
hydraulic circuits that incorporate pumps, check valves, flow meters, spool valves, and accumulators.
The Hydraulics Lab includes three exhibits that define simple hydraulic circuits (Figure 5):

a. At Pumped Water Storage, visitors use a cylinder pump with two transparent check valves to
pump water from a lower reservoir into a high reservoir. They then open a valve to release the
water to operate a Pelton wheel that drives a small generator, which lights several LEDs.

b. At Variable Force Pump, visitors pump water out of a reservoir, through a check valve, into and
out of a piston pump, through a second check valve, and back into the reservoir.

c. At Accumulator, visitors use a piston pump to force water from a reservoir through a spool valve
into an accumulator. By changing the spool valve position, they allow the pressurized water to
flow through a flow meter back into the reservoir.

In 2012, SMM built Pneumatic Ball Run (Figure 8), an exhibit that challenges visitors to design a
system of channels and lifts that will move a ball from one side of a vertical panel to the other side,
ending at the same height. The lifts are all operated by pneumatic pumps and cylinders.

SMM has refurbished and installed an exhibit that uses a very low friction pneumatic bearing to
support a large Double-weight Pendulum. This consists of a granite spherical cap supported by air
flowing into a spherically-ground concave base. A rod extends vertically from the center of the cap on
which visitors may adjust a weight to change the vibration frequency of this double weight pendulum.

There has been an expanding group of Fluid Power exhibits on display at the Science Museum of
Minnesota since 2008. They now include Axial Piston Pump, Hydraulic Hybrid Car, Hydraulics Lab,
Pneumatic Ball Run, and Compressed Air Wind Energy Storage.

SMM has also developed a Fluid Power Activity Kit that museum volunteers use to introduce visitors
to concepts in fluid power. Visitors experiment with a long-tube water level, syringe systems filled
with air and water, a hydraulic jack, an "airzooka" that sends a puff of air ten feet, and a set of air-
powered cylinders and valves that toss and catch tennis balls. This activity is presented regularly at
the Experiment Gallery Activity Station.

Exhibit Brochure: SMM prepared an illustrated proposal of four exhibits that could be replicated for
other museums, for CCEFP partner university student centers, or for the lobbies of major fluid power
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companies. These exhibits include Axial Piston Pump, Hydraulic Transmission, Hydraulic Hybrid Car,
and Hydraulics Lab. Replication of single exhibits is fairly expensive with a range of $35,000 to
$60,000 each. Producing multiple copies could significantly reduce the cost of single exhibits.

In late August 2010, SMM joined Eric Lanke of the National Fluid Power Association in a presentation
and discussion of potential fluid power exhibits at Milwaukee's Discovery World science center.
These exhibits could be supported by NFPA companies and at least partially built by NFPA
volunteers.

SMM worked with CCEFP E&O staff to develop a proposal for a capstone design competition that
would involve mechanical and electrical engineering students from all CCEFP partner universities.

Plans, Milestones and Deliverables

Summer 2013. SMM will reconstruct the Hydraulic Assist exhibit developed by the Capstone Team of
mechanical engineering students in 2011. This needs substantial redesign to harden the device for
the exhibit floor.

Spring of 2014. SMM will work with a team of senior mechanical engineering students to develop an
exhibit that demonstrates the achievements of one of the CCEFP test beds. In this case, it will focus
on efficient compression of air for energy storage.

SMM will work with CCEFP and NFPA staff to develop a practicable plan to distribute core exhibits on
fluid power to science centers associated with CCEFP partners, to participating university student
centers, and beyond.

Spring of 2015. SMM will continue working with a Capstone Design team to add to its collection of
exhibits about applications of fluid power and the accomplishments of the CCEFP. SMM will
construct at least one exhibit to complement the product of the Capstone Design team.

Figure 1: Hydraulic Hybrid Car Figure 2: Axial Piston Pump
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Figure 3: Hydraulics Lab (Left)

Figure 4: Hydraulics Lab Touch
Screen Instructions (Above)

Figure 5: Simple Hydraulic Circuits
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Figures 6 - 7: Compressed Air Wind
Energy Storage

Figures 8: Pneumatic Ball Run
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Project B.1: Research Experiences for Teachers (RET)

Project Team

Project Leader: Alyssa Burger, Education Outreach Director, CCEFP

Other Personnel: Prof. John Lumkes, Purdue University
Dr. Eui Park, North Carolina A&T State University

1. Project Goals

The CCEFP's RET program enables teachers in pre-college schools to introduce fluid power to their
students, drawing on their experiences in CCEFP research labs. In this six-week summer program,
teachers learn first-hand about fluid power basics and are engaged in research through their work in the
Center’s university network. With these experiences as a foundation, teachers develop research-inspired
curriculum modules to bring back to their classroom. Special efforts are made to recruit Project Lead The
Way (PLTW) teachers to this program in geographic locations where the Center's RET program is hosted
and where PLTW has a presence.

2. How Project Supports the EO Program Strategy

The RET program is an example of the CCEFP’s strategy to maximize program impact: one teacher
reaches many students; many teachers reach many classrooms. And, in sharing the curriculum modules
they develop, RET teachers support another key CCEFP strategy—development of projects that can be
replicated and/or adapted by other educators for new audiences. The work of RETs can be used by a
host of teachers who have not participated in the RET program.

3. Achievements

e Four teachers participated as RETs in summer 2014, the either year of the program. Two at
Purdue and two at NCAT, just as the year before.

e Four teachers participated as RETs in summer 2013, the seventh year of the CCEFP RET
program: two at Purdue (returning RET teachers) and two at North Carolina A&T State University.

e Over 46 teachers have participated in the CCEFP RET program since it's inception, and several
have been repeat participants, especially the established collaboration at Purdue and it's
outreach program involving local teachers.

e The CCEFP requires that all RET participants submit their classroom curriculum to the
TeachEngineering.com website which is a repository of evaluated and reviewed curriculum
modules. The CCEFP encourages each RET to beta test the curriculum modules s/he has
developed in the school year following the RET experience, modifying as necessary, and then
submitting it as a final module at the end of the academic year. TeachEngineering.com then
helps to review, edit and craft the curriculum for a well-rounded module. The modules are
indicative of state standards as well.

e Purdue Update: In the Spring of 2014, the small wooden hydraulic
claws were used in a local elementary school to determine how well
the curriculum and devices worked and where improvements could be
made. A high school FIRST robotics team is using these devices as
part of their outreach activities they do at elementary school science
nights for students and parents. In the Fall of 2014, a few high school
student worked on developing a web based game using Scratch and
an Android based App that would teach younger students, ages 6-10,
about basic fluid power principles. The Scratch game is still being
worked on by a senior student within the engineering department and
attached are the preliminary designs and concepts for the app which
will be worked on throughout the PLTW Computer Science and
Engineering course at JHS. In January 2015, the same FIRST robotics
team started redesigning the PFPD's that were used at the school for many years and will rebuild
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them to work as pneumatic based devices. It was determined that the water left in the PFPD's
over time caused the seals to leak in the actuators and valves. The three devices were used for
high school fluid power lessons, outreach activities at science nights, and as an exhibit at a local
hands-on science museum for kids. The rebuilt devices will be used in the same capacity
throughout 2015 and beyond.

e Other relevant work: In addition to their summer research experiences, the CCEFP encourages
cross-collaboration with other activities within the Center such as outreach activities, workshops
and piloting curricula. RETs are encouraged to remain a part of the Center by bringing their
classrooms to campus for a tour, or other such opportunities. Several of these RET projects are
connected to other E&O Projects. Also, further work has been invested in an on-line repository of
teaching and learning materials at the CCEFP.org website.  Materials can be found:
www.ccefp.org -> Get Involved -> Educators -> Teaching and Learning Materials. Such materials
include:

o TeachEngineering.com fluid power curriculum by CCEFP RETs

o Teaching Fluid Power video tutorials by Professor William Durfee, UMN

o  Fluid Power Demonstrator Kit and Curriculum by Professor John Lumkes, Purdue

o Pneumatics Demonstrator Kit (Ball and Cup) and Curriculum by Professor Will Durfee,
UMN

o Fluid Power Hands-on Tools designed by the Science Museum of Minnesota Youth
Science Team

o  Supply sources for fluid power teaching and learning materials

4. Plans, Milestones and Deliverables
e In 2015, the program will begin sunsetting as it is not slated to be a cornerstone of the future
workforce development initiatives of CCEFP and NFPA.
e In the final year of the program, Y10, CCEFP commits to hosting two teachers within its university
network.

5. Member Company Benefits

Following their RET experiences, teachers can bring their experiences in university research as well as
their expanded understanding of fluid power concepts to their classrooms. New curricula stemming from
these experiences should inspire and motivate a next generation of leaders in the engineering, corporate
and/or academic arena.
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Project B3.b: Portable Fluid Power Demonstrator and Curriculum

Project Team
Project Leader: Professor, John Lumkes, Purdue University

Other Personnel:  Brian Bettag, Lafayette Jeff High School
Farid Breidi, Purdue University
Jordan Garrity, Purdue University
Tyler Helmus, Purdue University
Gary Werner, McCutcheon High School

Industrial Partner: Clippard Instrument Laboratory, Inc., Vex Robotics

Project Goals and Description

The Portable Fluid Power Demonstrator (PFPD) was developed for K-12 classrooms, with an initial focus
on middle and high schools. The kits can enhance current and enable new activities for organizations that
include PLTW, FIRST Robotics, science museums, children’s museums, and for activities within the
CCEFP. The PFPD is being used to promote awareness and/or increase interest of fluid power education
in high school grades 8-12. Through the addition of microcontrollers the PFPD can be used to teach
robotics and mechatronics.

Project Role in Support the EO Program Strategy

This project directly supports the CCEFP mission to "develop research inspired, industry practice directed
education for pre-college, university and practitioner students; to integrate research findings into
education; to educate the general public; and through active recruiting and retention, to increase the
diversity of students and practitioners in the fluid power research and industry". Project B.3.b specifically
targets the fifth component of the ERC's vision for education, to "increase public and K-12 student
awareness of the importance of fluid power, and the excitement and possibilities that new technologies of
the Center will bring".

Achievements
Undergraduate level students from Purdue were recruited to help design a new ‘nano’ PFPD kit and
curriculum. REU students have also participated in the design phase.

Since 2014 efforts have focused on a new multi-actuator smaller educational tool that can be easily
transported, doesn’t require any setup or water, can be plugged into any 110/220V outlet, and introduces
students to fluid power and the interaction of electronics, microcontrollers, and actuators in fluid power
systems. The original PFPDs at Purdue are still being used at various K-12 outreach programs, museums,
high schools, and conferences. The previous demonstrators have been successful in classrooms, science
museums, on campus programs and other engagement activities. However, their size, weight and large
loose components make long-range travel, shipping, and transporting as baggage on airlines
unnecessarily difficult.

The new demonstrator is much more compact and designed to meet the requirements for carry-on
luggage in size, weight, and content. This design still features all parts of a pneumatic circuit clearly
showing the flow source, control valves, reservoir, and actuators. Rapid setup, simple circuitry, and easy
transport makes this device ideal for conferences, teach training visits, and other such pre-existing
opportunities that the current trainers do not work well for.

