LEGAL NOTICE
This report was prepared as a result of work sponsored by the Renewable Development
Fund as managed by Xcel Energy. It does not necessarily represent the views of Xcel
Energy, its employees, or the Renewable Development Fund Advisory Group. Xcel Energy,
its employees, contractors, and subcontractors make no legal liability for the information in
this report; nor does Xcel Energy, its employees or the Renewable Development Fund
Advisory Group represent that the use of this information will not infringe upon privately
owned rights. This report has not been approved or disapproved by Xcel Energy nor has
Xcel Energy passed upon the accuracy or adequacy of the information in this report.
This Final Report is submitted in compliance with the Article 7 of the Grant Contract Terms
and Conditions as supplemented by Exhibit C (Reporting Requirements and Protocol)
covering the project “Renewable Electricity for Minnesota’s Future,” supported by the
customers of Xcel Energy through a grant from the Renewable Development Fund.
Let this certify compliance with the Higher Education Grant Contract, completion of
projects funded by the University with funds disbursed under the Higher Education Grant
Contract, that all disbursed funds have been expended in accordance with the Higher
Education Grant Contract, and that all projects were completed.
The University provides this Final Report pursuant to the conditions of the grant
agreement (Exhibit C, “Reporting Requirements and Protocol), to convey that all research
objectives were met in implementing the stated initiative. Covering the period August 20,
2015 to February 20, 2020, this Final Report summarizes activities initiated and objectives
achieved during the university-wide research block grant.
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EXECUTIVE SUMMARY
The Renewable Electricity for Minnesota’s Future (REMnF) program objectives are to
advance strategic renewable electric energy research and development toward
commercialized products that can stimulate Minnesota’s economy, improve renewable
energy technology, and potentially reduce rates for Xcel customers. At the University of
Minnesota, under the guidance of the Institute on the Environment (IonE), four projects
were selected for their potential to achieve these objectives. IonE then convened an
advisory board and worked with the project teams to identify useful partners and potential
strategies for commercialization.
The following summarizes outcomes for each of the four projects and their teams:
DIRECT CONVERSION OF HEAT TO ELECTRICITY
Profs. Richard James and Bharat Jalan’s team developed an environmentally safe manner
for the conversion of waste-heat to electricity. Their new chip-level integration via thin
film technology that converts heat
into electricity could, for example,
help recharge batteries in
handheld electronic devices. The
team has obtained provisional
patents and is in a partnership
with Daikin Applied in Plymouth,
MN. This project has the potential
to greatly reduce the amount of
wasted energy lost as heat.
Figure: Basic structure of the heat-to-electricity chip

LOW-COST RENEWABLE ELECTRICITY
Prof. Chris Leighton’s team developed a new low-cost, earth-abundant, non-toxic type of
photovoltaic material (the essential component in solar cells). The central material used,
Fool’s Gold, or Pyrite iron disulfide (FeS2), is understood to hold extraordinary promise in
this regard, but suffers from low power conversion efficiency and voltage output in solar
cells. In this project, the fundamental barriers to the use of pyrite in efficient solar cells
have been systematically tackled and
resolved, providing the first clear path to a
new type of solar cell based on this
material, circumventing the problems
with earlier designs. Significantly, iron
disulfide solar panels could provide a
major manufacturing boost to Minnesota’s
Iron Range.
Figure: Molecular and solid structure of fools’ gold

INTERFACE FOR RENEWABLES & STORAGE
Prof Ned Mohan and his team developed technology to reduce weight and increase
efficiency in renewable energy systems such as wind, solar, and storage. Wind turbine
nacelle weight was reduced 10x while improving electric output consistency, reducing
stress on other parts, increasing the efficiency and potentially extending the life of wind
turbines. The turbine weight loss combined
with other renewable efficiency technology
developed in this project, including a patent
for a new type of converter, results in a
cheaper interface for renewables that has
the potential of lowering the cost and at the
same time increasing the value.
Figure: Microprocessors and motor drives

CONTROLLING WIND PLANT POWER
Prof. Lian Shen’s team developed simulated models to improve wind farm production
that could result in reduced costs for consumers. This large team of investigators
developed computer simulations that can be used
to optimize use of wind energy resources in
Minnesota, including in extremely cold weather.
This research could be used for wind farm site
selection and development, and allows for real
time adjustments to maximize wind farm
production efficiency under various Minnesota
weather conditions.
Figure: Wind flow simulated over wind turbines

In total, these four projects resulted in the following accomplishments:
● 3 patents issued
● 20 University of Minnesota Student Research Assistants hired
● 6 Professors and 13 Post-Doctoral Fellows funded
● $900,000 raised in additional project financing , leveraging RDF funds
● 46 scientific papers published and 43 accepted or in-progress
● 127 academic presentations outside the University of Minnesota
● Partnerships initiated with five Minnesota companies: Cummins, Ten K Solar,
Physical Electronics, WindLogics, Daikin Applied
It’s long been known that advances in R&D and technology are central to economic growth.
While returns to an individual organization can be high, the return benefits to society can
be even higher. R&D investments in technology such as renewable energy have direct
positive societal benefits as well as positive spillover environmental impacts.

BACKGROUND
In 2015, the University of Minnesota, through the Institute on the Environment (IonE),
entered into an agreement with the Northern States Power Company (doing business as
Xcel Energy in Minnesota), with respect to a research grant with a total amount of $3
Million for a period of three years with an eighteen month extension. The funding was
allocated from the Higher Education block grant component of the Renewable
Development Fund (RDF), supported by the Xcel Energy ratepayers and managed by Xcel
Energy. The awarded block grant was named the Renewable Electricity for Minnesota’s
Future (REMnF) program
In March 2016, IonE initiated the REMnF program and selected four of 23 proposals that
were submitted from University researchers on the Twin Cities, Duluth, and Crookston
campuses. Winning proposals were those receiving the highest scores in independent,
external review. The selected proposals cover the following technology fields supported by
the RDF: 1) Photovoltaic Generation; 2) Thermal Electric Generation and; 3) Power
electronics, power systems, and transmission of electricity.
The REMnF supports Xcel’s RDF goals by sponsoring University-based research that has
potential to produce renewable energy innovations with strong potential for commercial
viability. Each of the four projects was $750,000 to be distributed over the grant period.
The funded projects are:
Title

Lead Principal
Investigator(s)

Department

Pyreite FeS2: A Low-Cost
Earth-Abundant Photovoltaic
Solution for Renewable Electricity
in Minnesota

Chris Leighton

Chemical Engineering and
Material Sciences, UMN-Twin
Cities

The Direct Conversion of Heat to
Electricity Using Fast Switching of
Ferroelectric Oxides

Richard D. James and
Bharat Jalan

Simulation, Measurement,
Modeling, and Control of Wind
Plant Power

Lian Shen

Research on Power Electronics and
Control: Grid-Interface for
Renewables, Storage and Green
Micro-Grids

Ned Mohan

Aerospace Engineering and
Mechanics (James); Chemical
Engineering and Material
Sciences (Jalan), UMN-TC
St. Anthony Falls Laboratory
and Department of
Mechanical Engineering,
UMN-TC
Electrical and Computer
Engineering, UMN-TC

The REMnF program worked to advance the same objectives identified in Xcel Energy’s
RDF:
● Stimulate renewable electric energy research and development;
● Promote the start-up, expansion and attraction of renewable electric energy
projects and companies in the state through commercialization of our developed
technologies;
● Develop demonstration scale renewable electric energy projects of near-commercial
renewable electric generation or near-commercial electric infrastructure delivery
technologies that enhance the delivery of renewable electric energy within the state;
● Increase the market penetration of renewable electric energy resources at
reasonable costs in the state; and thereby
● Provide benefits to Minnesota citizens, businesses and Xcel Energy’s electric
ratepayers.

REMnF ADVISORY BOARD
An advisory board for the REMnF was established in 2016. Its charge was to provide
comment and guidance on the funded projects and help identify external partners and
opportunities for collaboration. The board convened bi-annually in June and December.
IonE hosted the board’s first meeting on February 25, 2016, before the four projects were
selected. At this meeting the board was introduced, given their charge, and updated on the
ongoing external review process for all 23 initial proposals. The final meeting was held on
December 5th, 2019 as the projects were looking for advice on how to continue progress
after the RDF project funding was completed.

REMnF Board Composition (as of December 2019)
Name
Nina Axelson

J. Drake Hamilton

Title
Vice-President, Public Relations
Senior Vice-President of Public Affairs
and Business Development
Resource Planning and Strategy
Manager
Science Policy Director

Ben Gerber

Executive Director

John Reynolds
Amy Fredregill

Greg Padden
Rolf Nordstrom
David Russick
Kelly
Schwinghammer

Organization
Ever-green Energy
MN Chamber of Commerce
Xcel Energy
Fresh Energy
Midwest Renewable
Energy Tracking System

Director, Resource Planning and
Markets
President and CEO
Founder, Managing Director

Great Plains Institute
Gopher Angels

Executive Vice-President

BlueGreen Alliance

Will Seuffert

Executive Director

Doug Shoemaker

Vice-Chairperson

Kaya Tarhan

Chief Development Officer

Rolf Weberg

Executive Director

Great River Energy

Environmental Quality
Board
MN Renewable Energy
Society
SolarStone
Natural Resources
Research Institute

FINAL PROJECT REPORTS
To execute their projects, teams hired research staff in the form of graduate students,
postdoctoral fellows, or research assistants. They also identified and recruited
collaborators at other Universities and in private-sector partners. In the course of research,
project teams performed experiments, built prototypes, produced computer simulations,
and other activities as described in their proposal. These activities generated publications
in academic journals (“articles” below), presentations at scientific and engineering
conferences, and patent filings. Student participants in the research worked toward
energy-related degrees, and postdoctoral scholars developed professional skills in applied
energy research.
To help the business connection and commercialization aspects of the technologies being
developed, REMnF staff conducted meetings with each Principal Investigator (PI) to
identify a “commercialization timeline,” which includes potential partners, funding sources,
patent process and coordination with the University’s Office of Technology
Commercialization. Thanks to the research itself and this commercialization facilitation,
three provisional patents were issued to the University.
The tables below show a comprehensive summary of our work that directly impacts
REMnF goals.
Patents

Articles

Presentations

Personnel Hired

InPostPI Team Issued Pending Published Progress Conferences Professors docs Students
James &
Jalan
2
16
13
64
2
5
5
Leighton
6
4
24
1
4
5
Mohan
1
11
11
20
1
2
10
Shen
10
13
24
2
3
6

The following final reports describe what each project intended to do, what was discovered
or accomplished, the uses and benefits of the projects, and a summary of lessons learned
and project outcomes.

1. DIRECT CONVERSION OF HEAT TO ELECTRICITY
The Direct Conversion of Heat to Electricity Using Fast Switching of Ferroelectric Oxides
Principal Investigators:
Prof. Richard D. James (Department of Aerospace Engineering Mechanics, University of
Minnesota)
Prof. Bharat Jalan (Department of Chemical Engineering and Materials Science, University
of Minnesota)

Summary
The goal of this project was to develop a new method for the direct conversion of heat into
electricity using phase transformations in thin films. The team proposed to predict phase
change ferroelectric materials of exceptional reversibility and to exploit these structures by
conducting detailed structural and electronic transport studies in order to understand, and
eventually control local structure, and phase transformation. Structures incorporating
different compositions were also emphasized which meet our theoretical conditions of
compatibility for highly reversible phase transition. Partnership with Daikin Applied was
also emphasized for guiding applications of our work.
According to a 2008 DOE report on waste heat recovery, 25 − 50% of the power consumed
by the US industrial sector alone is rejected as waste heat. Our work tapped into these
waste energy streams to convert them into useful electrical energy. A similar potential
exists in areas of waste heat production from automobiles, power plants and computers.
Automobiles produce exhaust gases in a similar temperature range as that seen in
industrial heat emission, while cooling water in the condenser of power plants emerges at a
little less than ∼100 °C. The waste heat of computers is a growing problem, also at the
rapidly expanding system of clusters containing many thousands of cores. Currently, the
energy consumption at major data centers in the U.S. is about 2.5% of the national energy
budget, corresponding to the energy used by two medium-sized cities.
We developed chip-level integration of our technology via thin film to convert heat into
electricity. This enables the conversion of waste heat-to-electricity that could, for example,
help recharge the battery in handheld electronic devices. Very importantly, our method of
generating energy does not adversely affect the environment, which is perhaps the most
compelling scientific problem of our time. The ability to reuse waste heat as electric current
has the potential to increase the efficiency of a seemingly endless number of applications.

Final Report
The project launched in 2016 with the hiring of two postdocs and two graduate research
assistants were hired, and we developed new methods for analyzing and representing the
special lattice parameters that satisfy conditions for single interface transformation. Early
on, our researchers identified substitutional variants of BaTiO3 as a promising compound
from both a theoretical and experimental viewpoint, and we started the synthesis of
stoichiometric BaTiO3 films. In this, we showed the growth of phase-pure, epitaxial BaTiO2
films grown on SrTiO3 substrates using a hybrid MBE approach. With this, we were able to
publish early on acknowledging IonE-RDF support titled, “Exceptional resilience of
small-scale Au30Cu25Zn45 under cyclic stress-induced phase transformation” in Nano
Letters. Jalan and James also presented their research at six national and international (UK
and Poland) lectures.
The overall goal of this project is to study the direct conversion of heat into electricity using
fast switching of ferroelectric oxides through establishment of computational and
experimental methods. As a first step, a series of thin films of ferroelectric BaTiO3 with
different composition, i.e. Ba/Ti content, and oxygen were grown on conductive substrates
using hybrid molecular beam epitaxy method. Detailed structural characterizations were
carried out to investigate synthesis parameter-structure relationships.
Metal-insulator-metal (MIM) structures were fabricated and tested electronically to
characterize electrical and dielectric properties of these films as a function of composition.
Calculations were carried out to predict compositions for an optimal ferroelectric
performance.
Early in the study, we showed the growth of phase-pure, epitaxial BaTiO3 films grown on
SrTiO3 substrates using hybrid MBE approach. Structure was characterized using a range of
characterization techniques. Figure 1 shows atomic force microscopy (AFM) image and
reflection high-energy diffraction (RHEED) patterns of BaTiO3 film after growth. AFM
showed atomically flat surface morphology (Figure 1a). RHEED showed streaky patterns
along both [100] and [110] azimuths of the substrate, establishing a cube-on-cube epitaxial
relationship and smooth surface morphology consistent with the AFM result (Figure 1b and
c). Figure 2 shows a wide-angle X-ray diffraction (XRD) 2θ-ω scan for the sample grown
on SrTiO3. The data is consistent with phase-pure BaTiO3 film with an out-of-plane lattice
parameter of film close to 4.00 Å, indicating that film is nearly relaxed. The investigation
was then directed towards stoichiometry optimization of films using both XRD and the
Rutherford backscattering spectroscopy. A series of films with different growth parameters
including Ba/Ti BEP ratio, oxygen pressure, and substrate temperature was grown on
different substrates to establish conditions for stoichiometric film to then explore
dielectric/electronic properties of these films.

Figure 1: (a) Contact mode atomic force microscopy (AFM) of a ~ 40 nm thick BaTiO3 film
on SrTiO3 (001) substrate. RHEED patterns after growth along (b) [100] and (c) [110]
azimuths of the substrate.

Figure 2: On-axis high-resolution x-ray diffraction 2θ-ω scan for BaTiO3 film grown on
SrTiO3 substrate. Inset: close-ups along (002) film/substrate diffraction peaks.
Early in 2017, the PIs initiated a plan for intellectual property protection (UMN 20170206),
and invention disclosure materials were developed in collaboration with the UMN Office of
Technology Commercialization and Fish & Richardson (NYC). A series of thin films of
ferroelectric BaTiO3 with different composition, i.e. Ba/Ti content, and oxygen were grown
on conductive substrates using hybrid molecular beam epitaxy method. Detailed structural
characterizations were carried out to investigate synthesis parameter-structure
relationships. Metal-insulator-metal (MIM) structures were fabricated and tested
electronically to characterize electrical and dielectric properties of these films as a function
of composition. An important observation has been made that small amounts of Zr added to

