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ABSTRACT In contrast with conventional microgrids (MGs) with fixed boundaries, a smart and flexible
MG with dynamic boundary is introduced in this paper. Such a MG can dynamically change its boundary by
picking up or shedding load sections of a distribution feeder depending on its available power, leading to more
flexible operation, better utilization of renewables, smaller size of energy storage system, higher reliability,
and lower cost. To achieve a flexible MG, the main challenges in MG design are addressed, including recloser
placement, MG asset sizing considering resilience, system grounding design, and protection system design.
Meanwhile, a hierarchical structure is employed to design and implement the MG controller. On top of the
functions defined in IEEE 2030.7-2018, a few new functions, e.g., online topology identification and PQ
balance, are added, while the planned/unplanned islanding and reconnection functions are enhanced. The
controller is implemented on a CompactRIO, a general-purpose hardware platform provided by National
Instruments (NI), and tested on a controller hardware-in-the-loop setup based on an OPAL-RT real-time
simulator and a reconfigurable power electronic converter-based hardware testbed. The test results have
validated the performance of the developed controllers. Such a flexible MG and its controller have been
deployed at a municipal utility, and part of the controller’s functions have been tested on-site.

INDEX TERMS CompactRIO, dynamic boundary, hardware-in-the-loop, hardware testbed, IEEE 2030.7,
IEEE 2030.8, microgrid, microgrid design, OPAL-RT.

I. INTRODUCTION

The microgrid (MG) is an emerging technology that inte-
grates distributed energy resources (DERS) to serve both local
and/or main grid needs. A MG can operate in grid-connected
mode to exchange power with and provide ancillary services
to the main grid. It can also operate autonomously in islanded
mode to support local loads if the main grid is not available,
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as a result of grid maintenance, outage, or simply to be off
grid. MGs can have many benefits, chiefly among them: eco-
nomic benefits for better energy management; environmental
benefits in the case of renewable energy based DERs; and
reliability and resilience benefits, especially against extreme
weather events such as storms, hurricanes, floods, and heat
waves [1].

The U.S. Department of Energy (DOE) has defined a MG
as ““a group of interconnected loads and DERs within clearly
defined electrical boundaries that acts as a single controllable
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entity with respect to the grid” [2]. This definition has gen-
erally well summarized most existing MGs, which can be
conceptually illustrated by Figure 1. The ‘“standard MG”,
or “‘conventional MG as will be termed in this paper, is rep-
resented in the light green zone. It contains DERs (photo-
voltaic panel (PV), battery energy storage system (BESS),
and backup generator), loads, and a Point of Common Cou-
pling (PCC). Note that although the DOE definition does
not specify it, the conventional MG usually only has one
boundary switch or interface point, i.e., SOI in the case of
the MG in Figure 1.

: 502 s03
Grid @ ° —0—o l
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Microgrid

]
@Load

BESS PV Gen

FIGURE 1. Conventional MG with single grid interface.

The conventional MG is a natural configuration for many
types of MGs, including campus MGs, military base MGs,
commercial MGs, and industrial MGs, where there are clear
physical as well as electrical boundaries with a limited num-
ber of DERs and relatively small geographical area. The
conventional MG is also simple to control with a single PCC
and defined DERs and loads.

On the other hand, the conventional MG has limitations.
With its single interface point to the grid, the MG may not
fully utilize its available generation assets. This is especially
true for a community-based MG. To overcome the short-
comings of conventional MGs, the authors have proposed
a flexible MG concept with dynamic boundary. The basic
concept is illustrated in Figure 2, which has the same system,
but its operation is different from that in Figure 1. First,
it can have multiple interface points with the distribution
grid, G-05 and G-14 in the example given, which allows
the MG to reconnect to any available one that is energized.
Another important feature is the dynamic boundary. Unlike
conventional MGs with a clearly defined fixed boundary, the
flexible MG can expand or shrink its boundary by picking
up or shedding these load sections according to its available
DERs [3]-[5].

In this way, more loads can be served during grid out-
ages to further improve reliability and resilience. Moreover,
less energy storage capacity is required since the available
power from all the DERs can be utilized by expanding
the MG boundary in the islanded mode [6]. For exam-
ple, in Figure 2(b), Load-10 and Load-11 are not served
due to insufficient resources in the islanded MG. However,
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they can be served when sufficient resources are available
(Figure 2(d)).

Modern utilities are deploying smart switches to divide
a feeder into multiple load sections for better fault isola-
tion and load restoration in distribution networks. These
smart switches facilitate the implementation of a flexible MG
with minimal additional investment. It is noted that regular
reclosers or switches that can be remotely controlled to open
and close can be also used to implement this flexible MG.

Although flexible MGs with dynamic boundaries provide
several benefits, they pose challenges in MG electric system
design, MG controller design, and MG controller testing. The
next few subsections provide an overview of the state-of-the-
art of the aforementioned aspects.

A. MG ELECTRIC SYSTEM DESIGN

The design of MG is a broad topic covering: (1) the siting
and sizing of MG assets, (2) the design of the control and
communication system, and (3) the design of the protection
strategy [7]. There are several existing software tools for
conventional MG design, e.g., Hybrid Optimization of Mul-
tiple Energy Resources (HOMER) [8], Distributed Energy
Resources Customer Adoption Model (DER-CAM) [9],
MG Design Toolkit (MDT) [10], and Energy Surety MG [11].
However, none of them can be directly used to design a
flexible MG with dynamic boundary.

HOMER has two toolboxes, HOMER Pro and HOMER
Grid. HOMER Pro simulates the operation of a hybrid MG
for an entire year, in time-steps from one minute to one
hour to determine the sizes and combination of MG sources.
HOMER Gird is used to optimize behind-the-meter genera-
tion to reduce demand charges [8].

DER-CAM is a techno-economic modeling and decision
tool, developed to determine the optimal combination of
DER generation and storage to minimize energy costs and/or
emissions [9]. However, DER-CAM is incapable of designing
reclosers to meet reliability requirements.

