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Abstract—In this paper, a community microgrid with multiple
ac and dc microgrids is introduced and analyzed. Individual
microgrids with different frequency and voltage requirements
would operate as self-controlled entities, which could also
cooperate with neighboring microgrids for providing back-
up operations in the community microgrid. A hierarchical
coordination strategy with primary, secondary, and tertiary
coordination is proposed for the economic operation of an
islanded community microgrid. The hierarchical strategy is also
applied to a grid-connected community microgrid and the results
are discussed. The simulation results verify that the proposed
hierarchical coordination strategy is an effective and efficient
way for coordinating microgrid flows in an islanded community
microgrid, while maintaining the rated frequency and voltage
with each microgrid. The simulation results also demonstrate the
economic operation of a grid-connected community microgrid
in which individual microgrids operate as autonomous agents,
while satisfying the community objectives.

Index Terms—AC and dc microgrids, community microgrid,
droop function, economics and reliability, hierarchical control,
hybrid microgrid, microgrid islanding.

NOMENCLATURE
Variables

ej, ejz"d Per-unit error signals in the primary and
secondary coordination at microgrid (MG);.

fo.fi» Vpc,j  Frequency and dc voltage in MG and in ac
or dc MG;.

mp, mg, R Microgrid droop control parameters.

m; Coordination  parameter at  converter

interlinking-converter (IC);.

Reference values of power and current for
droop control within microgrids.

Pgen j, Ploag,; Total generation and load in MG;.
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Px j, ngtJ Power exchange and its reference value of
MG; (positive values for exported power).
Parameters
fj““ed, V]r)a(‘f? Rated values of frequency and dc voltage in
ac or dc MG;.
N Number of the converter-coupled microgrids
(MG;) in a community microgrid.
Indices

J» k Indices of a converter-coupled microgrid in a commu-
nity microgrid (j, k= 1,2,...,N;j # k).

I. INTRODUCTION

ICROGRIDS are introduced into electric power sys-
Mtems for managing the widespread penetration of
renewable energy and distributed generations (DGs) in
power distribution networks [1]-[2]. AC microgrids, which
are connected to the utility grid at the point of com-
mon coupling (PCC), represent the most studied microgrid
structure [3]-[6]. DC microgrids have attracted additional
attentions in recent years due to the proliferation of solar pho-
tovoltaic (PV) and energy storages and the growth of dc loads
such as data centers and LED lighting [7].

Droop-based hierarchical strategy which includes primary,
secondary, and tertiary control is introduced to facilitate flex-
ible and efficient operations of ac microgrids [8]-[10] and
dc microgrids [11], [12]. In addition to providing a straight-
forward interface to dc loads, dc microgrids would offer
simpler control strategies and resynchronization processes, and
enhance power quality as there are no variations in frequency
or reactive power.

Due to the increasing of dc sources and loads in the ac-
dominated world, interests on hybrid ac/dc microgrids are
growing rapidly. In general, a hybrid microgrid is defined as
a microgrid combining both ac and dc systems where only
the ac sub-grid connects to the main grid, with the associated
advantages of reducing the processes of power conversions and
facilitating the integration of ac and dc sources and loads to
power system [13]. Extensive research efforts have been put
into the coordination control of hybrid microgrid [13]-[17],
where the bidirectional interlinking-converter that interfaces
the dc sub-grid to the ac sub-grid plays a critical role in the
operation of a hybrid microgrid.

A multimicrogrid or community microgrid is formed
when a cluster of neighboring microgrids is linked via
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interlinking-converters. In a community microgrid, individual
microgrids may possess their own specific frequency and
voltage requirements and operate as self-controlled and
autonomous entities. Individual microgrids might also cooper-
ate with neighboring microgrids for providing back-up opera-
tions in emergencies and for economic purposes. Community
microgrid would merge the advantages of ac and dc microgrids
and additionally improve the reliability and economic per-
formance of individual microgrid systems. Individual micro-
grids would have their respective connections to the main
grid while also interconnected with other microgrids in the
community.

The community microgrid is different from a hybrid micro-
grid as the latter is mostly a single microgrid which blends ac
and dc configurations to ease the integration of dc sources and
loads, while a community microgrid would coordinate a cluster
of interlinking ac and dc microgrids located in adjacent areas.
The interest in such microgrids is growing rapidly which is
due to the increasing number of dc sources and loads in the
ac-dominated arena.