BaTiO3 can achieve the important condition λ2 = 1 which is important for low loss energy
conversion.
A predictive model of ferroelectric energy conversion that serves as the basis of the design
of energy conversion devices has been developed during this quarter. This model accounts
for phase transformation, thermodynamics and electrodynamics of the energy conversion
process. The model was used to design devices with optimal ferroelectric performance. The
research findings were presented in multiple presentations including a student poster
presentation at the UMN IPrime meeting, which involves significant participation of MN
Industries. In addition, James gave plenary/invited talks at SMST-17/ICOMAT on this work.
The James group made further advances in the theory of ferroelectric energy conversion
and identified super compatible oxides. A predictive model of ferroelectric energy
conversion that serves as the basis of the design of energy conversion devices was then
developed. This model helped us design devices with optimal ferroelectric performance. A
provisional patent application is filed on this work. The research findings were presented
in multiple presentations including a student poster presentation at the UMN-Industry
Partnerships Panel, IP Protection Presentation, Value Prop Design Workshop of the
Minnesota Innovation Corps program. Jalan also gave invited talks on this work at the 21st
American Conference on Crystal Growth and Epitaxy in Santa-Fe. In addition, James gave
invited talks at Stanford on this work.
Microfabrication processes were developed to obtain optimum device performance, and
various MIM devices were fabricated and tested. Detailed structural and electronic
transport characterizations were carried out to investigate structure-property relationship
in addition to the investigation of defects on dielectric properties using density functional
theory. At last, a first generation prototype device based on bulk BaTiO3 crystals was
demonstrated for the heat to electricity conversion. This prototype used a thin plate of
BaTiO3 that was purchased. A next generation prototype device using thin films developed
by Jalan and a computational model of our concept was developed. The model was used to
design devices with optimal ferroelectric performance. A paper discussing materials’
design aspects of our method was published in Materials Today on this work. In April of
2018, we filed for US patent 20170206, “The direct conversion of heat to electricity using
phase transformations in ferroelectric oxides.”
The prototype energy conversion setup was completed, and we designed a probe tip stage
with active heating and cooling to thermally cycle the active capacitor at frequencies
greater than or equal to 1 Hz. The stage is cooled via internal channels through which
water chilled by liquid nitrogen will flow, and heated by heating cables connected to an

external heat source. The stage, pump, thermal heating cables, and connections were
procured, and a MATLAB script to communicate with a Keithley 2400 SourceMeter (based
on the repository https://github.com/EugenZimmermann/matlab-keithley-jv) was written
and incorporated with the heat source. A theoretical model of the capacitor circuit was
implemented in MATLAB and was optimized for experimental verification. Jalan gave
invited seminars on this work at the SPIE Photonic conference and at the Lawrence
Symposium on Epitaxy. James organized an international workshop martensitic
microstructure,
(http://www.aem.umn.edu/~james/research/Meetings_Files/1stiwmu.html).
Graduate student Bill Nunn successfully grew high quality BaTiO3 films and electrode them.
These were then integrated into our prototype. The prototype itself was studied
extensively by Dr. Ashley Bucsek, and it continued to have excellent performance, despite
some leakage. Based on her theoretical analysis she discovered that a supercritical cycle
(analogous to the kinds of supercritical cycles used in steam generation) would deliver high
efficiency and high power. She then demonstrated supercritical cycles in the prototype. We
continued with property measurement of Jalan’s films, and improved our facility for
characterization of the films.
We received additional funding for the project from the Norwegian Centennial Chair
Program at the University of Minnesota in the amount of $150K over 2 years which we
used to fund two graduate students. Ashley Bucsek won a prestigious President’s
Postdoctoral Fellowship from the University of Minnesota; this created an opening for
another postdoc and we hired Dr. Ananya Renuka Balakrishna from MIT to do simulations
of our energy conversion device. Jalan gave invited seminars at Caltech, Stanford, HRL and
MIT on this work, and James gave the Hooke Lecture in Oxford
(https://www.youtube.com/watch?v=IBvHw_ 5mlRc ). James and Jalan were then invited
to write an article on “energy conversion in the small temperature difference regime” by
the prestigious Annual Review of Materials Research. Major additional funding in the
amount of $700K from the DoD DURIP program (equipment grant) and $30K from internal
MRSEC + iPRIME were procured. The latter funded a new MBE machine in Jalan’s lab that
was used extensively for this project.
Graduate student, Bill Nunn, fabricated and tested thin film devices using ferroelectric
BaTiO3 films. Detailed device characterizations were performed to optimize dielectric
properties using different film thicknesses. In the process of optimization, Bill Nunn
discovered that microstructure of BaTiO3 films can be controllably tuned using metal
electrodes of different conductivity. Dr. Ananya Renuka Balakrishna performed simulations
to understand relationships between boundary conditions and film microstructures. These

films were characterized by transmission electron microscopy in collaboration with Dr. Ole
Martin Lovvik’s group at the University of Oslo, Norway. Feedback from these
characterizations were used to optimize film composition. In a related study, Jalan and
James developed a new phase-change material, SrSnO3 with high room temperature
conductivity. A paper on these results was published in ACS Applied Mater and Interfaces
in late 2018. This new material discovery was of particular significance as it provides an
ideal, lattice-match metal electrode for synthesis of defect-free ferroelectric BaTiO3 films.
To expand our infrastructure for film growth and device measurements, a polarization
measurement system, funded by internal MRSEC, was purchased and installed, and Jalan
purchased a dual MBE system which was funded by DoD DURIP grant.
The progress made in 2018 was satisfying and encouraging. High quality ferroelectric
BaTiO3 films were developed and tested. A first generation prototype was fabricated, and
tested providing experimental validation of our proposed proof-of-concept device design
for heat to electricity conversion. Two US patents were approved and filed. James and Jalan
were invited to over a dozen seminars and colloquiums. Additionally, the program
attracted a large number of external and internal funds exceeding $900 K.
In early 2019, we made several key advances in circuit design and thermodynamic cycle
design. We completed a comprehensive paper summarizing the state of the art of
ferroelectric energy conversion in the small temperature difference regime. We made
significant advances on the modeling of our device. The work on BaTiO3 films grown by our
method of hybrid molecular beam epitaxy progressed with the first measurements of
dielectric constant vs. temperature.
James popularized our method at two conferences at Cambridge University. One is
highlighted above, and the other was an Industry Day at the Newton Institute (see
February 27 at https://www.newton.ac.uk/event/dnm/seminars).

Figure 3: Diagram of fast switching ferroelectric film.

We developed materials and devices for the direct conversion of heat to electricity using
phase change materials having an abrupt change of polarization at the transformation.
Here, “direct” means that electricity is generated by the material itself, without the need of
a separate electrical generator. We continued developing our prototype and made several
key advances in circuit design and thermodynamic cycle design. We completed a paper on
this demonstrating the state of the art of ferroelectric energy conversion in the small
temperature difference regime, currently under review. In fact, our prototype exceeded our
expectations, and has excellent agreement with the theory we developed. It is important to
note that the theory was formulated and the predictions were made before the prototype
was developed. We discovered a supercritical ferroelectric Carnot cycle that would
maximize thermodynamic efficiency and work output for a given temperature difference.
The practical implementation of this cycle consists of using the two-capacitor circuit to
maintain constant polarization while adiabatically charging and discharging. Using a
temperature difference of 70◦ C, this cycle would produce an energy density of 1.15 J/cm3
and a thermal efficiency of 15% (larger than that of the most successful pyroelectric energy
conversion demonstration [1] with the same ∆T and requiring less than half the electric
field). Due to the importance of reversibility, the supercritical ferroelectric Carnot cycle
would greatly benefit from a highly reversible paraelectric-to-ferroelectric phase
transformation that was demonstrated in shape memory alloys [2,3,4,5,6,7], more recently
in oxides [8,9], and then combined with energy conversion [10]. The BaTiO3 films grown by
our method of hybrid molecular beam epitaxy were then measured for dielectric constant
vs. temperature. In collaboration with Ole Martin’s group at University of Oslo, we also
explored the microscopic details of the ferroelectric/metal interfaces that have a strong
effect on the dielectric constant in thin BaTiO3 films.
A key question relating our approach to energy conversion is whether our methods for
tuning lattice parameters for high reversibility of a phase transformation also apply to
oxide ceramic materials. This was answered positively in two more papers [11, 12].
Richard James gave an invited talk at the Materials Research Society Meeting on April 23,
2019 on this research. James further gave a four lecture series on “Supercompatibility and
the direct conversion of heat to electricity”. The four lectures are available here:
https://www.newton.ac.uk/event/dnmw05/timetable. A joint UMN/Oslo conference on
energy conversion was held in June in Oslo where graduate student William Nunn and
Richard James presented work related to this project.
Partly based on the strength of her work on energy conversion, Ashley Bucsek was hired as
an Assistant Professor in Mechanical Engineering at the University of Michigan. She was
replaced by postdoc Shaghayegh Rezazadehkalehbasti from Brown University.

Postdoctoral Fellow Ananya Balakrishna, who had also contributed to this work, also
accepted an Assistant Professorship from USC. Graduate student, Anusha Kamath
Manjeshwar, joined our group to continue the work on energy conversion using thin film
ferroelectrics. A particularly important discovery along the way was a clear demonstration
in three distinct cases that conditions of supercompatibility strongly influence the
hysteresis in phase transformations in oxides. Since the main source of loss in our devices
arises from hysteresis, this was an important development. (Previously, all demonstrations
of the effectiveness of conditions of supercompatibility were done on metals.) This result
precipitated a surge of interest in the scientific community on oxide phase transformations
generally.
In mid-late 2019, James presented to a 6 lecture series on “Supercompatibility and the
Direct Conversion of Heat to Electricity” at the International Centre for Mechanical Sciences,
Udine, Italy; the Truesdell Lecture at the Society for Natural Philosophy; and the Pisa/Rome
series on Challenges in Mechanics.
James also gave invited lectures on this work at the 2019 Euro Intelligent Materials (Kiel)
and the University of Cambridge Engineering on related research. James was also
interviewed on Energy Conversion by German National Radio,
https://www.deutschlandfunk.de/energie-magnetmaterial-macht-aus-abwaerme-strom.
James co-organized and participated in the 2nd International Conference on the Conversion
between Magnetic, Electric and Thermal Energies (COMET) with Norwegian collaborators,
https://www.sintef.no/en/projects/comet-conversion-between-magnetic-electric-and-the
rmal-energies-in-phase-transforming-materials/.
James gave a lecture series on “Supercompatibility and the direct conversion of heat to
electricity”, Newton Institute, Cambridge (4 lectures)], https://www.newton.ac.uk/event/
dnmw05/timetable.

Jalan co-organized and participated in the 4th Functional Oxide Thin Films for Advanced
Energy and Information Technology conference in Lisbon, Portugal,
https://www.fusion-conferences.com/conference/95.

Jalan co-organized and participated in the 4th Functional Oxide Thin Films for Advanced
Energy and Information Technology conference in Lisbon, Portugal, https://www.fusionconferences.com/conference/95. Jalan gave a keynote speech on the role of defects in these
materials at the MN AVS Symposium and an invited talk at the Physical Electronics
conference in Minneapolis. Jalan also presented an invited Physics and Astronomy
Colloquium at the U of Minnesota.

Experimental work on this project continued in full force by William Nunn and Dr.
Shaghayegh Rezazadeh up until the end of the period of performance, about the time that
Covid-19 restrictions were imposed. In particular, the set-up and commissioning of the new
MBE system was completed, and Dr. Rezazadeh made improvements on the energy
conversion device built by Dr. Bucsek.
Continuing trends that occurred during the last two years of the project, there was
significant interest from the international Energy Science community on these methods.
During January 1 to February 20, 2020 James gave a keynote lecture on this research at the
GAMM Seminar on Microstructures https://aam.uni-freiburg.de/workshops/micro2020/
index.html, and was invited for informal discussions on this research by Prof. Dennis
Kochmann at ETH in Zurich and by Prof. D. Eckhard Quandt in at the University of Kiel,
Germany. Our forthcoming Annual Review of Materials Research article will explain and
popularize further our accomplishments.

Concluding Statement
This is a truly new invention bringing praise and accolades for our team. Most recently,
Prof. James won a highly prestigious award from the U.S. Department of Defense, the
Vannevar Bush Fellowship, and Prof. Jalan was awarded with the Presidential Early career
awards for Scientist and Engineers (PECASE) from the White House.
68% of energy produced is lost as wasted heat. Being able to capture energy from low
differences in temperature without the need for additional generators is revolutionary. We
are excited to continue this project into application stage research.
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2. LOW-COST RENEWABLE ELECTRICITY
Pyrite FeS2: A Low-Cost Earth-Abundant Photovoltaic Solution for Renewable
Electricity in Minnesota
Principal Investigator (PI):
Prof. Chris Leighton (Department of Chemical Engineering and Materials Science,
University of Minnesota)
Co-Principal Investigators (co-PIs):
Prof. Eray Aydil (Department of Chemical Engineering and Materials Science, University of
Minnesota, now New York University)
Prof. Laura Gagliardi (Department of Chemistry, University of Minnesota)

Summary
This project, through the Renewables Development Fund (RDF), focused on the
development of pyrite-structure iron disulfide (FeS2), otherwise known as “pyrite” or
“Fool’s Gold”, as a uniquely low-cost, earth-abundant, non-toxic photovoltaic material.
Photovoltaic materials are the essential components in solar cells, enabling the conversion
of the sun’s light to electrical power. The current photovoltaic materials in commercial
solar cells function well, but suffer from the use of expensive, rare, or toxic elements,
rendering the development of a photovoltaic based on entirely earth-abundant, low-cost,
non-toxic constituents a vital priority for enabling TeraWatt (TW) scale deployment of
solar cells. FeS2 is a truly unique prospect in this context, due to the very low toxicity of its
constituents, their high abundance (including Fe from MN reserves, and S at such high
abundance that its cost contribution is essentially negligible), and the fact that FeS2 has
been predicted to be the lowest possible cost photovoltaic.
The central goal of this project was to capitalize on recent University of Minnesota (UMN)
discoveries and advancements with the understanding of the electronic properties of FeS2
to develop it as a low-cost, non-toxic, earth-abundant, renewable photovoltaic solution. A
research team from the Chemical Engineering and Materials Science (CEMS) and Chemistry
Departments at UMN was assembled for this purpose, spanning experimental and
theoretical expertise and working with two local industrial partners (TenK Solar and PHI
(Physical Electronics)). As detailed below, progress occurred at a remarkable rate
throughout this award, resulting in fundamental scientific breakthroughs, practical
advances with FeS2-based photovoltaics, and, most importantly, culminating in the first
viable route to a pyrite solar cell known as a p-n homojunction cell, which this research

identified as undoubtedly the most promising. A series of technical challenges had to be
overcome to enable such a solar cell, and, as detailed below, each and every one of these
has been achieved. This project has thus taken the team to the brink of the first
demonstration p-n homojunction solar cell in pyrite, circumventing the problems with all
prior FeS2 solar cells, which this research also systematically elucidated and enumerated.
The consequences of the above include three graduate students being trained, a post-doc
researcher being employed, a visiting researcher being hosted, and two undergraduate
students being employed as research assistants. One of the latter recently graduated with a
Materials Science and Engineering degree, and will attend Cornell University to study for a
Ph.D. in the fall of 2020. Resulting from the work of the team, three university seminars
were delivered, a total of 21 conference presentations were given, and ten total publications
were generated. The latter figure includes six articles published in outstanding
peer-reviewed journals, a further one that is submitted and currently under consideration,
and a final three that are in the final stages of preparation. The results of this research have
thus been extensively and thoroughly disseminated, in each case with full attribution to
RDF/Xcel financial support. Practically, the most important achievement, as already
mentioned, is the identification of the p-n homojunction as the clear best route to a
high-efficiency FeS2 solar cell, and the systematic solutions to each and every technical
barrier to this achievement. Finally, although TenK Solar is no longer in existence, the
project has benefited substantially from interactions and collaborations with PHI Inc.
(Eden Prairie), who build sophisticated characterization instruments relevant to the
photovoltaic industry.
In terms of milestones, the following were laid out, in the proposal for this work in early
2016:

Early on in the project, due to unexpectedly rapid and promising success with Thrust A,
Thrust B was essentially placed on hold. All efforts were then placed on Thrust A, resulting
in achievement of each and every one of the milestones, as detailed below.

Introduction and Overview
As of 2016, approximately 46% of Minnesota’s electricity was produced from coal
imported from Wyoming and Montana, two nuclear power plants providing an additional
21% of the state’s power. The state also has, however, some of the nation’s strongest
renewable electricity standards, which will require utilities to produce 25% of their
electricity from renewable sources by 2025, 1.5% of this to come from solar by 2020. This
farsighted leadership has already diversified energy sources in MN, reducing the state’s
reliance on coal power from 60% to 46% in under a decade. MN has also made significant
strides in solar power. With the opening of the largest state solar array at the
Minneapolis-St. Paul (MSP) airport (Figure 1), the solar power generation in MN more than
quadrupled between 2012 and 2016. The solar cells at MSP supply 20% of the electricity at
the airport, reducing carbon emissions by 7,000 tons/year. At the time of writing of the
proposal for this award, MN was also starting to become home to global solar cell
companies. Time was thus ripe for partnerships between MN companies and the State’s
flagship public research University, UMN, where state-of-the-art solar energy research is
actively pursued. In essence, this project aimed to capitalize on this research, specifically
some recent findings in the groups of the principal investigators, in order to establish a
photovoltaic (PV) technology addressing some of the most serious shortcomings of existing
PV materials and solar cells. Specifically, we proposed research that would lay a concrete
path towards solar cells based on pyrite FeS2, or Fool’s Gold.
Currently, ~90% of commercial solar cells
are first generation devices based on
crystalline silicon (Si). Large area Si solar
cells (modules) have reached efficiencies
around 20%, but are expensive due to the
energy required to produce Si.
Paradoxically, despite dominating the
market, Si does not absorb light well,
necessitating the use of thick (300 µm) slabs.
Second generation cells use highly absorbing
(100× higher than Si) thin semiconductor
films (~1 µm thick) made from cadmium
telluride (CdTe) or copper indium gallium diselenide (CIGS) to reduce material costs, and
these cells make up most of the remaining 10% of the market. While CdTe- and CIGS-based

markets are growing, these technologies are limited by other factors, including the
problematic scarcity of In and Te and the toxicity of Cd. The search for an ideal low-cost PV
material thus continues.
In principle, FeS2, otherwise known as “pyrite”, or “Fool’s Gold”, is one of the most suitable
semiconductors for sustainable, low-cost, large-scale solar cell manufacturing, as it has
extremely high absorbance and is comprised of earth-abundant, inexpensive, non-toxic
elements. In fact, pyrite absorbs so well that only a 0.1-µm-thick film is sufficient to convert
nearly all available sunlight to electricity. The potential theoretical maximum efficiency of
FeS2 solar cells is also high, 30%, rivaling Si. Moreover, and critically, assuming similar
efficiencies, the raw materials would cost only 0.00019 ¢/kW to produce electricity from

FeS2-based solar cells, compared to 3.9 ¢/kW for Si. Cheap
sulfur is abundantly available as
a petroleum by-product (see Figure 2), and it costs only $0.03/kg to extract Fe from the
earth’s crust, compared to $1.70/kg for Si. MN is also home to significant iron ore deposits;
developing new technologies that use this resource would bode well for the State’s
industry, particularly at a time when the iron range has been struck by the global glut of
cheap steel. All this would mean a significant reduction in materials costs (which make up
~60% of the total module cost) for FeS2 solar cells compared to Si and CdTe.
Given these advantages, it is unsurprising that
FeS2 was one of the earliest materials studied (in
the 1980’s) for thin film solar cells. It fell out of
favor in the 90’s, however, when power
conversion efficiencies never exceeded a
disappointing 2.8%, i.e., one tenth the theoretical
maximum. At the time of writing of the proposal
for this award, this lackluster performance was
widely acknowledged to be due to some
fundamental problems with pyrite that had gone
unresolved for almost three decades. When it
became clear that FeS2 was potentially the single
cheapest semiconductor candidate for wide-scale
deployment of solar cells, pyrite again became the
focus of substantial attention, this time with an
emphasis on resolving the fundamental issues
limiting its performance.
Just prior to this award, the principal investigators made critical advances with the
understanding of the fundamental reasons underpinning poor performance of pyrite in

solar cells by elucidating: (a) that the surface of pyrite has electronic properties radically
different from the interior, and (b) by solving the so-called “doping puzzle” that had
plagued pyrite for years. The first advance was made by revealing that a conductive
“p-type” surface layer spontaneously forms on otherwise “n-type” semiconducting pyrite
crystals, where “n” and “p” here refer to “positive” and “negative” current carriers, a
fundamental concept in semiconductor physics. The significance is that prior pyrite solar
cells were designed assuming that the bulk n-type behavior persisted to the surface, which
was now uncovered as false. The second advance was the realization, through a series of
detailed electronic property studies, that the long-held belief that pyrite thin films were
somehow naturally p-type while bulk crystals were n-type, was also false. The prior claims
of p-type behavior in films were found to arise as an artefact of a type of conduction known
as “hopping”, leading to false identification of p-type behavior. The significance, again, was
that prior pyrite-based thin film solar cells were designed based on the assumption of
p-type behavior, now understood to be false. These discoveries were made by the
Leighton/Aydil team through 2015, leading to vital new insight into the origins of the past
failures of pyrite photovoltaics, and thus completely new ideas for how to improve on
pyrite solar cells. This was the basis for the funded proposal reviewed here, leading to the
advances summarized below.