MDT is another planning tool for MG design. The key
capabilities of MDT include the sizing of MGs, cost-benefit
analysis, and a simulation tool for performance and reliability
analyses [10]. This toolkit provides a broad list of options
in the preliminary MG design stage, and thus can reduce the
search space. However, the assessment process is heuristic
and based on a set of decision rules, and a direct link between
reliability indices and MG design is not established.

The Energy Surety MG software includes a design method-
ology with energy reliability and resiliency as top design
priorities [11]. The method uses Monte-Carlo simulations to
assess the reliability under equipment failures and attacks
and has been applied in the design process of military base
MGs. This methodology is primarily developed for critical
targets/loads.

B. MG CONTROLLER DESIGN
The main functions of conventional MG controllers are sum-
marized in IEEE 2030.7, which includes (1) device level
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FIGURE 2. Concept of flexible MG with dynamic boundary.

control functions, (2) local area control functions, (3) MG
supervisory control functions, and (4) grid interface control
functions [12]. There are many commercial MG controllers
available in the market that basically follow IEEE 2030.7,
e.g., Schweitzer Engineering Laboratories [13], ABB [13],
Siemens [14], GE [15], Eaton [16], and Spirae [17]. These
controllers have similar functions, e.g., renewable energy
source and load forecasting, energy storage systems integra-
tion and controls, demand management, etc. However, they
need to be modified to enable flexible MG operation with
dynamic boundary.

Moreover, there are a few papers that investigate the control
algorithms to enable the operation of MGs with dynamic
boundary. Schemes to cluster distribution networks into MGs
dynamically were proposed in [3] and [18], with the pur-
poses of fully utilizing available DER generation capacity
and forming self-adequate MGs, respectively. With dynamic
changes in boundary and constant frequency/voltage regu-
lation with various DG modes, a framework for rapid load
restoration in [4] is designed to mitigate the impact of faults.
However, intended as restoration or MG-forming plans, these
methods require prescreening of various operation conditions
or case-specific analyses.

To generalize MG formation solutions, a method in [19]
formulated the problem as an optimization process to min-
imize interruptions to critical loads. In addition, investi-
gations have been conducted to extend the flexibility and
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performance of MGs with dynamic boundary capabilities
by taking advantage of more operation modes of DERs and
secondary control strategies [20]-[22]. While these meth-
ods predefine, assist, or plan MG boundary changes for
load restoration, the computational effort involved becomes
a challenge in their application in real-time and dynamic
operations.

C. MG CONTROLLER TESTING

Controller hardware-in-the-loop (C-HIL) testing is a pop-
ular way to validate the controller performance before
deployment. IEEE 2030.8 has defined scenarios, proce-
dures, and metrics to quantitatively evaluate controller
performance [23]. The testing scenarios can be divided
into six cases: (1) steady-state grid-connected, (2) steady-
state islanded, (3) reconnection, (4) planned islanding, (5)
unplanned islanding, and (6) black start. The first two cases
focus on functions related to dispatch, while other cases focus
on functions related to mode transitions. These testing cases
can be used to validate flexible MG controllers after certain
modifications. While C-HIL is a commonly used and valid
testing platform, its effectiveness depends on models. Some
of the important features of the controller are often not care-
fully modeled, notably the communication network, which is
important for the MG controller. Moreover, field testing is
important prior to a MG controller’s integration into a util-
ity’s Distribution Management System (DMS)/supervisory
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control and data acquisition (SCADA) and for the coordina-
tion with protection and control functions in its distribution
grids.

This paper introduces a flexible MG with dynamic
boundary, including the MG electric system design, MG con-
troller design and implementation, as well as MG C-HIL
testing and field testing. As part of integrating the dynamic
boundary concept into physical MG controller solutions,
specific design problems that were encountered are also
addressed in this paper. Moreover, a real-time MG con-
troller is developed, featuring dynamic boundary, flexible
grid interface, adaptability to arbitrary topologies, and low-
cost deployment [24]-[27]. The controller has been thor-
oughly tested on an OPAL-RT-based hardware-in-the-loop
(HIL) platform and a reconfigurable converter-based hard-
ware testbed (HTB) [28], [29]. Also, some of the controller
functions have been tested on a realistic MG owned by a
municipal utility.

The rest of the paper is organized as follows. Section II
presents the detailed description of the flexible MG with
dynamic boundary. The main design challenges of the MG are
addressed in Section III. Section IV presents the design and
implementation of MG controllers. The C-HIL test results
are given in Section V. A realistic flexible MG deployed at
a municipal utility and the representative field test results are
introduced in Section VI. Finally, Section VII concludes this

paper.

Il. FLEXIBLE MG WITH DYNAMIC BOUNDARY

Different from a conventional MG “‘with clearly defined
electrical boundaries that acts as a single controllable entity
with respect to the grid,” the flexible MG introduced in this
paper can dynamically change its boundary by picking up or
shedding load sections based on the available sources inside
the MG when operating in the islanded mode. Meanwhile,
due to the dynamic boundary feature, the flexible MG can be
connected to any of the adjacent feeders with a dynamic PCC.
Moreover, if such a MG has multiple generation or energy
storage sources at different locations, the islanded MG can
be further split into multiple sub-MGs when necessary (e.g.,
a permanent fault inside the MG). Also, these sub-MGs can
be merged to operate as one MG.

Figure 2 shows an example of such a flexible MG
with dynamic boundary for illustration. It has two bat-
tery energy storage systems (BESS-01 and BESS-02), one
solar PV installation (PV-03), and one backup generator
(Gen-04). G-05 and G-14 are the grid interfaces. Load-09
and Load-13 are critical loads, while other loads are non-
critical loads. This MG can be separated into two sub-MGs.
One is sub-MG #1 with critical Load-13 served by sources
BESS-01, PV-03, and Gen-04. The other is sub-MG #2 with
critical Load-09 served by source BESS-02 (Figure 2(c)). The
main features of the proposed flexible MG are summarized
in the following paragraphs. TABLE 1 lists the major differ-
ences between the flexible MG introduced in this paper and
conventional MG.
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A. MULTIPLE GRID INTERFACES

The MG can be connected to the main grid through grid
interface G-05 or G-14, using the switch S0506 or the switch
S1314 as the PCC, as shown in Figure 2(a).