A careful analysis of learning objectives and other goal related limitations along with the mechanical
design of the system resulted in the design of a pneumatic cantilevered gantry crane with position
feedback and an electro magnet gripper at the end of a small, guided electric winch. The position
feedback comes from an ultrasonic distance sensor and variable resistance position sensor. Additionally,
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a camera was mounted below the winch to allow for contrast recognition. The device is controlled by an
Arduino micro-controller allowing students to interact with the code to change controls or develop their
own functions. There are several games which could be developed either for or by students to enhance
their education of fluid power and mechatronics. Currently, 3 different modes have been programmed for
the demonstrator, a user controlled manual mode, a shape tracking mode, and a shape identification
mode.

The small portable device demonstrates pneumatics, robotics, and programming in environments where
these topics were previously only discussed.

Summary of PFPD outreach activities to date

Between February 1, 2013 and January 31, 2014, Purdue offered three pre-college outreach programs at
Purdue. There were 84 participants, of whom 68 were female (81%), 16 were male, and 11 were from
under-represented ethnic groups. In total, Purdue has offered over 30 programs, reaching over 800
students with over 50% of the participants being female and/or from under-represented groups.

In September 2013 this project was nominated by the CCEFP and NSF to participate in the “CHANGE
THE WORLD: Science & Engineering Careers Fair” in Washington D.C. The PFPDs were always busy
and an estimated over 400 people stopped by during the 2-day event.

In September 2014 the PFPDs were brought to the Smartforce Student Summit at the International
Manufacturing and Technology show in Chicago, IL. They were very popular and reached a wide range of
ages many of whom were unaware of fluid power and its many uses and opportunities.

Since the project inception there have been multiple undergraduate students involved in the design,
construction, and delivery (outreach programs), along with REU and RET participation in the summer and
high school involvement on a variety of levels. The kits have been used at various high schools, state
fairs, outreach events, tours, and workshops.
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Plans, Milestones and Deliverables
The near term goals for the project include the development and subsequent assessment of the smaller
and more portable, fluid power educational platform.

Member Company Benefits

This project will directly benefit member companies involved in fluid power by providing a methodology
and demonstration kits to capture the imagination of future engineers, their future workforce. All reports
and publications will be available to Center members
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EO Project B.7 Fluid Power Challenge Competition

Project Team
Project Leader: Alyssa A. Burger, Education Outreach Director

Other Personnel:  Don Haney, Communications Director
Ben Adams and Pieter Gagnon, Volunteers

Industrial Partner: FORCE America
Eaton Corporation
International Fluid Power Society
National Fluid Power Association (NFPA)
University of Minnesota’s College of Science and Engineering
University of Minnesota’s Department of Mechanical Engineering

1. Project Goals and Description

The Fluid Power Challenge, offered and promoted by the National Fluid Power
Association (NFPA), is an event for eighth grade students to learn how to solve an
engineering problem using fluid power. The event is two days. The first -
Workshop Day - students are introduced to the basics of fluid power, get hands-on
experience by building kits that use fluid power, and are introduced to the
challenge they must solve, and learn engineering design principles and strategy.
The students return to their schools to work in teams to design and build their fluid
power device, along with documenting their plans in a portfolio. A little over a
month later, the students return for the second day of the event - Challenge Day -
to build their device they designed at their own schools and compete against the
other teams in a timed competition. The goals of the Fluid Power Challenge are
to:

Actively engage students in learning the basics about fluid power

Give support and resources to teachers for science and technology curriculum

Create a fun learning environment for math and science

Encourage students to acquire a diversity of teamwork, communication, engineering, and
problem-solving skills

e Introduce eighth grade students to the fluid power industry

e Help build a strong workforce for tomorrow

2. How Project Supports the EO Program Strategy

This project supports the EO Program Strategy in several ways. Our work with strong partners, such as
the National Fluid Power Association and Project Lead the Way, optimize both exposure and promotion of
K12 fluid power education. The ease with which this project can be replicated maximizes opportunities
for use by many workshop leaders in many settings. An essential part of the CCEFP strategic plan is to
promote diversity in science, technology, engineering, and math (STEM) fields. The Fluid Power
Challenge Competition enables students in and around Minnesota to use concrete learning experiences
with hydraulics and pneumatics to better understand design concepts, physics concepts, develop
mathematical thinking, problem solving; and participate in team-building through hands-on construction
engineering.
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3. Accomplishments

Press Release

Minneapolis, Wednesday, January 21, 2015 — The University of Minnesota will host the NFPA Fluid

Power Challenge, a competition that gets middle school students excited about fluid power. A Workshop
Day for the event was held on December 8, 2014, followed by a Competition Day, to be held on January
26, 2015.

During the Fluid Power Challenge, middle school students learn about fluid power technology (hydraulics
and pneumatics) and gain hands-on experience while building a fluid power mechanism with real world
applicability. The program is designed to introduce the students, and their teachers, to the world of
engineering and fluid power careers.

During the Challenge Day at the University of Minnesota, 23 8th-grade teams (four students per team) will
design and build fluid power mechanisms that pick an object from one platform and move it to another. In
addition to the number of pick-and-place cycles a school's machine completes, a review of each team’s
design approach, teamwork and portfolio will be used in the final evaluation.

A student from a past competition said “This opens up more opportunities for engineering and careers
kids aren’t aware of. It's fun...you get to work with other kids and learn more math and science.”

Through the Challenges, the Center for Compact and Efficient Fluid Power (CCEFP) at the U of MN and
the National Fluid Power Association (NFPA) hopes to encourage students to select more mathematics
and science courses in their high school curricula to keep their options open for technology-based post-
secondary studies.

Highlights

2014/2015 CCEFP hosted and sponsored three Fluid Power Challenge events at University of
Minnesota, Georgia Institute of Technology and Purdue University at Kokomo (to be held Spring,
2015).

2014/2015 NFPA provided a $10,000 sponsorship for the launch of two additional events this
year. Other companies (listed above) provided $3,500 in corporate sponsorship.

2014/2015 UMN recruited 22 teams, over 90 8" grade students and GT recruited 18 teams, just
over 80 students. PU’s goal is 20 teams. Yearly goal of 300+ students and teachers impacted by
the event and introduced to fluid power technology, engineering design and teamwork.

2014/2015 Fluid Power Challenge student participants share their excitement over the
competition: https://www.youtube.com/watch?v=4yp7svoHBOY

2013/2014 Fluid Power Challenge Competition recruited 20 teams, over 80 students and
teachers, from Minnesota, the majority coming from outside the Twin Cities. Only one veteran
teacher returning with a new team of students. A school from Northern Minnesota brought five
teams of girls, which won three of the five awards.

2012 / 2013 Fluid Power Challenge Competition recruited 18 teams from Minnesota, the majority
from the Twin Cities of Minneapolis and St. Paul. Three teams joined the event from outstate
western Minnesota.

Typically, over half of the 8th grade student participants are female. Secondly, by observation, a
highly diverse student body.
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e Several of the teachers recruited were Project Lead the Way teachers, who have a fluid power
module in their PLTW Principles of Engineering curriculum.

e Each sponsoring company provided one or two engineers to judge the competition.

e In early 2013, a local news station, NBC’s KARE 11 highlighted the Fluid Power Challenge on
their 5 pm newscast. It can be viewed at YouTube:
http://www.youtube.com/watch?v=_1dvGyWxnTo.

e One of the 2013 corporate sponsors, Tolomatic, wrote a blog about the competition:
http://info.tolomatic.com/linear-actuator-blog/.

4. Plans

Given the successful efforts by CCEFP to coordinate the Fluid Power Challenge, and the strong interest
in industry sponsors and teachers alike, the CCEFP will plan to host a competition each Fall. Goals
include gaining more industry sponsorship, to reduce the cost to the Center, including direct funding from
NFPA. The sustainability of the project includes identifying external funding sources and continued
support from NFPA.

e Host three competitions in the 2015/2016 academic year.

e Recruit more industry sponsors

e Identify additional funding sources for additional support
Related Projects

This project aligns well with the Center’s former relationship with Project Lead The Way (PLTW), where
CCEFP and NFPA provided content experts to design a fluid power curriculum module in PLTW’s
Principles of Engineering course. This competition provides the means and the applicability for PLTW
teachers to teach hands-on hydraulics and pneumatics in a design environment.

5. Milestones and Deliverables?
e Host a Fluid Power Competition each Fall at two or more CCEFP location(s)
e Recruit a minimum of 20 teams to participate in any Fluid Power Challenge Competition
e Recruit a minimum of five industry sponsors
e Keep costs low by finding additional sources of sponsorship and funding support
e Generate interest in fluid power at the K12 level and through teachers

e Market this program and create an investing group of teachers who anticipate participating in this
program.

e This program has been identified as part of the CCEFP’s future program portfolio.

6. Member Company Benefits

The 2014-2015 Fluid Power Challenge corporate sponsors include Eaton Corporation, FORCE America,
International Fluid Power Society (IFPS), National Fluid Power Association (NFPA), University of
Minnesota’s College of Science and Engineering and Department of Mechanical Engineering. This
program is closely aligned with industry’s hope for and support of efforts that prepare for a talented and
diverse pool of leaders in academia and in our future workforce.
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UMN Fluid Power Challenge

GT Fluid Power Challenge
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EO Project C.1: Research Experiences for Undergraduates (REU)

Project Team

Project Leader: Alyssa A Burger, Education Outreach Director, CCEFP

Other Personnel: CCEFP REU faculty advisors
CCEFP REU graduate student mentors

1. Project Goals

The REU program is aligned with several CCEFP goals: developing research inspired, industry practice
directed education; facilitating knowledge transfer; integrating research findings into education; and
increasing the diversity of students and practitioners in fluid power research and industry. Through its
REU program, undergraduate engineering students from schools nationwide participate in cutting edge
research under the mentorship of Center faculty. The program also provides professional development
activities for these students.

2. How Project Supports the EO Program Strategy

REU students learn through the expertise of faculty mentors--an example of knowledge transfer. After
completing their summer-long programs, REU engineering students are more likely to enroll in a graduate
engineering program, often at the REU-hosting school. Further, the Center’s efforts to recruit REUs from
a diverse student population improve the likelihood of increased diversity among the students, faculty and
industry professionals in fluid power.

3. Achievements

e The CCEFP is pleased to announce it being the recipient of an NSF REU Site Award. Three
years, a $390,000 grant.

e To date, the CCEFP has hosted over 170 undergraduate students in the highly successful REU
program.

e Since revising the CCEFP REU program structure in 2008, the CCEFP REU Program has
recruited, on average, over 35% women, and over 33% racially or ethnically underrepresented
students into the program on a yearly basis. The CCEFP’s recruiting strategy includes identifying
institutions, programs and people with whom to develop relationships that, in turn, open pathways
to CCEFP summer programs and beyond for underrepresented students.

e The CCEFP completed a longitudinal study of our past participants in early 2014. At the time of
the report, 57% of all former CCEFP undergraduate researchers enter graduate school, and 25%
of those are PhD candidates. Extremely positive statistics!