Extensive research has been devoted to the coordinated
control strategy of hybrid microgrids [13]-[17], where the
bidirectional interlinking-converter, that interfaces the ac and dc
sub-grids, plays a critical role in the hybrid microgrid operation.
Reference [18] provides a preliminary review of the community
microgrid concept, in which “microgrid-like regions” connected
by “controllable interconnection ties” directly communicate
with their adjacent regions. References [19] and [20] present
the architecture and advantages of a community microgrid in
which each microgrid is connected to the main grid while also
interconnected by a common dc bus to other microgrids in the
community. However, previous papers did not provide a detailed
formulation for the implementation and the coordinated control
of a community microgrid.

The implementation of a community microgrid requires an
efficient strategy to coordinate the power exchange among
participating microgrids, especially when operating the com-
munity as an island. The coordination strategy proposed in
this paper is initially inspired by studies cited in [13] and [14].
In [14], a coordination control approach of a hybrid microgrid
is proposed. This approach would initiate the power exchange
between ac and dc sub-grids in a decentralized manner based
on a coordination droop designed at the interlinking-converter;
but such power exchange would be determined by interlinking-
converter droop coefficients and may cause frequency or
voltage deviations in steady state. In this paper, we extend the
application of such interlinking-converter droop to the coor-
dination of multiple ac and/or dc microgrids in a community
microgrid, and propose a novel three-level hierarchical coor-
dination strategy to regulate the islanded and grid-connected
optimal power exchanges among neighboring microgrids.

Major contributions of this paper are listed as follows.

1) The interlinking-converter droop is modified and applied
to the coordination of a community microgrid.

2) A hierarchical coordination strategy is proposed for
the flexible and the optimal coordination of power
exchanges while maintaining the normal operation of
participating microgrids.
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Fig. 1. Droop control in ac and dc microgrids.

3) A standardized community microgrid architecture, as

well as its operational features, are presented.

The novelty of the proposed coordination strategy will
be further highlighted in Section V by comparing the
proposed strategy with the existing microgrid droop control
methodologies.

II. DROOP CONTROL IN AC AND DC MICROGRIDS

AC and dc microgrids adopt a droop-based hierarchical
control strategy in grid-connected and island modes [9]-[11].
This hierarchical strategy, as adopted at Illinois Institute of
Technology (IIT) microgrid, includes primary, secondary, and
tertiary control [6], [10]. Distributed energy resources (DERs)
in a microgrid are categorized into grid-forming and grid-
following operations. The grid-forming DERs (e.g., gas-
turbine units, energy storages) which are capable of regulating
the frequency and/or voltage (f/V) and behaving as slack bus in
islanded microgrids, would implement the hierarchical droop
control of microgrids.

A. Primary and Secondary Control of AC/DC Microgrids

The ac and dc microgrid droops are shown in Fig. 1, in
which ac microgrids have the real power (f-P) and reactive
power (V-Q) droops while dc microgrids utilize voltage versus
current (V-I) droop. The droop characteristics of ac and dc
microgrids are represented by (1) and (2), respectively, where
mp, mg, and R are the droop coefficients that determine the
sensitivity of primary control

frated —f=mp- (P _ Pref) )
yrated _ y mg - (Q — Qref)
yrated _ v _ p. (I _ Iref). 2)

The primary droop control applies load sharing in real-
time without any communications among parallel DERs. In
grid-connected mode, the f/V characteristic of microgrids is
maintained by the utility grid, while in the island mode, it is
maintained by the secondary control. As illustrated in Fig. 1,
the secondary control would restore the rated f/V by vertically
shifting the droop curve.

In order to maintain the rated power/current characteristic
of DERs, the droop coefficients are adjusted by extending the
droop curve shown by the solid curve in Fig. 2. In this fig-
ure, the dashed curve represents the DERs terminal frequency
after enabling the secondary control function. The power out-
put at point-B (Pp) corresponds to a threshold value above
which (i.e., in the shaded zone) the frequency would start to
drop even with secondary control. This is because the fre-
quency adjustment by secondary control is limited by the DER
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Fig. 2. Power flow limit of primary and secondary droop controls.

power output. This frequency drop indicates that the microgrid
may need to import power if the load continues to increase
or if portions of available generation are on outage. The f-P
analyses in Fig. 2 would equally correspond to the V-Q droop
in ac microgrids and V-I droop in dc microgrids.