B. DYNAMIC BOUNDARY

When the MG is operating in islanded mode with low power
generation available, it can serve only a few load sections,
e.g., Load-09, Load-06, Load-08, and Load-13, as shown in
Figure 2(b). On the contrary, with more power generation
available, it can expand its boundary by picking up more
load sections, e.g., Load-07, Load-10, Load-11, and Load-12,
as shown in Figure 2(d).

C. MULTIPLE SUB-MGs

When a fault occurs inside the MG, it can split into two sub-
MGs, as shown in Figure 2(c). The two sub-MGs can operate
independently, and they can be merged back into one islanded
MG by closing the switches S0609 and S0608.

D. DYNAMIC PCC

While the multiple grid interfaces allow the MG to reconnect
to the main grid through different PCCs, the dynamic bound-
ary feature also enables dynamic PCC. Taking sub-MG #1
with a large boundary (Load-06, Load-08 and Load-13 are
served) for instance, the switch S0506 will be the PCC to the
main grid when reconnection is needed. By contrast, if sub-
MG #1 has the minimum boundary (only Load-13 is served),
the main grid can pick up load sections Load-06 and Load-08,
and the switch S0813 becomes the PCC.

E. RECONNECTION

Because the system can have multiple sub-MGs, the recon-
nection could be more flexible than in conventional MGs.
The two sub-MGs could be reconnected to the main grid
individually, or they could be merged before reconnecting to
the main grid.

F. PLANNED/UNPLANNED ISLANDING
Similarly, the multiple sub-MGs allow more flexible island-
ing operations. The grid-connected MG can become one
islanded MG or multiple sub-MGs through planned or
unplanned islanding. Also, one merged MG can be split into
multiple sub-MGs through planned or unplanned islanding.
Since the flexible MG can expand its boundary in case
of extra power, the renewables can be fully utilized to serve
more load sections without unnecessary curtailment. Also,
the required capacity of BESS can be much smaller than
conventional MGs. Although the flexible MG can bring sig-
nificant benefits, it puts more requirements on design and
operation to achieve a MG with dynamic boundary. First,
the feeder needs to be divided into different load sections to
allow the MG to change its boundary. Second, due to flexible
PCC, the design of protection schemes will be more chal-
lenging because different protections or settings are needed
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TABLE 1. Comparison between conventional MGs and flexible MGs.

Conventional MG

MG introduced in this paper

Grid interfaces Single grid interface (typically)

Multiple grid interfaces (Connected to one of multiple possible
adjacent feeders)

Boundary Fixed boundary Dynamic boundary

Sub-MG Cannot split into multiple sub-MGs (typically) Can split into multiple sub-MGs

PCC One, fixed PCC Multiple, dynamic PCC

Reconnection Reconnect islanded MG to the main grid e Reconnect islanded sub-MGs to the main grid individually

o Merge multiple islanded sub-MGs before reconnection

Planned or unplanned

. - One MG from grid-connected to islanded mode
islanding

e Grid-connected to one merged islanded MG
e Grid-connected to multiple islanded sub-MGs
e One merged MG to multiple islanded sub-MGs

depending on the operating condition of the MG. Third, the
MG controller needs to have advanced functions to enable
the operation of a MG with dynamic boundary. Finally, since
the load sections can be controlled by both DMS/SCADA
and the MG controller, the coordination between the two is
required.

Ill. DESIGN OF MG WITH DYNAMIC BOUNDARY

In this section, the specific design problems of the proposed
flexible MG with dynamic boundary are addressed, including
recloser placement, MG asset sizing considering resilience,
grounding system design, and protection system design.

A. RECLOSER PLACEMENT

Feeder segmentation is essential for the flexible MG to
dynamically change its boundary. Modern distribution util-
ities are deploying smart reclosers for fast fault isolation
and service restoration. These smart reclosers with built-in
telemetry functions, communication, and remote control
capabilities can facilitate the implementation of MGs with
dynamic boundary. It is noted that regular reclosers and nor-
mal switches with remote control can also meet the require-
ments of dynamic boundary operation.

These reclosers are normally evenly installed along the
main trunk line based on the number of customers or con-
nected loads. However, depending on the reliability require-
ment for the critical load, it may be needed to place an
additional recloser close to the critical load to create a small
line section that has a minimal failure rate. The calibrated
failure rates and repair time (or the estimated values) of the
overhead line or underground cable are used to determine the
maximum length of the section containing the critical load,
based on the expected system average interruption duration
index (SAIDI) target. The maximum section length can be
obtained by

. TargetSAIDI
SectionLength,,,, = — — (D
FailureRate x RepairTime

If the feeder has no reclosers, the MG designer can use
the Sensor Placement Optimization Tool (SPOT) to deter-
mine the optimal placement of reclosers. The mathematical
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formulation used by SPOT can be summarized below:

min Reliability index 2)

Nadd

s.t. Reliability index = f (Nexis;ing, Nadd) 3)
0 = Nadd = Nmax (4)
Nadd € Nconstmint (5)

where Nyising 18 the existing reclosers, Nyqq is the added
reclosers, N,,,qx 1s the maximum number of the added recloser,
and N onstraine T€presents the physical constraints.

