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Executive Summary

The CERTS Microgrid concept is an advanced approach for enabling integration of, in
principle, an unlimited quantity of distributed energy resources into the electricity grid.
A key feature of a microgrid, is its ability, during a utility grid disturbance, to separate
and isolate itself from the utility seamlessly with no disruption to the loads within the
microgrid (including no reduction in power quality). Then, when the utility grid returns
to normal, the microgrid automatically resynchronizes and reconnects itself to the grid, in

an equally seamless fashion.

What is unique about the CERTS Microgrid is that it can provide this technically
challenging functionality without extensive (i.e., expensive) custom engineering. In
addition, the design of the CERTS Microgrid also provides high system reliability and
great flexibility in the placement of distributed generation within the microgrid. The
CERTS Miicrogrid offers these functionalities at much lower costs than traditional
approaches by incorporating peer-to-peer and plug-and-play concepts for each
component within the Microgrid.

The predecessor to the current project involved the construction of and completion of
initial testing using the world’s first, full-scale, inverter-based, distributed generation test
bed. The project demonstrated three advanced techniques, collectively referred to as the
CERTS Miicrogrid concept, which collectively significantly reduce the level of custom
field engineering needed to operate microgrids consisting of small generating sources.
The techniques are: 1) a method for effecting automatic and seamless transitions between
grid-connected and islanded modes of operation; 2) an approach to electrical protection
within the microgrid that does not depend on high fault currents; and 3) a method for
microgrid control that achieves voltage and frequency stability under both grid and

islanded conditions without requiring high-speed communications.

The work conducted in this phase of RD&D on the CERTS Microgrid Concept builds

upon this base of technical accomplishments to prioritize, develop, and then demonstrate



technology enhancements to further enhance the business case for microgrids. That is,
having demonstrated the technical feasibility of microgrid functions, RD&D optimization
efforts are now needed to accelerate commercial deployment. The current phase is a
contribution to these efforts.

This project involved seven distinct analysis, bench-, and full-scale testing tasks. The
first five tasks were described in the original proposal submitted and awarded through
DOE’s solicitation. Two additional tasks were added to address issues that had been
identified in the earlier, first phase of testing.

Task 1. Construction of Baselines for Microgrid Business Case Assessments

The organizing principles for this project are prioritization, development, and
demonstration of technology enhancements to improve the business case for microgrids.
DOE and the California Energy Commission have previously funded the development of
a software tool that addresses the first of these principles. The tool, called the Distributed
Energy Resources Customer Adoption Model (or DER-CAM) is an engineering-
economic optimization tool that among other things can identify cost-targets and the

economic value of alternative microgrid configurations and operating strategies.

We implemented two major enhancements to DER-CAM to expand the capabilities of the
tool in assessing the business case for microgrids. First, we revised DER-CAM to
explicitly consider both thermal and electrical energy storage technologies. This is a
difficult optimization problem because involves simultaneous optimization of daily and
seasonal operating strategies, as well as equipment selection and sizing. Second, we
developed an analysis procedure to enable use of the tool to place an economic value on
improvements to customer power quality and reliability (PQR). The procedure involved
establishing priorities for each component of a customers’ energy demand and, along
with information on the reliability of individual microgrid components establishing an
optimal dispatch to ensure uninterrupted service to meet the components of customer’s

demands in order of decreasing priority.



We demonstrated the enhancements by examining the economic value of microgrids in
key target markets for distributed generation on the East and West Coast of the US. The
demonstrations confirmed that at current equipment costs and energy prices, microgrids
are only economic in a handful of settings. In particular, energy storage is currently too
expensive to be economic in most settings. By re-expressing our economic results as
hurdle rates, however, we were able to establish cost targets for distributed generation
technologies, given forecasts of future energy prices. We also conducted a key
demonstration that illustrates the competition for economic operation, which may arise
between distributed generation in the form of PV and electricity storage; this finding is
contrary to the popular expectation that operation these technologies always complement

one another.

Task 2. Examination of Protection Issues

There are three aspects to protection for the CERTS Microgrid: 1) Conventional
protection for the feeders, which do not have microsources, consistent with industrial and
commercial standards; 2) Protection of the utility and the microgrid during critical events
at the point of common coupling using an interface switch; and 3) Specially designed
protection schemes associated with each microsource within the CERTS Microgrid to
address internal faults during parallel and islanded operation. Current implementation at
the CERTS microgrid test bed of the third aspect of this scheme relies on expensive,
external digital relays with independent current and voltage sensors. In order to lower
the overall cost of the CERTS Microgrid, we sought to determine whether this protection
logic could become an integral part of the control logic within each microsource. This
would allow for elimination of the external relays and enhance the plug-and-play

functionality of the microsources.

