@élgre @Fﬁss

21, rue d'Artois, F-75008 PARIS CAL GARY 2009 Power & Energy Society™

http : //www.cigre.org

CERTS Microgrid Laboratory Test Bed

J. ETO, Lawrence Berkeley National L aboratory, USA
R. LASSETER, University of Wisconsin, USA
B. SCHENKMAN AND J. STEVENS, Sandia National Laboratory, USA
D. KLAPP AND H. VOLKOMMER, American Electric Power, USA
E. LINTON AND HECTOR HURTADO, Northern Power Systems, USA
J. ROY, Tecogen, Inc., USA

SUMMARY

The objective of the CERTS Microgrid Test Bed project was to entlthaaase of integrating energy
sources into a microgrid. The project accomplished this objective by denvglamil demonstrating
three advanced techniques, collectively referred to as the CERI8gvd concept, that significantly
reduce the level of custom field engineering needed to operate microgridgingrsfi generating
sources less than 100kW. The techniques comprising the CERTS Microgrgpptare: 1) a method
for effecting automatic and seamless transitions between grid-¢edrasa islanded modes of
operation, islanding the microgrid’s load from a disturbance, thereby nmiigta higher level of
service, without impacting the integrity of the utility’s eleatipower grid; 2) an approach to
electrical protection within a limited source microgrid that doeslapend on high fault currents; and
3) a method for microgrid control that achieves voltage and frequencytgtabder islanded
conditions without requiring high-speed communications between sources.

These techniques were demonstrated at a full-scale test bed bulbheabus, Ohio and
operated by American Electric Power. The testing fully confirmedeeaésearch that had been
conducted initially through analytical simulations, then through laboratonya¢ions, and finally
through factory acceptance testing of individual microgrid components. [@hdirgy and
resychronization method met all Institute of Electrical and Eleicsdengineers Standard 1547 and
power quality requirements. The electrical protection system wadaMistinguish between normal
and faulted operation. The controls were found to be robust under all conditicudinigdifficult
motor starts and high impedance faults.

The results from these tests are expected to lead to additioms tésthhancements to the basic
techniques at the test bed to improve the business case for microgriditgies, as well to field
demonstrations involving microgrids that involve one or more of the CERT®dfidrconcepts.
Future planned microgrid work involves unattended continuous operation of thendi¢on@0 to 60
days to determine how utility faults impact the operation of the microgridoagage the power
quality and reliability improvements offered by microgrids.
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INTRODUCTION

Evolutionary changes in the regulatory and operational climatedifitraal electric utilities and the
emergence of smaller generating systems, including internal combustinassmgicroturbines,
photovoltaics, and fuel cells, have opened new opportunities for electricitytaggenerate power on
site. In this context, distributed energy resources — small power gesdsgtically located at sites
where the energy (both electric and thermal) they generateds-use a promising option to meet
growing customer needs for economic and reliable electric power. Stnbutied energy resources
portfolio includes not only generators but also energy storage and load .cOngganizing all of these
resources into microgrids is a promising way to capture smallebdi®td energy resources'
significant potential to meet customers’ and utilities’ needs.

Key features that will make microgrids functional, both within théweseand as elements of the
larger electricity system, include high reliability so that custesmeceive the power quality they
require, capacity for “plug and play” addition of energy resources to thegnitiso that placement
of those resources is flexible, and operation of the microgrid so thmgteaes to the larger utility grid
just like any other single customer site.

The Consortium for Electric Reliability Technology Solutions (CERA&) developed a detailed
Microgrid concept that aims to provide these and other technically whaitemicrogrid
functionalities at much lower costs than traditional approachesttibdied energy resources by
avoiding the need for extensive (i.e., expensive) custom engineeringefgrast al. 2002). This paper
focuses on the creation of a full-scale test bed to demonstrate theSCRBDgrid techniques for
providing reliable, high-quality power with no disruption to the electrigity. We also briefly
summarize testing performed to date and planned next steps.