The objective (2) is to minimize the system reliability
indices, e.g., SAIDI, by installing N4, reclosers. Other user-
defined objectives can also be included, such as customer
interruption cost. The system reliability index (3) is a function
of the recommended reclosers and Nyjging pre-existing ones.
The number of reclosers is limited in (4) by Nyuc. The
constraints in (5) include practical constraints, such as the
peak load of each section, maximum number of customers of
each section, maximum distance between adjacent reclosers,
and location restricted to the three-phase main trunk of the
feeder, etc. The reliability indices are calculated through a
Monte Carlo simulation to determine the optimal number
and location of the reclosers. More details about recloser
placement for MG with dynamic boundary will be reported
in a separate paper.

B. MG ASSETS SIZING CONSIDERING RESILIENCE
During extreme weather, especially in the night when no
PV generation is available, the critical load will be mainly
supported by the BESS and/or backup generator. The opti-
mal battery and backup generator sizing problem consid-
ering the stochastic event occurrence time and duration is
investigated. The resilience requirement is quantified by the
mean value of the critical customer interruption time in
each stochastic islanding time window (ITW). The ITW
length is the duration, and the ITW center is the occurrence
time. The stochastic ITW constraint can be transformed to
a probability-weighted expression to derive an equivalent
Mixed Integer Linear Programming model. More details can
be found in [30].

While the energy capacity of the BESS is determined using
total cost and reliability under extreme events as criteria,
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the generation and load mismatch should be considered for
the power rating of the BESS. The power capacity can be
determined by the maximum positive power mismatch, or a
certain statistic percentile of the power mismatch. Since there
may be outliers in the power mismatch data, it may be imprac-
tical to design the generator capacity based on the maxi-
mum power mismatch. Alternatively, a certain percentage
(80% - 95%) of the maximum power mismatch can be used.
There is a tradeoff between the absolute availability (the
ability to support the entire load of the MG during transitions)
and cost (higher power rating leads to higher battery system
cost).

C. SYSTEM GROUNDING

In a MG, grounding provides a zero-sequence path for the
system [31]. In grid-connected mode, the MG grounding is
obtained from the main distribution grid. However, in an
islanded MG, the grounding source from the main grid is
isolated from the MG, and so the islanded MG requires its
own separate grounding, which must be designed.

Delta-Yg connected transformer-based grounding scheme
is applied as the grounding source for MG islanded operation,
which is shown in Figure 3. Since the extra grounding trans-
former may desensitize the grounding relays and decrease
the equivalent grounding impedance to increase the ground
fault current in the grid-connected mode, a controllable smart
switch S, is utilized to disconnect/connect the grounding
transformer in different MG operation modes.

HV MV Bus

| PR
l | s|de|
| f |
& P
HV grid Substation Cr"'cal DEr I oy
G[

Load
transformer Load Transform |_Detta-Wye | |

1 Grounding
| -. | Transformer

._______.

FIGURE 3. Grounding transformer-based grounding scheme.

The sizing of the grounding transformer includes the con-
tinuous current rating (power rating), grounding impedance,
and thermal rating. The continuous current rating should meet
the requirement in (6)

Leontinuous = loLmax (6)

where Ieontinuous 1S the continuous current rating and Iog,qx 1S
the maximum zero-sequence load current.

The grounding impedance is determined by the single-
phase voltage range and temporary overvoltage requirement
(TOV). The phase-to-ground voltage is composed of phase to
neutral voltage and neutral to ground voltage, which can be
written in (7)

- @ — = = -
Vp = VpN + VNg = VpN +10Zg @)
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— >
where V), is th_e) phase voltage, Vpn is the phase to neu-
tral voltage, Vg is the neutral to ground voltage, Z, is
the grounding impedance, and I o is the zero-sequence cur-
rent. For normal operation, since the zero-sequence current
is determined by the load and the neutral voltage range is
required by the single-phase voltage range, the grounding
impedance range Zg can be estimated by (8),

®

where V), is the magnitude of phase voltage value and 5%
is the voltage deviation requirement [32]. During a ground
fault, the zero-sequence current is determined by the fault
current. The phase to neutral voltage is regulated by power
inverters or generators, meaning that the phase to neutral
voltage is not greater than 1 p.u. (inverter rides through
and generator tries to regulate the voltage to be 1 p.u.).
Considering the worst case that phase to neutral voltage can
be controlled to 1 p.u. based on the TOV requirement, the
grounding impedance range is Zg described in (9):

38%xV,

)
1 Ofmax

Zg2
where Iofingx is the maximum zero-sequence fault current,

38% is the TOV requirement [33]. Therefore, the eventual
grounding impedance is determined by (10)

Zg < min {Zg1, Zg2) (10)

The reactance to resistance (X/R) ratio of the grounding
impedance will impact the asymmetrical peak cur-
rent during a fault condition. According to IEEE Std
C57.32-2015 [34], the asymmetrical peak current rating can
be 1.509-2.824 times of transformer thermal current rating
with the change of X/R. To limit the asymmetrical peak cur-
rent to 2 times the transformer thermal current, a transformer
with an X/R ratio of 4 should be selected.

The thermal limits of the grounding transformer include
thermal current rating and fault toleration time, which are
determined by the maximum fault zero-sequence current and
fault duration which is determined by the system protection
response time. Therefore, the thermal current rating (/) [34]
of the transformer should be larger than the maximum zero-
sequence current rating, and the fault toleration time (t7)
should be longer than the system protection response time.

The maximum zero-sequence current of the grounding
transformer will also flow through the controllable smart
switch S,, which is the maximum fault zero-sequence current.
Meanwhile, since S, opens in the grid-connected mode to
disconnect the grounding transformer, it is required to tolerate
the maximum phase to ground voltage in the grid-connected
mode. The maximum phase to ground voltage is also deter-
mined by the TOV requirement, which requires S to tolerate
1.38 p.u. of the phase voltage.
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D. PROTECTION SYSTEM DESIGN

A MG with dynamic boundary poses new requirements on
MG protection, e.g., selective protection in the islanded
mode, and tight integration of MG protection, MG control,
and feeder protection/automation. An enhanced protection
scheme on top of existing distribution grid protection is rec-
ommended [35]. TABLE 2 shows the recommended protec-
tions for a grid-connected MG. The existing inverse time
overcurrent relays are employed as the grid side relays.
When the MG has only inverter-based energy sources,
communication-aided overvoltage/undervoltage relays coor-
dinated with inverters’ ride-through capability are utilized as
the MG side relays. If the MG also has a backup generator,
either communication-aided undervoltage/overvoltage relays
or inverse time overcurrent relays can be used as the MG side
relays.