Technical Successes
Surface conduction and the resolution of the doping puzzle. Starting from the above
state of understanding, the first significant achievement over the course of this award was
the completion and publication of the team’s work on surface conduction and the pyrite
doping puzzle. In terms of surface conduction, we were able to assimilate the deepest
understanding to date of the nature of the surface conduction in high quality pyrite single
crystals, providing a substantial advance over prior works. In essence, pyrite crystals
spontaneously form a surface layer (which we determined to be as thin as 1 nanometer)
with p- type properties, even when the interior is well known to have n-type properties.
This surface layer is so conductive that, even though it is extremely thin, it can have a major
impact on electronic properties. The significance of this observation cannot be overstated,
as one of the most heavily studied prior routes to FeS2 solar cells was layering metal thin
films on the surface of pyrite crystals to form a solar cell known as a Schottky cell. The
fundamental assumption here is that a contact is made between a metal and a
semiconductor. Our work in this context showed that the true contact formed was between
a metal and an essentially metallic FeS2 surface, providing clear insight into the poor
performance of that type of prior pyrite solar cell. On the basis of this importance, our work
along these lines was published in the journal Physical Review Materials in 2017. In terms
of the origin of the surface conduction, the current understanding is that this is likely due to

a phenomenon known as surface state formation, where dangling chemical bonds at the
surface effectively dope the material.
In terms of the resolution of the doping puzzle, again in 2017, the team brought to
completion its detailed and comprehensive comparison of the electronic properties of bulk
crystal and thin film FeS2. This work focused on the fact that the process of “doping” a
semiconductor, i.e., incorporating impurities at a very low level to modify and control its
electronic properties, was very poorly understood in pyrite. Most significantly, it was
shown systematically, through the widest-ranging study of the electronic properties of
pyrite to date, that the long-held belief of n-type behavior in bulk crystals and p- type
behavior in thin films, was in fact false. The purported p-type behavior in films was shown
to arise due to an artefact of a conduction process known as hopping conduction, the true
behavior being n-type in both crystals and films. This work was also published in Physical
Review Materials in 2017, these two papers generating substantial interest in the field. It is
important to emphasize here that both the crystals and films studied were not intentionally
doped n- type, leading to an obvious and important next question: what is responsible for
the unintentional, naturally occurring n-type behavior of pyrite?
Sulfur vacancies as the origin of unintentional n-type doping. As outlined in the
proposal for this award, a defect known as a “sulfur vacancy”, simply a missing sulfur atom
in the crystal, could be responsible for n-type doping had been suspected for decades. Our
realization of the importance of this doping provided yet more motivation to finally resolve
this issue, however. We thus undertook a detailed and comprehensive study of the origin of
unintentional doping in pyrite FeS2 single crystals, using a powerful combined
experimental and theoretical approach. Specifically, a large set of crystals were made under
varying sulfur vapor pressures, followed by characterization of the electronic properties of
the crystals, and wide-ranging theoretical calculations of the impact of such missing sulfur
atoms. The experimental data showed conclusive trends with sulfur vapor pressure, the
n-type doping increasing substantially as the sulfur vapor pressure was decreased, pointing
clearly to a key role for sulfur vacancies. Importantly, the accompanying theoretical work
provided a substantial advance by highlighting that it is clusters of these sulfur vacancies,
not isolated vacancies, that likely play the key role in doping. This resolved a substantial
inconsistency in the literature between theoretical and experimental results. From this
work, two papers were generated in high quality journals, specifically a 2019 ACS Applied
Materials and Interfaces publication on the experimental work, and a 2020 Chemistry of
Materials publication on the theoretical work. Together, these papers provide the most
convincing and thorough evidence to date for sulfur vacancies being the fundamental origin
of n-doping in pyrite, and thus playing a central role in defining pyrite electronic
properties.

Vitally, with n-type behavior known and understood in both pyrite crystals and thin films,
and the problems with surface conduction fully uncovered, the project then reached a
critical juncture. Specifically, it was apparent at this point that a functioning high-efficiency
pyrite solar cell could only be produced by either mitigating the surface conduction
problem and advancing with the Schottky cell design (a heterojunction), or abandoning this
line of research altogether and sidestepping these problems with p-n homojunction cells.
These homojunctions do not require taming the electronic properties of the surface of
pyrite, instead forming the critical interface between two slabs/films of pyrite itself, one
being n-type and one being p-type. This latter approach is highly appealing, but requires
the identification and development of a good dopant to make pyrite crystals p-type, which
was simply unknown. Some decades-old work hinted at potential p-type dopants in pyrite,
but with no definitive findings. In light of this situation, we advanced to searching for a
p-type dopant in pyrite.
The search for a p-type dopant. Again combining experiment and theory, our work first
mated chemical intuition with prior suggestions to identify manganese and phosphorus as
potential p-type dopants in FeS2. While manganese was found to not be promising in
experiment, phosphorus, on the other hand, generated encouraging results. Drawing on our
now substantial expertise with pyrite crystal growth and control, a series of crystals were
grown with very tiny, part-per-million-level, additions of phosphorus, and then studied
electrically. A clear crossover from n- to p-type was found with increasing phosphorus
content, the exact concentration incorporated being determined from a combination of
techniques known as ICP-MS and TOF-SIMS, both mass spectrometry methods that enable
ultra-sensitive chemical detection. Phosphorus was thus identified as a perfectly viable
p-type dopant, accompanying theoretical studies again providing invaluable assistance in
terms of understanding the doping process. On the basis of this work, another publication
is now in preparation, incorporating both experimental and theoretical results and being
bound for a journal such as Physical Review Applied. Graduate student Ray and principal
investigator Gagliardi also gained valuable general insight into the process of doping of
pyrite with transition metals, which helps to understand why p-type doping is relatively
uncommon in pyrite. Another paper is thus in preparation, this time for a publication such
as the Journal of Physical Chemistry. The significance of these results is clear: with both nand p-type dopants now known, understood, and controlled, this project had generated the
first clear route to a p-n homojunction solar cell in pyrite, never previously possible, but
offering the prospect of circumventing critical problems with FeS2 surface conduction.
Towards a p-n homojunction solar cell. In light of the above, the majority of recent effort
in this project has been devoted to the development of demonstration p-n homojunction

solar cells, essentially the last deliverable in the work. The critical recent advance in this
regard is the resolution of a logical inconsistency in essentially all prior work on surface
conduction in this material. Specifically, if the interior is n-type and the surface is p-type,
then why don’t pyrite crystals naturally form a p-n homojunction in the interior, essentially
spontaneously creating a solar cell? By controlling doping in single crystals we discovered
the solution to this puzzle by observing that at low temperatures the electrical resistance of
heavily-sulfur-vacancy-doped crystals suddenly dramatically increases, prior to exhibiting
the well known surface conduction This was understood to be the electrical signature of
exactly the missing the p-n junction, which we then showed could be quantitatively
understood in considerable detail. This led to the quantification of the size of the voltage
barrier at the p-n junction, which was found to have two significant characteristics. First,
the average voltage was found to be about 0.25 V, notably similar to the open circuit
voltage of past Schottky solar cells based on pyrite. Second, this voltage was found to have
large dispersion, varying between 0.15 and almost 0.5 V in different crystals. This insight
led to one of the most important realizations over the course of this project, namely that
the internal p-n junction was very likely the root cause of the open circuit voltage seen in
prior Schottky solar cells. Explicitly, the intention in that prior work was to make an n-type
semiconductor to metal contact. The reality was likely an n-type pyrite interior to p- type
pyrite surface to metal contact, the poor open circuit voltage being developed at the leaky
internal junction.
Our observation that this junction voltage is variable is then vitally important, as it not only
explains the wide variability in prior pyrite solar cells, but also points to the fact that pyrite
solar cells can, definitively, perform better than they do on average. This led to essentially
the culmination of the project, through the realization that higher voltage internal p-n
junctions can indeed be formed in pyrite, with high potential for future solar cells, and that
synthetically formed p-n junctions, with more carefully controlled doping profiles must be
pursued. A paper detailing the detection and measurement of the internal p-n junction was
just published in the high-impact journal ACS Materials Letters. Significantly, we also have
close to submission a second paper on this topic that demonstrates that the internal p-n
junction can also be mitigated, through a simple materials innovation. Specifically, we have
shown that the use of CoS2 contacts on FeS2 surfaces (CoS2 is a metal, unlike FeS2) can
induce sufficient in-diffusion of cobalt dopant atoms to penetrate the surface layer and
internal junction, making direct contact to the interior. This not only enables some of the
first artefact-free studies of bulk electronic properties in pyrite, but also signals,
importantly for applications, that mitigation of these surface problems with pyrite is a
possibility.

The overall consequences for the field are quite clear. A clear path to a homojunction solar
cell has been opened up by this work, and we in fact have already made the first synthetic
single crystal p-n FeS2 homojunctions This was achieved by implanting phosphorus ions
into pyrite single crystals at Los Alamos National Lab, creating highly promising cells that
were being tested at the time of the COVID-19-enforced UMN research shutdown. These
are of course a high priority for future work.
Related research and collaborations. I n addition to the central advances summarized
above, this project also enabled a series of related research works and collaborations.
Cobalt doping of pyrite FeS2 was also explored, for example, in part due to the desire to test
some of the above findings with another n-type dopant, in addition to sulfur vacancies. This
developed into a productive line of research, particularly in terms of understanding how
pyrite undergoes a transition from semiconductor to metal as the doping is increased. This
is a fundamental issue of some importance, and a paper is thus in preparation for Physical
Review Materials, as expanded on below. The team’s expertise in electrical characterization
of emerging photovoltaics was also used to advance an international collaboration
primarily with the University of Liverpool in the UK, where the alternative earth-abundant
photovoltaic antimony selenide is being studied. Building directly on experimental
techniques developed to resolve the doping puzzle in pyrite, sensitive measurements of pvs. n-type behavior were made, settling a controversy in that research field, and leading to a
second 2020 publication in Chemistry of Materials.

Research Products
As already alluded to, the research above has led to a slew of significant publications and
presentations, in addition to important human resources contributions. First and foremost,
six papers were published
It should be noted that the journals in which these papers are published are well-respected
peer-reviewed publications of the American Physical Society (APS) and American Chemical
Society (ACS), two of the highest profile US scientific societies, with internationally
recognized publication enterprises.
In addition to this dissemination through publications, the team’s work has also been
highlighted in three university seminars delivered by Aydil, in addition to no less than 21
presentations at various international conferences, meetings, and workshops. The latter
include both invited and contributed talks, given at venues such as the March Meeting of
the American Physical Society, the Spring and Fall Meetings of the Materials Research
Society, the AVS National and MN Chapter Meetings, etc. This has led to very broad

dissemination of the work, and a high profile for the team, in addition to providing
substantial career development opportunities for the students and postdocs involved.
In terms of broader impacts, in addition to the impact of the above work on future
technologies, which will be returned to below, we wish to highlight the education aspects,
and the development of human resources. Three graduate students were supported by this
project: Jeffery Walter, Bryan Voigt, and Debmalya Ray. Walter received his Ph.D. towards
the beginning of the award and is now a tenure-track Assistant Professor at Augsburg
University in Minneapolis. He continues to contribute to the project through collaboration,
as he establishes his own teaching and research program at Augsburg. Voigt generated a
substantial fraction of the results presented in this final report and will defend a Ph.D.
thesis supported almost entirely by this award in the 2020 calendar year. He is currently
seeking a post-doctoral research position in renewable-energy-related work at a US
national laboratory. Ray generated almost all of the theoretical research reported here and
will defend his Ph.D. thesis in the coming months. Post-doc Bhaskar Das was also
supported by this grant, in addition to visiting researcher Prof. Sami El-Khatib and
volunteer Ms. M. Maiti. Finally, undergraduate student William Moore was supported
almost entirely by this award as an undergraduate researcher; he will enroll in the Ph.D.
program in Materials Science and Engineering at Cornell University in the fall of 2020,
having just graduated from UMN. This RDF project has thus had a major impact in terms of
education and training of young scientists, and will have lasting effects beyond the science
and technology involved.

Industrial Partnerships
As already noted, two industrial partners were identified at the proposal stage for this
award, and have served as such. Unfortunately, TenK Solar is no longer in operation, but we
nevertheless maintained contact with D. Meyer, formerly the President of TenK Solar, who
provided valuable input on manufacturability, as well as the industrial solar perspective.
More significantly, our interactions and collaborations with industrial partner PHI
(Physical Electronics Inc., Eden Prairie) have been extensive throughout the award.
Facilitated mostly through S. Bryan (President) and D. Carr (Senior Staff Scientist), these
interactions have included various meetings at both UMN and PHI, in addition, most
importantly, to concrete collaboration. PHI builds and sells a variety of materials
characterization instruments, including sophisticated tools for TOF-SIMS (Time-Of-Flight
Secondary Ion Mass Spectrometry). This is a technique that uses a beam of ions to mill
away ions from the surface of a material, then determines the elemental composition. This
is done continuously as a function of milling time, enabling depth profiling of the chemical
composition. The PHI tools enable this with extraordinary precision and accuracy, allowing
us, critically, to assess the presence and depth profile of the very low level contaminants

and dopants that are so vital for semiconductors like photovoltaics. As noted above, this
played a key role in some of our work and will be included in at least two publications, one
of which will have PHI coauthors. We have thus had very positive interactions, UMN
gaining through access to the unique PHI instrumentation and expertise, PHI through the
insight into, and exposure in, the photovoltaic materials research community.

Milestone Achievement
As already highlighted in the Executive Summary, milestone achievement has been high in
this award. Again, the milestones as laid out in the proposal for this award were as follows:

Early in the project, due to the unexpectedly rapid and promising success with Thrust A
(see above sections), Thrust B was essentially placed on hold. All efforts were then placed
on Thrust A, resulting in achievement of each and every one of the milestones. Specifically,
Year 1 Milestones 1 and 2 were achieved through our experimental work definitively
establishing sulfur vacancies as the origin of the n-type doping in unintentionally-doped
FeS2 crystals, and then controlling their density via sulfur vapor pressure during crystal
growth. This was published in ACS Applied Materials and Interfaces in 2019, providing a
concrete product verifying completion of this milestone. These same two milestones were
further achieved through our theoretical study pointing to clusters of these sulfur vacancies
as the likely dopants in pyrite, which was published in Chemistry of Materials in 2020. Year
1 Milestone 3, and Year 2 Milestones 2 and 3 were also completed, very recently.
Specifically, and as described in the sections above, our experimental work has now
conclusively demonstrated that phosphorus is a functional p-type dopant in pyrite, our
theoretical studies providing support for the same. This research is currently in
preparation for a publication, which we will likely submit to ACS Applied Materials and
Interfaces or Physical Review Applied. This will be the final publication from the outstanding
Ph.D. thesis work of Bryan Voigt, and will be completed in 2020. Finally, Year 2 Milestone 3
and Year 3 Milestone 1, have also now been reached. Though not all published yet, this is
the work that was underway at the very end of the project, which we hope (see next

section) can be continued. The goal will be to comprehensively evaluate photoactivity in
naturally-formed p-n junctions due to p-type surface layers on n-type bulk crystals, as well
as to form synthetic p-n single crystal homojunctions with higher control. Measurements of
such devices are already underway, and are of high importance for the reasons described
above. As concrete evidence of achievements of these final milestones, our work advancing
the first detection of the internal p-n junction in pyrite single crystals was very recently
published in ACS Materials Letters.
Importantly, the project also resulted in several additional achievements, beyond and
adjacent to the primary milestones. These include the two publications in Physical Review
Materials in 2017 on the doping puzzle and surface conduction in pyrite, upon which the
entire project was built. Other examples are the team’s collaborative work in Chemistry of
Materials in 2020 on another promising earth-abundant photovoltaic (Sb2Se3), and our
planned submissions to Physical Review Materials and the Journal of Physical Chemistry on
the insulator-metal transition in FeS2 doped with Co and general theoretical considerations
for doping in pyrite, respectively.

Future Plans
As is hopefully readily apparent from the above, significant progress has been made in this
research, to the point that the first demonstration FeS2-based p-n homojunction solar cells
could be anticipated in a short period of time, with further funding. Although no suitable
venue has yet been identified, the principal investigators in the team are thus actively
looking for potential targets in terms of funding agencies and opportunity announcements.
In the short term, certain aspects of this research, although unfortunately not those directly
related to solar cells, are being pursued under Leighton’s Department of Energy award
through the UMN Center for Quantum Materials. In parallel with this, Leighton, Aydil,
Gagliardi, and collaborator Turan Birol (CEMS, UMN), continue to search for
announcements of appropriate funding competitions.

Conclusions and Impact
In summary, this RDF project on “Pyrite FeS2: A Low-Cost Earth-Abundant Photovoltaic
Solution for Renewable Electricity in Minnesota'' has led to breakthrough scientific
developments, substantial translation towards devices and applications for renewable,
low-cost, earth-abundant, non-toxic solar cells, and significant education and human
resources advances. The work will eventually result in 10 scientific publications, as many
as 30 presentations, three Ph.D.s, and two students enrolled in graduate school. The key
scientific and engineering advances include the detailed understanding of the precise
reasons for the low efficiency of prior pyrite-based solar cells, the understanding that p-n

homojunction cells (never previously possible) are the best potential route to mitigate
clear problems, and the systematic disassembly of each and every barrier to the realization
of such homojunction solar cells. The field is thus poised for a substantial breakthrough,
directly enabled, to a significant extent, by this project. Minnesotans and Xcel customers
thus stand to benefit through the development of a potential route to low-cost, renewable,
earth-abundant solar cells, which are a viable route to TeraWatt-scale deployment of
solar-to-electric power conversion devices to solve one of the most urgent engineering
challenges of our time. On a local level, the use of pyrite FeS2 in solar cells would provide a
new route to the use of iron in high tech industry, while the education of the students and
postdocs who performed this work clearly contributes to a skilled MN workforce.
Collaborations have also tied UMN to two local colleges: Augsburg and Gustavus Adolphus.
Ultimately, solar power remains perhaps the most important single contributor to the
portfolio of renewable energy sources we anticipate must be developed to meet the clean
energy demands of the future. Low-cost, non-toxic, earth-abundant photovoltaic
possibilities such as pyrite FeS2 remain highly appealing prospects in this endeavor.