THE CERTSMICROGRID CONCEPT

To achieve a high degree of functionality at reasonable cost, the CERT&rid concept relies on
peer-to-peer and plug-and-play strategies for each component \uighimi¢rogrid.

The peer-to-peer concept insures that no single component, such as aomsiter or a central
storage unit, is required for operation of the microgrid. Therefore, byritslesign, the CERTS
Microgrid can continue operating with loss of an individual component or denersVith one
additional source, (N+1) it can insure even higher levels of rifjabi

The plug-and-play concept means that a distributed energy unit can be agtiegdrat any location
within the microgrid without re-engineering the microgrid’s contrdlge plug-and-play functionality
is similar to the flexibility one has with home appliances; just applieace can be plugged in
wherever there is an outlet, a distributed energy resource withirragmiccan be located anywhere
within a facility or building where it might be most needed. This is in sharpastro the traditional
model for addressing distributed energy generation, which clusterpulisttisources at a single point
to simplify their electrical integration. In combined-heat-and-poweliegijins, the plug-and-play
model facilitates placement of distributed energy resources imreldgaljacent to heat loads,
thereby allowing most effective use of waste heat without a complex hititutisn system, e.g.,
steam and chilled water pipes, and the energy losses associated mvith the

As noted above, another critical feature of the CERTS Microgridg [gesentation to the surrounding
distribution grid as a single, self-controlled entity. A CERTS Micbgppears to the grid as
indistinguishable from any other customer site. This means that thegniicavoids many of the
current concerns associated with integrating distributed energycespsuch as how many of these
resources the system can tolerate before their collectiveiedatnpact begins to create problems
like excessive current flows into faults and voltage fluctuations.



Among the critical functions a microgrid must perform are, when theretityagrid disturbance, to
separate and isolate (“island”) itself from the utility seanhesgh little or no disruption to microgrid
loads (including no diminution of power quality during the transition). Both the loaldistnibuted
generation located “downstream” of the static switch are thereby moteom the grid disturbance.
Loads “upstream” of the static switch (yet still downstream of the pbicdmmon coupling with the
utility grid) are exposed to the grid disturbance and are in this sepsetected. When utility grid
operations return to normal, the microgrid must automatically resynchranzreconnect itself to the
grid in an equally seamless fashion.

DEVELOPMENT OF THE CERTS-AMERICAN ELECTRIC POWER (AEP) MICROGRID
TEST BED

The CERTS Microgrid concept is being demonstrated at the CERTS Mitvagperican Electric
Power (AEP) test bed, located near Columbus, Ohio and operated by AEP (Eto, 68)alS@é0
Figure 1. Northern Power Systems (NPS) designed the test bed (see Fanddaricated most of
the major hardware elements, including load banks, power and controlrgjrpuitective relaying,
and data-acquisition equipment, which are installed in metal-clad se#chgbinets for protection in
an outdoor location.

The four load banks of the test bed, Load-3 through Load-6 can be remotely corntoolié&dg0
kilowatts (kW) and 0-45 kilovolt ampere reactive (kVar). Each bank alsodmaote fault loads which
range from bolted faults to high-impedance faults (60 kW and 83 kW). Otlisrilodude an
induction motor 0-20 horsepower (HP). The digital acquisition system indiwdbge 7650 ION
meters providing detailed voltage and current waveforms for each phase ocomnutiating the
neutral.

Tecogen and its inverter manufacturer, Youtility, modified and factotgddhree combined-heat-
and-power units to incorporate the CERTS Microgrid control algorithnmes cdmplete systems each
include an engine/generator, a “surge module” and an inverter. See Figuch h\eater is sized to
provide both 60 kW and + 60 kVARS.