2014 REU Program:

e Twenty REU students participated in summer 2014, the eighth year of the program. Thirteen of
the students were recruited from outside the CCEFP seven institutions.

e Four 2014 REU and one 2013 REU attended the CCEFP’s Fluid Power Innovation and Research
Conference 2014 (FPIRC14) at Vanderbilt University in Nashville, TN, where they participated
and presented their research at the FPIRC14 Poster Show and Competition. One REU, an
undergraduate from North Carolina A&T State University, won the overall 1% Place Prize of $500.

e All REUs participated in the Fluid Power Bootcamp at Purdue University, lead by over 10 faculty
and graduate student lecturers and laboratory leaders. Given the experience from the previous
three years, Professor Andrea Vacca, Purdue University, continues to improve upon the
instruction.

e The 2014 REU program hosted a successful research blog, in which all REU students contributed
to, regularly. They were incentivized by a $25 Amazon gift card to complete at least 80% of the
blog topics.

e The 2014 REU Program held a diverse professional development webcast series. Topics
included: Everything You Needed to Know About Graduate School; Everything You Needed to
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Know about How to Get a Job in Industry; Everything You Need to Know About How to Present
Research; Everything You Need to Know about Research and Ethics, among other special topics
given by CCEFP industry members.

2014 REU at Purdue Fluid Power Bootcamp

2013 REU Program:

Eighteen REU students participated in summer 2013, the seventh year of the program. Six of the
students were recruited from outside the CCEFP seven institutions.

2012 REU Program:

Twenty-three REU students participated in summer 2012, the sixth year of the program: three at
the University of Minnesota, one at the University of lllinois, nine at Purdue, two at MSOE, three
at North Carolina A&T, two at Georgia Tech and three at Vanderbilt University. None of these
REU students had previous experience with CCEFP. 10 of the 23 were recruited from outside
the CCEFP’s core institutions.

Following a highly successful Fluid Power Bootcamp at the University of Minnesota in 2011, the
CCEFP hosted the 2012 REU Fluid Power Bootcamp at Purdue University. Professor Andrea
Vacca of Purdue orchestrated the bootcamp curriculum, which included three separate fluid
power lab sessions led by CCEFP PU graduate students. Those lab sections are: Lab 1:
Pump/system Characterization on Water Hydraulic Test Rig; Lab 2: Circuit Construction and
Debugging; Lab 3: Displacement Control System. Students had an opportunity to socialize with
each other as well as find themselves completely immersed in fluid power technology. The
program at PU was so well received, the Center will host the 2013 REU Bootcamp at PU as well.
Two REUs from North Carolina A&T State University received travel grants from NFPA to attend
and present a poster at the Fall 2012 NFPA Workforce Summit and CCEFP Annual Meeting held
at the University of lllinois, Urbana-Champaign.

4. Plans, Milestones and Deliverables

In 2013, the CCEFP was awarded the NSF REU Site to support the program through the end of
the NSF-funded ERC. Plans call for another proposal submission in 2015.
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e The Center will promote the REU program to its collaborating partner, NFPA, to determine if
additional programmatic funding can be offered in lieu of the end of the REU Site Award in future
years, 2016 and beyond.

e The Center is committed to host between 14 and 20 REU students each summer -- two or three
students at each university in the CCEFP network. (Some sites will host additional students due
to leveraged funding from other sources.)

e The CCEFP will host its 2014 Fluid Power Bootcamp at Purdue University.

e The Center will continue to work with other campus-based REU programs to create a strong
network of students at the local level, and also will host activities on-line that foster collaboration
and a sense of a greater community outside the walls of the hosting institution. Consequently,
students will realize that the program of which they are a part extends into the other six CCEFP
universities and that the overall REU program is nationwide in scope.

e Additionally, using its network and database of contacts, the CCEFP will strive to recruit and
retain racially underrepresented students as well as women, those with disabilities and recent war
veterans.

e The Center will continue to encourage education focused research topics.

e The Center will hold an REU Advisor orientation webcast prior to the start of the 2015 program.

5. Member Company Benefits

Member companies can participate in REU projects through project mentorship. Here, member
companies get a first look at a bright, diverse pool of students trained in fluid power who may become
future intern or permanent employees. More generally, the REU program contributes to the building of an
informed and motivated student group—future leaders for industry and academia.
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EO Project C.4: Fluid Power in Engineering Courses, Curriculum and Capstones

Project Team
Project Leader: Jim Van de Ven, University of Minnesota

Other personnel: Will Durfee, University of Minnesota
All CCEFP faculty

1. Statement of Project Goals

To provide a strategy and goals for 1) developing new, semester-length undergraduate and graduate
courses in fluid power, and include substantial content on fluid power in existing undergraduate and
graduate courses; 2) developing curriculum modules and tools for broad dissemination; 3) leverage
industry supporters to sponsor capstone design projects with fluid power content.

Fluid Power in Engineering Courses
The expectation is that most CCEFP faculty will design new courses or find a way to insert fluid power
curriculum into their courses.

Fluid Power Curriculum and Dissemination

The purpose of the Fluid Power OpenCourseWare (FPOCW) is to create, digitally publish, disseminate
and use high-quality, college-level teaching materials in fluid power. The material can be used in fluid
power elective courses, but more importantly can be inserted into core engineering courses taken by all
students. Materials exist in the lecture notes, problem sets and lab exercises of CCEFP faculty, as well as
faculty outside the Center. A small number of engineering undergraduate students nationwide will take
fluid power elective courses, but all students in mechanical and related engineering ABET accredited
degree programs take required courses in fluid mechanics, thermodynamics, system dynamics and
machine elements. These courses cover topics that form the core of fluid power yet currently do not
contain fluid power applications. The FPOCW materials can also be used as training materials for BS
level engineers at fluid power companies.

Open courseware is an education concept that is backed by a consortium (www.ocwconsortium.org), has
been popularized by MIT (ocw.mit.edu) and is related to current education experiments such as MOOCs.
This project brings the open courseware concept to fluid power education. Education materials that are
part of the FPOCW collection are archived under a Creative Commons intellectual property license which
essentially allows unlimited use, with attribution for non-commercial purposes. This includes use at
companies so long as the FPOCW education materials are not sold for profit.

Fluid Power in Capstone Projects

All senior-level engineering students, traditionally, complete their undergraduate education with a
capstone project. Utilizing this infrastructure, partnering with fluid power companies to sponsor and
actively engage with students in capstone design projects with fluid power content is a natural fit. Long-
term, this project may be be a collaborative project with the National Fluid Power Association (NFPA).

2. How Project Supports the EO Program Strategy

Developing new courses or making substantial modification to courses in CCEFP universities will help to
create a cadre of highly skilled students who will become future fluid power industry professionals and
future engineering faculty. Advanced graduate courses with content based on CCEFP research provide a
means for knowledge transfer of research results. New courses require significant faculty effort and must
be consistent with teaching loads and departments' policies for new course adoption, which are outside
the control of the Center. A way to incorporate fluid power into standard engineering courses is not only
achievable with curriculum modules and problem sets but also the most direct route towards increasing
the number of engineering students trained in the basics of fluid power.

181



Engagement in these capstone design projects provides undergraduate engineering design students with
a hands-on experience in fluid power design and development, reinforcing communications with CCEFP
and NFPA member companies. These cooperative efforts are directly in line with the CCEFP’s goal of
fostering knowledge transfer between industry and universities.

3. Achievements

Fluid Power in Engineering Courses:

Fundamentals of Fluid Power MOOC (Massive Open Online Course) taught by Professors James
Van de Ven and William Durfee at the University of Minnesota. In this six-week online course
students learn 1) the benefits and limitations of fluid power compared with other power
transmission technologies, 2) the function of common hydraulic components, 3) how to formulate
and analyze models of hydraulic components and circuits, and 4) how to design hydraulic circuits
for specific system requirements. New Fall 2014.

Problem Set for Fluid Power System Dynamics Mini-Book. CCEFP SLC. New 2012.

Developed a Video Lecture Archive from Fluid Power Controls Laboratory. UMN. New 2012.
INEN 371: Human Factors Engineering NCA&T University. New 2012.

INEN 665: Human Machine Systems NCA&T University. New 2011.

ME 271: Introduction to Robotics. Vanderbilt University. New Fall 2012.

ABE 435: Hydraulic Control Systems. Purdue University. New Fall 2012.

ME 310: Fundamentals of Fluid Dynamics. UIUC. New Spring 2013.

ME 236/336: Linear Control Theory. Vanderbilt University. Fall 2010.

ME 351: Nonlinear Control Theory. Vanderbilt University. New Spring 2013.

ME 340: Dynamics of Mechanical Systems. UIUC.

ME 360: Signal Processing. UIUC.

ME 236/336: Linear Control Theory. Vanderbilt University. Fall 2010.

ABE 460: Sensors and Process Control. Purdue University. New 2011.

ME309: Fluid Mechanics. Purdue University. New: 2011.

ME 4803 / ISyE 4803: Model-Based Systems Engineering. GeorgiaTech. New: 2011.

ME 8287: Passivity & Control of Interactive Mechanical and FP Systems. UMN. New: 2011.

ME 460: Industrial Control Systems. UIUC. New: 2011.

ME 8287: Design and Control of Automotive Powertrain. UMN New: 2011.

ME 4012: Motion Control. GeorgiaTech. New: 2011.

ME 4232: Fluid Power Control Laboratory. UMN. 2012.

INEN 371 Human Factors Engineering, INEN 665 Human Machine Systems, INEN 735 Human-
Computer Interface. NCAT.

ME 597 /ABE 591 Design and Modeling of Fluid Power Systems. Purdue.

ME 697/ABE 691 Hydraulic Power Trains and Hybrid Systems. Purdue.

ME 3015: System Dynamics and Control. GeorgiaTech.

ME 234 System Dynamics. Vanderbilt.

UIUC undergraduate course. UIUC.

Fluid Power Curriculum and Dissemination:

Fundamentals of Fluid Power MOOC (Massive Open Online Course) developed and delivered on
Coursera fall 2014 by Profs. Jim Van de Ven and Will Durfee. The course used the content on
the FPOCW including mini-books, problem sets, and slides.

Fluid Power in Fluid Mechanics continues to be developed and used by Prof. Andrea Vacca,
Purdue University within ME 309, Fluid Mechanics. In this class fluid power examples are used to
illustrate basic concepts of fluid mechanics. Lecture notes, a fluid power lab and a collection of
exercises collected in the mini-book “Fluid Power in Fluid Mechanics” (under development)
support the project, permitting undergraduate students in ME 309 to become familiar with the fluid
power discipline. The material is also being used by Professor Randy Ewoldt at UIUC.
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e “Systems Engineering with Fluid Power Applications” mini-book under development by Robert
Cloutier, Stevens Institute of Technology. First draft completed.

e Lectures from ME 4232, Fluid Power Control Laboratory, spring semester 2012, taught by Prof.
Jim Van de Ven, were captured on video and added to the FPOCW site.

Fluid Power in Capstone Projects:
The CCEFP Education and Outreach program initiated a supplemental funding program for faculty across
the CCEFP who wish to advise and mentor a capstone project in fluid power.