Our approach was to imbed the protection control logic and then connect the supporting
sensors directly into the inverters on each microsource, repeat the detailed protection tests
performed previously at the Test Bed, and compare the results. While we obtained good
agreement with the results from the earlier tests for some of the repeated tests, we

obtained different results for several of the other repeated tests. On the one hand,



subsequent investigation has not fully determined the reasons for these differences, which
is a cause for concern.  On the other hand, the significance of these unexpected
differences is greatly reduced due to findings from Task 7, which is leading us to
reconsider the importance of the specialized protection schemes examined in this task.
As we shall discuss later in this executive summary, the findings from Task 7 suggest that
these schemes may no longer required because the assumption upon which they were
designed (namely, that inverters would not be designed to generate significant fault

current) is incorrect.

Task 3. Examination of DC Storage Issues

DC storage on the CERTS Microgrid is defined by the need to ensure fast response of the
inverter, decouple the prime mover dynamics from the microgrid’s dynamics, and
support the DC bus voltage. In this task we sought to identify ways to lower the cost of a
microgrid by optimizing the amount of storage required, including possibly, eliminating
the need for DC storage altogether.

We reviewed data originally collected while conducting other the original tests of the
CERTS Microgrid to better understand the role of DC storage and prime mover response
on the CERTS Microgrid’s dynamic performance. We found that the surge module as
initially designed for the CERTS microgrid test bed is a reasonable design that functions
well. The specific battery selected for this application has been a good choice, although
money and space can be saved in the future by using a smaller battery. The only clear
shortcoming of our original design choice was found to be the need for better temperature
monitoring techniques, as the present design has led to thermal damage to most of the
batteries.  Consequently, we recommend modifying the temperature monitoring
technique to ensure adequate thermal protection for the batteries in the future. We also
recommend implementing techniques for predicting battery end-of-life. As with many
maintenance operations, it is best to replace the batteries before they fail, rather than
waiting for failure and the associated additional costs that failure during operation can

bring. End-of-life prediction can be performed by counting amp-hours out of the battery



and then replacing the battery when it reaches a value close to that reported on “Life
Expectancy” on battery specification sheets.

Task 4. Role of AC Storage in Enhanced Microgrid.

The addition of AC storage to the CERTS Microgrid’s architecture has the potential to
enhance the functionality and business case for microgrids by enabling peak shaving,
providing dispatchability for intermittent sources, and allowing energy transfer in order to
take advantage of time-varying energy prices. Our approach to incorporation of AC
storage involved determining whether we could add these values while retaining the high
inherent reliability of the CERTS Microgrid concept. For storage, this meant determining
whether we could retain the basic peer-to-peer microgrid functionality in the event of loss
of the AC storage (i.e. that the microgrid should be able to continue operating following
the loss of one or more microgrid elements) by imbedding CERTS control concepts into
the inverter controls directing energy flows into and out of the AC storage unit. We
investigated application of AC storage for its backup power capabilities, which involved
ensuring that when an islanding event occurs that there will be a sink or source for power
depending on the disparity between fixed-power sources such as wind, solar, and
geothermal plants and the microgrid’s power demand. This investigation utilized
batteries as the energy storage medium for both its power capabilities as well as the
energy reserve capacity. Beyond the functionalities previously demonstrated in earlier
phases of research, we had to also develop energy management methods that recognized
and took into account the state of charge of the AC storage unit. The work was carried
out by designing, implementing, and testing an AC storage unit using the bench-scale,
University-of-Wisconsin (UW) microgrid test bed.

We confirmed that ac energy storage would add an extra degree of flexibility to a
microgrid by allowing the temporal separation between generation and consumption of
power. Extensive testing of hardware revealed that the system is inherently stable under
a variety of operating conditions, including upper and lower controlled states. The
algorithm was demonstrated to operate autonomously, providing an added feature to the
plug-and-play topology of the CERTS microgrid. Various additions to the control laws



Vi

included a saturation that limited the role of the limit controllers beyond 0.6Hz in either
direction, slew rate limitations on the power modifier command, and limit-triggered
controller engagement. The 0.6Hz limitation provides a nominal operating point just
beyond the specified operating frequency range of the microgrid, which is 0.5Hz. This
allows for operation at a region beyond the 0.5Hz limit, but within the 1Hz limit, to

signal a non-preferential situation such as a critically low battery state of charge

The limit controller for state of charge management was also found to have well behaved
characteristics. It provided autonomous management of the state of charge of the battery,
retained some of the transient suppression abilities even in a controlled state, and
operated seamlessly regardless of system frequency. Regardless of the power set-point
specified by the supervisory controller, this control methodology appears to be capable of

ensuring plug-and-play functionality of the energy storage unit.