TABLE 2. Recommended protections for Grid-connected MG.

Recommended protection

Main grid

side Inverse time overcurrent relay

Communication-aided undervoltage
and overvoltage relay
Direct transfer trip
Communication-aided undervoltage
and overvoltage relay; or inverse time
overcurrent relay

e Direct transfer trip

Inverter-based
source only

MG sid
side Inverter-based

source + backup
generator

Similarly, the recommended protections for the islanded
MG are given in TABLE 3. Since a fault in the islanded mode
will be isolated on the MG side only, the direct transfer trip
may not be needed in the islanded mode.

TABLE 3. Recommended protections for Islanded MG.

Recommended protection
Communication-aided undervoltage and
overvoltage relay

e Communication-aided undervoltage and
overvoltage relay, or
e Inverse time overcurrent relay

Inverter-based source only

Inverter-based source +
backup generator

This recommended protection scheme is a generic protec-
tion scheme. The undervoltage/overvoltage relays are inde-
pendent of inverters’ behaviors under fault conditions and
system grounding methods. Moreover, the inverse time over-
current relay can be utilized as the MG side relay only when
the MG has a backup generator. The settings of the inverse
time overcurrent relay are mainly determined by the fault
current contributed by the backup generator. Therefore, the
protection design is much simpler.

IV. MG CONTROLLER DEVELOPMENT

The proposed MG control system contains two parts:
MG central controller (MGCC) and MG local controllers
(MGLCs). While the algorithms and methodology for MGCC
and MGLCs are generic, they have been implemented
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on National Instruments (NI) general purpose hardware
platform - CompactRIO, using LabVIEW as the program-
ming language. In the following subsections, the MGCC and
MGLCs, and their implementations on CompactRIO will be
introduced in detail.

A. MICROGRID CENTRAL CONTROLLER

The architecture of the MGCC consisting of 17 func-
tion blocks and their relationship is shown in Figure 4.
All function blocks read their initial settings from the model
management function, where the initial settings are stored in
the internal memory of the controller. The communication
function block provides up-to-date information on switches,
sources, and SCADA to all other function blocks. With the
switches and sources information, the topology identification
function generates the current MG topology and shares the
topology information with other functions. The selected func-
tions with unique features are introduced below.

1) FINITE STATE MACHINE (FSM)

The FSM determines the MG operation state according to the
MG topology. With the multiple source MG feature, the FSM
function has multiple states for multiple sub-MGs. Mean-
while, the FSM generates the function block enable/disable
flags to trigger and coordinate the functions. The functions
usually work independently in parallel when given the enable
trigger from the FSM. The advanced functions, such as PQ
balance, planned islanding, reconnection, and energy man-
agement functions, cooperate with each other to achieve these
intricate controls. For instance, the planned islanding function
uses the internal signals and information from PQ balance
and topology identification functions to generate the source
power and switch status control which will be discussed in
Section VI.

2) TOPOLOGY IDENTIFICATION

This function is designed to automatically process the real-
time MG topology and determine the MG boundary based
on smart switch status. It monitors the smart switch sta-
tuses through the communication function block and then
generates the MG real-time topology matrix using Kruskai’s
algorithm-based searching method [27]. In the generated
topology matrix, the loads and sources sectionalized by smart
switches are represented by nodes, and the smart switches are
represented by lines.

3) PQ BALANCE

The PQ balance function is designed to balance the active
and reactive power within a MG or multiple sub-MGs by
automatically changing the MG boundaries and controlling
the energy resources (PV, BESS, backup generator). It also
initiates the separation and merging of (sub-) MGs.

4) PLANNED/UNPLANNED ISLANDING
The planned and unplanned islanding and reconnection func-
tions are modified to enable islanding from the main grid on
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multiple PCC locations. Also, it allows the controller to split
the MG into multiple sub-MGs.

5) RECONNECTION

Similarly, the reconnection function is enhanced to allow the
reconnection through multiple PCC locations and the recon-
nection of multiple sub-MGs. Multiple sub-MGs can either
be reconnected to the main grid individually in sequence or
be merged into one islanded MG first and then be reconnected
to the main grid at once.

B. MICROGRID LOCAL CONTROLLER

The MGLC function blocks and their relationship are shown
in Figure 5. Note that, there are multiple MGLCs in the
MG control system. Among the seven function blocks, three
of them are bridging signals and information for the other
four independent functions. Unlike the MGCC, the MGLC
functions require less coordination through high-level blocks.

Model Management

DER, |
Resynchronization !

Data acquisition

Active power
control

Reactive power
control

UOHEIIUNUIIO))

......

Finite State Machine

— MG initial data
-==* Communication data

« Function Block
enable/disable & Flags

FIGURE 5. Function blocks and their relationships in MGLC.

In addition, because of the multiple source MG feature,
one MGLC can be controlling multiple DERs, as shown in
Figure 5. Each DER is controlled independently with its
dedicated function blocks in the shared MGLC.

V. CONTROLLER HARDWARE-IN-THE-LOOP TEST
To validate the performance of the developed controllers in
a C-HIL setup before deployment in the field, this section
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introduces two such testing setups, one based on OPAL-RT
simulator, and the other is a reconfigurable converter-based
HTB. Representative test results on the two platforms are also
presented.