CCEFP EO Supplemental Funding Awards:

University Year EO Funding Project Title
University of Minnesota AY13-14 CCEFP Supp | “Compressed Air Energy Storage Exhibit for the Science Museum
Award of Minnesota” Advisors: J. Newlin, SMM and Jim Van de Ven,
UMN
Bradley University AY13-14 CCEFP Supp | “Designing new Linear pneumatic actuator for PPAFO” CCEFP
Award Advisor: Elizabeth Hsiao-Wecksler, UIUC
Bradley University AY12-13 CCEFP Supp | “A Second-Generation Pneumatic Rotary Actuator Driven by
Award Plantery Gear Train”
CCEFP Advisor: Elizabeth Hsiao-Wecksler, UIUC
GeorgiaTech AY12-13 CCEFP Supp | “Noise Control Device for Plumbing”
Award CCEFP Advisor: Kenneth Cunefare, GT
Purdue University AY12-13 CCEFP Supp | “Green, Human-Assisted Hydraulic Vehicle Design” part of the
Award Parker Hannifin Chainless Challenge Capstone Team
CCEFP Advisor: Andrea Vacca, PU
University of Minnesota AY12-13 CCEFP Supp | UMN Parker Hannifin Chainless Challenge Capstone Team
Award CCEFP Advisor: Brad Bohimann, UMN
AY12-13 AY12-13 CCEFP Supp | UIUC Parker Hannifin Chainless Challenge Capstone Team
Award CCEFP Advisor: Elizabeth Hsiao-Wecksler, UIUC

Capstone Projects with Other Funding Sources:

University | Year Sponsor Project Title
This capstone design course for Mechanical Engineers at Vanderbilt, frequently
) features some projects involving fluid systems. Indirectly, CCEFP faculty shares
VU AY12-13 CCEFP lessons learned through ERC research on a case-by-case basis with student teams
doing related projects. (Robert Webster)
“A Second-Generation Pneumatic Rotary Actuator Driven by Plantery Gear Train”
uiue AY12-13 | CCEFP at Bradley University (Elizabeth Hsiao-Wecksler)
GT Sp. 2013 CCEFP “Noise Control Device for Plumbing” (Kenneth Cunefare, GT)
Parker Hannifin “Green, Human-Assisted Hydraulic Vehicle Design” part of the Parker Hannifin
PU AY12-13 Chainless Challenge Capstone Team
and CCEFP
(Andrea Vacca, PU)
Parker Hannifin | UMN Parker Hannifin Chainless Challenge Capstone Team
UMN AY12-13 | and CCEFP (Brad Bohlmann, UMN)
uIuC AY12-13 Parker Hannifin | UIUC Parker Hannifin Chainless Challenge Capstone Team
and CCEFP (Elizabeth Hsiao-Wecksler, UIUC)
UMN Sp. 2012 CCEFP Hydraulic Fuel Pump Drive (Brad Bohlmann)
Capstone Senior Design Project with Bradley University, Peoria, IL. Project was to
uluc Fall 2011 CCEFP improve torque output of a pneumatic rotary pancake actuator by using a plastic
sun gear train. (Elizabeth Hsiao-Wecksler)
UMN Fall 2011 CCEFP Parker Hannifin Chainless Challenge Senior Design Project. (Brad Bohlmann)
UMN Fall 2011 CCEFP Open Accumulator Display (Perry Li)
MSOE Sp. 2010 CCEFP An Invest!gatlon of the Tribological Conditions and Lubrication Mechanisms Within
a Hydraulic Geroler Motor
MSOE Sp. 2010 CCEFP Fluid Power Actuator for use in Active Ankle Foot Orthotics
PU Sp. 2010 CCEFP Skid Loader Boom Extension
UMN Fall 2010 Tennant Tile Marking Mechanism
UMN Spring Eaton Hydromechanical transmission
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2011

UMN Spring Science Museum | Fluid Power Ankle Orthosis Exhibit
2011 of Minnesota

GT Spring CCEFP An Educational Simulation Tool for Hydraulic Systems
2011

4. Plans

Fluid power in courses, curriculum sets, capstone projects and dissemination protocols will be one of the
top priorities of the emerging NFPA and CCEFP workforce development program. Plans include:

e Continue to encourage the incorporation of fluid power content into existing courses and to

develop new lecture and lab courses in fluid power.

e Continue working on mini-books. Continue to develop problem sets, video lectures and lecture

slides.

e Promote the Fluid Power OpenCourseWare which makes it easier for instructors to include

college-level fluid power material in courses.

e Encourage completion of ongoing projects to develop mini-books and develop problem sets.

o Andrea Vacca, Purdue — Fluid Mechanics module
o Paul Michael, MSOE — Hydraulic Fluids
o Will Durfee and Zongxuan Sun, UMN — Fluid Power System Dynamics — revision
e Utilize multiple modes to increase digital repository content.
o Video capture existing fluid power related courses and course modules.
o Capture presentations by industry experts aimed at collegiate audience.
o Capture advanced topic presentations by faculty aimed at academic researchers and
industry members.

e Have CCEFP faculty who are teaching core undergraduate classes to write and present papers in
the education sections of technical conferences on infusing fluid power modules into existing
mechanical engineering classes (system dynamics, fluid mechanics, and thermodynamics).

o Encourage participation by providing travel support to authors.
o Publicize presentation among technical conference colleagues to increase exposure.

e Increase awareness of digital repository among industry members through distribution of a
brochure at meetings.

e Encourage CCEFP member schools to include fluid power in list of ABET outcome objectives for
related core mechanical engineering courses (system dynamics, fluid mechanics, and
thermodynamics).

e Partnership with NFPA to promote capstone design projects in fluid power to corporate
supporters. A process is to be developed where CCEFP faculty or staff would facilitate matching
CCEFP and NFPA companies with an interest in sponsoring a project to the appropriate
engineering program, either within or outside the CCEFP network.

5. Member Company Benefits

Graduate and undergraduate students who are learning fluid power through their courses. These
educated students become the new employees of the companies. Member companies can use the Fluid
Power MOOC and/or FPOCW repository for internal training, or sales forces can use to educate
customers. Member companies also benefit as more engineering students receive training in fluid power.
Capstone projects are a way to connect the Center to the engineering program at a local university.
Advising a project results in a close relation with the student team and provides an opportunity for
industry members to observe students in a job-like situation before selecting the best for job offers. It
also provides a way to get bright minds on an engineering problem of interest to the company.
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Project C.4a Capstone Senior Design Project:
A second-generation, compact, light-weight, pneumatic actuation system for an ankle AFO

Project Team
Project Leader: Prof. Elizabeth Hsiao-Wecksler, MechSE UIUC

Other Personnel: : Prof. Martin Morris, MechE, Bradley University
UIUC Graduate Students: Morgan Boes, Matt Petrucci, Mazhar Islam,
Ziming Wang

1. Project Goals and Description

This project is a continued collaboration between researchers and students at the UIUC and Bradley
University on a project to develop prototype pneumatic actuators that can be useful in

Testbed 6 on the portable pneumatic ankle-foot orthosis (PPAFQ). Limitations of the

current pneumatic actuator on the PPAFO are torque output and size of commercially

available small pneumatic rotary actuators (example: 15 Nm @ 150 psi, dual vane,

2.5” dia, casing height 2.4”; model PRNA30D, Parker Hannifin Corp). (Figure 1)

This E&O project has supported three capstone senior design project teams in the

Mechanical Engineering Department at Bradley University in Peoria, IL. Bradley is a

small, private university with undergraduate and graduate programs, and is located 90

miles from the UIUC campus. Their capstone design course covers two semesters.

Prof. Martin Morris has an expertise in fluids and design, and runs the capstone

design course in the ME department. CCEFP E&O funds have been used to support

three different design teams, AY11-12, AY12-13, and AY13-14. Figure 1. PPAFO with
current commercial

The objectives for the first team (AY11-12) were to: (1) increase torque output of  rofary actuator

pneumatic rotary actuators in a compact housing, (2) explore the possibility of using a

planetary gear train constructed from plastic designed to increase the output torque, (3) examine the use

of labyrinth sealing in the pneumatic actuator to minimize frictional losses, and (4) perform a

thermodynamic analysis to determine if energy consumption of pneumatic fuel (compressed CO;) could

be improved with different design modifications to power source. (Due to the vaporization process of CO,

from liquid to vapor, cooling of the CO, canister is observed. Temperature of a gas is negatively

correlated with gas density, which could affect fuel efficiency.)

The original objectives for the second team (AY12-13) were to: (1) retain, as a minimum, the torque
output generated by the compact, first-generation pneumatic rotary actuator while increasing the number
of activation cycles, (2) explore the possibility of increasing the efficiency of the plastic planetary gear
train, (3) improve the effectiveness of the labyrinth seal in the pneumatic actuator to maintaining low
frictional losses, and (4) improve the utilization of the driving gas energy (the available energy). However,
as the school year progressed and the students brainstormed alternate actuator designs, these original
objects were not addressed since the team decided not to continue to focus on just modifying last year’s
design mainly due to leaking issues that were encountered with trying to develop their own pneumatic
actuator. The team decided to use a single off-the-shelf linear pneumatic cylinder and convert the
translational force to a rotary torque via a gear train.

The objectives of the third team (AY13-14) were similar to the previous year but modified for the linear
system: (1) retain, as a minimum, the torque output generated by the compact, first-generation pneumatic
linear actuation system, (2) explore the possibility of increasing the efficiency of the gear train, (3)
maintain low frictional losses in the pneumatic cylinder, and (4) improve the utilization of the driving gas
energy (the available energy). This team chose to use a dual linear cylinder design to increase torque
capability and to decrease the depth of the actuation system relative to side of the leg.
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For all teams, a working prototype actuator is the primary deliverable from the 9 month capstone senior
design project experience.

2. How Project Supports the EO Program Strategy

The primary educational impact of this project was to expose a team of undergraduate engineering
students to concepts of fluid power design, specifically rotary torque generation using a pneumatic power
source. All of the students participating in the capstone design course were exposed to fluid power issues
as they participated in the gated review process which included four oral progress report presentations by
the design team. The results from the project were revealed to the entire campus community on both
campuses during two campus-wide expositions. The project exposed the student teams to first-hand
experiences with fluid power through pneumatic design issues such as torque generation, leakage and
seals, fluid dynamics, and also thermodynamic analysis of dealing with expansion of compressed gas
(CO2).

3. Accomplishments

The first-generation prototype (Figure 2) was delivered at the end of AY11-12. It had a diameter of about
3.5” with a casing height of about 1.5”, and utilized labyrinth sealing. The torque output for the prototype
actuator was designed to deliver 40 Nm of torque with a relative motion of 55° between the components
using a supply pressure of 100 psig. The planetary drive train was designed to deliver a torque
amplification of about 3. Actual testing of the design by the end of the 9 month period was not possible
due to leakage in the system. The thermodynamic analysis found that if the power source (compressed
CO;, canister) was allowed to remain at an isothermal as opposed to isentropic condition, then the system
could have a ~10% improvement in actuation duration.

Figure 2. CAD and physical models of first-generation pancake pneumatic rotary actuator driven by
planetary gear train that were completed by AY11-12 team

The second team used a commercially-available pneumatic actuator in order to avoid the leakage
problem that can be encountered by designing one’s own actuator. Further, instead of designing a
pancake rotary actuator, they decided to use a linear actuator combined with a limited range sector gear
in order to convert translational motion to the linear actuator into rotation motion at the ankle (Figure 3).
The final prototype was able to produce 23 Nm at 90 psi, range of motion of 55°, and mass of 588 g.
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Figure 3. CAD and physical models of design which used an off-the-shelf linear actuator with sector gear to create torque about the ankle
axis by AY12-13 team. Right panel: comparison of linear design with commercially available pneumatic rotary actuator

The third year team decided to select a dual cylinder design. The proposed design generated >40 Nm at
110 psi, has overall length of 8.8”, width of 3.25”, and depth of 2.2”, and weigh 664 g.

Figure 4. Actual design attached to orthosis lower
leg shell. The design uses dual off-the-shelf linear
actuators with yoke and sector gear by AY13-14
team.