3. INTERFACE FOR RENEWABLES & STORAGE
Research on Power Electronics and Control: Grid-Interface for Renewables, Storage and
Green Micro-Grid
Principal Investigator (PI):
Prof. Ned Mohan (Department of Electrical and Computer Engineering, University of
Minnesota)
Co-Principal Investigators (co-PIs):
Prof. Murti Salapaka (Department of Electrical and Computer Engineering, University of
Minnesota)

Summary
Climate change is a grave threat facing humankind and the need for reducing greenhouse
gas emissions by using renewables is urgent. The state of Minnesota has ample wind
resources in the south-western part of the state and near Rochester. Somewhat
surprisingly, solar conditions are also bright in Minnesota in spite of its northern latitude.
Renewable sources of electricity are increasing their penetration of the electric utility grid
in spite of low oil and gas prices. However, further reducing their cost and increasing their
efficiency and reliability will enhance and accelerate their penetration.
The conventional methods of interfacing renewables are based on the use of 60-Hz
transformers and silicon devices for the power electronic converters. The research
developed new and improved power-electronics-based interfaces for interconnecting
renewables (PVs and wind turbines), battery storage, and aggregates of these resources,
with the utility grid. The implementation of such interfaces in wind plants have the
potential to reduce cost by reducing the nacelle weight by 20 percent and in PV plants by
reducing the balance-of-system cost, which now accounts for two-thirds, and solar cells
only one-third of the overall cost.
The interfaces we developed have the following novel features: they are based on modular
topologies to render them highly reliable, in conjunction with a high-frequency
transformer which can be lighter in weight by as much as 150, and will utilize advanced
wide bandgap semiconductor (silicon carbide and gallium nitride) devices that reduce
converter switching power losses by as much as 80 percent, compared to standard
converters using silicon devices. They represent a breakthrough at voltages higher than
4.16 kV, which is the limit of existing interface topologies being investigated elsewhere
using high-frequency transformers.

These novel interfaces have the flexibility to operate at voltages of 4.16 kV to 12.47 kV for
community-scale plants but can be scaled up to accommodate higher voltage and power
levels, for example at 34.5 kV that has become a de facto collection grid voltage in
utility-scale plants. These interfaces can provide ancillary services and control flexibility to
offer “smart” solutions to maintain grid stability even when the penetration of renewables
begins to approach conventional sources and beyond.
The goal of this three-year project was to have a laboratory prototype built and tested,
which is being pursued beyond the three-year project as the basis for commercializing it in
PV/wind and battery-storage applications. Minnesota is poised with several companies
such as Cummins to capitalize on this research for commercialization. This project will
also lead to further research in application-specific topologies, as it has. The inherent
ability of these interfaces to exchange power between micro-grids at unequal frequencies
and voltage magnitudes is a paradigm shift in controlling low-inertia micro-grids,
spawning new research.

Final Report
To advance this research, we supplemented the RDF support by securing the requisite
funding from supplemental sources to acquire a real-time simulator and a controller,
costing approximately $120,000, which significantly expedited research.
Additional grants received as a result of this project:

1. An NSF: “Research on modifying inverter controls in utility-scale renewables to
emulate synchronous-generator voltages/currents under faults to retain existing
protection infrastructure,” $451,656, starting date of January, 1, 2020 (PI: Ned
Mohan)
2. A grant of $40,000 to conduct research on repurposing ac transmission lines to high
voltage dc lines to bring energy from far-away renewable resource to load centers
3. Advanced Research projects Agency-Energy (AR0000701)
Title: A Robust Distributed Framework for Flexible Power Grids; Investigators: UMN

(Lead, PI: Murti Salapaka), UIUC, NREL, Dynapower, UTK; Amount: 227,000.00, Status:
Granted (an extension of the original grant)
This research grant allowed us to conduct several research projects that are briefly
described in the Final Report. They are attached as Appendices in this report.

1. A high-frequency based interface for the utility-integration of wind turbines
2. A highly modular interface, with each module having its own high-frequency
transformer, that is suited for integrating PV plants to the grid
3. A highly reliable and high-efficiency dc-dc converter so that it can be connected
through an inverter for residential solar systems
4. A novel, high-efficiency ac-to-dc inverter to interface PVs to a single-phase
residential power supply
5. A novel topology for battery-charging interface
6. Coordination, Control and management of green ac microgrids to prioritize
renewable energy resources.
The results of this project provide a cheaper interface for renewables that have the
potential of lowering the cost and at the same time increasing the value. This will allow
enhanced penetration of renewables thus making the grid greener and reducing the
environmental pollution. To provide a cheaper interface for renewables that has the
potential of lowering the cost and at the same time increasing the value. Other benefits
include: potential partnerships with Xcel Energy, and companies such as Cummins, for
improved energy security, lower cost of energy, and reduced environmental impact;
greater use of renewables and improved total system efficiency leading to lower total cost
of energy and reduced environmental impact; liaison with local companies and startups, in
addition to collaborations with researchers in other academic institutions; coursework
taught in this university to motivate and equip students to undertake challenges in R&D in
the renewables field; and preparing 6 PhD students for industry, one patent granted, one
being considered by UMN.
The technical details and results are described in the following pages under sub-project
headings 1 through 6.

#1 Highly Modular Interface for Utility-Scale Renewables and Storage using a Power
Electronic Transformer with Back-to-Back MMCs
Abstract:
Utility-scale renewables, wind and solar, are already becoming cheaper than power
from the conventional fossil-fuel sources. Their further penetration for achieving the
goal of 100% carbon-free electricity will be stalled unless their cost and efficiencies are
further improved. In addition, they should provide ancillary services to keep the grid
stable. The power electronic interface in this research serves these two purposes for the
utility-scale integration of renewables at the currently de facto collection-grid voltage of
34.5 kV. This interface scheme is highly practical and efforts for its immediate
technology-transfer are under way, given the urgency of the climate crisis.

Background:
1) A cost-effective and novel solution for the Utility-Scale Integration of Wind/Solar:
Present wind turbine integration schemes use a 60-Hz transformer to interface the
generator and the power electronic converter at voltages around 1 kV to the collection grid
with voltages of 34.5 kV as shown in Fig.1.

Figure 1 Present Grid Interface Scheme of Wind Turbines

Figure 2 Proposed Back-to-Back MMC-PET based Interface

This scheme results in high currents of the order of kilo-Amperes in the long cables
from the nacelle to ground where the power electronic converter and the heavy 60 Hz
transformer are located [1]. To reduce the weight of the transformer by a factor of onehundred or more [2] so that it can be placed in the nacelle along with the converter, thus
avoiding the losses in cables 300 meters or so in length, a novel scheme employing power
electronic transformer (PET), as shown fig. 2 has been proposed[3]. This solution based
on Modular Multilevel Converters(MMCs) involves modular cascaded connection of
solid-state devices which reduces the high-frequency transformer dv/dt stresses, has
very low harmonic content in the output voltages and is more reliable and cheaper,
particularly at grid voltage levels beyond 10 kV, compared to the prior state-

of-the-art technology for power electronic transformers involving a direct series
connection of IGBT devices and lossy snubber circuits for equal voltage sharing.
The reduction in the heavy copper losses in the droop cables, core losses by about
ten times due to transformer size reduction and the cost of the wind turbine tower support
structure, makes the proposed interface scheme for wind and solar achieve significant cost
reduction. Minimizing the burden on the tower and foundation of the wind turbines
assumes paramount importance in off-shore wind farms where the cost and technology
limitations of the floating platforms on the sea-bed results in off-shore wind power to cost
in excess of $110/MWh[4], as for example, in the New York’s NYISO grid.

2) Proposed Renewable Energy Interface as a Power Buffer:
In existing wind turbine systems, to provide inertial support in case of step load
changes, the stored kinetic energy in the rotating turbine is utilized. In doing this, the
wind turbine is continuously operated at higher speeds so that there is additional stored
kinetic energy which can be dispatched on demand. However, these higher speeds are not
optimal for the maximum power point- the speed where the maximum possible wind power
gets transferred on to the turbine and subsequently to the grid. The interface in this
research presents an alternative means of providing inertia using the stored energy in the
virtual dc link across the back-to-back MMCs and can ensure that additional power due to
inertia is always provided while simultaneously extracting the maximum power
available from the wind[II].
In order to comply with requirements such as a ramp rate of less than 10% of the PV
plant capacity, a large number of battery storage units would be required, and
the repeated charge/discharge cycles further reduce their useful lives[5]. The proposed
interface scheme can be designed in an economically feasible way to ensure that the PV
cluster associated with the interface provides a more uniform power output across
different one-minute intervals thus reducing the magnitude of the ramp rate violations.
This, in turn, reduces the battery energy storage that needs to be installed to meet the
technical requirements for PV projects. Further, a frequency stable and constant AC power
output can be supplied even from a small cluster of PV panels connected through the
interface under research even when not connected to the grid or other energy sources.
About 127 GW of coal and nuclear plant generators have retired since 2005. This
land area with the power lines already in place, could be ideal for installing solar
panels and batteries, integrated with the utility grid by employing the interface in this
research.

Novel Contributions towards making the interface practical:
Back-to-back Modular Multilevel Converters (MMCs) based power electronic
transformer is a novel power electronic interface proposed for the first time by our
research group, to integrate renewables and storage to the utility-grid at voltages of
34.5kV. The evolution of the control of this power electronic transformer interface, is
further studied in this research, with the converters operating in a coordinated fashion.
These control schemes ensure a stable grid particularly when the variability in the power
output of the renewables along with their inflexibility, not allowing for on-demand power
dispatching make this a challenge.
The following are the major contributions of my research on the interface:

i)
ii)

iii)

Harmonic analysis and nonlinear optimization-based control schemes to
improve significant performance parameters such as the grid-current quality.
Identifying the huge potential for virtual inertia with associated robust
control schemes for coordinated inertial control from wind.
Invention of a power converter topology employing several modular
high-frequency transformers with drastically reduced voltage stresses.

1) Design, Control, and Operation of the Interface Scheme:
The operation and control of the back-to-back MMC based power electronic transformer
are demonstrated for the voltage control of the virtual dc link, power-factor control on the
grid side, grid-independent reactive power sourcing on the load side and under conditions
of grid voltage unbalances and faults [I]. The topology in Fig. 3 is used to interface
renewables and storage at voltages of 1 kV to the grid at voltages 5 kV and above and its
operation is verified through MATLAB/SIMULINK based simulations and through
Hardware-In-Loop real-time simulations on OPAL-RT. This topology is simulated end-toend in MATLAB/SIMULINK and in two parts in OPAL-RT based real-time Hardware-in-theLoop (HIL) simulations as explained in Fig.5 and Fig.6 and some results are shown in
Fig.8-Fig.22. Fig. 4 shows the block diagram of the real-time simulation implementation on
OPAL-RT.

Figure 3. Overall circuit topology under research- Power flows from the wind turbine end at 1kV to the grid at voltages of 5 kV and above

Figure 4. Block diagram of HIL real-time simulation implementation on OPAL-RT- The FPGA consists of two main blocks- eHSx128 and the
PWM generation block. In the PWM generation block, phase-shifted carrier-PWM (PSC-PWM), NLM-PWM and six-step PWM are
implemented for the grid-side MMC, HF-MMC and the HF-link two level converter, respectively. In the CPU model, the PI controllers for VMMC
control, LVDC bus voltage control, grid current controllers and Vhdc control are implemented. Communication of eHS circuit measurements
from the FPGA to the CPU and control signals such as load angle δ, for the 2L-VSC, switching angles a,b for the NLM-PWM and grid-side
MMC modulating signals mg,abc from the CPU to the FPGA are exchanged through Peripheral Interconnect Express cables (PCIe).

Figure 5. HF-link real-time simulation circuit schematic for testing
the optimization based control scheme for unity DPF and low
voltage dc bus control.

Figure 8. MMC output voltage fundamental component
represented through mag(blue dashed-dotted line), load angle
(green solid line), and the filtered q axis current (red dotted line)
scaled by a factor of 0.01 to show in the same plot.

Figure 10. Low voltage dc link waveform with a peak-to-peak
ripple of 20 V. The spikes occur at the start of unity DPF
operation at 0.2 sec and in response to load change at 0.8 sec.

Figure 6. Back-to-Back MMC based PET real-time
simulation circuit schematic for testing the back-to-back
connected operation of the MMC with the HF-MMC
connected to a high frequency transformer.

Figure 7. High-frequency link waveforms- MMC voltage referred
to the low voltage side(red solid line), two-level inverter
voltage(blue dashed-dotted line) and HF-link current (black
solid line) - the fundamental component of the current, upon the
start of unity DPF operation at 0.2 decreases from a peak value
of 709.6 A at 0.15 sec to 606.6 A at 0.3 sec.

Figure 9. Three-phase HF link currents in response to the step
change in power input from the wind turbine end at 0.8 sec the fundamental component of HF-link current increases from
a peak value of 610 A at 0.6 sec to 721 A at 0.9 sec.

Figure 12. Response of the grid currents to step change in
power input from the wind turbine end AC source at 0.8 secthe currents increase from a peak value of 75.61 A to 88.5 A.

Figure 14. Three-phase currents from the AC source used
in place of a wind turbine showing a step change in wind
power from 200 kW to 240 kW per phase at 0.8 sec - the
peak value of the wind turbine AC source currents
increase from 1222 A to 1470 A.

Figure 16. HF-link real-time simulation circuit schematic
for testing the optimization-based control scheme for
unity DPF and low voltage dc bus control.

Figure 18. Real-time simulation waveforms - HF-MMC magnitude
represented by mag, load angle and HF-link q axis current scaled by
0.01 to show in the plot.

Figure 11. Grid side currents - showing negative sequence
current controller action and unity power factor operation.
The grid currents are balanced even after a line-ground fault
in phase c and a 50 % voltage sag in phase b occurs at 2.5
sec.

Figure 13. DC link voltage waveform across the back-toback connected MMCs- the dc link voltage tracks the
reference command of 13 kV at the start and a reference
command change from 13 kV to 14 kV at 2 sec. It is
immune to disturbances such as grid unbalance.

Figure 15. Real-time simulation waveforms of the high
frequency link currents showing start of unity displacement
power factor operation at 61.5 sec - the fundamental
component of the link current decreases from a peak value of
234 A to 208 A.

Figure 17. Real-time simulation waveforms - The THD in the HFlink currents with the conventional NLM (black solid) under unity
DPF was found to be 13.85 % of the fundamental, compared to 9
% of the fundamental with the proposed optimization based
modulation of the HF-MMC (green solid).

Figure 19. Real-time simulation waveforms - Low voltage
side DC bus voltage showing rejection of load change and
unity DPF operation at 61.5 sec and 67 sec.

Figure 21. Real-time simulation waveforms -Grid phase voltage
(scaled by 0.1) and grid phase current showing unity power factor
operation with the grid.

Figure 20. Real-time simulation- Grid side-MMC upper and lower
arm capacitor voltages - The capacitor voltages are shown to
respond to a step change in the reference command for dc bus
voltage from 10.5 kV to 12.5 kV at 200 sec. Since there are 4 submodules per leg here, the average voltage level of the sub-modules
is at 5250 V before 200 sec and at 6250 V after 200.1 sec.

Figure 22. Real-time simulation waveforms -DC link voltage
across the back-to-back connected MMCs in response to a step
change in dc bus voltage at 200 sec, increases from 10.5 kV to
12.5 kV.

DC side impedance modelling of the HF-MMC using an equivalent circuit that excellently captures its
behavior at high modulation indices has been developed (Fig.23 and Fig.24). The dc link across the
back-to-back connected MMCs is formed by the PWM outputs of the half-bridge submodules in each
leg and its effect on the high voltage dc bus control scheme has been analyzed. An improved method
of sensing the dc link voltage across the MMCs was suggested to overcome the associated problem.
The DC side model of the HF-MMC phase legs using an equivalent circuit, to study its response to a
sinusoidal excitation at the dc link was developed.

Figure 23. Magnitude response plot of the sum of sub-module
output voltages to a sinusoidal excitation at the DC link –
simulation of MMC circuit (red), simulation of equivalent circuit
(blue), analytical model (black diamonds).

Figure 24. Phase response plot of the sum of sub-module output
voltages to a sinusoidal excitation at the DC link – simulation of
MMC circuit (yellow), simulation of equivalent circuit (blue
dotted), analytical model (black circles).

The low-voltage (LV) side of the HF transformer is connected to another back-to-back
arrangement of two-level voltage source converters (2L-VSCs) for extracting power from
renewables such as wind. An online optimization-based modulation scheme was designed
which optimizes the switching angles in the output voltage of the HF-MMC as shown in Fig.
25 and Fig. 26. This minimizes the net root-mean-squared (rms) value due to 5th ,7th and
11th harmonics in the high-frequency transformer currents. In addition, this modulation
scheme allows control of the MMC output voltage fundamental magnitude which has been
employed in closed loop to achieve unity displacement power factor with the low voltage
side converter.

Figure 25. Square of the rms value of the HF-link current for a
load angle of 2 pi/9 and varying fundamental voltage
magnitude along x axis.

Figure 26. Trajectory of switching angles (a,b) for varying
magnitudes of MMC fundamental voltage magnitude. It is seen
that with the proposed optimization scheme the solved
switching angles (red circles) follow a trajectory that is of the
smallest possible distance from the zero contours of the 5th,
7th and 11th voltage harmonics.

A simple analysis for the current available for soft switching of the HF link two level
converter switches was developed. Along with this analysis, other design equations
ensuring unity displacement power factor operation and maximum power required to be
transferred are used for arriving at some design considerations at the high-frequency link.

2) Identification of the potential for virtual inertia:
The virtual dc link across the back-to-back MMCs is at voltages of the order of twice the
collection grid voltage which results in a large stored potential energy in it. A novel
control scheme for providing inertia using the back-to-back MMCs in the PET used for
grid interface of renewables and storage as shown in Fig. 27 was discussed[II]. The
analysis for the inertial parameters of the MMC is developed for comparison with an
equivalent synchronous generator. In a specific instance, in this research, an inertial
control scheme is designed to provide an additional power output of 60 kW for about 6
seconds when interfacing a wind turbine of the same nominal power rating. It is shown
that the frequency response of a weak grid can be considerably improved by using the
back-to-back MMCs with the virtual DC link as can be seen from Fig.28.