B. Tertiary Control of AC/DC Microgrids

The economic and optimal operation of microgrids neces-
sitates an upper level tertiary control. The master con-
troller (MC) is the critical component in tertiary control,
while building controllers, meters, phasor measurement units,
and the supervisory control and data acquisition would also
facilitate the implementation of tertiary control. The MC
determines the hourly optimal solution at base case (steady
state) condition and contingencies and sends control signals
to on-site generations, storage, switches, and building con-
trollers. The MC can also charge or discharge energy storages
and control power exchanges between microgrids and util-
ity grid for cost-efficient operations of microgrids in the
grid-connected mode.

III. STRUCTURE OF COMMUNITY MICROGRID

The community microgrid structure would enhance the reli-
ability and the economics of the community power supply,
as community loads are supplied by individual microgrids
based on their rated f/V and individual microgrids would
also supply backup generation for other microgrids in the
community. Optimal power exchange would allow individ-
ual microgrids to reduce their installed capacity requirement
which could be a critically beneficial issue in congested
metropolitan communities.

Fig. 3 shows the schematic of our proposed commu-
nity microgrid, based on which the proposed hierarchical
coordination strategy is realized.

1) MCy is a directly-connected ac microgrid. MG; (j =
1,...,N) are ac or dc microgrids coupled by their
interlinking-converters (IC;, j=1,...,N).

2) Individual microgrids have their respective connections
to the utility grid. In the community, individual micro-
grids are linked together by an ac main bus and could
exchange power and provide backup to each other
via the ac main bus.

3) Each individual microgrid is equipped with a MC (MCy
or MC;,j = 1,...,N) which communicates with the
central MC (CMC) through low-bandwidth communi-
cation channels. CMC supervises the entire community
microgrid.

Utility feeders

J J AC main bus
b

Fig. 3. Proposed standardized community microgrid architecture.

4) ICs essentially provide buffers between microgrids so
that each microgrid can operate at its own rated f/V.
IC; is an ac—dc converter when MG; is a dc microgrid;
while if MG; is an ac microgrid then IC; would be ac—ac
or ac—dc—ac type to handle the f/V variations.

The merits of the proposed structure shown in Fig. 3 are

listed as follows.

1) Communication channel is eliminated between any
two microgrids. The proposed hierarchical coordina-
tion strategy is implemented at each IC; and opti-
mized by CMC, based on which the power exchange
among microgrids is initiated in a decentralized and
autonomous manner. Thus no need for individual micro-
grids to communicate with each other to require such
exchange. The proposed hierarchical coordination strat-
egy will be discussed in Section V.

2) No high-bandwidth communication channel is required
between CMC and each MC. An efficient centralized
management function is considered in which CMC com-
municates the operating set-points to each MC through
low-bandwidth channels at relatively large time intervals.

3) Here the elimination of communication channels
described in 1) and 2) above is highly desirable.
Because either high-bandwidth channels or commu-
nication between any two microgrids is uneconomi-
cal and unpractical due to the associated complexity,
much higher cost, risk of communication failure, and
low robustness derived from communication parameter
uncertainties.

4) The presence of MGq in Fig. 3 would greatly facilitate
the implementation of proposed coordination strategy.
Acting as a slack bus in the islanded community sys-
tem, MGq would efficiently respond to power exchange
initiated by any MG;. This subject will be discussed in
Section V-A.

5) The proposed structure in Fig. 3 also greatly improves
the reliability performance of each microgrid, since the
presence of ac main bus and MGq could provide each
MG; a backup access to the utility grid, in case of an
unintentional islanding occurring to MG; (e.g., due to
external fault or PCC failure).