The Bradley design teams for all years have consisted of four Mechanical Engineering students. For
AY11-12 and AY112-13, both teams had two women for each year. The AY13-14 team had one woman.

Bi-weekly/weekly teleconference meetings were held between UIUC and Bradley team members
throughout this project. UIUC faculty and students also virtually attended staged gateway review
presentations, which were used to evaluate team progress and deliver concurrent feedback by clients,
Bradley faculty, and other design teams.

AY11-12 Bradley students presented their design during the University of lllinois’ College of Engineering
Open House in March 2012 (Figure 5). Engineering Open House weekend attracts thousands of students
(K-college), teachers, and the general public from across lllinois and the Midwest. The Bradley students
also presented their results as part of the annual Bradley University Student Exposition during Parents
Weekend in May 2012.

AY12-13 Bradley students also presented a poster on the first generation design and thermodynamic
analysis at the CCEFP Annual Conference in September 2012 (Figure 5). The AY13-14 team also
presented their design at the 2014 University of lllinois’ College of Engineering Open House event.

Figure 5. (left) Bradley student presenting team’s work during the 2012 University of Illinois’ Engineering Open
House weekend. (right) Bradley students at 2013 CCEFP Annual Meeting student poster show.
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4. Plans

The project has been completed. The AY13-14 team delivered a prototype that will be integrated into
Testbed 6. A graduate student, Ziming Wang, has been working with the prototype since June 2014 to
ensure its function and integration into the Gen 2.0 PPAFO shell designs.

5. Milestones and Deliverables?

The milestones for the project align with the milestones defined by the Bradley ME department’s senior
design curriculum:

1) 1st Oral Presentation (Gateway 1)  Before September 31, senior year
2) Proposals to the Client Before October 31, senior year

3) 2nd Oral Presentation (Gateway 2) Before October 31, senior year

4) Written Progress Report Due end of Fall semester

5) 3rd Oral Presentation (Gateway 3)  Before February 28, senior year
6) 4th Oral Presentation (Gateway 4)  Before April 31, senior year

7) Written Final Report & Deliverables Due end of Spring semester

For all teams, a working prototype actuator was the expected primary deliverable at the end of the course.
Additional deliverables were interim and final reports. These reports include performance characterization
of the actuator at a range of pneumatic pressures, engineering drawings of the components, and details
about the actuator construction.

6. Member Company Benefits

This project does not have corporate sponsors, although the students on both teams have worked with
Winzler Gear, a plastic gear engineering and manufacturing firm in Chicago, which has worked with the
students to design appropriate gear trains. The AY12-13 team worked with engineers at Bimba
Manufacturing on the linear pneumatic actuator. We would be happy to share the design ideas with
CCEFP or NFPA industry members.
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EO Project C.4b: Parker Hannifin Chainless Challenge

Project Team

Project Leader: Brad Bohlmann, University of Minnesota

Other personnel: Elizabeth Hsiao-Wecksler, University of lllinois, Urbana-Champaign
Andrea Vacca, Purdue University

Industry partners: Parker Hannifin

1. Project Goals

The Parker Hannifin Chainless Challenge is a design competition for undergraduate college students.
The focus is creating a human powered vehicle (typically bicycles or recumbent or upright tricycles) in
which the conventional chain drive is replaced with a hydraulic transmission. Elements of the competition
include the design (creativity/novelty, functionality, presence of renewable energy systems), fabrication
(quality, aesthetics), design process (design report, cost analysis) and a three event competition
(efficiency, acceleration and distance events). The goal of this project is to provide students with an
opportunity to learn about fluid power, apply their knowledge to a real world open-ended design project
and compete in a national competition to demonstrate their work.

2. How Project Supports the EO Program Strategy

The Challenge provides undergraduate engineering design students with a hands-on experience in fluid
power design and development. It also increases the number of mechanical engineers graduating from
Center schools with training and experience in fluid power (20-25 students from Center schools per year).

3. Achievements

The Chainless Challenge is a two semester commitment.
In Fall semester, the students work on the project in their
capstone design projects course. A team of 5-6
undergraduate students learn about fluid power, develop
design specifications for their bike, complete the design,
and fabricate and install their design on the bike. In Spring,
the students test and optimize the bike’s operation in
preparation for the national competition in April.

There are typically about a dozen teams in the competition.

In 2011-12, CCEFP was represented by lllinois, lllinois

Tech, Minnesota and Purdue. Minnesota took second

place overall. In the 2012-13 competition, teams from

lllinois, Minnesota and Purdue participated. lllinois took

first place overall. In the 2013-14 competition, CCEFP was represented by teams from lllinois, Minnesota
and Purdue. Purdue and Minnesota took second and third place, respectively

4. Plans

The Chainless Challenge is a fun and educational experience for the students and advisors. It provides a
unique opportunity for students to learn about fluid power. All of the schools currently participating have
found it to be a meaningful experience for their students and they plan to continue fielding teams for the
competition. We hope to expand CCEFP’s participation in Chainless Challenge ideally having teams
from each of our seven schools in future competitions.

5. Member Company Benefits

Capstone design projects are a way to connect the Center to the engineering program at a local
university. The Chainless Challenge provides an in-depth exposure of students to fluid power. Even if
their career path doesn’t take them into the fluid power industry upon graduation, their knowledge of fluid
power makes it a possible solution for the engineering challenges they will face during their career.

Parker Hannifin benefits directly by meeting and working with the students on the project team. They
have an opportunity to observe students in a job-like situation which can help find potential employees. It
also provides a way to get bright minds on an engineering problem of interest to the company.
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EO Project C.8: Student Leadership Council
Project Team

Project Leader: Alyssa Burger, Education Outreach Director, CCEFP

Other Personnel: SLC Officers
SLC University Representatives
Student Members of the CCEFP

1. Project Goals and Description

The primary role of the CCEFP's Student Leadership Council is to serve as one of five advisory boards to
the CCEFP. The SLC also functions as a service organization, a social club, and a student government
entity for all students within the CCEFP. The SLC promotes inter-university and industrial collaboration
directly with CCEFP students through a travel grant program, provides students with funding opportunities
to conduct outreach programs at their local universities through a project grant program, organizes and
produces the Center's bi-weekly webcast and is also responsible for planning the annual student retreat.
Each university nominates one graduate student representative to serve on the student leadership
council. The SLC members elect four individuals to serve in officer roles: President, Vice President,
Secretary, and Treasurer. In addition to university representatives from each CCEFP partner institution.
The SLC serves as a liaison between the student body and the senior CCEFP leadership providing
guidance, voicing concerns and relaying important information between these two groups.

2. Project Role in Support the EO Program Strategy

The SLC serves a vital role in meeting the EO program’s goal of providing fluid power education and
awareness for pre-college, university, and practitioner students. At the university level, the SLC strives to
make the education and research resources of each member university accessible to all CCEFP students
through the creation of student directed travel grant program. For pre-college students, the SLC supports
programs to have current CCEFP students teach basic fluid power concepts to future engineers and
students. Although a wide platform of methods exists to educate young students about science,
technology and specifically fluid power, the importance of a human connection cannot be overstated. In
this aspect, the student body of the CCEFP is potentially the greatest asset to inspire pre-college
students of all ages. Presently the SLC itself sponsors project grants which allow individuals at member
universities to pursue projects that allow them to connect with and educate the youth within their
communities.

3. Achievements
To fulfill the mission of the Student Leadership Council, a number of distinct efforts are undertaken by the
SLC membership supported by this EO project:

Travel Grants

The SLC Travel Grant Program aims to provide funds for students to travel to another project or industry
location, making collaboration more accessible. Twice a year the SLC solicits proposals for travel by
contacting all CCEFP students and faculty. Member students are invited to submit short written proposals
and the SLC discusses and votes on which travel grants to approve based of funding resources and
proposal strength. The maximum grant for any trip is $1,000, and preference is given to collaboration
between projects over collaboration with industry. In addition to providing an outstanding collaborative
opportunity for CCEFP graduate students, it also provides an experience for members of the SLC who
must review and vote on a variety of differing proposals.
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A total of two travel grants were awarded in the reporting period. It should also be noted that there were 5
other travel grants from Y9 which were unused and still were valid for the reporting period. In order to
make the SLC travel grant program more accessible to the students and to improve their usage, the SLC
has now taken measures to have a rolling application program wherein the members of the CCEFP will
be able to apply for the travel grant as and when the need for the travel arises. Proposals may be
submitted throughout the year, however they must be proposed at least two months prior to intended
travel. In this way, the student members of the CCEFP need not wait for the regular callout for the
proposals, and hence will promote more appropriate usage of the funds for the travel.

Project Grants

The SLC project grant program is intended to fund outreach or social activities in which primarily CCEFP
students will be involved. This may include activities such as building hydraulic demonstration kits, travel
to an elementary school to teach about fluid power, or lunch for biweekly webcast presentations. Projects
may be one-time or recurring, but should be presented in a single proposal as long as recurrence occurs
in the same fiscal year. Proposals are limited to $500 per request.

One project grant was intended to improve the “camaraderie and communication between the different
research labs” that are part of the CCEFP at Purdue University. This event invited research assistants,
visiting researchers, professors, etc., in fluid power to attending a basketball game followed by dinner.

“I am proud to report 17 Purdue students (inclusive of 2 visiting scholars from
China) attended a men’s basketball game —Purdue vs. Michigan— and dinner at a
campus “pizza joint”. And, 5 additional students joined the group at the restaurant since
they had an exam during the game. This group of 22 fluid power researchers represented
over 6 countries and 3 professors, and introduced several non-CCEFP members to the
opportunities available with CCEFP. As a reminder, the goal of this project outing was to
increase interaction between fluid power students, both CCEFP and not, at Purdue. [...]
Since the CCEFP is so dependent on furthering research, it is critical that students are
aware of other projects and problems being solved, especially at the same university.

Additionally, to incorporate outreach into the event, there was no discrimination
against non-CCEFP members attending; however, all invited were in fluid power. [...]

Fun conversation and new friends kept the event going strong with 3 even
staying until midnight. [...] The goals were met and surpassed, the event was well below
budget, and everyone had a wonderful evening thanks to the generous sponsorship of
the NSF, CCEFP, and SLC. THANK YOU!”

- SLC Project Grant Report submitted by Natalie Spencer

Purdue Project Grant - February 26, 2014
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CCEFP Bi-Weekly Webcasts

The Center estimates between 50 - 75 participants view each webcast on a regular basis. Participants
include industry, faculty, staff and students. In addition to including an audio feedback component, the
Center has greatly improved its efficiency and effectiveness with the CCEFP webcasts. The SLC’s vice
president hosts each webcast, creating seamless transitions between each presenter.

Presentations are not just project-specific information; they also include information on how each project
is aligned with the Center's strategic plan. For research, presentations describe how work is
demonstrated on the Center's test beds, how current research aligns with what has been done previously
as well as how it is breaking new ground, etc. These inclusions have added important new dimensions to
the webcasts and have provided another avenue where students, faculty and Center leadership can
continue to strategize on the direction of the research projects across the Center. Additionally, webcasts
now include special topics, education outreach presentations and “State of the CCEFP” discussions
presented by Center Leadership.

Project grant food monies have been shown to clearly improve student webcast attendance. Thus, the
center decided from this year forward, a blanket provision will be made to fund food for the bi-weekly
webcasts. Although this now relieves individual institutions from submitting project grant proposals for
webcast food, SLC representatives at each member institution must still reserve meetings rooms, setup
teleconference equipment, remind colleagues, and order delivery food for every webcast.