The prime mover for the engine/generator is a 454-cubic-inch displacenanat gas-fired V8
reciprocating engine. This engine was designed to be operated atl ahsagves the best
combination of fuel efficiency and response to load changes. Thus, the engine dpeatd wi
necessarily be synchronous with a 60-Hertz (Hz) system. The eleceebgpr produces a variable
alternating current (AC), which is rectified to a direct curr@&€) output. The inverter converts the
DC to utility-synchronous AC. The surge module is an energy storage devaistiognof batteries,
power electronics, and controls, which is tied to the DC bus in parallel witketite@l generator
and the inverter. The purpose of the surge module is to provide instantpoe@usvhen there is a
load increase while the engine/generator adjusts its speed tatheadaéng conditions. The inverters
and surge modules were both supplied to Tecogen by Youtility, Inc. Tecogenteddfmentire
prime mover system and performed a set of factory acceptancegespecified by the CERTS team,
before shipping the units to the test bed.

A critical aspect of this project was the incorporation of the CER’icgolgrid control algorithms into
the inverters provided by Youtility. A set of test scenarios were pegtbprior to sending the
inverters to Tecogen, to confirm correct operation of the completedénse®nce at AEP’s
facilities, the Tecogen units were retested to confirm that tlerpgnce of the installed units was
consistent with the factory tests.

NPS designed, fabricated, and factory-tested a static switcimblgimented CERTS Microgrid
islanding and resynchronization procedures. The controls were implemerdedeostatic-switch
hardware associated with a Purewave uninterruptible power supplynsysteufactured by S&C
Electric. See Figure 4. The islanding procedures consisted of trimgé¢nsi, detect and trip on
Institute of Electrical and Electronics Engineers (IEEE) 1547-9pdaifiteria such as voltage or



frequency deviations and reverse power flow] followed by disconnectiandiag) of the microgrid
from the utility. The voltage-trip function included trip-charactarssrequired by IEEE 1547 for
distributed resource interconnection, those specified by the Informatibindlegy Industry Council
for power quality, and a custom-voltage-versus-time-trip charattetihat could be specified by the
user.

The resynchronizing function had to meet a more stringent requirement tlemtim®nly accepted
criteria of IEEE 1547 to insure transient-free transitions for power ditiver into or out of the
microgrid at the instant of switch closing. IEEE 1547 requires that thee mlifference across the
switch be less than 20° before the switch can close. However, this phasendifis too large for
microgrid needs, which require closing at a zero-phase difference. Thegegd static switch and
digital signal processing insure that the voltage phase differéetasmg is zero.

NPS tested the static switch with low-level power (i.e., signattion) to confirm proper operation
before shipping the switch to AEP. Technical Advisory Committee (TiA@mbers from the National
Renewable Energy Laboratory shipped additional testing equipment and leriisexip NPS in
support of this testing. Once at AEP’s facilities, the switch wasted with low power to confirm
that there had been no shipping damage. AEP performed further testinDalai Test Facility to
examine selected power quality issues prior to installing equipmére st bed.

NPS also fabricated cabinets containing all the sensing hardwaretectjpn and data-acquisition
equipment; the circuit breakers, switches and fuses; and all of theTé&dsads include a variety of
resistive, inductive, capacitive and motor as loads well a six-polser rectifier to provide a non-
linear load.

CERTSMICROGRID TESTS
Initial testing focused on:

1) a method for making automatic, seamless transitions between gricctmhard islanded modes of
operation;

2) an approach to electrical protection within the microgrid that does pehd®n high fault
currents; and

3) a method for microgrid control that achieves voltage and frequencytgtabdier islanded
conditions without requiring high-speed communications.

AEP conducted five sets of tests.

The first set of tests examined the operation of the static switcheiorile¢ that it and its digital
signal processing control operated as designed. This included fiveftdstsd-bus and synchronized
closing, reverse power, and IEEE 1547 protective relay functions. The go@l eadirm the correct
operation (and thus the protection) of the static switch, which is theatae interface between the
protected (zones 3, 4, 5 in Figure 2) and unprotected (zone 6 in Figure 2) portlmsnadrogrid.