IV. OPERATIONAL FEATURES OF COMMUNITY
MICROGRID

In the community microgrid, each microgrid can operate in
either grid-connected or island mode, and seamlessly transfer
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TABLE I
OPERATIONAL FEATURES OF COMMUNITY MICROGRID
MG; is MG; is
grid-connected islanded
CMC Optimal regulation of power exchange
by communicating with each MC;
Oberation MC; regulates the Scheduling DER
atﬁhe MC;  exchange between outputs in MG;
community MG; and utility grid
level Operating in f/V 'Hierachical Coordination
Ic. regulating mode to of power exchange
’ maintain the f/V between MG;and other
of MG; microgrids
Onperation f/V is maintained by f/V is controlled by
w?thin utility grid (directly or grid-forming DERs with
MG via IC)) while secondary  enabled secondary droop
j

droop control is disabled  control

!Hierarchical Coordination strategy is discussed in Section V.

between the two modes. The proposed operation principle of
a community microgrid in each mode is summarized in Table 1.

A. Operation in Grid-Connected Mode

As summarized in Table I, MC; would regulate the power
exchange between MG; and utility grid by providing set-points
to its dispatchable DERs for minimizing the operation cost. IC;
would act as the slack bus for MG; to maintain its f/V since the
secondary droop control in MG; is disabled. In addition, MG;
could exchange power with other microgrids according to the
set-points from CMC by connecting to the ac main bus. For
example, MG; with peak PV output at daytime could transfer
the surplus energy to its neighbors for economical purpose.
The grid-connected operation of community microgrid will be
simulated in Case 1 in Section VI.

B. Operation in Island Mode

In case of a utility fault, microgrids may improve their load
point reliability performance by switching to island mode.
The islanding can be initiated by protection devices at PCC
or by MC command signals. At the instance of islanding,
MCs may curtail local loads to match with local generation.
Depending on the available DER capacity, portions of the
curtailed load may be restored in the island mode after the
microgrid operation is stabilized [9]-[11]. As stated in Table I,
each microgrid in island mode will operate as a self-controlled
entity. Based on the proposed hierarchical coordination, indi-
vidual microgrids could supply backup power to each other,
thus achieving a high-reliability and economical operation.
The proposed coordination strategy for an islanded commu-
nity microgrid will be discussed in Section V and verified by
Case 2 in Section VI.

C. Hybrid Mode

Since each microgrid in Fig. 3 has their respective connec-
tion to the utility grid, the possibility exists that some micro-
grids are grid-connected while others are islanded. That is, the
community microgrid is operating in hybrid mode, in which
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TABLE II
COMPARISON OF DROOP CONTROL IN MICROGRIDS AND THE PROPOSED
HIERARCHICAL COORDINATION OF COMMUNITY MICROGRID

Microgrid Proposed hierarchical coordination
droop control of a community microgrid

f (‘)‘;‘;f(‘)‘l’:ﬁt Grid-forming DERs G, (j=1.2,...N)

»» Monitored  {/V in the microgrid f/V in MG; and on the AC main

% variables bus (Normalization required)

<

<§ Controlled  Power output Power export/import

variables of a DER of MG;

a - Load sharing among - Initiate power import/export for
~2 .. DERs MG;in case of a deficient/surplus
= & Prima 7
g '-% ( decer:t};ali- generation in MG;

S § zed) - Real-time control of - Responds to f/V deviation that
© /v continuously exceeds a threshold
- Restore f/V without - Restore f/V in MG; with small

Secondary changing DER outputs change on the exchanging power

(decentrali- . Central or local - Detect and implement at /C;

zed) detection (f/V), and

local implementation
Tertiary Set-points for Set-points for power exchange

economic dispatch
of DERs

(centralized) of each individual microgrid

grid-connected and islanded microgrids operate as described in
Section I'V-A and IV-B, respectively. Here the islanded micro-
grids are still able to exchange power with other microgrids
via the ac main bus, according to the set-points from CMC.

V. COORDINATION IN ISLANDED COMMUNITY
MICROGRID

The proposed community microgrid (Fig. 3) and the pro-
posed hierarchical coordination strategy would provide signifi-
cant reliability and economic benefits to individual microgrids
especially when they are operating in island mode. Therefore,
in this section, we will focus on the coordination strategy for
an islanded community microgrid.