Webcast attendance at Purdue - Maha - January 28, 2015

SLC SWOT Analysis

Every year the SLC conducts a Strengths, Weaknesses, Opportunities, and Threats analysis of the
student body to identify what efforts are working and identify what areas need continued improvement.
The SLC analysis can be found in the SLC SWOT analysis in section 5 Infrastructure, sub-section 5.1
Configuration and Leadership Effort.

4. Plans, Milestones and Deliverables

The deliverables of the SLC efforts this past year have been clear. Through the hard efforts of many of its
members, travel and project grants were awarded and processed, bi-weekly webcasts continue to
educate CCEFP student members and external companies of recent research developments.
Additionally, the SLC sponsors and promotes social events to encourage the development of strong
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relationships between fellow researchers at SLC student retreats and any other event where many
CCEFP students are present.

Plans for the future continue to promote and expand the travel and project grant programs, enabling
CCEFP students to continue collaboration with their colleagues at other institutions. The SLC will work to
ensure that a student lunch or dinner is scheduled for CCEFP meetings where students will already be
present to take advantage of the opportunity.

5. Member Company Benefits

e SLC funded travel grants enable CCEFP students to travel to industrial locations for training or
further education.

* The SLC organizes industrial tours at locations near-by to conferences or retreats.

e The SLC is looking to promote and foster internships between CCEFP graduate students and
member companies.

¢ The SLC hosted Webcasts continues to be the primary means by which industry members can
receive continuous updates on CCEFP research projects and Testbeds.

¢ Student retreats offer significant networking opportunities for companies wishing to get to know
students or hire them.
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EO Project D.1: Fluid Power Scholars/Interns Program

Project Team:

Project Leader: Alyssa Burger, CCEFP Education Outreach Director

Industry Partners:Members of the IEC Committees

1. Project Goals

The Fluid Power Scholars program benefits participating students and the companies that sponsor them.
Student participants gain hands-on experience in fluid power technology as they work as summer
employees in a “real world” work environment. Sponsoring companies benefit as the students they
mentor contribute to workforce productivity, often bringing new perspectives to their tasks based on what
they have learned in the classroom. An internship program also provides companies with opportunities to
determine whether their scholar/intern might work well as an employee following graduation. Recognizing
these benefits, the CCEFP has made a good model even better by adding an intensive orientation to fluid
power at the outset of the internship experience in order to enable scholar/interns to make more
immediate and effective contributions to their host companies.

2. How Project Supports the EO Program Strategy

Cultivation of cooperative efforts, informed by and of benefit to the academic and corporate world of fluid
power, is key to CCEFP education and outreach program strategy. The Fluid Power Scholars/Interns
Program rests on partnerships between industry, the Center, and engineering students nationwide. The
program also facilitates knowledge transfer between Center constituents--from the classroom to the shop
floor.

3. Achievements

Drawing upon three years of an established program, yet still convinced there was a more efficient way to
reach the same objective, the CCEFP has modified the Fluid Power Scholar’'s Program yet again.

The History: As interns, students learn about hydraulics and pneumatics through hands-on experiences
while companies with whom they work learn about them. Though the benefits to everyone were clearly
apparent, developing a successful internship program through the CCEFP proved to be very difficult. For
some companies, Center intervention wasn't necessary; they already had established internship
programs. For others, the Center's help was welcomed, but within this group there were (still are) a
myriad of differences.

e The history of the Fluid Power Scholars Program demonstrates that 75% of former participants
stay in the fluid power industry; 68% of former participants are hired directly into their host
company; others are either still in school or are pursuing graduate education.

e The orientation to fluid power offered to scholars/interns at the outset of the program by faculty at
the Milwaukee School of Engineering’s Fluid Power Institute has been highly reviewed by
scholars/interns and their corporate sponsors.

The Change: Over the years, several companies asked if they could name their “Fluid Power Scholar”
from existing leadership intern programs within their company, or otherwise utilize their own hiring
infrastructure and systems to recruit and employ the intern they would name as the "Fluid Power
Scholar". Eventually, it was becoming clear the procedures we established (posting a position
electronically, recruitment, application process, etc.) were laborious for all parties involved (Center staff,
company staff, company human resources, student applicants). It was also clear the original procedures
were not the element of the program that industry needed our help. What we could provide, in which the
companies may not, was a short fluid power-training program. In fact, the "rigmarole" was actually a
deterrent for some companies, as they had to create a "special" process to work with us. Thus, the
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Center has eliminated the efforts of providing the recruitment of students and asked companies to utilize
their own infrastructure to recruit, identify and hire their intern, whom is to be named the CCEFP Fluid
Power Scholar. Instead, the CCEFP recruits the companies to commit to hiring one or two interns to be
named Fluid Power Scholars and provide the sponsorship to the MSOE fluid power-training workshop.

Essentially, the Fluid Power Scholars program is a sponsorship of an industry intern to a fluid power
immersion program at the outset of the internship experience.

2015 Fluid Power Scholars Program:

The MSOE course has an upper limit of 16 participants, due to the number of hydraulic trainers
available for use. As of this writing, the Fluid Power Scholars Program has reach capacity, nearly
doubling the corporate participation from year’s past. This is attributed, in part, by success of the
program and word of mouth, and secondly, by the launch of the NFPA Pascal Society, in which
more industry supporters are directly connected to the CCEFP and NFPA workforce development
programs.

The companies who have committed, to date, for 2015 are: Bobcat Company (new), Caterpillar,
Inc., Danfoss, Deere & Company, Deltrol Inc., FORCE America, HUSCO International, Poclain
Hydraulics (new), SunHydraulics and Pall Corporation (new).

2014 Fluid Power Scholars Program

Scholar/Intern positions: eight companies offered to support nine Fluid Power Scholars in the
summer of 2014: SunHydraulics, Danfoss, Deltrol, HUSCO International, CNH, Bosch Rexroth,
FORCE America, Deere & Company.

2013 Fluid Power Scholars Program

Scholar/Intern positions: six companies offered to support Fluid Power Scholars in the summer of
2013: Case New Holland, Sauer-Danfoss, Parker Hannifin, Deltrol Fluid Products, HUSCO
International and Sun Hydraulics. HUSCO was unable to identify a candidate.

2012 Fluid Power Scholars Program

Scholar/Intern positions: nine companies offered to support nine scholars in the summer of 2012:
Caterpillar, John Deere, Case New Holland, Sauer-Danfoss, Parker Hannifin, Deltrol Fluid
Products, Eaton Corporation, HUSCO International and Sun Hydraulics.

Fluid Power Scholars were from the following institutions: University of Missouri-Columbia (2),
lowa State University (2), Kansas State University, lllinois Institute of Technology, University of
Minnesota, University of Minnesota-Duluth, Purdue University

Since the summer experience, five Fluid Power Scholars were hired by their host company, one
student was hired into the fluid power industry, two continue their undergraduate studies and two
have pursued graduate study.

2012 Fluid Power Scholars
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4. Plans, Milestones and Deliverables

The Fluid Power Scholars program will remain a cornerstone of the joint CCEFP and NFPA
Workforce Development Program as the Center enters into Year 10 and beyond.

The goals of this program are to continue to expand and grow as needed and to track the careers
of participants. The upcoming 2015 program is full to capacity; there will be negotiations to
expand into two short-courses in future years.

5. Member Benefits

Internships provide companies with opportunities to directly participate in educating and training a
next generation of engineers.

Fluid power interns provide an excellent way to locate motivated, short-term engineering help.

Long term, internships are viewed by many in industry as an invaluable tool for identifying
talented candidates for future full-time employment. And the program has proven to do just that;
sponsoring companies have established a track record of hiring fluid power scholars.
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Project D.2: Industry Student Networking

Project Team
Project Leader: Alyssa A. Burger, Education Outreach Director

Other Personnel:  Student Leadership Council
CCEFP Graduate Students
NFPA Pascal Society Members

Industrial Partner: All CCEFP Industry Members

1. Project Goals and Description

The goal of this activity is to provide CCEFP students with opportunities to network with industry
representatives through a variety of channels. In doing so, there are multiple benefits: students will better
understand the fluid power industry’s needs and its markets; interested students will be able to find
internships and later job opportunities upon graduating; companies will be able to meet, interact, and
discuss potential employment opportunities with students. Channels utilized in this project include
company tours, poster sessions, and resume exchanges as well as additional opportunities that extend
the Center’s outreach to more students and companies.

2. Project Role in Support the EO Program Strategy

This program aligns well with the goals, mission, and strategy of the CCEFP by engaging students in the
fluid power industry, often offering them opportunities to stay in this industry so-they can have an impact
in fluid power research and applications.

3. Achievements
e Student Retreats: Each year a student retreat is held for all CCEFP students. These have been
held at member institutions, as well as in conjunction with the National Fluid Power Association’s
(NFPA) 2009 and 2011 Industry and Economic Outlook Conference. Retreats provide students
with the opportunity to expand their networking connections as they present their research to
company representatives, some of whom are not members of the CCEFP but work in fluid power.
o 2013: Caterpillar, Inc., Joliet, IL.
o 2012: Sauer-Danfoss, Ames, IA.

e CCEFP Annual Meetings: Since 2006, the CCEFP has held an annual meeting at each Center’s
partner institutions. Representatives of the Center’s industry members attended each of these
meetings. Corporate kiosks and “resume exchange / speed meetings”, poster sessions and
presentations allow for regular networking opportunities for industry members and students.

o Fall of 2014, the CCEFP’s Fluid Power Innovation & Research Conference
(FPIRC) is borne, held at Vanderbilt University in Nashville, TN.

o Plans are underway for FPIRC15 in Chicago, IL, in conjunction with ASME/BATH
Fluid Power Symposium.

o Fall 2013, CCEFP Annual Meeting, Sarasota, FL, in conjunction with the
BATH/ASME Fluid Power Symposium.

o Fall of 2012, NFPA Workforce Summit and CCEFP Annual Meeting held at the University
of lllinois, Urbana-Champaign.

e |EC Summits (formerly IAB Summits): Added to the Center's agenda in 2012, the
CCEFP hosts Industry Engagement Committee (IEC) Summits at one of Center’s
partner institutions two times each year. The Summits exist to provide a more intimate
knowledge transfer between CCEFP research and industry supporters. This is an
excellent opportunity for industry to engage with students on a more one-to-one level.
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The atmosphere gives the student a chance to demonstrate their research and area of
expertise.

Resume Exchanges: Held at each CCEFP FPIRC (formerly Annual Meetings) in 2011, 2012,
2013, and 2014. A one-on-one session between Center students and representatives of
corporate supporters.

Research Poster Sessions: Held at each CCEFP FPIRC (formerly Annual Meetings) since
inception. These events allow students to enhance their presentation and professional skills as
they describe their research to industry members, while industry members can stay informed of
research being done in the Center. A cash award competition is included.

The Fluid Power Scholars Program was launched in 2010. It is a sponsorship program for
incoming interns to attend a fluid power immersion short-course at MSOE at the outset of the
internship experience. To date, 42+ Fluid Power Scholars have been supported through the
program. Over 75% of Scholars transition to full-time employees after the internship.

The CCEFP supports the Parker Chainless Challenge Competition for undergraduate engineering
students interested in fluid power.