Task 5. Non-Inverter-based DG in Enhancing Microgrid.

As presently designed, the CERTS Microgrid requires each generator sets to add an
inverter interface in order to function properly in the system. In order to gain wider
market acceptance, the CERTS Microgrid concept must be expanded to include generator
sources that do not include inverter interfaces because the additional cost associated with
the inverter increases the cost of the generator equipment. This task involved bench tests
also conducted at the UW microgrid test bed. A 12.5 kVA Kohler diesel-generator set
with a wound-field synchronous machine was installed and new governor and exciter
control hardware together with improved control algorithms where implemented. A series
of tests were conducted to document the system’s steady-state and dynamic performance

capabilities.

We improved the performance of the genset for operation in a microgrid environment by
developing and implementing a state variable controller based on a system observer. The
state variable controller incorporates more suitable droop curves for both the real and
reactive power components, which enable the genset to rapidly respond to load changes

and interact positively with other sources in the absence of any form of external
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communication system. The observer for the system includes two components that
measure the mechanical parameters of the system such as rotor position and speed and
the electrical parameters of the system such as flux voltages. The observer, which was
designed in the continuous time domain, accurately estimated the various quantities

(within a certain bandwidth) even in the presence of parameter errors.

The controller was implemented on a test genset and various experiments were carried
out to verify its operation. The operation of the observer and controller was demonstrated
using EMTP based simulations and further validated using the test setup. The results
show that the 1C engine-based genset is well-behaved during load changes and islanding

maintaining system frequency and voltage within prescribed limits.

Task 6. Continuous Run of the CERTS Microgrid

Up to this point, testing at the CERTS Microgrid Test Bed had been limited to a large
number of one-off tests to confirm the operation of specific functionalities of CERTS
Microgrid concepts. For this project, the Test Bed was operated unattended for several
long periods of time to examine issues and demonstrate functionalities that cannot be
observed in short-duration tests. First, we examined the performance of the CERTS
Microgrid in responding to power quality events originating on the utility distribution
system. Second, we examined the performance of automatic power factor corrections
implemented through CERTS Microgrid controls to respond to voltage fluctuations
detected at the point of common coupling with the utility distribution system. Third,
throughout these periods of uninterrupted operation, we examined the performance of
CERTS Miicrogrid in automatically adjusting generation outputs in response to
commands issued by an energy management system to replicate unattended operation at a

customer site responding diurnal and hourly changes in customer energy demands.

In responding to power quality events originating on the utility distribution system, we
found one distribution disturbance event. The event appeared to be an A phase to B
phase to Ground fault. The depth of the voltage sag was mild and the duration short

term. The cause was either an intermittent fault like a tree contact or a distant fault that
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was cleared by a downstream recloser. To our knowledge no upstream distribution
protection equipment operated to clear this fault. This fault resulted in an 83% Voltage
sag to phases A and B of the distribution supply. The unprotected load in Load Bank 6 of
18kW experiences the full 83% voltage sag event lasting over a 1.5 second window. The
time from fault, thru detection, to clearing appears to be ~25 msec. At this point, the
voltage within the islanded microgrid recovered having only experienced 1.5 cycles of
sag. This was an excellent demonstration of the power quality enhancing functionality
provided by the CERTS Microgrid

In examining the performance of automatic power factor corrections implemented
through CERTS Microgrid controls to respond to voltage fluctuations detected at the
point of common coupling with the utility distribution system, we used the existing
Energy Management System to control the reactive power being drawing from the utility.
This motivation was two fold, one to avoid problems with the utility and two to
potentially sell an ancillary service to the utility. We used the Energy Management
System for this purpose because kVar usage is measured on 15 minute intervals and
faster corrections of reactive power consumption are not required. Hence, we found that
the Energy Management System was well-suited to make the decisions of how many
kVars are required and from where they should be generated. We found that the Energy
Manage System was able to improve average power factor from 0.795 to 0.928, or
approximately 16.7%.

The final area of interest deals with the automation of the load and genset equipment.
During this continuous run period, the loads and gensets were automatically operated by
individual agents. These agents were given a base load profile for electrical kW, kVar
and thermal demand. They were also given the freedom to deviate from this base profile
by a certain amount. This allowed for the bounded, random generation of a large number
of load flows within the microgrid. In total, the system operated through approximately
27,300 load changes and approximately 5,800 generation dispatches over 1,024 hours of
operation.