In island mode, microgrids with adequate generation capac-
ity will serve their individual loads. They will also exchange
power with other microgrids in the community when the oper-
ating point entering the shaded zone in Fig. 2. To highlight
its novelty, the proposed hierarchical coordination strategy is
compared with the existing microgrid droop control in Table II.
As shown in this table, the proposed coordination strategy
controls the power export/import of MG; based on real-time
monitoring f/V at IC;; thus a decentralized, autonomous, and
efficient coordination could be achieved without communi-
cation links between any two microgrids or high-bandwidth
communications as discussed in Section III.

The proposed strategy includes the primary, secondary, and
tertiary coordination. The primary and secondary are decen-
tralized functions which are implemented at IC; while the
tertiary is a centralized management function, which are dis-
cussed in the rest of this section. The discussions in this section
consider real power exchanges and the same analyses would
equally correspond to reactive power exchanges.
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Fig. 4. Coordination droop characteristics in a community microgrid.

A. Primary Coordination in Island Mode

The primary coordination initiates the power export/import
of MG; by locally real-time detecting the f/V variations of
ac main bus and that of MG;. As summarized in Table II, the
primary coordination only responds to f/V deviations that con-
tinuously exceed a threshold, which is highly desirable since it
is unnecessary and uneconomical to initiate power exchanges
in case of temporary f/V deviations (e.g., due to load change
within MG;).

A normalization process [14] is considered initially for
bringing individual microgrid f/V to a common per-unit range.
Equation (3) represents the normalization method in which the
per-unit values of ];-p'u‘ and Vgg; ; are 0, 1 or -1 when the orig-
inal values are the rated, upper, or lower values, respectively.
Upon normalization, the per-unit f/V of different microgrids
are compared using (4). The positive/negative value of e¢;
that signals the generation deficiency/surplus in MG; is then
projected on the coordination droop curves in [14, Fig. 4]

. __ srated ‘max __ yated . rated
| (B8 [ (=) (62 )
J f/‘ _ f}rated / J;_rated _ f}mln)’ ( fj‘ < J;_rated)
Vpe,j— Vlr)a([:e,q rated
VmaTVraleé’ (VDC.j - VDC,j)
VP”- _ DC,j DC,j (3)
DC’/' - v L Vra[eq
- DC.j DC.j Vi .« Vrateq
vBE vl \"PCS = FDCy
P P (for AC mi id MG
o Ui —];- (for AC microgrid MG;) @
! o= Vpe,; (for DC microgrid MG))

G=1,2,...,N).

In Fig. 4, the coordination droop curves j and k are imple-
mented at IC; and IC; to determine the power exchanges
for MG; and MGy, respectively. For the proposed primary
coordination, MGq acts as a slack bus for the community
microgrid system, such that MG; initially exchanges power
with MGy (i.e., the ac main bus) based on IC; coordination
droop characteristics. That is, from MG;js point of view the
rest of community is equivalent to one virtual DER, while
MG views each MG; as a possible generation or load, as
illustrated in Fig. 5(a) and (b), respectively. Thus a simplified
and efficient coordination strategy could be achieved.

Fig. 6 illustrates the primary coordination in which the
arrows represent the directions of power exchange flows.

1) In case of a power shortage, the f/V in MG; would devi-

ate as depicted by the shaded region in Fig. 2, causing
a nonzero €; according to (4).

Fig. 5. Community microgrid from the perspective of (a) MG; and (b) MGy.

=1 p.u. S <1pau.
vl |
|MG0| [ MG .| MG |....[ MG ] |MGO| |MG1 || MG; ... MGv]
7= =
e,>0 e >0
1) )
i Ji"=1pu. S5 <1 pu.
I T | e v
|MGo| [ MG |...[ MG |...| MG |MGo| | MG || MG || MGN|
a=0  7<l ey=0 ol el e
e;>0 €,<0 e;>0 e <0
@A) @

Fig. 6. Primary coordination. Primary coordination: 1) power shortage in
MG;; 2) power import to MGj; 3) MGy supports the exchange; and 4) other
microgrids support the exchange.

droop curve

it Coordination
}of ICj

N
3 Jz

Fig. 7. Secondary coordination at IC;.

2) The nonzero e; would trigger IC; to exchange power with
the ac main bus, according to the coordination droop of
IC; as shown in Fig. 4.