The CCEFP supports the NFPA Fluid Power Challenge Competition for 8th grade students, an
engineering design competition using fluid power. Competition judges include representatives
from local industries who invited students to ask them questions about their careers. CCEFP has
hosted the Challenge at the University of Minnesota in 2009, 2012, 2013, and 2014 (at UMN, GT
and PU). Over 600 8" grade students engaged through this program and dozens of corporate
sponsors participating.

The Student Leadership Council (SLC) hosts a Research Webcast every other week. Students
and faculty from CCEFP institutions participate, along with industry supporters. These webcasts
are intended to keep everyone in the Center informed about research progress, give and receive
suggestions, and generally promote inter-university collaboration as well as cooperation between
academia and industry. These webcasts are well attended, with an average of 73 participants
per week.

Plans, Milestones and Deliverables

Holding retreats at company facilities will provide students the chance to interact with practicing
engineers and will facilitate opportunities for knowledge transfer.

All FPIRC research poster sessions will continue to include a competition, with industry
representatives as judges.

Resume exchange and Industry Kiosks will continue at future CCEFP FPIRC events. Students
will have a chance to meet with industry supporters one-on-one and visit corporate kiosks which
are of particular interest.

Industry sponsorships will be encouraged as a way of getting middle and high school students
interested in fluid power.

A workforce development steering committee will be formed between NFPA and CCEFP to
design a new mutual workforce development strategic plan.

The Student Leadership Council will continue, serving as the student voice to the CCEFP.

5. Member Company Benefits

This project, with its current and planned programs and activities, enables CCEFP member companies to
interact on many levels with engineering students, some of whom will join their work forces, others of
whom will work within the fluid power industry’s customer base; and still others who will find their way to
the classroom where they will teach a next generation of engineers, instilling in them a knowledge of and
interest in fluid power.
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FPIRC14, Laboratory for Systems Integrity and Reliability (LaSIR), Vanderbilt University.
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EO Project D.5: CCEFP Webcast Series

Project Team

Project Leader: Alyssa A. Burger, Education Outreach Director

Other Personnel: SLC President and Vice President
CCEFP graduate students
Invited speakers outside the CCEFP network

Industrial Partners: All CCEFP Industry Members

1. Project Goals and Description

The goal of the webcast series is to maintain a consistent means of technology transfer throughout the
Center—students, faculty and industry supporters. On a regular basis, the CCEFP hosts a webcast
featuring two presentations, each discussing either research projects or other Center-wide programs
(e.g., special topics, strategic planning, education and outreach, project evaluation, etc.). These webcasts
are open to all CCEFP students, faculty, and industry supporters through the NFPA Pascal Society and
more broadly. The webcasts are presentation based, with audio and visual capabilities. A brief question
and answer session after each presentation allows the audience to ask for clarifications and give
feedback to the presenter. Each webcast is recorded and archived for retrieval and is posted and
available on a members-only secured section of the Center’s web site.

2. Project Role in Support the EO Program Strategy

This program aligns well with the mission, vision, and strategy of the CCEFP by creating widespread
awareness of its research and education projects as well as the Center's administrative and evaluative
work. Since many of the webcast presentations are made by Center students, participation in this project
fosters professional development as they “learn by doing” how best to communicate—describing their
work and also responding to and benefiting from the input of faculty, their peers and industry. It is one of
the primary means for engagement of industry supporters and research dissemination.

3. Achievements

e Each research project funded through the CCEFP presents once per year. The CCEFP hosts
“State of the Center” addresses by the Center Director each year. New in 2015, projects
associated or affiliated with the CCEFP are invited to present. In addition, guest presenters from
industry are invited to give talks on interested concepts or technology in the field.

e The Center estimates between 50 - 75 participants join the webcast on a regular basis.
Participants include industry, faculty, staff, and students including special invitations to the
Scientific Advisory Board.

e The Center continues to find ways to improve the efficiency and effectiveness of the webcasts. In
addition to including an audio feedback component, the Student Leadership Council emcees
each webcast, making for seamless transitions between presenters.

e The CCEFP has awarded the Student Leadership Council funding to host lunch at each partner
site to encourage participation and attendance.

e Presentations are not just project-specific information; they also include information on how each
project is aligned with the Center’s strategic plan. For research, presentations describe how work

200



is demonstrated on the Center's test beds, how current research aligns with what has been done
previously as well as how it is breaking new ground, etc. These inclusions have added important
new dimensions to the webcasts and have provided another avenue where students, faculty and
Center leadership can continue to strategize on the direction of the research projects across the
Center.

4. Plans, Milestones and Deliverables

e The CCEFP will introduce new technology within the next year. Also, plans are underway to
collaborate more directly with NFPA.

e Every effort will be made to expand participation among all audiences. The Center will continue to
gather input from current and potential participants as we seek out ways to enhance this key
Center project.

e The CCEFP Webcast Series will remain a cornerstone of the Center's engagement and
workforce development programming as it moves forward into a post-NSF funded ERC. CCEFP
will continue to host the webcasts, which are a proven success, popular within the Center network
and among its industrial members.

5. Member Company Benefits

All Center participants—faculty, SAB, students, industry, and staff—have opportunities to get first-hand
updates on research, education, and management level activities from project leaders. Webcasts also
foster a sense of “community” throughout the Center network as all constituents regularly have
opportunities to hear and learn from each other.

Screenshot of a webcast presentation
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Project E.1: External Evaluation of Education and Outreach Program

Project Team
Project Leader: Quality Evaluation Designs (QED)

Personnel: Gary Lichtenstein, Principal, Quality Evaluation Designs
Jenifer Helms, Senior Research Associate, Quality Evaluation Designs

1. Project Goals
Quality Evaluation Designs (QED) has been the external evaluator of CCEFP Education and Outreach
since FY7, 2012-2013. The E&O evaluation has three objectives.

1) Identify objectives that cross-cut all E&O programs, create metrics for assessing them, and report
E&O progress on each.

2) Anticipate post-ERC graduation and incorporate the CCEFP organizational and business plan
into the evaluation design in order to identify and confirm stakeholder value propositions.

3) Related to #2, above, identify pathways students take into fluid power in order to 1) recognize and
leverage opportunities to attract and retain qualified students with experience and interest into the
fluid power field, and 2) enable CCEFP/NFPA to create a database populated with names and
emails of those interested in learning more about fluid power research, industry, and jobs.

2. How Project Supports the EO Program Strategy

Partnership with QED is an application of a key E&O strategy--identifying and working with a strong
partner in order to maximize results. Specifically, QED has helped the E&O taskforce clarify program
objectives, quantify results, and chart a course towards post-ERC graduation sustainability.

3. Achievements

In FY9, QED deployed a survey that assesses each of 6 objectives that cut across all E&O programs,
courses, modules, and activities. The survey is administered online and can be completed in about three
minutes. A total of 762 people participated in E&O programs during summer and fall 2014, representing 6
programs and several courses. The MOOC accounted for 194 survey takers of approximately 650
dedicated course takers. Subtracting out MOOC students, responses were received from 88 respondents
of approximately 112 E&O program participants overall, reflecting a 78% survey response rate. Response
rate by program ranged from 79% to 100%, except for the MOOC (30%) and Fluid Power Scholars
(44%).

Ratings of cross-cutting objectives across E&O programs were uniformly high, averaging about 4 on a 5-
point scale, with 4 being Extensive and 5 To A Great Extent. Eighty-seven percent of respondents rated
Overall Value as Extensive or Greatly Valuable (average 4.2/5.0). Respondents were asked whether
they are interested in working in the Fluid Power industry. Thirty-three percent reported Moderate interest
and 56% reported Extensive or Great interest. Email addresses were provided by 60% of respondents in
order to receive more information about Fluid Power activities and/or job opportunities. Findings are
summarized in Volume Il

In a Sponsor Study conducted by QED in FY7, industry supporters reported that their primary goal in
participating in CCEFP is to access a talent pool of potential fluid power employees. If FY8 and FY9, QED
has conducted interviews and surveys to help determine pathways potential workforce candidates travel
that bring them into contact with fluid power industry and/or research.

Through surveys and interviews conducted in summer and fall 2014, QED mapped the pathways of 95
students and industry employees. Findings, which are summarized in Volume Il, show that faculty
provide more influence in the early careers of fluid power employees and researchers than any other
group (including family). Currently, faculty advising in this regard is informal, so that there is no means of
tracking students who demonstrate aptitude for and interest in fluid power, nor a means for faculty to
know the effects of their advising or the decisions made by most students who they advise. Formalizing
this channel and providing support and possibly mentoring for such students could have significant
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benefits in two ways by 1) enhancing the talent pool for fluid power at the 2-year, 4-year and graduate
level, and 2) creating an actual pool of names and email addresses of those interested in fluid power, as
opposed to a hypothetical pipeline, which exists today.

Goals for 2014-2015 are to:
1) Complete the E&O Survey analysis for spring term (2015) and implement the survey beginning
summer term.
2) Complete the Fluid Power Pathways study by including more 2-year students and faculty
respondents.
3) Advise and assist CCEFP and NFPA in acting on findings from the E&O survey and Fluid Power
Pathways study to strengthen fluid power programs and professional pathways.

4. 2014-15 Implementation and Deliverables

Month Activities

Aug 2014 QED met with E&O taskforce to finalize E&O Survey objectives and items

Sept 2014 E&O Survey Deployed

Sept-Oct 2014 QED develops unique Fluid Power Pathway survey and interview protocols

Oct 2014 QED attends the CCEFP Fluid Power Research & Innovation Conference in

Nashville, conducting over 50 interviews, presenting at a well-attended session,
and leading a poster session.

Nov-Dec 2014 Fall term data analysis: Survey and FPP Study data

Jan 2015 Submit interim reports to E&O (E&O Survey and FPP study)

Feb 2015 Complete FPP Data Collection (target 2-Yr students and faculty)
Mar 2015 Completed FPP Data Analysis

Apr 2015 QED presents at NSF Site Visit

May 2015 Complete Spring Quarter E&O Survey Analysis

May 2015 QED submits annual report
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Associated Project Abstracts: Research

Thrust 1 - Efficiency

A Characterization of the Pressure-Viscosity and Compressibility Response of Five Oils for a Wide
Range of Temperatures

Project Leader: Scott Bair

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project

Adjustable Linkage Pump

Project Leader: James Van de Ven

Sponsors: Cat Pumps

Abstract: This PFI: AIR Technology Translation project focuses on translating a variable displacement
adjustable linkage pump to fill the need for a hydraulic pump with high efficiency at low volumetric
displacement. The project will result in a functional prototype of a multi-cylinder variable displacement
linkage pump. This adjustable linkage pump has the following novel features: 1) it uses low friction pin
joints, 2) it can reach true zero displacement, 3) the piston reaches the same top dead center position
regardless of the displacement, and 4) it can pump corrosive fluids. These features improve efficiency
and allow the pump to be used in a wide range of applications and environments, when compared to
market leading variable displacement hydraulic pumps. This project addresses the following technology
gaps as it translates from research discovery toward commercial application: constructing a dynamic
model of the pump, constructing a framework for multi-domain multi-objective optimization of machines
with mechanisms and applying the method to optimize the pump for water pumping applications, and
designing and testing a multi-cylinder prototype.