We observed a general deviation from the base profile can be seen in the early morning
hours of operation by all three gensets. This was caused inadvertently in order to
maintain compliance with the IEEE 1547 standard at the point of common coupling. The
base thermal demand profile was constructed around a customer with higher thermal
demand in the late evening and early morning hours, similar to a customer space heating
requirement in the winter season. The thermal generation and therefore electrical
generation was high enough to frequently offset the entire electrical demand at the point
of common coupling. Because the chosen technique for anti-islanding detection within
the CERTS microgrid is a minimum real power import the static switch would open each
time power was exported to the utility for more than two seconds. Finally the static
switch was automated to re-dispatch the generators to a lower set point and resynchronize
to the utility system. This effectively lowered the generation dispatch to match that of the
electrical load in the late evening and early morning hours of interest. As a consequence,
a customer with this particular thermal and electrical demand would need to make
adjustments to their system operation to ensure there energy demands were met

continuously.

Task 7 Inverter Short Circuit Tests

In the first phase of testing of the CERTS Microgrid, we encountered an unexpected
result. We observed that our inverters could, under some fault conditions, produce
significantly more current. While this finding did not invalidate or affect the basic results
of tests that had been conducted, it was contrary to expectations. We speculated that, if
the fault current can be predicted and controlled, then the electrical utility grid and
microgrid customer could have a better understanding of the fault contribution of the
microgrid based on location and greatly reduce the protection problems when in islanded
operation. In order to explore this possibility, we implemented changes to the inverter
controls and then sought to determine whether the amount of current could be limited to a
much lower target value. We demonstrated this capability by repeating the original tests
using the modified inverters and comparing the results to the earlier findings.



We found that the fault current contribution can be controlled by the genset equipment.
We identified an approximately linear relationship between the Percent Surge and the
fault current contributed. However if the value for Percent Surge is projected to 0, the
fault current contribution is projected to be approximately 325 amps, not 0 amps as
intuition would suggest. A similar relationship may exist past a Percent Surge value of
100. In this case the term Percent Surge is misleading and should be better connected to a

deliverable value of fault current contribution.

Next Steps

The next steps in the advancement and commercialization of CERTS Microgrid Concepts
are two-fold. First, field demonstrations are needed to take the advances already
demonstrated at the AEP Test Bed and work-through the site-specific, real-world
challenges involved in deploying production-grade installations that embody CERTS
Microgrid Concepts.  Industrial partners must be sought would will license and
implement CERTS Microgrid Concepts in commercial products.

Second, the integrated program of theory, simulation, bench-scale demonstration, and
then full-scale demonstration at the AEP Test Bed needs to continue. Several advances
demonstrated at bench-scale in this phase of research, including integration of AC storage
and synchronous generation in a microgrid are now ready for demonstration at full-scale
at the AEP Test Bed. In addition and in view of these enhancements, the benefits of the
CERTS Microgrid for supporting integration of variable renewable generation in the
form of PVs should be examined, ultimately, at full-scale at the AEP Test Bed. Finally,
on-going work to examine alternatives to the static switch should be pursued to target

market segments with less demanding requirements for power quality.
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CHAPTER 1. Introduction

The objective of this project is to build from the technical proof-of-concept that had been
previously demonstrated using the Consortium for Electric Reliability Technology Solutions
(CERTS) Microgrid — the world’s first, full-scale, inverter-based, distributed generation
microgrid - to prioritize, develop, and, as appropriate, demonstrate technology enhancements to
the original implementation to enhance the business case for microgrids. The project involved
seven distinct analysis, bench-, and full-scale testing tasks. The first five tasks were described in
the original proposal submitted and awarded through DOE’s solicitation. Two additional tasks
were added to address issues that had been identified in the earlier, first phase of testing.

The background, motivation, and approach taken to complete each of the seven tasks are outlined
in this chapter. The design principles, technical concepts, and work completed in the prior
project are then briefly reviewed in chapter 2. Project results and findings for each of the tasks
are then described in chapter 3. Each discussion provides references to one or more stand-alone,
technical publications that contain extensive details on the execution of each task. Chapter 4
summarizes the project findings and conclusions, and recommends next steps in advancing the
CERTS Microgrid concept.

1.1 Background and Overview

The CERTS Microgrid concept is an advanced approach for enabling integration of, in principle,
an unlimited quantity of distributed energy resources into the electricity grid. The CERTS
Microgrid concept is driven by two fundamental principles: 1) A systems perspective is
necessary for customers, utilities, and society to capture the full benefits of integrating
distributed energy resources into an energy system; and 2) The business case for accelerating
adoption of these advanced concepts will be driven, primarily, by lowering the first cost and

enhancing the value of microgrids.



A key feature of a microgrid, is its ability, during a utility grid disturbance, to separate and
isolate itself from the utility seamlessly with no disruption to the loads within the microgrid
(including no reduction in power quality). Then, when the utility grid returns to normal, the
microgrid automatically resynchronizes and reconnects itself to the grid, in an equally seamless
fashion.