A. HIL TEST ON OPAL-RT SIMULATOR

1) OPAL-RT HIL TEST SETUP

The first C-HIL testing setup is based on the OPAL-RT real-
time digital simulator. As shown in Figure 6, the circuit
model is emulated on OP4510, including MG circuit, DERs,
and protections. The control system consists of one MGCC
and two MGLCs implemented on CompactRIOs. The com-
munication among the controllers and OP4510 is based on
Distributed Network Protocol 3 (DNP3), which is widely
used in today’s distribution grids. Also, a desktop PC is used
to deploy the OPAL-RT model to the OP4510 and display the
test results on the human machine interface (HMI).

Desktop MGCC
DNP3 DNP3
MGLC
" MGLC
(BESS) (PV)
DNP3 DNP3

DNP3

0P4510 Real-time Digital Simulator

FIGURE 6. OPAL-RT HIL test setup. (Desktop PC).

The MG circuit model is based on the GridLAB-D taxon-
omy feeder graph R1-12.47-4 developed by PNNL [36]. It is
builtin MATLAB/Simulink and modified by adding one main
grid interface, two BESSs, one PV array system, and one
backup generator. As shown in Figure 7, the circuit is divided
into eight load sections by smart switches and can be split
into two sub-MGs. One sub-MG is supported by one BESS,
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FIGURE 7. MG topology changes during planned islanding.

one solar PV installation, and one backup generator, while
the other sub-MG is supported by the second BESS. Also,
each sub-MG has one grounding transformer. The location
of smart switches, and the sizes of BESSs, PV and backup
generator are designed by using the method introduced in
Section III. The capacities of the resources and grounding
transformers are given in TABLE 4.

TABLE 4. Capacities of resources and grounding transformers.

Capacity
Solar PV Installation 2 MW
BESS1 280 kW /600 kWh
BESS2 280 kW /600 kWh
Backup Generator 500 kW
Grounding Transformer 1 300 kVA
Grounding Transformer 2 300 kVA

2) SELECTED TEST RESULTS

As discussed in Section II, the proposed flexible MG features
functions like enhanced planned islanding, islanded operation
with dynamic boundary, and reconnection. Test results under
these three scenarios are presented below.

a: PLANNED ISLANDING
The objective of the planned islanding is to minimize the
difference in active power flow before and after the planned
islanding operation. This is designed to protect the sources in
the MGs. The planned islanding function utilizes the topology
identification function and PQ balance to predict the BESS
output power and generate switch control signals. Different
from conventional MGs, the planned islanding of the flexible
MG in this paper has more possible scenarios. Examples are:

o Grid-connected to the whole (one merged) MG;

e Grid-connected to two sub-MGs;

¢ One merged MG to two sub-MGs.

The MG topology changes during planned islanding are
given in Figure 7.

These three test cases are representative for planned island-
ing in a multiple source MG that sees more possible islanding
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routes. As shown in Figure 8, it can be observed that the active
power from the BESSs for Case 1 and Case 2 have a mini-
mal difference before and after the planned islanding, which
verify the effectiveness of the planned islanding control. The
active power flow difference in Case 3 is larger because the
BESSs are in voltage control mode when the merged MG is
islanded.
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FIGURE 8. BESS active power output. (a) Case 1: Grid-connected to one
merged MG; (b) Case 2: Grid-connected to two sub-MGs; (c) Case 3: One
merged MG to two sub-MGs.

b: ISLANDED OPERATION WITH DYNAMIC BOUNDARY

The test case for the islanded operation covers the operation
of separate sub-MGs, merging, operation of the merged MG,
and PV curtailment/release. To cover these operation sce-
narios when islanded, the PV generation was intentionally
increased to trigger the PQ balance function for boundary
change or source control. The criteria for triggering PQ
balance actions are BESS output hitting the discharging or
charging power thresholds (caused by the PV variations).
The thresholds were set to = 200kW (or £ 0.2 p.u. on the
1 MW system base) for both BESSs in this case, and it can
be reconfigured as needed in the algorithm. Figure 9 shows
typical topologies of the MG during the islanded operation
test.

The test started with two separate sub-MGs as in
Figure 9(a), where the two sources in two different loca-
tions were operated independently. As the PV generation
increased, sub-MG 1 expanded its boundary until it touched
sub-MG 2 at the switch between Node 6 and Node 9, as in
Figure 9(b). The PQ balance function detected the boundary
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FIGURE 9. MG topology changes during islanded operation (a) Separate
sub-MGs; (b) Sub-MGs before merging; (c) Merged MG; (d) Merged MG at
its maximum boundary.

touch and initiated merging through the reconnection func-
tion. After successfully merging, the two combined sub-MGs
were operated as one merged MG, as shown in Figure 9(c).
The MGCC continued to expand the boundary of the merged
MG as the PV generation kept increasing until the MG
reached its maximum boundary as in Figure 9(d). At this
point, the MG could not further expand the boundary, but the
PV generation continued to increase. As a response, the PQ
balance function initiated PV curtailment to bring the BESS
power close to zero. The reason why the PV curtailment
is designed to bring the BESS output to zero, instead of
maximum allowable BESS power, is that PV curtailment
often happens when the solar generation ramps up rather
quickly and thus, the BESS should have enough safety margin
under such extreme conditions. The PQ Balance, being a
short-term balancing module, prioritizes the safe operation
of the equipment and prevents BESS and other resources
from tripping themselves under extreme conditions. Under
normal operations, though, the PQ Balance will take recom-
mendations from the Energy Management module to facili-
tate long-term goals if possible, including the BESS state of
charge (SOC). The curtailment was released when the PV
generation decreased to a safer level that does not lead to
BESS power threshold violations.

Figure 10 shows the PV generation, the power output of
BESSs and backup generator, and frequency/voltage at the
source locations during the test. The green dash lines divide
the process into four stages as marked with circled numbers
in green. The red dash lines are time instances when boundary
changes happened.