The second set of tests examined a preliminary set of faults (i.e., avsitmaating a high-
impedance fault) within the microgrid to ensure protection and saféine @ést bed prior to
performing other planned tests. The fault condition tests were intemdeudr the basic concepts of
the protection design and to study its effectiveness (e.g., zero-sequeyatengequence and
residual currents for line-to-ground faults; negative-sequence or (@ cgion for phase-to-phase
faults). For the majority of these test scenarios, the staticlswis expected to open first, followed
by the zone breaker of the faulted zone. The goal was to test and adprsigmatettings to achieve
the best conditions and protection design within a limited fault curystéra. Sixteen separate tests
were conducted.



The third set of tests was designed to ensure that the Gen-s&triiweaitrols were working as
designed during grid-connected and islanded modes of operation. This includestroit zone
control, and mixed power controls, in conjunction with limiting controls and syndeweiosing of
the static switch. These tests what Tecogen and Youtility had done durfagttirg acceptance
testing of the stand-alone inverters and the engine-coupled inv@tterperformance goal was to
observe smooth transitions in the Gen-set controls’ responses temtiffegp conditions. Thirteen
separate tests were conducted.

The fourth set of tests demonstrated the flexibility of the microgritevidath connected to the grid
and islanded, for different loads, power flows, and utility impact. Thesedsgiloyed “weak grid”
inductors in the circuit simulating the microgrid connection at the end of dlefegider. Three sets
of tests were conducted.

The fifth and final set of tests began to explore the operational limite ahicrogrid with difficult
induction motor starting loads. Two primary sets of tests were conducted wegds grid”
conditions.

The testing fully confirmed earlier research that had been conducted thrahgiicahsimulations
and laboratory simulations and factory-acceptance testing of individualgra components. The
islanding and resynchronization method met all IEEE 1547 and power quality regptiseirhe
electrical protection system was able to distinguish between nanddhulted operation. The
controls were found to be robust under all conditions, including difficult motds.sta

The results from these tests are expected to lead to additional testeotements to the basic
techniques at the test bed, tests to improve the business caserégrichichnologies, as well to
field demonstrations involving microgrids that employ one or more of thecaksrof the CERTS
Microgrid concept.

CONCLUSION

The objective of the CERTS Microgrid Laboratory Test Bed Demonstratagegbiwas to examine
the functionality of the CERTS Microgrid concept. Tests performedrsio¢used on three advanced
techniques that are key to the CERTS Microgrid concept: 1) a methodefctiref automatic and
seamless transitions between grid-connected and islanded modes abop2)yan approach to
electrical protection within the microgrid that does not depend on higicfauénts; and 3) a new
method for microgrid control that achieves voltage and frequencyitstainitier islanded conditions
without requiring high-speed communication. All three techniques were stidbedemonstrated in
a carefully orchestrated sequence of five sets of tests by AEP.

The testing fully confirmed earlier research that had been conducted thralgiicahsimulations,
laboratory simulations, and factory acceptance testing of individuabgnid components. The
islanding and resynchronization method met all IEEE 1547 and power quality regpiiseifhe
electrical protection system was able to distinguish between nanddaulted operation. The
controls were found to be robust under all conditions.

The next logical phase for research, development, and deployment (RD&D)CGERIES Microgrid
Concept is to prioritize, develop, and demonstrate additional technology enharscesgained to
optimize the microgrid and demonstrate its commercial viability. Nauvttie technical feasibility of
microgrid functions has been demonstrated in the initial tests, RD&iissére needed to accelerate
its commercial deployment. This research should pay special attéoteconomic drivers, such as
economic dispatch responsive to pricing signals and demand-management prograost@mner
willingness to pay premiums for increased power reliability and tyuali
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Figure 2. One-Line Diagram of CERTS Microgrid Test Bed



Figure 3. Tecogen Prime Mover with Inverter

Figure4. The Static Switch