What is unique about the CERTS Microgrid is that it can provide this technically challenging
functionality without extensive (i.e., expensive) custom engineering. In addition, the design of
the CERTS Microgrid also provides high system reliability and great flexibility in the placement
of distributed generation within the microgrid. The CERTS Microgrid offers these
functionalities at much lower costs than traditional approaches by incorporating peer-to-peer and
plug-and-play concepts for each component within the Microgrid.

The predecessor to the current project was the CERTS Microgrid Laboratory Test Bed project,
which involved the construction of and completion of initial testing using the world’s first, full-
scale, inverter-based, distributed generation test bed. The project demonstrated three advanced
techniques, collectively referred to as the CERTS Microgrid concept, which collectively
significantly reduce the level of custom field engineering needed to operate microgrids
consisting of small generating sources. The techniques are: 1) a method for effecting automatic
and seamless transitions between grid-connected and islanded modes of operation; 2) an
approach to electrical protection within the microgrid that does not depend on high fault currents;
and 3) a method for microgrid control that achieves voltage and frequency stability under both
grid and islanded conditions without requiring high-speed communications.

The work conducted in this phase of RD&D on the CERTS Microgrid Concept built upon this
base of technical accomplishments to prioritize, develop, and then demonstrate technology
enhancements to further enhance the business case for microgrids. That is, having demonstrated
the technical feasibility of microgrid functions, RD&D optimization efforts are now needed to
accelerate commercial deployment. The current phase is a contribution to these efforts. The

work paid special attention to the economic drivers outlined in the DOE solicitation: “economic



dispatch responsive to pricing signals and demand management programs, customer willingness

to pay premiums for increased power reliability and quality, etc.”

1.2 Descriptions of Technical Tasks and Schedule

This project involved seven distinct analysis, bench-, and full-scale testing tasks. The first five
tasks were described in the original proposal submitted and awarded through DOE’s solicitation.
Two additional tasks were added to address issues that had been identified in the earlier, first
phase of testing.

Task 1. Construction of Baselines for Microgrid Business Case Assessments

Task 2. Examination of Technical Requirements to Reduce Protection Costs

Task 3. Examination of Technical Requirements to Reduce DC Storage Costs

Task 4. Enhancing Microgrid Functionality by Optimizing the Role of AC Storage

Task 5. Enhancing Microgrid Functionality by Incorporating Non-Inverter-based DG

Task 6. Continuous Run of the CERTS Microgrid

Task 7. Inverter Short Circuit test

In the remaining subsections, we describe the background, motivation, and approach taken to
complete each of the seven tasks. The results and findings are presented in chapter 3

Task 1. Construction of Baselines for Microgrid Business Case Assessments

The organizing principles for this project were prioritization, development, and demonstration of
technology enhancements to improve the business case for microgrids. DOE and the California
Energy Commission have previously funded the development of a software tool that addresses
the first of these principles. The tool, called the Distributed Energy Resources Customer
Adoption Model (or DER-CAM) is an engineering-economic optimization tool that among other
things can identify cost-targets and the economic value of alternative microgrid configurations
and operating strategies. For this project, two major enhancements were implemented to expand
the capabilities of the tool to explicitly consider both thermal and electrical energy storage
technologies and to place an economic value on improvements to customer power quality and

reliability (PQR). The enhancements were then demonstrated by examining the economic value



of microgrids in key target markets for distributed generation on the East and West Coast of the
US. The demonstrations focused, in part, on showing the interactions that occur between
renewable distributed generation in the form of PV and electricity storage.

Task 2. Examination of Protection Issues

There are three aspects to protection for the CERTS Microgrid: 1) Conventional protection for
the feeders, which do not have microsources, consistent with industrial and commercial
standards; 2) Protection of the utility and the microgrid during critical events at the point of
common coupling using an interface switch; 3) Specially designed protection schemes associated
with each microsource within the CERTS Microgrid to address internal faults during parallel and
islanded operation. Current implementation at the CERTS microgrid test bed of the third aspect
of this scheme relies on expensive, external digital relays with independent current and voltage
sensors. In order to lower the overall cost of the CERTS Microgrid, we sought to determine
whether this protection logic could become an integral part of the control logic within each
microsource. This would allow for elimination of the external relays and enhance the plug-and-
play functionality of the microsources. The approach was to imbed the protection control logic
and then connect the supporting sensors directly into the inverters on each microsource, repeat

the detailed protection tests performed previously at the Test Bed, and compare the results.

Task 3. Examination of DC Storage Issues

DC storage on the CERTS Microgrid is defined by the need to ensure fast response of the
inverter, decouple the prime mover dynamics from the microgrid’s dynamics, and support the
DC bus voltage. This task sought to lower the cost of a microgrid by optimizing the amount of
storage required, including possibly, eliminating the need for DC storage altogether. The work
required a detailed assessment and optimization of DC storage including consideration of
enhancements to the prime mover’s controls. The work was based on new analysis of data that
had collected been collected previously through testing of other functionalities at the
CERTS/AEP Microgrid test site. These data provided information that enabled us to better
understand the role of DC storage and prime mover response on the CERTS Microgrid’s

dynamic performance.