Figure27. System topology considered for studying inertial characteristics of the
back-to-back connected MMC based PET. L1 is a step change in load of 1 MW.

Figure 28. Resultant waveforms showing virtual inertia provided by the back-to-back
MMCs for grid frequency regulation (top to bottom): Mechanical power input to SG in p.u.,
Frequency of the grid in p.u., and Virtual dc link voltage under the cases of no inertial
control by the back-to-back MMCs(dashed lines) and with Inertial control achieving grid
frequency regulation with frequency deviation limited to about 0.01 p.u (solid lines).

3) Invention of a power-converter topology:
To further reduce the high-frequency transformer voltage stresses a novel topology named
as the Distributed-Phase Series connected MMCs (DP-Se-MMC) is proposed and
disclosure has been filed with the Office of Technology Commercialization. DP-SeMMC ensures that each transformer withstands (1/N) th of the voltage of that when
using a conventional MMC and with similar current ratings, where N is the number of
three-phase transformers or the number of three-phase groups. For example, with the
same number of total sub-modules and a dc link voltage of 60 kV, the transformer primary
voltage with the MMC is 30 kV as compared to 10 kV in the proposed novel topology
with three phases distributed into three groups. Further, the topology is rendered even
more modular with multiple parallel power transfer paths by employing N highfrequency transformers with reduced voltage ratings as shown in Fig.29 and Fig. 30. This
ensures

that in case of a failure of one of the transformers, power transfer can still take place
through the other power transfer paths making the system highly reliable.

The number of HF transformers can be chosen according to the design requirements such
as the extent of reduction of winding voltage stresses and the number of output AC ports
required to send or receive power. Each of the AC output ports allows bidirectional power
flow and the sub-module capacitors are balanced between the three-phase groups.

Figure 30. An application of the presented DP-Se-MMC topology
for a multi-converter configuration with a common dc link
interfacing PV arrays, electric vehicle charging stations and
storage units.
Figure 29. A novel HF-link cascaded converter topology. Power
exchange between the MMC groups is possible through inter-group
voltage balancing. The converter can be viewed as a cascade of dc
side equivalent circuits used to study HF-MMC DC side modelling.

Hardware Prototype:

We are current building the hardware prototype of the topology in Fig.29. Fig.31 shows a
picture of one completed half-bridge module, many units of which will be later
cascaded in the configuration shown in Fig.29.

Figure 31. Half-Bridge with isolated gate drives for top
and bottom devices, with integrated output current and
dc bus voltage sensors

#2 MODULAR MULTILEVEL CONVERTERs (MMC) for Interfacing PVs
1. Introduction
Rapid development in power electronics has allowed greater use of renewables and has
reduced our dependence on fossil fuels. Renewable sources such as photovoltaics (PVs) are
connected to the grid via so-called grid-interactive inverters . Conventionally, PV or wind
plants are connected to the grid via three phase inverters, filters, and line frequency
transformers. Although this system is well tested, robust and reliable, it suffers from many
shortcomings. The inverters are usually two-level inverters, which need bulky line
frequency transformers and filters. Also, since most collection voltages for utilityscale generation are 34.5 kV or higher, a line frequency step-up transformer is used which
is often large and heavy. Multilevel converters with high frequency transformers have the
potential to overcome many of these drawbacks. Modular multilevel converter (MMC) have
a scalable, modular structure due to the use of several identical submodules which can be
easily replaced in case of failures, resulting in very low maintenance time, and has been
used in several other applications. The modular topology in replaces the traditional 60Hz
transformer with multiple compact, lightweight, high frequency transformers. It
produces multi-level output voltages, following the sinusoidal waveform, which leads to
lower THD. This topology can generate high voltage output suitable for direct connection to
a 34.5kV collection grid. Since the power and voltage stresses are distributed across
submodules of the multilevel converter, lower rated components can be used to achieve the
desired high voltage and power levels.

2. MMC Topology
The circuit topology of the modular multilevel converter is shown in figures 1-2.

Figure 1: MMC Topology - The DC output from a PV, wind or storage system is connected to the Primary
H-Bridge converter (Fig. 1), which produces a high frequency AC square wave. The H-Bridge is
switched such that output AC voltage has a constant frequency of 20 kHz at a duty ratio of 50%.
This high frequency AC is the input for the primary side of the high frequency transformer of
each HFL-submodule (Fig. 2). The secondary of each transformer is connected to a diode rectifier,
which is connected to a DC capacitor. The DC capacitor acts as the constant voltage source for a
full-bridge converter. The outputs of all HFL-submodules are connected in series to generate a
multilevel voltage output. Each output phase consists of a string of series connected HFLsubmodules. Thus, this topology has one primary H-Bridge converter and multiple identical
cascaded modules.

Figure 2: Sub-module

Figure 3: Typical MMC phase Voltage

3. PWM Techniques
The most commonly used PWM schemes for MMCs are based on sinusoidal pulse
width modulation (SPWM). In SPWM for MMCs, multiple triangular carrier signals are
compared with a sinusoidal waveform (the reference signal) to generate gate pulses.
Two of the commonly known PWM techniques for multilevel converter are Level shifted
PWM, Phase shifted PWM. Each have their advantages and disadvantages. Level shifted
PWM has low ripple but higher switching loss and unequal stress among the sub-modules.
Phase shifted PWM scheme results in equal stress on all submodules and generates
extremely low harmonics even with a low number of submodules. However, all the
modules in phase-shifted PWM switch throughout the fundamental cycle, leading to higher
switching losses.
Proposed PWM: In the proposed PWM scheme (Fig. 4), level-shifted carriers are used, but
carriers are re-assigned to modules after every quarter cycle to equalize module
stresses without increasing switching loss. This ensures that the module which is
turned ‘on’ first in the fundamental period is turned off first, in a “FIFO” approach. Gate
signal reassignment is as shown in Fig. 11. Since all the carriers are phase-aligned, this can
be done without causing the output voltage to glitch.

Figure 4: Proposed PWM Technique

#3 Implementation of Ćuk Converter with Integrated Magnetics for Residential Solar
Applications
Harnessing solar energy for residential applications is becoming increasingly popular.
Ripple-free terminal currents along with compact design are the most desired features for a
photovoltaic interface and C� uk converter is an ideal candidate due to its wide operating
range. Modifying the conventional C� uk converter by adding coupled inductors and integrated
magnetic structures lead to more efficient topologies with ripple-free terminal currents, and is
as shown in Fig. 1. However, the adaption of such topologies is low due to complex design
criteria and lack of simple procedure for determining ideal component values that yield ‘zeroripple’ terminal currents. This work provides a novel, descriptive approach with an
analytical basis for determining the component values that cater to a wide range of
applications for converters with integrated magnetics along with magnetic design. MATLAB
scripts, PLECS, and ANSYS models are used for validation of the presented analysis.

Rooftop solar energy can contribute to
around 40% of electricity generation. An ideal
photovoltaic interface has ripple-free terminal
currents [1] and a high step-up ratio along with
compact design. To address the lack of adaptability
and system longevity, this research work provides a
novel approach and analysis-led design (ALD) tool
for determining component values that can cater
to a wide range of applications. A mock-up of the
same is as shown in Fig. 2. The historic issues with
control of converters with integrated magnetic
components have also been addressed. The
resulting converter based on specifications is
integrated with an inverter to yield the overall
system equivalent to a micro-inverter – power
electronics component that converts solar energy to
usable power. Under-lying motivation is zeroenergy building regulations and a rising need
for renewables to combat the climate crisis.

Fig. 1 Circuit of C� uk converter with
integrated magnetics

Fig. 2 Mock-up of ALD tool for parameter
estimation

Simulation models are built using PLECS and ANSYS software. The co-simulation of
electrical and magnetic components is accomplished and the proposed equivalent circuits
are validated. Fig. 3 shows the sample simulation model built and Fig. 4 shows the obtained
results. It is evident that the ripple is considerably reduced in the proposed topology.
Performance analysis is carried out for the proposed topology and comparison is carried
out with the conventional model as summarized in Table I. The

experimental setup is as shown in Fig. 5. The experimental results are found to be in
agreement with the theoretical analysis and simulation results. A system-level analysis is
carried out on the implemented prototype and results are found to be promising.

Fig. 3 PLECS model of C� uk converter with integrated magnetics

Fig. 4 Simulation results for proposed design and topology

Table I Comparison of current ripple in variants of converter

Fig. 5 Hardware setup for proposed design and topology

#4 Coupled Inductor based Five Level inverter topology for PhotoVoltaic (PV)
applications
Conventional two level inverters have drawbacks like requirement of high voltage switches,
high dv/dt and EMI problems when they operate at high voltages. Multilevel inverters
overcome these drawbacks in high voltage and high power applications. In this work, a
coupled inductor based Five Level Inverter (FLI) is presented. The proposed inverter has
features like less switch count, less number of capacitors, less charge control circuits and
more reliability.

Figure 1: Proposed Five Level Inverter

• The topology consists of four pair of switches, a coupled inductor, a flying capacitor and a
load connected at the midpoint of the coupled inductor.
• The switches S7 and S8 operates at out voltage frequency and remaining switches (S1-S6)
operate at high frequency. The switch pairs (S1&S2), (S3&S4) and (S5 & S6) are
complementary.
• There are 8 Switching States (SSs) used in each half cycle of output voltage. These SSs
generate levels 0 V, ±V/2, ±V at one end of the coupled inductor (node a) and 0V, ±V at
other end nod b).This results in five possible voltage levels across the load: 0 V, ±V/4,
±2V/4, ±3V/4, and ±4V/4. Switching states used to output voltage are shown in Table I.

Figure 2: Block diagram for switching state selection and gate pulses generation for switches

Simulation studies: (for resistive load)

• Depending on the voltage level required, the
converter checks current (iL1) and voltage
across capacitor (C), and selects a switching
state as shown in Fig. 2.
• During voltage levels ‘+V/4’ and ‘+3V/4’, the
converter has provision to charge or discharge
the capacitor (C) based on current (iL1)
direction. Switching states used in these levels
based on current (iL1) direction and charging/
discharging requirement.
• Selection of SSs at levels ‘+V/2’ and ‘-V/2’
depends on the value ‘iL1’.
0.1*Vo

io(A)
VL1(V)

VL2(V)

VC(V)

Experimental studies: (for input voltage =50V)

Input voltage (V)= 200
V Output voltage (Vo)
=110 V (RMS)
Frequency = 60 Hz
R Load =34.36 ohm
L1 and L2 = 4 mH and
4mH Coefficient of
coupling =0.95
Capacitor (C) = 200uF

Vo (50 V/div)

VL1 (50 V/div)

VL2 (50 V/div)

VC (50 V/div)

Figure 3: Experimental Prototype

Figure 4: Experimental proof of concept results

Proposed Five Level Inverter along with an energy buffer circuit can be used to
effectively transfer power from PV to grid or load.

#5 Research on Battery Charging Topologies
Title: Cascaded Dual-Active Bridge Cell Based Partial Power Converter for Battery
Emulation
Objective: Battery emulator for usage in Microgrid power-hardware-in-the-loop
experiments

Battery emulators provide a method for examining various aspects of control algorithms
and power interfacing converters used in applications such as AC/DC micro-grids, electric
vehicle power train, battery cell balancing circuit and control, battery storage energy
management system design, etc. Many of these applications cannot afford the down time
caused by recharging of batteries hence the testers usually keep an additional set of
charged batteries, increasing the cost further. Due to non-linearities within battery
chemistries and due to charge/discharge effects, two sets of batteries can no longer be
considered identical. Additionally, actual batteries have extremely strict safety
requirements that must be fulfilled. To alleviate some of these issues, a battery emulator
has been proposed in this work to replicate the electrical characteristics of a battery. The
emulator is designed using a partial power processing (input-parallel, output-series)
approach such that high efficiency and low control effort is achieved by utilizing a dualactive bridge (DAB) cell which is sized to less than 40% of overall power needed.

Figure 1 : Proposed application of battery emulator in microgrid testing. In this schematic, all the ports are DC in
nature, except for the connection to the AC grid where the excess power is to be delivered when the loads and
generation are satisfied.

Battery Emulator Converter Design: The input side voltage (VI) of the battery emulator
can be used as an optimization variable to get higher efficiency and better performance
since it can be derived from a controlled rectifier. However, in this work it is assumed to
be a constant. In this work, the system is designed as an input-parallel output-series
(IPOS) where the output voltage is the summation of the input voltage with the converter
voltage. Due to the cascaded connection on the output side, the current flow through the
converter is the same as through the auxiliary connection. The partial power processing
allows for a lot of variation in the design of the system. In the first part of the work, it is
assumed that we need to emulate a battery of 48V [11] where the range of voltages that
need to be emulated are within a small set, VO = [42V, 58V].

Figure 2: Battery emulator using partial power
processing dual active bridge converter. The Sankey
flow diagram depicts the flow of power through the
converter and through the auxiliary connection.

Results:

Figure 3: DAB semiconductor design space

Figure 4: Feedback Control Schematic for the 48V battery emulator

The behavioral simulation of the
cascaded converter is designed in
Simulink due to ease of voltage controller
design that utilizes the battery modeling
equations (shown in Fig 5). The time
related behavior of the battery is shown
by accelerated testing of the simulation
where the parameters that relate the
state-of-charge to the voltage are
increased to a larger value during system
runtime. If this is not done, the system
takes an extremely long time to traverse
the complete operation space. Steady
state behaviour (Fig 6), as well as
transient load pickup (Fig 7) is shown
below.

Figure 5: The characteristic state-of-charge behavior with
respect to the voltage for a 48V battery system.

Figure 6: Steady state operation of system under 2A
load current

Figure 7: Performance of converter for load
increase from 1A to 2A

Conclusion for this work: We proposed a new topology for effective design of a battery
emulator using the fact that the emulator has to produce some non-zero voltage all the time.
This combined with the concept of partial power processing (PPP) leads to a design that
uses a output cascaded dual-active bridge (DAB) converter cell to process the power that is
necessary to change the voltage at the output port. The bulk of the power demanded by the
load is supplied by the input side supplies, while the DAB cell only perturbs the system until
regulated voltage is achieved. This leads to a constraint design optimization of the power
electronics hardware which raises the overall system efficiency much higher than DAB’s
own limit. The modification that lead to this performance also affect the operation of the
high frequency transformer that sees a noticeable higher voltage distribution profile across
it’s windings.
Title: Bidirectional AC/DC Converter using GaN HEMT based Non-Isolated DAB for Battery
Emulation

Objective: Battery Emulators (i.e. controllable power supplies with non-linear output) are
ubiquitous test equipment in grid-to-vehicle AC/DC (for onboard charger), electric motor
drives DC/AC, renewable energy (such as two stage solar DC/AC) nowadays. The topology
choice is usually not optimized in commercial off-the-shelf battery emulators. In this work,
using the ‘fractional power conversion’ architecture a GaN based nonisolated (isolation is
lost due to architecture) Dual active-bridge (DAB) DC/DC converter is chosen to emulate the
battery terminal voltage and current. To allow bidirectional power flow, the converter is
interfaced with a GaN based PFC totem-pole AC/DC converter to allow both battery charging
and discharging behaviors to be emulated. Both input side PFC AC/DC and output side DC/
DC converters are designed using CoolGaN devices. In fractional power architecture, the
main focus is usually reducing the footprint of the converter. In this work, attention is
reducing control effort for a given power demand therefore the modifications introduced by
the bus bars that connect the input port to the output port to create the fractional power
conversion architecture as well as modulation scheme choice that allows better utilization
of the semiconductor has been studied.

Overview: Battery emulators are fast responding non-linear power supplies whose output
voltage is either related to a chemical model of a battery (to see effects of state-of-charge
behavior) or simply a constant. In a lab environment, sometimes it is justifiable to use an
off-the-shelf regulated power supply instead of a battery emulator. However, if the deviceunder-test converter (DUT, which in this case is the load to the battery emulator) tries to
sink current with a di/dt larger than the di/dt capabilities of the regulated power supply (in
case of onboard chargers and two-stage solar inverters), then the output voltage collapses.
This does not allow for a feasible way for the test to continue as the collapsing voltage will
generate false under-voltage protection trips on the DUT side. Using a real battery would
have not caused this issue. To circumvent this problem, adding considerably large
capacitance in parallel to the power supply can solve the di/dt issue. In that case, the
capacitor can respond faster than the regulated power supply, hence the voltage can stay
regulated.

To avoid adding additional capacitance, in this work a new topology of battery emulator
design is proposed. The general idea is that for a given load demand, part of the topology is
responsible for bulk unregulated power flow, while part of the topology is design to respond
to fast transients. This creates two parallel pathways of power flow from the input to the
output – commonly used concept in ‘fractional power conversion’ topologies. For a 400V,
3.3kW battery energy system general charging and

discharging specifications are shown in Figure 1. Since, a real 400V battery shows a
terminal voltage in the range (250V-410V), the battery emulator never has to control
power flow below 250V. Therefore, the ‘processed power’ is only available when the
output port voltage of the system increases above 250V. The portion of the total power that
is processed and that is unprocessed is determined on the controller modulation scheme of
the DC/DC converter.
Figure 1: Battery Emulator power
and voltage specifications based
on battery charging and
discharging regions. Battery
emulator power is similar to
power of input side PFC
converter. Power specification for
the converter are reduced due to
the presented topology.

Proposed Converter Technology:
The battery emulator output is designed to emulate a 400V (nominal voltage) battery
system which is typical of a battery-electric motor drive, onboard charger or a microgrid
storage system. The voltage range of this system is from 250V-410V. The overall
architecture for the battery emulator is shown in Figure 2. Grid voltage (vg = 120VAC) is
interfaced to AC side EMI filter to eliminate the high frequency differential mode (DM) and
common-mode (CM) noise getting injected into the downstream converter. The output of
the EMI filter is connected to a bridge-less PFC totem-pole converter utilizing four
CoolGaN devices [9]. One leg (slower leg – used for synchronous rectification) of the
totem-pole converter is switching at line-frequency (60 Hz) while the other leg (faster leg
– used for current shaping) is switching at high frequency.