Advanced Hydraulic Systems for Next Generation of Skid Steer Loaders
Project Leader: Monika lvantysynova

Sponsors: Unavailable due to confidentiality of project

Abstract: Unavailable due to confidentiality of project

Development of a Gasoline Engine Driven Ultra High Pressure Hydraulic Pump
Project Leader: Andrea Vacca
Sponsors: Dae Jin Hydraulics - TECPOS

Abstract: A radial piston pump for high pressure application is investigated

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

Project Leader: Perry Li, Terry Simon

Sponsors: National Science Foundation (NSF)

Abstract: "The goal of this project is to develop an efficient, powerful and cost effective localized_x000D_
energy storage concept for off-shore wind power using high pressure compressed air. The_x000D_
system is to be capable of storing several hours worth of wind energy. Research involves heat_x000D_
transfer improvement, efficient machine element, and system optimization and control."

Energy Efficient Fluids

Project Leader: Paul Michael

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project.
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Energy Saving Hydraulic System Architecture Utilizing Displacement Control
Project Leader: Monika lvantysynova

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project.

Evaluation and Design Improvements for a Hydraulic Pump
Project Leader: Monika lvantysynova

Sponsors: Confidential
Abstract: Unavailable due to confidentiality of project.

Evaluation and Design Study of the Piston/Cylinder Interface of a Swash Plate Type Hydraulic
Motor

Project Leader: Monika lvantysynova

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project.

Investigation of Alternative Cylinder Block Materials using Fluid Structure Interaction Modeling
(FSTI).

Project Leader: Monika lvantysynova

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project.

Modeling and Analysis of Swash Plate Type Piston Motor
Project Leader: Monika lvantysynova

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project.

Modeling and Analysis of Swash Plate Axial Piston Pump
Project Leader: Monika lvantysynova

Sponsors: Confidential

Abstract: Unavailable due to confidentiality of project.

Modeling of Lubricating Features of External Gear Machines and Development of Quieter
Solutions

Project Leader: Andrea Vacca

Sponsors: Casappa S.p.A.

Abstract: This project explores new solutions for improved axial balance of pressure compensated
external gear machines for reduced power losses. Novel modeling technique is developed in aid to the
design of the pressure compensation areas in the lateral bushes. The lateral bushes are also modified to
permit lower pressure pulsation, thus reduced noise emissions.
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MRI: Development of a Controlled-Trajectory Rapid Compression and Expansion Machine

Project Leader: Zongxuan Sun, David Kittleson, Kim Stelson

Sponsors: National Science Foundation

Abstract: Rapid compression machines are instruments that use a single piston or opposed pistons to
compress the gas mixture in a cylinder rapidly and create desired temperature and pressure conditions to
investigate the fuel ignition, emission formation mechanism, and fluid and chemistry interaction etc. The
objective of this project is to develop a rapid compression and expansion machine with the ability to
control its piston trajectory in real-time. Unlike conventional rapid compression machines, the proposed
instrument can control the trajectory of the piston to track any desired reference signal. This unique
capability enables the real-time control of the combustion chamber volume and therefore affects the time
history of the temperature, pressure and species concentration. Such functionalities when combined with
gas sampling analysis and optical measurement will allow researchers to directly access the combustion
processes in a dynamic and controlled fashion. Given its unique capabilities, the proposed instrument will
enable novel and exciting research work in fuel, advanced combustion, new engine architectures and
control, which could significantly reduce the energy consumption and emissions for transportation,
construction, and agriculture. The proposed instrument will advance the shared research infrastructure at
the University of Minnesota and promote multi-disciplinary research. Additionally, designing and
constructing instrument is a critical skill required for both academia and industry, and the proposed
instrument provides an excellent platform of training both graduate and undergraduate students to
understand the theories and physical systems as well as gaining hands-on experience. The proposed
instrument utilizes high pressure and high speed hydraulic actuation system and unique motion control
methodologies to achieve precise and flexible compression and expansion processes. This new design
and control approach provides three key advantages of the proposed instrument. It offers added flexibility
with piston trajectory control, better repeatability with real-time feedback, and improved throughput
without the need for physical adjustment of the mechanical system. Furthermore, the most unique feature
of the proposed instrument is the capability of tailoring the temperature and pressure history during the
combustion processes by controlling the piston trajectory and therefore the combustion chamber volume
in real-time, which can create new experimental conditions and enable real-time measurement that are
not possible with conventional rapid compression machines.

New Geometries for External Gear Machines towards the Reduction of Noise Emissions

Project Leader: Andrea Vacca

Sponsors: Casappa S.p.A

Abstract: This project is aimed at studying unconventional gear profiles for external gear machines.
Profiles different than the standard involute profiles will be investigated by using the HYGESim simulation
tool. Experimental activity based on both noise and flow measurements on prototype pumps is also
included in the project. The goal is to formulate designs for high pressure applications characterized by
low noise emissions.

Numerical Modeling of GEROTORSs Unit

Project Leader: Andrea Vacca

Sponsors: Thomas Magnete GmbH

Abstract: This project is about the formulation of a multi-domain simulation model for internal gear ring
pumps (gerotors). The model has to be capable to simulate the flow through the unit accepting a large
range of geometries of the inner and outer rotor. The model is aimed at predicting the outlet flow
fluctuations, instantaneous shaft and will be instrumental to formulate the optimal design solution for any
given application.
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Thrust 3: Effectiveness

High Pressure Compliant Material Development

Project Leader: Kenneth Cunefare

Sponsors: Sauer-Danfoss

Abstract: Develop material(s) with significant compliance throughout 40-400 Bar system pressure range.
An existing material has been shown to be effective at removing high frequency pressure ripple between
0 and 40 Bar system pressure where the material bulk modulus is below 500 Bar. We expect the material
development will result in the identification of several materials which can be appropriately combined in
order to achieve ~500 Bar compliance from 40-400 Bar system pressure.

Model Predictive Control of Pneumatic Actuators

Project Leader: Wayne Book

Sponsors: National Defense Science and Engineering Graduate Fellowship (NDSEG)

Abstract: Pneumatic actuators possess a number of qualities that make them potentially versatile
actuators: they have high power and force density, are clean, safe, and low cost, and possess inherent
compliance and potentially adaptable stiffness that make them useful for contact and interaction tasks.
However, control of pneumatic actuators has proven difficult, limited by the inherent compliance of the
actuator, friction in the cylinder, and third order dynamics that are both nonlinear and discontinuous. In
general, past controls solutions have had limited application, applied where position tracking is not critical,
or using high-gain PD controllers to transform the system into a stiffer one that succeeds in precision
tracking but possesses high output impedance and lacks compliance. Of the variety of advanced
controllers that have been tested, the most successful have been sliding mode controllers, which add
robustness criteria to simpler feedback controllers. Input shaping has shown that the tracking problem
can be solved in the open-loop case without sacrificing compliance and impedance goals. Model
predictive control offers the potential to extend this concept to the pseudo-closed-loop case, by effectively
iteratively solving a feed forward problem to achieve good tracking performance of a system with high
compliance and low output impedance that interacts safely and securely with its surroundings. A
predictive observer can then be used to compensate for friction 4€“ and especially stiction 4€“ proactively,
rather than using an additive compensation term at each instant. This may improve performance for a
pneumatic system, which has generally slow dynamics. Finally, the predictive control enables the user to
place constraints on the optimization, thereby enabling the controller solution to operate closer to the
optimal capability of the system, which is subject to dynamic and mechanical limits. The resultant system
resembles the increasingly common series elastic and variable stiffness actuators, coupled with a new
method to achieve control of compliant actuators for use in robots that require both good tracking and
environmental interaction.
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New Generation Of Green, Highly Efficient Agricultural Machines Powered By High Pressure
Water Hydraulic Technology

Project Leader: Monika Ivantysynova, Andrea Vacca

Sponsors: Confidential

Abstract: The proposed research effort aims to formulate a green, viable, energy-efficient and economical
solution to the current dependency of hydraulic powered machines on oil-based lubricants. This goal will
be attained by proposing a novel 4€“ leakage risk free &€ hydraulic technology based on the use of water
as working fluid. Energetic performance even superior to current state-of-the-art machines will be reached
by studying new designs for the most critical component of the hydraulic system - the pump - and by
defining novel system architectures, based on the principle of the displacement control actuation, which
eliminates power losses due to fluid throttling. The approach of study will combine a numerical
experimental approach, and will take as reference two representative systems for agricultural machines.
The research will not only demonstrate the feasibility of the proposed technology, but it will show a
potential of about 50% of fuel consumption reduction with respect to current solutions. Entirely performed
at the biggest academic fluid power lab in the nation, the research will benefits from the investigators'
expertise in modeling thermal-elasto-hydrodynamic effects within hydrostatic machines and from their
past experience in formulating new system layout concepts. The study will also advance the fundamental
knowledge about the behavior of high-pressure water-hydraulic lubricating interfaces in positive
displacement machines.

Rheology Modeling for Mechanical Face Seals
Project Leader: Scott Bair

Sponsors: John Crane
Abstract: Rheological models are developed for the very high shear conditions of a mechanical face seal.

Self-Powered Leak Detection System for Pipeline Monitoring

Project Leader: Kenneth Cunefare

Sponsors: Veraphotonics, Mistras

Abstract: In collaboration with the Georgia Institute of Technology and Mistras Inc., Veraphotonics
proposes to harvest the energy of hydraulic pressure ripple in pipeline systems by piezoelectric
transduction to enable self-powered wireless leak and damage detection systems toward sustainable
energy transmission and monitoring. The pressure ripple present within most hydraulic systems, or within
any fluid system subject to pumping action, is commonly viewed as an annoyance or a detriment to
system performance; however, the pressure ripple may also represent a high-intensity power source for
energy harvesting. In a pipeline system, an energy harvesting technology might be further integrated with
health-monitoring sensors and eliminate the need for batteries or wires providing power to individual
sensors; this would reduce maintenance contact and eliminate potential points of failure. Distributed
sensors are common in hydraulic systems, and health-monitoring systems are being deployed within the
hydraulics industry, and remote sensing and monitoring is common in processing industries, such that
there are immediate applications for the technology. Whereas the commonly explored &€ceenergy
harvestera€ technologies developed to date have been applied to energy sources of relatively low power
intensity, the pressure ripple in a hydraulic system represents a relatively high power intensity by
comparison. In this STTR Phase | project, the hydraulic pressure harvesting mechanism will be combined
with four-channel acoustic emission (AE) based leak and damage detection hardware along with power
management electronics to enable self-powered wireless health monitoring in pipeline systems. By
combining our theoretical simulation and experimental testing, hydraulic pressure energy harvester
systems will be designed and optimized for characteristics of typical oil pipeline systems. Wireless AE-
based leak detection and energy harvester systems will be integrated with impedance matching and
optimal power management to achieve the maximum efficiency.
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Static Dissipating Hydraulic Filters
Project Leader: Paul Michael

Sponsors: Confidential

Abstract: Unavailable due to confidentiality

Testbed Related

Controllable Hydraulic Ankle Prosthesis

Project Leader: William Durfee

Sponsors: Minneapolis VA Medical Center

Abstract: Develop a passive hydraulic ankle prosthesis with joint locking and unlocking enabled with a
switching valve. The prosthesis is intended to adapt to variable slope terrain. This project is a joint
collaboration between the Minneapolis VA Medical Center and the University of Minnesota. Project P.I. is
Dr. Andrew Hanson at the VAMC.

CPS: Synergy: Integrated Modeling, Analysis and Synthesis of Miniature Medical Devices
Project Leader: Pietro Valdastri, Robert Webster

Sponsors: National Science Foundation

Abstract: The objective o