Task 4. Role of AC Storage in Enhanced Microgrid.



The addition of AC storage to the CERTS Microgrid’s architecture has the potential to enhance
the functionality and business case for microgrids by enabling peak shaving, providing
dispatchability for intermittent sources, and allowing energy transfer in order to take advantage
of time-varying energy prices. Our approach to incorporation of AC storage involved
determining whether we could add these values while retaining the high inherent reliability of the
CERTS Microgrid concept. For storage, this meant determining whether we could retain the
basic peer-to-peer microgrid functionality in the event of loss of the AC storage (i.e. that the
microgrid should be able to continue operating following the loss of one or more microgrid
elements) by imbedding CERTS control concepts into the inverter controls directing energy
flows into and out of the AC storage unit. Beyond the functionalities previously demonstrated,
we had to develop energy management methods that recognized and took into account the state
of charge of the AC storage unit. The work was carried out by designing, implementing, and
testing an AC storage unit using the bench-scale, University-of-Wisconsin (UW) microgrid test
bed.

Task 5. Non-Inverter-based DG in Enhancing Microgrid.

As presently designed, the CERTS Microgrid requires each generator sets to add an inverter
interface in order to function properly in the system. In order to gain wider market acceptance,
the CERTS Microgrid concept must be expanded to include generator sources that do not include
inverter interfaces because the additional cost associated with the inverter increases the cost of
the generator equipment. This task involved bench tests also conducted at the UW microgrid test
bed. A 12.5 kVA Kobhler diesel-generator set with a wound-field synchronous machine was
installed and new governor and exciter control hardware together with improved control
algorithms where implemented. A series of tests were conducted to document the system’s
steady-state and dynamic performance capabilities.

Task 6. Continuous Run of the CERTS Microgrid

Up to this point, testing at the CERTS Microgrid Test Bed had been limited to a large number of
one-off tests to confirm the operation of specific functionalities of CERTS Microgrid concepts.
For this project, the Test Bed was operated unattended for several long periods of time to

examine issues and demonstrate functionalities that cannot be observed in short-duration tests.



First, we examined the performance of the CERTS Microgrid in responding to power quality
events originating on the utility distribution system. Second, we examined the performance of
automatic power factor corrections implemented through CERTS Microgrid controls to respond
to voltage fluctuations detected at the point of common coupling with the utility distribution
system.  Third, throughout these periods of uninterrupted operation, we examined the
performance of CERTS Microgrid in automatically adjusting generation outputs in response to
commands issued by an energy management system to replicate unattended operation at a
customer site responding diurnal and hourly changes in customer energy demands. In total, we
operated the Microgrid through approximately 27,300 load changes and approximately 5,800
generation dispatches.

Task 7 Inverter Short Circuit Tests

In the first phase of testing of the CERTS Microgrid, we encountered an unexpected result. We
observed that our inverters could, under some fault conditions, produce significantly more
current. While this finding did not invalidate or affect the basic results of tests that had been
conducted, it was contrary to expectations. We speculated that, if the fault current can be
predicted and controlled, then the electrical utility grid and microgrid customer could have a
better understanding of the fault contribution of the microgrid based on location and greatly
reduce the protection problems when in islanded operation. In order to explore this possibility,
we implemented changes to the inverter controls and then sought to determine whether the
amount of current could be limited to a much lower target value. We demonstrated this
capability by repeating the original tests using the modified inverters and comparing the results
to the earlier findings.



CHAPTER 2. CERTS Microgrid Concept

CERTS Microgrid concepts were first formulated in 1998 as a cluster of micro-generators and
storage with the ability to separate and isolate itself from the utility seamlessly with little or no

disruption to the loads. Key concepts include controllers based on loca terminal quantities only,
fast load tracking and the use of frequency droop methods to insure load sharing between
microsources. Thiswork was later formdized in awhite paper and a US patent, [1-3].

2.1 Microgrid Concept

CERTS Microgrid control is designed to facilitate an intelligent network of autonomous units.
The concept has three critical components, the static switch, the microsources and loads. The
static switch has the ability to autonomously island the microgrid from disturbances such as
faults, IEEE 1547 events or power quality events. After islanding, the reconnection of the
microgrid is achieved autonomously after the tripping event is no longer present. Each
microsource can seamlessly balance the power on the islanded microgrid using a power vs.
frequency droop controller. If there is inadequate generation the frequency will droop below the
normal operating range signaling the non-critical loads to shed. The coordination between
sources and loads is through frequency,

The voltage controller at each source provides local stability. Without local voltage control,
systems with high penetrations of DG could experience voltage and/or reactive power
oscillations. VVoltage control must also insure that there are no large circulating reactive currents
between sources. This requires a voltage vs. reactive power droop controller so that, as the
reactive power generated by the source becomes more capacitive, the local voltage set point is
reduced. Conversely, as reactive power becomes more inductive, the voltage set point is

increased [4].