Figure 2: Overview of converter architecture. Input side is rectified and DC bus is
controlled using the totem-pole PFC converter. DC bus is interfaced to active bridge 1
and the bus bar. The emulator output ports are the high voltage port of the bridge 2 and
the low voltage port of the bus bar.
Converter Control and Modulation Strategies:

The chip area of a semiconductor is related the current rating, therefore to utilize an
appropriately sized device, the modulation strategy should ensure device currents to be
lower than the rated datasheet value (at 25C/100C) while delivering specified load
power. Therefore, part of this work was to determine the

efficacy of two modulation strategies for the DAB – single phase shift and dual duty cycle
control. Literature of DAB control has evolved to such an extent that it is easy to choose
the modulation strategy given the converter specifications however since in this
architecture, the bus bar provides part of the power while the DAB provides the other
part, it is necessary to study its effects. Therefore the following schemes are considered:
1) Single phase shift modulation based PWM
2) Dual duty cycle calculation based PWM (trapezoidal and triangular current
modulation)

Variations in Performance Metric due to Changing Modulation Schemes:
One of the main parameters of design is switch current which helps us utilize the
semiconductor fully while still having design margin. Therefore, an analysis of the
semiconductor current is performed for the different modulation scheme.

;

Figure 8: Controller schematic for both PFC and
DAB stages

Conclusion of this work:
In this work, a new topology for battery emulator design has been proposed based on the
fractional power conversion architecture. The battery emulator specification are based on
400V battery systems commonly used in electric motor drive, microgrid energy storage,
vehicle on-board charging applications. Therefore, the charging and discharging profiles
from these applications have been taken into account. These profiles allow for the
utilization of a 600V E-mode CoolGaN HEMT based non-isolated (intentional) dual activebridge (DAB) converter to be designed as a fractional power converter to deliver part of the
load power. Due to the fractional power converter topology, part of the load power is
completely unprocessed, and hence does not encounter converter losses. This part of the
load power is drawn directly from the input side bus using copper bus-bars. The bus bar
stray inductance can be a source of di/dt based voltage overshoot at the output terminals
therefore elimination of stray inductance via bus bar layout (both bus bars should cancel
each other’s H-fields) and screw terminal based capacitor is considered at the output LV
port. Since, the secondary side (HV) of the dual active-bridge converter sits on top of the
input bus voltage (to create the overall battery voltage), the issue of common-mode (CM)
noise entering the secondary side gate-drive has been considered, and to avoid it gate drive
transformers have been used. The bidirectional power exchange between the device under
test and the battery emulator is governed by the input side PFC (power factor correction)
based totem-pole converter. The PFC converter also utilizes the same CoolGaN devices.
Using the grid voltage as input, the PFC converter is responsible for creating a regulated
input bus voltage (200V) which allows the fractional power converter to function as an
apparent boost converter (boosting 200V input to 400V battery voltage).

#6 Research on Control and Management of Microgrids
Net Load Aggregation Algorithm: A platform independent implementation of
Distributed Finite Time Termination algorithm was tested and validated for a network of
six net-load energy management units. The five units consisted of four energy storage
sources, one time varying PV as renewable energy source (RES) for generation and local
loads. An ancillary service request made to the network was demonstrated to be mitigated
by the network distributed and allowing prioritization of the RES contribution whenever
available. The power reference commands agreed upon by the distributed algorithm were
dispatched in real time to simulated power electronics hardware using a Serial
Communication Interface. The global objective of serving the ancillary service request of 7
kW and local load demands were met by the local inverter systems in the power network.
Experimental results are shown in Figure 1(a) and Figure 1(b). The network under study is
shoen in Figure 1(c).

Virtual Impedance Shaping: Islanded Micro-grids have power quality issues due to
dominance of non-linear loads that introduce harmonic distortion in the voltage and
current outputs. Active filter based methods are widely used to reduce the effect of
harmonics in such networks, but these methodologies compromise on achieving desired
active power sharing between various parallel inverters present in the system and cause
power losses in the system. Virtual impedance shaping methods enhance active power
sharing between inverters and eliminate harmonic impedances in a selective manner to
improve the quality of common coupling voltage and reduce circulating currents between
parallel inverters.

Shaping and extraction filter stage (as shown in Figure 2(a)) extracts the current output
from an inverter and process the measurement to extract a first current component with
the fundamental frequency by decomposition of the current output into quadrature
components and passing through a Low Pass filter/Averaging filter. A second current
component can be extracted by subtracting the first current component from the
current output of the inverter. These current components are then weighed with virtual
impedances to obtain corresponding voltage components. A series of such filters (Figure
2(b)) is used to obtain a required shaped voltage. The shaped voltage signal is then fed
back into the controllers of the inverters to output the shaped voltage. Outer Virtual
Impedance Loop implements a droop controller with the shaped voltage as input
reference and multi loop controller comprising of the inner current controller and the
outer voltage controller. Proportional-Resonant controllers are then used for accurate
sinusoidal reference command tracking of these inverters.
Virtual Impedance shaping methods can help Xcel Energy improve the quality of the
voltage in presence of large non-linear user loads like ACs, inductive motors load such as
washers, dryers etc. and improve active and harmonic power sharing between various
renewable generation assets. Developing capabilities for identifying and utilizing available
and functional portion of the grid in case of a grid destabilization event to support critical
loads/infrastructure.

Figure 1(c). 6 DER Network for distributed power apportioning to meet aggregator demand 𝜌𝑑

(a)

(b)
𝑡ℎ
Figure 2 (a). Virtual impedance shaping and extracting filter of 𝑘 inverter line current at ℎ𝜔0 rad/s, (b)
series of harmonic extracting filters for obtaining shaped reference voltage for 𝑘𝑡ℎ inverter.

The results of MATLAB simulations of two inverter systems with common load (linear and
non-linear) with unequal power reference command of inverters and unequal line
impedances with selected value of Zv such a way that non-linear loads are shared with a
desired ratio of 1.85

(a) Performance of proposed control law for voltage tracking and reduced circulating currents

(b) active, reactive power sharing accuracy

(c) harmonic current sharing between the two VSIs
without virtual impedance shaping implemented

(d) harmonic current sharing after load transition at t =
0.3 s with Virtual impedance shaping.

Figure 3. Performance of the proposed system for harmonic current sharing amongst two inverters.
Figure 3 (a)-(d) shows the proposed approach for harmonic sharing for a two VSI system. The
selection of Zv is such that the total harmonic distortion of both the current waveforms are same.

Figure 4. shows the performance of the proposed shaping and extracting filter for the
output current of VSI 1 for fundamental, and 3rd, 5th harmonics.

Figure 4. Inverter 1 Line current with harmonic content (left); extracted fundamental (𝑖𝜔0 ), third (𝑖3𝜔0 ), and fifth
(𝑖5𝜔0 ) harmonics (middle); FFT analysis of the extracted signals (right).

Controller hardware-in-loop simulation study was also conducted with two inverter
with virtual impedance control for checking the feasibility of the control scheme in real
digital signal control board and to validate the control scheme for linear and non-linear
load sharing. The result as shown in Figure 5(A) depicts that the voltage across filter
capacitor is almost sinusoidal and the current waveform is much more distorted. To
emphasize the distortion, the current waveform is shifted intentionally for more clear
visualization and better understanding of the controller performance.

Figure 5 (a) CHIL result emphasizing the current
waveform at the output of the inverter

Figure 5 (b) CHIL result for harmonic sharing
(desired = 1.0)

The 2-level wind turbine converter was connected to the low voltage side of the
high frequency transformer (at ‘C’ in the figure above). The high voltage side of this
transformer was connected to the Modular Multi-level Converter (at D). The power
control at this high-frequency link was simulated it in real-time in the OPAL-RT simulator.
In our simulation tests, a high frequency AC source was used to mimic everything on the
low voltage side. Operation of the high-frequency-side MMC was done with Nearest Level
Modulation (NLM) and the grid-side MMC with Phase shifted Carrier (PSC-PWM). The tests
showed that virtual DC link voltage was maintained and real and reactive power was
controlled on the grid side.

Figure 6. Further, a Dual-Active-Bridge (DAB) based control was developed at the high frequency link ensuring softswitching at the 2-level converter. Maximum Power Point Tracking was implemented for the simulated wind turbine,
and low voltage side DC bus control and low voltage side transformer current unbalance control were also developed.
All these were developed in MATLAB/SIMULINK and tested through offline simulations

In 2019, a comprehensive control scheme was demonstrated for single-phase inverters
to share linear and non-linear loads (e.g. most of the electronic goods etc.). Simulation
study and controller hardware-in-loop simulation study was conducted to validate the
viability of the control scheme. The team developed a high frequency link control to
implement the Dual Active
Bridge (DAB) operation and to control the low voltage DC bus voltage. In this scheme, the
Nearest Level Modulated (NLM) voltage magnitude and harmonics can be controlled. Unity
power factor and unbalance control are implemented offline. The team also researched on
Asymmetric Modular Multilevel Converters (AMMCs) to present a generalized analytical
model and control scheme for AMMC using space vectors. Capacitor voltages are then
balanced internally, and this modulation scheme eliminates recursive timing calculations
compared to existing conventional methods.

Virtual Inertia: A robust control framework for the coordinated Virtual Inertia from both
the wind turbine and the proposed MMC-based interface was developed. Wake interaction
control schemes in a wind farm result in the bigger wind turbines upstream of the wind
flow to operate at higher speeds away from the maximum power point. This ensures that
there is inertial power on offer from these turbines while the uncaptured power from the

wind by these turbines is fully captured by the smaller wind turbine downstream of
the wind flow. A coordinated inertial control scheme involving robust control design of
the inertial controllers of the wind turbine and the proposed power electronic
transformer is being rigorously designed.
Real-Time Simulations: The control and modulation schemes at the grid side MMC, highfrequency link MMC, high- frequency link voltage source inverter, the wind turbine
side converter, and their simultaneous operation for controlled power exchange and
providing grid ancillary services were implemented with the real-time OPAL-RT based
simulations.

Invention of a power-converter topology: To further reduce the high-frequency
transformer voltage stresses a novel topology named as the Distributed-Phase Series
connected MMCs (DP-Se-MMC) is proposed and disclosure has been filed with the Office
of Technology Commercialization. DP-Se-MMC ensures that each transformer withstands
(1/N) the of the voltage of that when using a conventional MMC and with similar current
ratings, where N is the number of three-phase transformers or the number of three-phase
groups. For example, with a total of 120 sub-modules and a dc link voltage of 60 kV, the
transformer primary voltage with the MMC is 30 kV as compared to 4kV in the proposed
novel topology with three phases distributed into five groups. Further, the topology is
rendered even more modular with multiple parallel power transfer paths by employing N
high-frequency transformers with reduced voltage ratings. This ensures that in case of a
failure of one of the transformers, power transfer can still take place through the other
power transfer paths making the system highly reliable.
Isochronous Voltage-Active Power Droop Control for Multi-Inverter Systems in Low voltage
Microgrids: Modernization of rapidly dispatchable DERs for demand response and
ancillary services are transforming emergent microgrids into advanced microgrids.
Advanced microgrids are capable of providing additional flexibility, resiliency and
reliability for local resources while also being able to support large scale grid when
connected. These microgrids can be operated in both grid-grid-connected as well as
islanded modes. In the islanded mode, DERs support local loads in the microgrid
through either by centralized or de-centralized control architectures. These controllers
employed either locally at an individual DER or at a micro-grid level are responsible for
stabilizing microgrid voltage, maintaining power quality with plug-and- play capability,
apportioning load between participating DGs and primary frequency response support. A
number of hierarchical control schemes are present in the literature that can achieve one or
more of these objectives.
Deviation of microgrid frequency due to load change is inevitable while using frequency
droop control. Especially for LV microgrids with low inertia due to presence of converterinterfaced DERs, the frequency deviates considerably from desired operating
conditions. A secondary control hierarchy employing communication capability between
DERs is usually designed to restore the steady state system frequency. However, it is
difficult to mitigate the transient frequency deviation caused by sudden load changes.
Especially in islanded mode, sudden changes in instantaneous load demand along with
volatile renewable energy resources can result in considerable transient frequency
fluctuations even when a secondary control hierarchy is used.

Moreover, control of frequency adds more complexity with the added challenge of
synchronization in a parallel inverter network. One approach is proposed to employ global
positioning system (GPS) based timing signals for microgrid control. However, practical
concerns in implementation, such as issues with GPS synchronization and feasibility of
interfacing GPS receiver with local DERs are neglected and pose challenges. These
shortcomings are mitigated by proposing a Voltage-Active Power half Droop (VP-D) control
augmented with access to a common clock to generate the frequency reference for
inverters interfaced with LV microgrid networks. The VP-D strategy allows direct control of
active power with regulation of voltage magnitude. The lack of explicit control over
reactive power flows in the network is mitigated by proposing a novel controller
designed using loop shaping and the internal model principle. This control law guarantees
that even if there is no explicit control designed, the parallel inverters share reactive
power properly while serving a common load and hence improves the steady state
response of multi-inverter systems. Droop-based methods usually suffer from some
inherent limitations such as inevitable trade-off between accurate power sharing and
output voltage control due to dependency on the nature of output impedance of inverters
and line parameters. Moreover, difference in output voltages or output impedances can
cause high circulating currents that can stress the inverters. To alleviate the dependency
on line and inverter output impedance, a virtual resistance loop is also adopted in the
proposed control design. The common clock based isochronous architecture enables
operation of the system at a single frequency even in the presence of system disturbances.
The isochronous architecture with loop-shaping based control law and the virtual
resistance loop in the controller makes proposed VP-D droop control viable for multiinverter systems. Moreover, this isochronous architecture makes the controller design
simpler as no explicit control is required. As a result, the proposed framework facilitates a
comprehensive analysis that provides useful design guidelines for selecting droop gains
and virtual output resistances.

Figure 7. Multi-Inverter System with Isochronous architecture and proposed VP-D control

Figure 8. Virtual Impedance loop with multi-loop voltage and current controller employed at an inverter level

The inner-loop controller is comprised of series-connected voltage and current controllers.
The objectives of these controllers are to: i) regulate the output voltage of the inverter to
track a reference signal and ii) regulate the output inductor current of the inverter to
track a reference signal. In order to track, the current controller of the current control
loop is designed to have poles at. Cancellation for the pole located at is designed using the
internal model principle and a lead-lag compensator for obtaining sufficient phase and gain
margins. The bandwidth of the current controller is designed to be sufficiently larger than
the system frequency. Similarly, in order to track, the voltage controller of the voltage
control loop is designed to have a pair of conjugate poles located at. The bandwidth of the
outer voltage control loop is designed to be sufficiently slower than the current control
loop to provide current reference to the current controller.
The voltage and current controller together form the multiple loops of controller of the
single inverter system. These controllers could also be designed using Proportional
Resonant based controllers.

Figure 9. Two local inverter systems with a maximum rating of 600 W and electronic load capable of simulating
resistive loads was simulated to test VP-D architecture method to reduce circulating currents and share active power
accurately.

Symmetric outer droop laws with P1*=P2*=0.25 kW, Ptot=0.5 kW, n1=n2=0.02 V/W

The three VSI network as above is considered while implementing a full droop architecture
with P-V and Q-f droop laws. At t=0 s VSI-1 is on and serving a load, 𝑍𝐿 = 3 kW (0.97 pf
lagging). At t=0.1 s and t=0.3 s, VSI-2 and VSI-3 are synchronized and connected to the
network. The presence of an integrator in the Q-f droop implementation results in initial
transients in output voltage and current of the VSIs that cause in higher transient and
steady state circulating currents. This is apparent at t=0.1 s and t=0.3 s when the VSIs are
turned on (see Fig. 10 (a), (c)). At t=0.4s, a load transition to 4.5 kW (0.97 p.f. lagging)
occurs. The full droop implementation also suffers from longer transient times to reach
steady state in both active and reactive power sharing as well as poor reactive power
sharing ratio (sharing ratio of 1 is desired) during load changes and steady state values due
to mismatch in commanded and actual reactive power (see Fig. 10 (b), (d)). Meanwhile, the
isochronous architecture provides improved transient and steady state performance during
black starts, plug-and-play of VSIs and load changes even in mismatched conditions. High
power sharing accuracy during plug-and-play and fast transient response demonstrates the
superiority of the proposed architecture over full droop methods in Multi inverter
MicroGrids.

(a) Output voltages, line currents and circulating
current for a three inverter system with VP-D
architecture for demonstrating plug and play.

(b) Output voltages, line currents and circulating
current for a three inverter system implementing
P∼V, Q∼f full droop for plug-and-play.

(c) Active, reactive power sharing performance for
the three inverter system implementing VP-D for
plug-and-play

(d) Active, reactive power sharing performance for the
three inverter system with full droop for plug-and-play.

Figure 10. Comparison of proposed architecture with full-droop implementations.

(b)
(a)
Figure 11. Experimental results of phase difference between output currents of two inverters serving common load
with varied power factors in the scenario of having various values of (a) Σ𝑖 𝑛𝑖𝑃𝑖∗ with 𝑛1𝑃1∗ = 𝑛2𝑃2∗, (b) Σ𝑖 𝑛𝑖𝑃𝑖∗ with
𝑛1𝑃1∗ ≠ 𝑛2𝑃2∗.

Figure 11 provides design guidelines on selecting droop gains for VP-D architecture to
reduce phase differences between various loads at different power factors.
The above results demonstrate the efficacy of the methodology in simulation for two
parallel inverter system.
Technical Summary:
•

•

•
•

Distributed finite time termination algorithm has been developed and tested to take
care of non-idealities like delay and asynchrony in the communication links.
• Power electronics hardware was developed for experimental verification
Virtual Impedance shaping method has been tested in simulation
• Power electronics hardware was developed for experimental validation and
tested for single inverter case.
Network Reconstruction algorithm has been developed and tested in simulations
Isochronous Voltage-active power-based droop controller have been designed for a
multi-inverter microgrid to regulate voltage and alleviate system frequency
deviations and circulating currents between paralleled inverter systems.

This framework allows for a novel microgrid control. The isochronous architecture allows
inverters to participate in a microgrid power sharing operation rapidly as it is frequency
synchronized due to the access to a common clock. Allowing penetration of renewables at
residential scale and provide better voltage regulation and power quality while reducing
circulating currents thereby reducing power electronics, devices stress. VP-D architecture
can help Xcel Energy improve the quality of the voltage in microgrids (and weak grids) and
improve active power sharing between various renewable generation assets. VP-D
architecture can also be implemented with less DSP complexity with additional
isochronous capabilities as opposed to a PLL-based full droop methodology. This method
also provides direct voltage regulation thereby tightly monitoring over and under voltage
situations.