Stage one is the operation of multiple sub-MGs, where the
sub-MG 1 expanded its boundary due to the increasing PV
generation, until it touches the boundary of sub-MG 2, corre-
sponding to Figure 9(b). The switch between Node 13 and
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FIGURE 10. Power, frequency, and voltage variations during the islanded
operation test on HIL.

Node 8 and the switch between Node 8 and Node 6 were
closed at t = 19 s and t = 24 s, as indicated by the two red
dash lines in stage one.

Stage two is the merging of the two sub-MGs. The PQ
balance function initiated the merging, and the reconnection
function synchronizes the two sub-MGs by adjusting the
sources to have their voltage magnitude and angle match each
other. The switch between Node 6 and Node 9 was closed
when synchronization was achieved.

In stage three, the merged MG expanded its boundary due
to the increasing PV generation. Four load sections were
picked up consecutively in this process, LS7, LS12, LS10,
and LS11, as indicated by the four red dash lines in stage
three. At the beginning of stage four, the merged MG has
already reached its maximum boundary and the PV gener-
ation provided more power into the BESSs that exceeded
their safety margin. The PQ balance function issued a PV
curtailment command at t = 146 s and brought the power flow
into the BESSs close to 0 W. Att = 160 s, the PV curtailment
was released since the PV generation decreased to a safe level
for the BESSs.

The maximum frequency deviation during a transient
(except during the merging process when the source fre-
quency and voltage were intentionally manipulated for syn-
chronization) was 0.2 Hz, and the steady-state frequency
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was always brought back to 60 Hz. The maximum voltage
deviation was less than 0.01 p.u. throughout the test.

¢: RECONNECTION

As mentioned in Section II, the two sub-MGs can be recon-
nected to the main grid individually, or they can be merged as
one MG and then reconnected to the main grid at once. There-
fore, there are two test cases for reconnection. The former one
is similar to the reconnection function of conventional MGs.
The latter is illustrated below.

Figure 11 shows the MG topology changes during recon-
nection. The two sub-MGs are merged into one islanded MG
by closing the switch between Node 6 and Node 9, and then
reconnected to the main grid by closing the switch between
Node 5 and Node 6. Figure 12 shows the output power,
frequency of the sources, and angle differences between the
switches being closed in the process. After reconnecting to
the main grid, the output power from the BESSs reduces
to 0 W, according to the commands from the system operator.

(a) (b) ()

. : Critical load . : Load Section swwws: : Switch Open

. : Grid Interiace. : Energy SOUrce s : Switch Closed
FIGURE 11. MG topology changes during reconnection.
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FIGURE 12. Active power, frequency, and angle difference when
reconnecting to the main grid.

B. HIL TEST ON CONVERTER-BASED HTB

1) HTB-BASED TEST SETUP

The HTB at UTK is a reconfigurable converter-based power
grid emulation platform [37]. In the HTB, power convert-
ers are utilized to emulate MG components, including grid
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interfaces, loads, and DERs. Compared with the OPAL-RT
simulator, HTB has real power flow in the setup and can emu-
late more practical grid and control factors that are critical
but may not be included in most simulations. The practical
factors include communication delays, measurement noise or
error, hardware protection, and switching actions of power
converter switches. By conducting HTB testing, the MG
controller can be further evaluated and better prepared for
field deployment.

In the HTB testing, the MG designed in Section III is
scaled from 12.47 kV, 1 MW to 100V, 1.732 kW, containing
two potential sub-MGs. The HTB-based HIL test setup is
given in Figure 13. The HTB emulates the DMS/SCADA
system, MG topology, smart switches, grid interfaces, loads,
DERs, etc. to form a converter-based MG. The developed
MGCC as well as local DER MGLC:s are placed in-the-loop
for testing.

Microgrid
Control Console

Microgrid Controllers
Under Test

: Ethernet
Smart Switch

Emulator
i Protection : *
H &Con(ml :
!

T

§P'r =
Comactor :

Ethernet

-—
= Electrical h
connection /, P
=3
tj

Source Emulator
Emulators Controllers

-rn»»"'

(X

Microgrid

Emulator Circuit

FIGURE 13. HTB-based HIL test setup.

2) SELECTED TEST RESULTS

The test case on HTB for islanded operation is similar to that
of HIL testing using the digital simulator. Figure 14 shows
the topology changes happened during the islanded operation
test, and Figure 15 shows the variations in power, frequency,
and voltage during the testing.

The test started with two sub-MGs with minimum bound-
ary, as in Figure 14(a). With the increasing PV generation, the
boundary of sub-MG 1 expanded until it touches that of sub-
MG 2, as shown in Figure 14(b) and stage one in Figure 15.
Five load sections, LS4, LS5, LS3, LS7, LS2, were picked up
consecutively as indicated by the five red dash lines in stage
one. Stage two in Figure 15 shows the merging process that
combines the two sub-MGs, and stage three shows the PV
curtailment (t = 124 s) and release (t = 136 s). Since the HTB
has actual current, voltage, and power running on the testbed,
oscilloscope probes were hooked up to the equipment to
record the waveforms during the test. Figure 16 shows a
representative part of the recording where LS5, LS3, LS7,
and LS2 were picked up during the boundary expansion.
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FIGURE 15. Power, frequency, and voltage variations during the islanded
operation test on HTB.

The maximum frequency deviation during a transient was
0.3 Hz, and the steady-state frequency always stabilized
at 60 Hz. The maximum voltage deviation was less than
0.01 p.u. throughout the test.

The dynamic boundary for both separate sub-MGs and
merged MG and the merging process benefit from the capa-
bility of the controller to automatically recognize and adapt
to arbitrary topologies, which enables the controller to easily
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migrate from one testbed/topology to another with minimum
effort and cost. Compared to the OPAL-RT simulator test-
ing, the controller HTB testing considers more practical fac-
tors such as measurement noise/error, communication delays,
mechanical switching actions, etc., which makes the con-
troller more robust, practical, and ready for field deployment.