The CERTS Microgrid has no “master” controller or source. Each source is connected in a peer-
to-peer fashion with a localized control scheme implemented for each component. This

arrangement increases the reliability of the system in comparison to having a master-slave or



centralized control scheme. In the case of master-slave controller architecture the failure of the
master controller could compromise the operation of the whole system. The CERTS Testbed
uses a central communication system to dispatch DG set points as needed to improve overall
system operation. However this communication network is not used for the dynamic operation of
the microgrid. This plug and play approach allows us to expand the microgrid to meet the
requirements of the site without extensive re-engineering. This implies that the microgrid can
continue operating with loss of any component or generator. With one additional source, (N+1),
we can insure complete functionality with the loss of any source. Plug-and-play implies that a
unit can be placed at any point on the electrical system without re-engineering the controls
thereby reducing the chance for engineering errors. The plug-and-play model facilitates placing
generators near the heat loads thereby allowing more effective use of waste heat without

complex heat distribution systems such as steam and chilled water pipes.

2.2 CERTS/AEP Microgrid Test-Bed

The objective of the CERTS Microgrid Laboratory Test Bed project was to demonstrate the ease
of integrating small energy sources into a microgrid. The project accomplished this objective by
developing and demonstrating three advanced techniques, collectively referred to as the CERTS
Microgrid concept, that significantly reduce the level of custom field engineering needed to
operate microgrids consisting of small generating sources. The techniques comprising the
CERTS Microgrid concept are: 1) a method for effecting automatic and seamless transitions
between grid-connected and islanded modes of operation; 2) an approach to electrical protection
within the microgrid that does not depend on high fault currents; and 3) a method for microgrid
control that achieves voltage and frequency stability under both grid and islanded conditions

without requiring high-speed communications.

The test bed is shown in Figure 1. There are three feeders (A, B and C) with loads and three
microsources. Two microsources are on Feeder-A, (A-1 and A-2) with the third, B-1, on Feeder-
B. Feeder-A uses a four-wire cable with a common ground point. The cable between A-1 and A-
2 is 100yds, providing impedance to verify the plug and play feature and local stability. The
second feeder (B) with a single load and source is a three-wire system with an isolation
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Figure 1. CERTS/AEP Microgrid Test Site

transformer. Feeders-A and B can be islanded from the utility using a static switch. The static
switch hardware consists of back-to-back thyristors with local implement of the CERTS

Microgrid islanding and re-synchronization procedures.

The four load banks, Load-3 through Load-6 can be remotely controlled from 0-90 kW and 0-45
kVar. Each load bank also has remote fault loads which range from bolted faults to high
impedance faults (60 kW and 83 kW). Other loads include an induction motor 0-20 HP. The
other equipment includes; protection relays, shunt trip breakers and a complete digital
acquisition system. The digital acquisition system includes twelve 7650 ION meters providing
detailed voltage and current waveforms for each phase conductor including the neutral.

2.3 Microsource

At the AEP site the prime mover is a 7.4 liter, naturally aspirated V-8, specially modified for
natural gas, [5]. The block and exhaust manifolds are liquid cooled. Typical coolant temperatures
supplied to the host facility are in the range of 185/235 F when exhaust heat recovery is used for
CHP applications. Heat is recovered from an external oil cooler as well. The fuel supply, natural
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gas at low pressure (18 inches of water column) is combined with air in a venturi mixer upstream
of the throttle and intake manifold. To maintain the precise air/fuel ratio control required for the
catalyst emissions system, a closed loop feedback control system is utilized incorporating twin
oxygen sensors in the exhaust system. The generator is liquid-cooled permanent magnet type
designed specifically to match the speed and power curve of the engine. Voltage and power are
proportional to RPM. The cooling fluid can be combined with the main heat recovery system in

some cases where temperatures are relatively low.