4. CONTROLLING WIND PLANT POWER
Simulation, Measurement, Modeling, and Control of Wind Plant Power
Principal Researcher:
Prof. Lian Shen (Department of Mechanical Engineering, University of Minnesota)
Co-Principal Investigators:
Prof. Michele Guala (Department of Civil, Environmental, and Geo- Engineering, University
of Minnesota)
Prof. Jiarong Hong (Department of Mechanical Engineering, University of Minnesota)
Prof. Jeffery Marr (St. Anthony Falls Laboratory, University of Minnesota)
Prof. Joseph Nichols (Department of Aerospace Engineering Mechanics, University of
Minnesota)
Prof. Peter Seiler (Department of Aerospace Engineering Mechanics, University of
Minnesota)

Summary
Minnesota has excellent wind resources for energy production, but complications from
seasonal variability provide room for improvement in wind farm design optimization.
Inconsistent wind speed and turbulence also cause inefficiencies in wind energy
production. The key products of Prof. Lian Shen’s team include a computational tool for
computer simulations of wind turbine and wind plant for wind plant siting and layout
decisions and operations. This field and laboratory measurement data, and the
development of an advanced control algorithm for wind turbines based on reduced-order
modeling is extensive and state-of-the-art.
The project set out to advance wind turbine modeling and to inform control methods to
reduce harmful wake conditions, minimize loading on downwind turbines, improve wind
energy harness efficiency, and lead to longer lifetime, less repair, and ultimately lower
costs of wind-generated energy.
The project was highly successful in measuring the turbulent wind and how wind turbines
are affected. We measured the icing effect and turbine yawing effect, and analysed the
velocity profiles in wind turbine wakes. These computer simulations assess the wind
energy resources in Minnesota in different seasons, including extremely cold weather. The
extensive dataset of the airflow around wind turbines related to wind power generation for
a wide range of atmospheric conditions, provides efficacious reduced-order model of wind

turbine wake for a range of wind directions and atmospheric turbulence levels, and
advanced active power control algorithm is developed for a range of wind conditions
(speed/direction). All this allows us to optimize our wind farm siting, design, and real-time
controls to maximize the efficiency of our wind energy resources and infrastructure.
The project goals were achieved, and we see potential for next steps in applying our new
technology to assess wind energy resources in Minnesota, optimization of existing wind
plants, and for the siting and layout of new wind plants. The research could also extend
from land-based wind turbines to offshore wind energy, for which Lake Superior can be
considered. Prof. Lian Shen, is a leading expert in offshore wind energy and has recently
been elected to be a Co-Chair of the R&D Advisory Group of the National Offshore Wind
Energy R&D Consortium.
Further develop advanced turbine control algorithms and apply them to improve the
operation of existing and future wind farms.
The outcomes should have great values for Minnesotans, Xcel rate payers and the related
industries in Minnesota and ultimately result in reduced costs for consumers.

Final Report
The project launched in 2016 with the hiring of three graduate research assistants and one
post-doc. Multiple groups began working on different problems within this project.
Researchers used computer simulations to investigate wind turbine wake meandering,
which is the large-scale displacement of the wake behind wind turbines, at different scales
of turbine rotors. The simulation tool employed was a large-eddy simulation (LES) with an
actuator surface model to parameterize the turbine rotor and a nacelle model to represent
the effects of the nacelle geometry. The results indicated that the amplitudes and
wavelengths of wake meandering can be scaled by rotor parameters, such that the
wake-meandering features are consistent regardless of rotor size. The amplitude of the
wake meandering in the simulations with a nacelle model are higher compared to
respective simulations without a nacelle model, indicating that the nacelle has an effect on
the intensity of wake meandering. LiDAR measurement of wind velocity in the far wake of
the Eolos utility scale turbine and on the identification of wake meandering signature. A full
day of measurement in a utility scale wind power plant was completed to compare the
wake meandering behind a single turbine versus turbine arrays. A few subsets of
experiments with different miniature turbine models were also performed in the SAFL
wind tunnel for comparison. In-depth analysis of the snow PIV results of the near wake
region of the Eolos wind turbine results were presented at an APS meeting in the first year,

and an entry was submitted to the Gallery of Fluid Motion of the APS meeting. The results
revealed the strong correlation between the tip vortex disturbances and turbine operation.
Development of a new scalable LES solver with immersed boundary schemes capable of
accurately capturing the interaction of fluid flow with complex, moving geometry. The
performance of the new code was estimated to be at least an order of magnitude greater
than the existing codes, and able to scale to tens of thousands of processors to harness
supercomputers at MSI and national laboratories. Researchers visited the National Wind
Technology Center (NWTC) September to discuss on-going wind farm controls activities
with NWTC researchers.
Early in our project we conducted two field deployments to obtain more data of wind flow
fields in the near wake region of the EOLOS wind turbine. Our analysis on the past
deployment data was able to determine the statistics correlation between wake
disturbance and turbine operational conditions. We have also investigated wake
meandering in the wind tunnel. We compared wavelengths and amplitudes, and defined a
dimensionless phase space to study Reynolds number and scale-dependent effects. With
the help of an undergraduate student, we further investigated modifications of the nacelle
geometry to control the onset of the far wake oscillation. On the computation side, we
performed simulations for the Horns Rev offshore wind plant and an array of 80 wind
turbine, with two approaches: a simulations utilizing the actuator surface model and
nacelle model to parameterize the turbine blades and nacelle, and a simulation utilizing
just the actuator surface model. The simulation data suggested that including the nacelles
could improve the results. Moreover, we investigated a simplified, physics-based model of
the flow through a wind farm developed by Shapiro and co-workers. We then compared
this model with other models developed from simulation data. In addition to the above
research activities, Lian Shen and Jeffery Marr visited Sandia National Labs, which is an
external collaborator of this project, to present our work and discuss collaborations.
Despite the lack of snow in 2017, we were able to conduct a field deployment at the Eolos
Field Station in March to measure the Snow PIV technique and obtain the whole wake
velocity field at the wind turbine tower plane. More data analysis was conducted on the
near wake velocity field using the previous Snow PIV deployment data. We also finished the
design of the new generation Snow PIV system, which allowed us to measure the velocity
field and snow particle transport near the ground. We then analyzed high spatial resolution
boundary layer velocity field obtained by Snow PIV to gain insight into the inner
(roughness-based) or outer scaling of ramp-like structures in wall turbulence, and
simultaneously experimented with vortex breakers additions on the nacelle of wind
turbine models to alter, and study, the interaction between the hub vortex and the onset of

wake meandering. The SAFL Engineering Services Team completed a repair of the turbine
power distribution panel and brought the turbine back online after six weeks of being
non-operational. The team also completed work on a data streaming code that allows real
time access to turbine and met tower data via Vista Data Vision software, which was
utilized by the research team in conducting field investigations.
On the computation, modeling, and control side, our simulation focused on investigating
wind turbine wake meandering and the large-scale displacement of the wake behind wind
turbines at different scales of turbine rotors. Several wind turbine designs with diameters
ranging from the laboratory scale at 0.128 meters to utility scale at 92 meters were used.
The results indicate that the amplitudes and wavelengths of wake meandering can be
scaled by rotor parameters such that the wake meandering features are consistent
regardless of rotor size.
We were granted computer time on the supercomputer of IBM BlueGene/Q at the Argonne
National Laboratory, and scaled the code for better computational performance. We
continue to work on algorithms for coordinate control of the turbines in a wind farm using
reduced order models. These algorithms have the potential to increase the power captured
by the wind farm and reduce the structural loads thus leading to lower maintenance costs.
Both these effects will benefit Xcel ratepayers by reducing the levelized cost of wind
energy. During this period, we hosted the visit of Dr. Mario Rotea, co-founder of WindSTAR,
a National Science Foundation center on wind energy research. The SAFL Engineering
Services Team also conducted two tours of the Eolos Field Station for University of St.
Thomas undergraduate students.
Co-PI Jiarong Hong’s group analysed the field data recorded in the past snow season from
Nov, 2016 to April, 2017. The analysis provided statistical correlation between wake
behaviors and turbine operational/response parameters. The engineer team led by co-PI
Jeffery Marr then deployed a supplementary cooling system within the UMN turbine to
allow the machine to run at its rated speeds. The turbine had suffered from high
temperature-related faults. This new cooling system was designed by the SAFL staff,
fabricated and installed in the turbine in mid-June of 2017. Since the installation, the
turbine ran much cooler and allowed us to run the machine at rated levels ~2.3 MW. This
had important impacts on the research as data had been limited to lower wind speeds and
curtailed operation. On the simulation side, PI Lian Shen’s group successfully developed a
high-fidelity hybrid simulation framework for on-land and offshore wind farms, in which
several actuator models for wind turbines were integrated and validated. For the control
and optimization of wind turbines and wind farms, co-PI Peter Seiler’s group performed a
literature review on low order wind farm models, e.g. 2D Navier-Stokes models, that exist

in the literature to compare their fidelity against reduced-order models constructed from
simulation data on high fidelity LES models. A full-information H2 controller for controlling
the wake-meandering 8D downstream of a turbine in the actuator-disk model was
successfully designed and demonstrated. From the full-information gains, most
important/relevant states for controller action were identified for both streamwise and
spanwise velocity components.
PI Lian Shen and co-PI Michele Guala then visited DOE Headquarter to present our wind
energy research, and visited the offices of Senator Al Franken, Congressman Keith Ellison,
and Congressman Collin Peterson to introduce to their staff our research in renewable
energy. These efforts will benefit MN Citizens and Xcel Energy Ratepayers.
In the winter of 2017-2018, we deployed a new field study to examine the incoming wind
effect on the turbine. We discovered interesting features of the logarithmic region of the
atmospheric boundary layer, such as ramp-like structures and zones of uniform
momentum. These findings were consistent with existing theories, including the attached
eddy hypothesis. The identification of these statistical features in the atmospheric surface
layer confirmed the existence of these structures in very-high-Re environments including
geophysical environments. This had important implications for the modeling of the
atmospheric surface layer and understanding scaling behavior from laboratory setting to
field environments. We also developed a new image processing and flow characterization
capability to investigate tower vortex shedding and vortex interaction, and analyzed tower
vortex behaviors and its impact on the near wake of a utility-scale wind turbine. On the
simulation and control sides of study, we performed computer simulation of wind farms.
Based on the simulation data, we analyzed the meandering of turbine wakes, which is an
important feature affecting the performance of wind turbines downwind and plays an
essential role in the overall performance of wind farms. For better control of wind turbines,
we studied how to model wind gust disturbances using simulation of a two-turbine array.
The study of wind turbine control also included the analysis of data from the meteorology
tower at the Eolos wind turbine station to determine appropriate spatial-temporal
correlations to model the wind gust disturbances. The research implementation of
advanced “open” controls on the Eolos Turbine created a unique site in the U.S. and
Minnesota for advanced control innovation, especially at utility scale.
We discovered the strong correlation between the blade pitch change and the blade strain,
which allowed us to connect the wake state transition observed in our previous work with
the structural deformation of the turbine. We further advanced our method to extract
temporal variation of 3D wake extended from the turbine rotor using plan-view data, and
our results provide a high-resolution characterization of yaw-induced wake deflection. In

addition, we developed motion microscopy techniques to measure the deformation of
turbine structure through video imaging. We completed the first stage calibration of this
technique and conducted one field deployment to acquire some datasets for testing the
technique. Moreover, we studied air flows over rough ground. In addition to extending
many results from wind tunnel measurements to the atmospheric scale, we re-interpreted
the scaling of interfaces between adjacent uniform momentum zones, and the role of
roughness in defining the size of energetic eddies. This may lead to the design of new wind
tunnel experiments of wind turbine models. We continued to use high-fidelity computer
simulation of airflows of wind turbine and wind farms to analyze the impacts of
meandering turbine wakes. Our study of turbine wakes shows a clear meandering pattern.
We first simulated the wake behind a stand-alone turbine. We found that the wake width
grows at a higher rate at a distance of five turbine diameters due to the interaction
between nacelle wake and tip vortices. We then simulated turbine wakes in wind farms. It
was discovered that the wake turbulence of the preceding turbines modifies the inflow
conditions of the turbines downstream, causing the wake width growth rate to increase at
the distance of two turbine diameters downstream of the turbines. We used machine
learning to derive an algebraic wake model for wake velocity field based on knowledge
from high-fidelity computer simulations. The computation speed was increased from one
day of simulation to one second of modeling for real-time applications. The reduced-order
wake model captures the salient feature of wake flow but is much faster to run making it
easier to integrate into control. On the turbine control, we updated the medium fidelity
model in several ways. We incorporated a simplified turbulence model, made modifications
for improved wake recovery and updated the free-stream flow disturbance modeling using
EOLOS data. We then redesigned and validated controllers on the updated model.
We performed wind tunnel experiments and were able to extract specific vortex
information, shear layers and uniform momentum zone locations and interfaces, from both
atmospheric and laboratory flows. The experiment study was accompanied by simulation
study of a rough-wall boundary layer.
The goal was to address low
dimensional modeling in the relatively
near-wall turbulent flow region where
atmospheric scale simulations become
too computationally expensive. To
accurately quantify the wake
meandering which is characterized by
a low-frequency large-scale oscillatory
motion of the wake, we used a
spatiotemporal filtering technique to

eliminate the high-frequency fluctuations. The reconstructed wake meandering profile
based on tracking a velocity minima point reveals that the amplitude of the wake
meandering slowly increases within the distance of two turbine diameters downstream the
turbine, and then increases at a higher rate as the flow moves downstream. The inner wake
structure produced by nacelle expands radially due to its instability and interacts with the
other wake structure induced by blade tips, increasing the amplitude of the wake
meandering profile.
We used a medium fidelity two-dimensional model to study these effects. We updated this
medium fidelity model in several ways, and incorporated a simplified turbulence model,
made modifications for improved wake recovery and updated the free-stream flow
disturbance modeling using EOLOS data. We designed and validated state-feedback
controllers on the updated models. We also designed and demonstrated a
measurement-feedback controller for controlling the wake meandering.
The SAFL applied engineering group conducted hardware tests of advanced control
algorithms on the Eolos 2.5MW wind turbine. During each test, they collected
high-resolution data from the wind turbine SCADA system and assisted the research team
in analyzing this data to assess the performance of the algorithm. Utilizing their extensive
knowledge of the wind turbine, the applied engineering group worked to ensure the safe
operation of the wind turbine during all phases of testing. This work paved the way for
field-based testing and technology development of advanced controllers for wake control
using the UMN research wind turbine. In addition to conducting hardware tests, the
applied engineering group continued to operate and maintain the Eolos Wind Energy
Research Field Station as a research grade facility. This effort included the replacement of
one of the servo motors that control the pitch of the wind turbine blades.
On the experiment side of the study, we established a collaboration with University of
Melbourne to verify the scaling of uniform momentum zones across a wide range of
Reynolds numbers and compare results from a number of world-class facilities. Additional
experimental work with three miniature turbine models was carried on to study the net
effect of derating options and spanwise spacing of front turbines on the averaged power
production. We also conducted further investigation on the atmospheric turbulent flow, the
incoming flow and the near wake of the turbine using field deployment data. Specifically,
our study elucidated the influence of changing incoming flow and turbine operation on the
nacelle sonic measurements, and showed strong impact of turbine nacelle and tower on
near-wake turbulence and its connection with turbine operation, and the dynamic
modulation of turbine wake induced by wind direction fluctuation. Our development also
led to the first high-resolution characterization of turbulence in the atmospheric surface

layer. On the simulation side of study, we performed high-fidelity large-eddy simulation
(LES) of wind turbine flows and atmospheric turbulence. For the former, we found that the
inner wake structures generated by wind-nacelle interaction expand radially due to the
instability and collide with the outer wake structures shed from wind turbine blades. The
turbulent kinetic energy increases significantly at the downstream position where the
inner and outer wake structures collide, which accelerates the onset of the wake
meandering. On atmospheric turbulence, we successfully performed simulations of a
turbulent boundary layer flow past a fully rough wall. We consider square pyramid
roughness elements oriented 45 degrees relative to the oncoming streamwise velocity, to
match the wind tunnel. We then used the simulations to study the statistics and
organization of vortices on the edges of uniform momentum zones present in the
boundary-layer flow above the wall. On the turbine control, we updated the model to
include yawed incoming wind flow and implemented wake meandering control for this
updated model. Furthermore, we successfully designed and tested
linear-parameter-varying (LPV) controllers with full-information feedback. This technique
allows the controller to work at a variety of wind speeds and directions.

Our research on the effect of incoming turbulent flow on the nacelle sonic measurements
was summarized into a paper to Wind Energy Journal. The study revealed the effect of
changing wind direction and the unsteadiness induced by the flow-nacelle interaction on
the nacelle measurements. Our study on the interaction between near-wake tip vortex and
the ground showed a significant increase of vertical momentum flux within one rotor
diameter away from the turbine due to the ground entrainment induced by the strong tip

vortices. We carried on experimental research on wind turbine models in the SAFL wind
tunnel and we finalized a publication in Energy Conversion and Management. The focus
was on array performance for different streamwise and spanwise spacing. In particular, we
were able to control the tip speed ratio of the turbine models and monitor their
performance in terms of power coefficient. We reproduced multi turbine behavior with and
without front turbine derating and quantified the full array efficiency for the various
options. We also continued study on boundary layer turbulence. Michael Heisel, PhD
student partially supported by this project went to University of Melbourne, Austria, where
he collaborated with Professors N. Hutchins and I. Marusic on the scaling of the zones of
uniform momentum across a wide range of Reynolds numbers. We continued to perform
high-fidelity large-eddy simulation of wind turbine flows and atmospheric turbulence. We
performed simulations of a turbulent boundary layer flow past a fully rough wall, matching
the wind tunnel experiments of Heisel and Guala. These simulations aim to study the
statistics and organization of vortices on the edges of uniform momentum zones present in
the boundary layer flow above the wall, which cause unsteady loads on wind turbines. Our
simulations provided access to fully three dimensional flow fields, and give insight into the
mechanisms driving these dynamics important to the performance and sustainability of
wind energy technology. We used a medium fidelity two-dimensional model to study
control algorithms that mitigate the effects of wake meandering. We successfully designed
and tested linear-parameter-varying (LPV) controllers with measurement feedback. We
identified a grid of reduced-order models to design measurement feedback controllers,
which work for any operational point within that grid. We also extended the LPV
full-information control to multiple turbine scenarios. Work is currently ongoing to extend
the LPV approach to design measurement feedback controllers for multiple turbine
scenarios.
We conducted the first study of the effect of blade icing on the turbine operation and
structural response towards the end of 2019. We conducted a systematic study of the
turbine wake on the surface fluxes and its impact on agriculture. In this study, we
developed a learning-based approach to predict with >90% of the surface flux changes
associated with the turbine operation and incoming flow conditions. We modeled how such
flux change impacts crop growth for wind farms installed on agricultural lands. We
continued the simulation and measurement of the atmospheric boundary layer for wind
farm study. We have been working on vortex identification and on the scaling of the
azimuthal velocity from the atmospheric boundary layer data at the EOLOS field. The
measurement resolution was observed to affect the size of the vortices, but only marginally
on their swirling motion. The comparison of vortex sizes across a wide range of Reynolds
numbers revealed that only large energetic eddies are resolved, and can be as large as the
tip chord length. This implies that the distribution of vortices is likely obeying two scaling

variables, Kolmogorov for the small but statistically predominant vortices, and a larger
length scale, potentially Taylor or a roughness scale, for the energetically dominant
vortices that are relevant for wind turbine control algorithms and blade deformation
effects. On the application side, we worked with external partners to develop a plan to
implement hardware changes on the Eolos wind turbine to improve the performance of the
individual blade pitch system. The hardware improvements allow advanced wind turbine
controls to run continuously on the wind turbine. There is commercial interest in
retrofitting existing wind turbines with individual blade pitch systems, so we documented
the methods used for retrofitting the Eolos wind turbine which serves as a pathway for
commercial retrofitting of wind turbine pitch systems.
We finished the systematic study of blade icing effects on turbine operation and structure
loading, including turbine blades and towers. We conducted an investigation on the effect
of the vertical change of wind direction on the Eolos turbine power generation. We
measured the evolution of vortices and shear layers in the incoming atmospheric boundary
layer flows impinging on the turbine rotor. Using computer simulations, we have
simulated the atmospheric environment, which is critical for wind plant planning and
operations around the year. We
have also studied extreme
weathers such as the Polar
Vortex event. The simulation
results have been validated by
measurement data. We have
developed a method to design
controllers based on reduced
order models of wind farms and
extended the method to handle a
range of wind conditions in
terms of wind speed and
direction.
The measurements performed to quantify the effect of stochastic atmospheric flow and
dynamic turbine operation on the near wake flow of a utility-scale turbine, can impact the
wake growth and overall optimization of wind plant layout and optimization. Numerical
weather prediction model used to simulate the wind speed and air temperature and
humidity in the atmosphere environment in Minnesota, for which a high-fidelity
computational tool has been developed for wind turbine and wind plant simulations. A
reduced-order model using dynamic mode decomposition was developed for fast
simulation of wind turbine wakes. This applies to a range of wind directions and

atmospheric turbulence levels. The active power control algorithm that we developed can
be used for a range of wind speed and direction conditions.