VI. FIELD DEPLOYMENT AT MUNICIPAL UTILITY

A smart and flexible MG was deployed at the municipal
utility Electrical Power Board (EPB) in Chattanooga, Ten-
nessee. This section introduces its components, control and
communication structure, its basic operation modes, and a
few selected field test results.

A. FIELD DEPLOYMENT OF MG AND MGCC
Figure 17 shows the diagram of the MG deployed at
EPB. This MG consists of solar PV installation, two
280 kW/255 kWh BESSs, one 300 kVA grounding trans-
former, one 423 kW backup generator, and several load sec-
tions (LS1 to LS6) divided by smart switches.

Additionally, there is one 300 kVar fixed capacitor bank
in LS3, and one 300 kVar switchable capacitor bank in
LS4. S0101, S0102, S0103, S0104, S0105, and SO106 are
normally-closed smart switches (in red), while S0201, S0301,
S0302, S0401, S0502 are normally-open smart switches
(in green). The load section LS5 is the critical load.

The MG control and communication system is also illus-
trated in Figure 17. This MG employs a hierarchical control
structure: central control level and device control level. At the
central control level, one MGCC is deployed to perform mon-
itoring and control of the entire MG. At the device control
level, smart switches, BESS inverters, backup generator and
solar PV inverters have their own built-in control functions.

The communication is based on DNP3. However,
areal-time automation controller (RTAC) is installed as
the protocol converter (Modbus to DNP3) to facilitate the
communication between the BESSs and both the MGCC
and DMS/SCADA. Similarly, another RTAC is used as the
protocol converter between the backup generator and MGCC
(or DMS/SCADA). Additionally, an analog signal can be
sent by the RTAC (or an SEL relay) to BESSs (or the
generator) to switch their operation mode between grid-
forming and grid-following. This MG features multiple grid
interfaces and dynamic boundaries. The MG is normally
connected to Feeder #1 to operate in grid-connected mode.
The BESSs and the backup generator can be started for
demand reduction if needed. When Feeder #1 is not available,
the MG could be connected to one of the adjacent feeders,
e.g., Feeder #2. If none of the five feeders are available
due to extreme weather or power outage events, the MG
can operate in the islanded mode, in which the MG could
expand or shrink its boundary by picking up or shedding
load sections based on available power generated inside the
MG. For instance, if there is adequate power in the MG, load
sections LS4, L.S3, and LS2 can also be served in addition to
the critical load section LS5. If there is not adequate power
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FIGURE 16. Oscilloscope waveform recording of the boundary expansion (LS5, LS3, LS7, LS2 picked up).
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FIGURE 17. MG and MG controller deployed at a municipal utility.

from PVs and BESSs, switches S0103, S0104, and S0105
might be opened to ensure the safe operation of the critical
load section LS5. Compared with conventional MGs with
fixed boundaries, this MG could have different PCCs when
reconnecting to Feeder #1. The PCC could be S0102, S0103,
S0104, or S0105, depending on the available power inside the
MG. Moreover, the MG can be reconnected to other adjacent
feeders through S0201, S0301, S0302, S0401, or SO501 as
the PCC, allowing a more flexible operation. When any of
the feeders becomes available, the MG will reconnect to that
feeder and operate in the grid-connected mode again.
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B. SELECTED FIELD TEST RESULTS

During the field tests, the maximum MG boundary was
limited to S0104 (Figure 17) to not interrupt too many
load sections, although the MG boundary can be extended
to SO101 if needed. Also, during the field tests, the man-
ual switch S0501 on Feeder #5 was opened so that the
load section LS7 could be served by the MG resources.
Multiple scenarios were tested, including grid-connected
mode operation, islanded operation (boundary shrinking
and boundary expanding), and transitions (black start and
reconnection).
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FIGURE 18. Field test result: MG boundary shrinking and expanding.

Figure 18 shows the field test results of boundary shrinking
and boundary expanding. Prior to the boundary shrinking,
the MG was operating in the islanded mode, and LS4, LSS5,
and LS7 were served by the MG. At 07:14:29, the generator
active power output was reduced intentionally to mimic a
“low generation” scenario to trigger the boundary shrinking.
At 07:14:44, S0105 was opened by the MGCC to shed LS4
and shrink the MG boundary to SO0105. Two BESSs switched
their operation mode from discharging to charging due to the
extra generation within the MG after the boundary shrinking.
Also, the MG frequency increased to 60.13 Hz, while the MG
voltage dropped to 0.971 p.u. and then returned to 0.982 p.u.

With the PV output power kept increasing, the MGCC
expanded the MG boundary by closing S0105 to pick up LS4
at 07:19:23. After the MG boundary expanded, two BESSs
switched their operation mode from charging to discharging.
Also, the MG frequency dropped to 59.95 Hz, while the
MG voltage dropped to 0.968 p.u. after the MG boundary
expanded. The test results demonstrated that the developed
MGCC can flexibly expand or shrink the MG boundary
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according to the available power generation in the islanded
MG. It is noted that the dynamic boundary control can take
various measures to maintain the active power and reactive
power balance in the islanded MG, e.g., BESS operation
mode switching (charging or discharging), solar PV curtail-
ment, and smart switch operation to pick up or shed load sec-
tions. This differs from conventional load shedding schemes.
More field test results will be reported by the authors in a
separate paper.

Vil. SUMMARY

The increasing deployment of smart switches facilitates
the implementation of flexible MGs with dynamic bound-
aries. The main advantages and differences of flexible MGs,
as compared to conventional MGs with fixed boundaries,
are discussed in detail. The main challenges in flexible MG
design are identified and addressed. Moreover, a controller is
designed and implemented to enable the operation of such
a flexible MG with dynamic boundaries. The open-source
controller based on LabVIEW is accessible on GitHub [38].
The controller has been fully validated on an OPAL-RT-based
HIL test setup and a reconfigurable convert-based HTB.
A realistic flexible MG and its controller have been deployed
at a municipal utility.
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