The power conditioning system has three fundamental stages: an AC/DC diode rectifier bridge
with voltage boost, DC storage and a DC/AC inverter. Diode rectifier and boost has two tasks:
the first is to convert the AC waveform into a DC voltage and the second is to increase the DC
voltage to a higher level so that the inverter has extra room to be able to synthesize a voltage
larger than nominal. When the inverter injects reactive power to regulate voltage at the feeder,
the magnitude of the voltage at the inverter can exceed 1 PU. To make sure that the inverter does
not operate in the over modulation region, a larger DC bus voltage is used. [6]

The DC storage can provide short bursts of power, drawing from an internal supply of stored
energy. This insures that the inverter can provide the power required by the microgrid
independent of the rate of the prime mover. Subsequent to a burst and settling to steady state, a
charger ensures that the energy is slowly replenished into the batteries. The inverter is a power
electronic block composed of a matrix of solid state devices with high switching frequency that
can convert a DC voltage into an stiff AC voltage. For these tests storage was not used since the

prime mover could prove needed energy to the inverters.

2.4 Autonomous Controller

Integration of large numbers of microsources into a Microgrid is not possible with basic unity
power factor controls. VVoltage regulation is necessary for local reliability and stability. Without
local voltage control, systems with high penetrations of microsources could experience voltage
and/or reactive power oscillations. Voltage control must also insure that there are no large
circulating reactive currents between sources. With small errors in voltage set points, the

circulating current can exceed the ratings of the microsources. This situation requires a voltage
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vs. reactive power droop controller so that, as the reactive power, Q, generated by the
microsource becomes more capacitive, the local voltage set point is reduced. Conversely, as Q

becomes more inductive, the voltage set point is increased.

(O]
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to Grid

Importing
from Grid

Pmax

v

Figure 2. Steady state power vs. frequency droop

Each microsource uses a power vs. frequency droop controller to insure power balance in an
islanded state. There are two possible power droop controllers. One is unit power control, which
controls the power being injected by the microsource. The other is zone flow power controller
which regulates the power in a feeder, for example the flow into Feeder-A in Figure 1. When
regulating unit power, each source has a constant negative slope droop on the P, @ plane as
shown in Figure 3. In zone control each source has a positive slope on P, @ plane. The fixed
slope is the same magnitude used in unit power control, but with a reversed sign. When
regulating unit power the relative location of loads and source is irrelevant but when regulating
zone flow these factors becomes important. Power flow into the feeder is positive while power
from the feeder is negative. Figure 2 shows power vs. frequency droop for unit power control.
The slope is chosen by allowing the frequency to drop by a given amount, Aw, as the power
spans from zero to Pmax. Figure 2 also shows the power set-points Pol and Po2 for two units.
This is the amount of power injected by each source when connected to the grid, at system

frequency, wo.
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When the microgrid is connected to the grid, loads receive power both from the grid and from
local microsources, depending on the customer’s situation. If the grid power is lost because of
IEEE 1547 events, voltage droops, faults, blackouts, etc., the Microgrid can autonomously
transfer to island operation. If the system transfers to island when importing from the grid, the
generation needs to increase power to balance power in the island. The new operating point will
be at a frequency that is lower than the nominal value. In this case both sources have increased
their power output with unit 2 reaching its maximum power point. If the system transfers to
island when exporting power to the grid, then the new frequency will be higher, corresponding to

a lower power output from the sources with unit 1 at its zero power point.

The characteristics shown on Figure 2 are steady state characteristics. They have a fixed slope in
the region where the unit is operating within its power range. The slope becomes vertical as soon
as any limit is reached. The droop is the locus where the steady state points are constrained to
come to rest, but during dynamics the trajectory will deviate from the characteristic.

The dynamics of this droop characteristic is shown in Figure 3. The figure shows the response of
two sources during an islanding event. The data is from Test 8.3 taken on 21 February 2008 at
11:45 AM at the microgrid laboratory test bed, [7-10]. Figure 3a traces are measured at unit A-1,
see figure 1. Before islanding at time = 0.0 seconds both sources are connected to AEP. The real
power output of A-1 is 5kW and reactive power (capacitive) is close to 9 kVAr. The three phase
current is from the Y side of the source is shown in the middle plot and the lower plot is voltage
at the point of connection to feeder-A.

Figure 3b traces are measured at unit A-2. Before islanding The real power output of A-2 is
55kW and reactive power (capacitive) is close to 5 KVAr. This test is close to the operating point
shown in Figure 2. With A-1 set very low while A-2 set is close to the steady state maximum of
60 kW. When connected to the grid the microgrid is importing 32 kW of power from the utility.
After islanding the units need to compensate for lost power. A-2 overshoots its steady state
maximum for less than 200 milliseconds peaking at 70 kW but then the controls backs off the
generation while unit A-1 increases its output to meet its share of the loads. The new steady state
operating point for A-1 is 29 kW and A-2 is 60 kW. Note that the reactive output is greatly
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reduced. VVoltage magnitudes are unchanged for both sources demonstrating the stiffness of the

inverter voltages. The current traces are from the inverters.
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Figure 3a. Dynamic response of unit A-1
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