Concluding Statement
The key products of the project include a state-of-the-art computational tool for computer
simulations of wind turbine and wind plant that are invaluable for the wind plant siting and
layout decisions and operations, extensive field and laboratory measurement data, and the
development of an advanced control algorithm for wind turbines based on reduced-order
modeling. The advanced wind turbine modeling and control methods developed in this
project have the ability to reduce harmful wake conditions, minimize loading on downwind
turbines, improve wind energy harness efficiency, lead to longer lifetime, less repair, and
ultimately lower costs of wind-generated energy and better market penetration of wind
energy. The above outcomes will have great values for Minnesotans, Xcel rate payers and
the related industries in Minnesota and U.S.
The project was completed with the projected goals achieved, and we see great potentials
for next steps of wind energy research in the following areas:
●
Apply the numerical weather prediction model to assess wind energy resources
in Minnesota. Apply the advanced simulation tool developed in this project for
the operation optimization of existing wind plants and for the planning of new
wind plants such as siting and layout.
●
Extend the research from land-based wind turbines to offshore wind energy, for
which Lake Superior can be considered. The PI of this project, Prof. Lian Shen, is
a leading expert in offshore wind energy and has recently been elected to be a
Co-Chair of the R&D Advisory Group of the National Offshore Wind Energy R&D
Consortium.
●
Further develop advanced turbine control algorithms and apply them to
improve the operation of existing and future wind farms. Design and implement
hardware improvements to enhance the performance of the turbine blade pitch
system.
In the end, measurements were performed successfully for the turbulent wind and wind
turbines, with a focus on the icing effect and turbine yawing effect, and the analysis of the
velocity profile profiles in wind turbine wakes. Substantial valuable computer simulations
were performed to assess the wind energy resources in Minnesota in different seasons,
including extremely cold weather. These measurements provide an extensive dataset of the
airflow around wind turbines related to wind power generation for a wide range of
atmospheric conditions, providing valuable computer simulations for wind turbines and
wind plants for a range of wind conditions. This provides an efficacious reduced-order

model of wind turbine wake for a range of wind directions and atmospheric turbulence
levels, and an advanced active power control algorithm is developed for a range of wind
conditions (speed/direction).

CONCLUSION
The REMnF program supported four projects seeking to advance renewable electric energy
technology. The projects overall were highly successful in achieving this goal. In addition to
generating rigorous and innovative research that was published in leading journals and
supported world-class student researchers. The partnerships and products of these
projects are directly useful to Minnesota companies, from start-up businesses to
well-established corporations. Some of this utility is in the form of operational guidance
and improved technology adoption (e.g., EXAMPLE), and some projects created new
products and designs that can be commercialized and introduced into the energy
marketplace, in Minnesota and elsewhere (e.g., EXAMPLE). The projects exceeded their
initial research objectives while also patenting new technologies, and developing
demonstration-scale pilots. Thanks to this research, new techniques and capacities for
electricity production were advanced, providing direct and indirect benefits to Minnesota
citizens, businesses, and Xcel Energy ratepayers.
The topic of these grants and the way that they were stewarded by PIs, IonE, and the
advisory board provided lessons for future, similar endeavors. The most notable is the
value of active support and encouragement for teams to consider and operationalize a
commercialization strategy is beneficial. In the absence of programmatic support and
encouragement for commercialization during the research process, there is a tendency to
defer commercialization considerations until research is completed. This strategy can bear
fruit but does not watch well with the particular goals of REMnF and the RDF. Discussion
about commercialization also facilitated interaction between the research teams and the
advisory board, which was largely derived from the private sector. Such discussion,
including with advisory board members, also facilitated connection with industry partners.
By the end of the funding period, each project team has forged a strategic partnership with
at least one commercial venture.
Another key lesson from the REMnF project is the important intersection of applied energy
research and workforce development and education. Graduate students, research
assistants, and postdoctoral scholars all participated in the research and will continue
careers in energy fields. In addition, all four teams translated their discoveries into
educational material that extended the value of this work beyond research development
and immediate project participants.

A final benefit of the REMnF project is talent retention at the University of Minnesota.
These research funds engaged # world-class faculty in innovative and applied energy
production R&D, and this type of engaged relevant work, relevant to society and funded by
a unique program at Xcel and the state legislature, helps keep those faculty in Minnesota
and at the University of Minnesota. These world-class researchers develop our energy
work force and share their energy related insights with undergraduate students and other
learners. If our state seeks to maintain and grow its footprint in renewable energy, it is
critical that we support the state’s energy research enterprise. In so doing we also attract
leading students and energy professionals to our state, with associated benefits in the
private and public sector. Cutting-edge research increases Minnesota’s intellectual capital,
which in turn contributes to a vibrant economy. Pursuing basic research into advanced
renewable energy technologies also is the first stage of the innovation pipeline.
Although the REMnF program and these projects are now complete, IonE and the UMN
continue to support these projects in their external partnerships and seeking additional
funding. The projects have achieved their REMnF objectives, but these accomplishments
lead to additional opportunities for research, commercialization, and education that are
deserving of further funding.
As we think about energy transition, these projects represent more than a collection of new
technologies. Implemented simultaneously, the technologies pursued in the four REMnF
can have a multiplier effect. Lighter wind turbine components (PI Mohan) could multiply
the efficiency boost of wind turbine calibrations (PI Shen), for example. Pursuing multiple
of these technologies alongside partners and business collaborations in Minnesota also
helps our state talent and investment in the clean energy sector. Through REMnF, we have
made outstanding progress on at least four innovations, and these are deserving of further
investment. Clean, efficient, resource abundant, affordable energy developed here, in
Minnesota, will improve our economic outlook and help create a world where people and
the planet prosper together.
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Aydil. Reviving fool's gold as a sustainable solar cell material. New York University,
Chemical and Biomolecular Engineering Department Seminar
Ray, Voigt, Aydil, Leighton, Gagliardi. Do sulfur vacancies interact in pyrite FeS2? AVS MN
Chapter Symposium
Voigt, Ray, Moore, Manno, Walter, Jeremiason, Gagliardi, Aydil, and Leighton. Can we make
solar cells from Fool's Gold?AVS MN Chapter Symposium

Voigt, Ray, Moore, Manno, Walter, Jeremiason, Gagliardi, Aydil, and Leighton. Transport
evidence for sulfur vacancies as the origin of unintentional n-type doping in pyrite FeS2.
AVS MN Chapter Symposium
Ray, Voigt, Walter, Aydil, Leighton, and Gagliardi. Isolated and clustered sulfur vacancies in
pyrite . Defects in Semiconductors Gordon Research Conference
Voigt, Moore, Manno, Walter, Aydil, and Leighton. Observation of the internal barrier due to
surface inversion in FeS2 single crystals. IPRIME Annual Meeting
Voigt, Moore, Manno, Walter, Aydil, and Leighton. Evidence for sulfur vacancies as the
origin of n-type doping in pyrite FeS2. Materials Research Society Fall Meeting
Aydil. Sustainable sulfides for solar cells. 3M Technical Forum
Voigt, Walter, Ray, Gagliardi, Aydil and Leighton. Understanding and controlling doping in
pyrite FeS2, a potential earth abundant, non-toxic, low cost photovoltaic. IPRIME Annual
Meeting
Zhang, Li, Walter, O'Brien, Manno, Voigt, Mork, Baryshev, Kakalios, Aydil and Leighton
Potential resolution to the doping puzzle in iron pyrite: carrier type determination by Hall
effect and thermopower. Materials Research Society Spring Meeting. 9/30/2019

Research on Power Electronics and Control: Grid-Interface for Renewables, Storage
and Green Micro-Grid
Ned Mohan et.al. NSF- NAE Department Heads Workshop. Combating Climate Change: Can
it also help the ECE Renaissance?, April 19, 2019
Ned Mohan, Mark Ahlstrom, Jukka Kukkonen. Electrical Power Systems - How they work,
Present Status in MN and the Future with Renewables. State Legislature Committee,
St.Paul,, Jan 24, 2019
Abhijit Kshirsagar. Power electronics in a renewables rich grid. IEEE Sponsored Invited
Talk series. Indian Institute of Space Science and Technology, Trivandrum, India.
12/20/2018
Abhijit Kshirsagar. Tutorial on Utility Scale Solar Photovoltaic Power -Faculty development
program. College of Engineering, Thrissur, India. 12/11/2018
Prince Kumar, Abhijit Kshirsagar, Dan Opila, Ned Mohan. A Novel PWM Technique for
MMCs with High Frequency Link and Natural Capacitor Balancing for Grid-Interfacing of

Renewables. IEEE Power Electronics Drives and Energy System Conference (PEDES) 2018
Chennai, India. 12/22/2018
Vishnu Narayan Vipin, Abhijit Kshirsagar, Ned Mohan. Utility Scale Interface for
Renewables and Storage using a Power Electronic Transformer with Back-to-Back MMCs: A
Novel Proposal and Control Scheme for Virtual Inertia. Energy Conversion Congress and
Expo (ECCE) 2018, Portland OR. 9/27/2018
S Talukdar, D Deka, M Chertkov, M Salapaka. Topology Learning of Radial Dynamical
Systems with Latent Nodes. American Controls Conference 2018. Milwaukee, WI.
6/28/2018
Ned Mohan. Reinventing Electric Power. NSF Sponsored workshop on Reinventing Power
Programs through Sustainability-Focused Curriculum. Washington D.C. 4/5/2018
Manimaran Govindarasu. Cyber Security for the Smart Grid – Bridging Theory to Practice.
UMCEE Sponsored Workshop, Minneapolis, MN. 12/1/2017
Ned Mohan. Back-to-back MMC interface with virtual DC link for interfacing renewables to
the grid. North American Power Symposium (NAPS) Morgantown, WV. 9/17/2017
Ned Mohan. Understanding power electronic converters to interface wind, PVs, EVs, etc.
with the Grid. UMCEE Sponsored Workshop, Minneapolis. 8/25/2017
Ned Mohan. A High-Frequency AC-Link Single-Stage Asymmetrical Multilevel Converter for
Grid Integration of Renewable Energy Systems. ECCE 2017. Cincinnati, OH
Ned Mohan. A Ride-Through Method Using Input-Filter Capacitors for Three-Level Indirect
Matrix Converter based Open-End Winding Drive. ECCE 2017. Cincinnati, OH
Ned Mohan. Power-Related CUSP™ Curriculum. NSF-Workshop on Reinventing Electric
Power Curriculum with Sustainability Focus. Minneapolis. 6/16/2017 - (https://
www.youtube.com/watch?v=tnVjiOu8ar0&feature=youtu.be)
Ashish Sahoo, and Ned Mohan. Analysis and Experimental Validation of a Modular
Multilevel Converter with 3-Level T-Type submodules. Institute of Electrical and
Electronics Engineers. Applied Power Electronics Conference, Tampa, FL. 3/26/2017

Ashish Sahoo, and Ned Mohan. Modulation and Control of a Single-Stage HVDC/AC Solid
State Transformer Using Modular Multilevel Converter. Institute of Electrical and
Electronics Engineers. Applied Power Electronics Conference, Tampa, FL. 3/26/2017
Ned Mohan. Is energy storage the game changer we’ve been looking for? IonE Frontiers on
the Environment, Minneapolis. 2/27/2017

Ned Mohan. Power Electronics and Control: Grid-Interface for Renewables, Storage and
Green Micro-Grids. REMnF Board, IonE, Saint Paul. 12/13/2016
Ned Mohan. Research on Power Electronics and Control: Grid-Interface for Renewables,
Storage and Green Micro-Grids. RDF Board,Minneapolis - online, 11/8/2016

Simulation, Measurement, Modeling, and Control of Wind Plant Power
M Guala, B Dou, L Lei, P Zeng. Analytical model for yawed turbine asymmetric wakes.
American Physical Society 2019. Seattle. 11/23/2019
Heisel M., de Silva C.M., Hutchins N., Marusic I., Hong J., Coletti F., Guala M. Organization
and Scaling Behavior of Turbulent Structures in the Atmospheric Surface Layer. AGU Fall
Meeting 2019, San Francisco. 12/10/2019
Abraham, A. & Hong, J. Impact of utility-scale wind turbine wakes on surface fluxes. 72nd
Annual Meeting of the American Physical Society, Division of Fluid Dynamics, Seattle, WA
Abraham, A., Dasari, T. & Hong, J. Investigation of the near-wake behaviour of a utility-scale
wind turbine. NAWEA WindTech Conference.
Singh, P. & Seiler, P. Controlling the meandering wake: a linear parameter varying
approach. 2020 American Control Conference
, Philadelphia, PA
Singh, P. & Seiler, P. Controlling the meandering wake using measurement feedback. 2019
American Control Conference. Philadelphia, PA. 7/12/2019
M. Heisel, J. Hong, F. Coletti and M. Guala. Wall turbulence organization in the fully rough,
very-high-Re logarithmic layer. 71st Annual Meeting of the American Physical Society
Division of Fluid Dynamics, Atlanta, GA. 11/19/2018
A. Abraham and J. Hong. Investigation of near wake modulation induced by utility-scale
turbine operation. 71st Annual Meeting of the American Physical Society, Division of Fluid
Dynamics, Atlanta, GA. 11/19/2018
T. Dasari, A. Abraham and J. Hong. Several near-wake phenomena of a utility-scale wind
turbine. 71st Annual Meeting of the American Physical Society, Division of Fluid Dynamics,
Atlanta, GA. 11/19/2018
M. Houston, M. Heisel, M. Guala and J. Nichols. Simulations and experiments of boundary
layer flow over a fully rough wall. 71st Annual Meeting of the American Physical Society,
Division of Fluid Dynamics, Atlanta, GA. 11/19/2018

P. Lyu, S.G. Park, H. Li and L. Shen. A coupled wind-wave-turbine solver for offshore wind
farm. International Offshore Wind Technical Conference, San Francisco, CA. 11/5/2018
J.Hong A path towards innovative flow field imaging. Seminar at Johns Hopkins, Baltimore,
MD. 3/30/2018
J. Hong, T. Dasari, Y. Wu and Y. Liu. Velocity field and coherent structures in the near wake
of a utility-scale wind turbine. 70th Annual Meeting of the American Physical Society,
Division of Fluid Dynamics, Denver, CO. 11/22/2017
P. Lyu, W. Chen, H. Li, and L. Shen. Numerical investigation of interactions between marine
atmospheric boundary layer and offshore wind farm. 70th Annual Meeting of the American
Physical Society, Division of Fluid Dynamics, Denver, CO. 11/21/2017
M. Guala. Wall turbulence structure in the atmospheric surface layer. Scaling and
implications on wind turbine siting. Seminar at University of Southern California, Los
Angeles, CA. 8/29/2017
M. Guala. Extracting Energy from wind and water:Influence and control of complex
boundary conditions Seminar at ETH Zurich, Zurich, Switzerland. 6/27/2017
M. Guala. Experimental Observation of sand and snow dynamics. Seminar at Politecnico di
Torino, Turin, Italy. 6/13/2017
P. Lyu, W. Chen, H. Li, and L. Shen. On the interaction of turbine wake and offshore
wind-wave field in offshore wind farm: large-eddy simulation with actuator models. 3rd
North American Wind Energy Symposium, Ames, IA. 9/29/2017
P. Singh and P. Seiler. Controlling A Meandering Wake: Insights From Full-Information
Control. American Control Conference, Seattle, WA. 5/24/2017-5/26/2017
Lian Shen and Jefferey Marr. Wind and Water Power Research Program at St. Anthony Falls
Lab. Invited presentation to the Wind Energy Department, Sandia National Labs.
12/7/2016
Michael Heisel , Mirko Musa, Jiarong Hong, Michele Guala (Shen Group). Wind turbine wake
meandering at the laboratory and field scales. 69th Annual Meeting of the American
Physical Society, Division of Fluid Dynamics, Portland, OR. 11/20/2016
Daniel Foti, Xiaolei Yang, Lian Shen, Fotis Sptiropoulos. A numerical investigation of the role
of the turbine rotor scale and the nacelle on wake meandering. 69th Annual Meeting of the
American Physical Society, Division of Fluid Dynamics, Portland, OR. 11/20/2016
T. Dasari and J. Hong,. Investigating coherent vortex structures in the near wake of a utilityscale wind turbine using flow visualization with natural snowfalls. 69th Annual Meeting of
the American Physical Society, Division of Fluid Dynamics, Portland, OR. 11/20/2016.

