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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.
E. References Include published literature, patents, etc.
[11 P. J. Achten, “Pressure Transformer”, US Patent #6166139, Sept, 2000.
[2] R. Schaeffer, Hydraulic Transformer, US Patent #6887045, May, 2005.
[3] E. Bishop, Digital Hydraulic Transformer, US Patent Application: 2009/0178399---A1

[4] F.T. Brown, S.C. Tentarelli, and S. Ramachandran, “A hydraulic rotary switched-inertance servo
transformer”, ASME J. of Dynamic Systems Measurement and Control, 110(2):144-150, 1988.

[5] L. Gu, M.Qiu, B. Jin, and J. Cao, “New hydraulic systems made up of hydraulic power bus and
switched mode hydraulic power supplies," Chinese Journal of Mechanical Engineering, vol. 39, no.1,
pp.84-88, 2003

[6] M. Jien, X. OuYang and H. Yang. "The CFD Simulation Research on Hydraulic Transformer,"
Proceedings of the 6th JFPS International Symposium on Fluid Power, Tsukuba, 2005

31



[71 R. Werndin, J-O Palmberg. "Controller Design for a Hydraulic Transformer" Fluid Power
Transmission and Control; Proceedings of the 5th Int. Conference on Fluid Power Transmission and
Control, 2001

[8] R. Werndin and J.-O. Palmberg, “Hydraulic Transformers - Comparison of Different Designs,”
Proceedings of the 6th Int. Conference on Fluid Power Transmission and Control, 2003

[9] J. Jiang, and C. Liu, "Modeling and Simulation for Pressure Character of the Plate-Inclined Axial
Piston Type Hydraulic Transformer," Proceedings of the 2010 IEEE International Conference on
Information and Automation. Harbin, China. June, 2010.

[10] Xiaoping Ouyang, “Hydraulic Transformer Research”, PhD Dissertation, Mechatronics and
Control Engineering, Zhejiang University, Hangzhou, China, 2005.

[11]P. Y. Liand M. Wang, “Passivity Based Nonlinear Control of Hydraulics Actuators Based
On an Euler---Lagrange Formulation”, 2011 ASME Dynamic Systems and Control Conference /
Bath Fluid Power and Motion Control Symposium, Washington D.C., 2011.

[12] L. Wang, “Adaptive Control of Variable Displacement Pumps”’, PhD dissertation,
Mechanical Engineering, Georgia Tech, 2011.

[13] Kugi, A., Nonlinear control based on physical models. No. 260 in Lecture Notes in Control and
Information Sciences. Springer, 2000.

[14] Yao, B., Bu, F., Reddy, J., and Chiu, G.“Adaptive robust motion control of single---rod
hydraulic actuators: Theory and experiments”. IEEE/ASME Transactions on Mechatronics, 5(1),
March, pp. 79-91, 2000.

[15] P. J. Achten, G. Vael and B. Innas, “Transforming future hydraulics: a new design of a hydraulic
transformer.,” SICFP, pp. 1-24, 1997.

[16] Noah D. Manring, "The Discharge Flow Ripple of an Axial-Piston Swash-Plate Type Hydrostatic
Pump," Transactions of the ASME Vol. 122, June 2000

[17] Jun, Z., and Yi, W., “Research for pressure and flow pulsating characteristic of swash plate axial
piston pump with even pistons,” ICFP Symposium, Hangzhou, China, pp. 325 — 327. 1985

[18] J. Bergada, J. Watton and S. Kumar, “Pressure, flow, force and torque between the barrel and
port plate in a an axial piston pump”, ASME J. of Dynamic Systems and Control, Vol. 130:1/011011-1,
2008.

[19] David A. Winter, Biomechanics and Motor Control of Human Movement, Fourth Edition. John
Wiley & Sons, Inc 2009. ISBN: 978-0-470-39818-0

[20] S. Lee and P. Y. Li, “Transformer control of hydraulic actuator using a backstepping nonlinear
controller”, Submitted the 2014 International Symposium on Flexible Automation (ISFA), June 2014.

[21] Li, P. Y., and Wang, M., 2014. “Natural storage function for passivity-based trajectory control of
hydraulic actuators”. IEEE/ASME Transactions on Mechatronics, 19(3), July, pp. 1057-1068.

32



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

38



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.
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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
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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
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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
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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]
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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

78

Figure 6: Pneumatic strain energy accumulator
implemented on industrv partner automated



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.
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(@) 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.