3) With adequate generation capacity, MGq operating as
a slack bus would adjust its DER dispatch for restoring
the f/V to its rated value on the ac main bus.

4) If MGo does not have an adequate generation capac-
ity for exchange, the f/V deviation on the ac main bus
would result in nonzero values of e at other converter-
coupled microgrids (i.e., MGy, k = 1,2,..., N, k # j).
Accordingly, each MGy would adjust its DER dispatch
to serve the power exchange with MGy, in which case the
power flows are determined by the coordination droop
characteristics at each ICy as shown in Fig. 4.

B. Secondary Coordination in Island Mode

The secondary coordination concerns the f/V deviations as
expressed by (5), where a nonzero power exchange (Py ;) at
steady state would require nonzero e; at MG; and thus impose
an incremental error between f(? " and ];.p'u' (assuming MG; is
an ac microgrid). Hence, f/V will be deviated from its rated
value in MG; which participates in power exchanges.

The secondary coordination at IC; will shift the droop
curves vertically so that microgrids can exchange power
without compromising f/V. An example is provided in
Fig. 7 which shows the coordination droop of IC;. In this
figure, originally MG; exchanges power with the ac main bus
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Fig. 8. Example of tertiary coordination.

at point-A (i.e., with a per-unit error of e4). After shifting the
droop curve from j; to jo, the operating point will move to
B, where the f/V of MG; is restored to its rated values. Here,
Fig. 7 shows a distinct difference between the proposed sec-
ondary coordination strategy and the existing secondary droop
control as summarized in Table II. In Fig. 7, the value of Py ; at
point-B is slightly larger than that at point-A, which is because
when restoring the f/V of MG, the DER operating point in
MG; is shifted back from point-C to B in Fig. 2, where MG;
would require a slight higher power import

Pgen,j + PX,j = Pload,j
PX,j =mj-ej=m;- (j;.p'u' —f(g)u> (5)

C. Tertiary Coordination in Island Mode

The proposed tertiary coordination ensures the optimal coor-
dination of an islanded community microgrid by adjusting the
power exchanges among microgrids. Note that tertiary coordi-
nation does not necessarily rely on the secondary coordination,
which will be demonstrated by Scenario 2.3 in Section VI. The
tertiary coordination is implemented using the centralized
CMC computation and individual low-bandwidth communi-
cations with MCs as shown in Fig. 3. The following sequence
of steps is followed for the tertiary coordination.

1) CMC obtains from each MC the microgrid information,
including its reserve capacity, load condition, generation
cost, power quality, etc.

2) At each time interval, CMC computes the optimal power
exchange arrangement generally for economic purposes.
The exchange could also consider factors other than
economics. For example, as compared with MGqy, MGy
could deliver a higher quality of power; likewise, CMC
could curtail load at MGy, and shift its generation to MG;
since MGy, has curtailable or shiftable load.

3) Using the optimal solution, CMC would adjust the set
points for the coordination droops of ICs. For example,
MG; originally exchanges power with MGg. However,
CMC determined that it is more economical for MG;
to exchange power with MGy; CMC then horizontally
shifted the MGys coordination droop curve from k to kp
as shown in Fig. 8, where MGy would exchange power
with the ac main bus at point-B. Once stabilized, MGy
would replace MGy for the power exchange with MG;.

D. IC Control Diagram

Fig. 9 shows the IC control diagram in which the com-
puted reference P;‘(’ j is used to control IC; power exchanges.
In Fig. 9(a), P§§5 is optimized by the CMC which provides
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Fig. 9. Control diagrams of (a) hierarchical coordination, (b) adjustment
signal in tertiary coordination, and (c) converter control.

the set point for power exchange. Additionally, an adjustment
signal APy ; generated in Fig. 9(b) could be added onto the
tertiary block to eliminate any steady state error in the tertiary
coordination. Here, Fig. 9(b) provides an example of reducing
MG power exchange to zero. Based on Fig. 9(a), Px ; in the
steady state can be expressed by (6) where it is assumed that
IC; adopts a linear coordination droop parameter n1;

Pxj = P¥" +m (ej + e}“d). (6)

A similar hierarchical coordination strategy can be applied
to the reactive power exchange. Therefore, the calculated ref-
erence for reactive power exchange (Q;FL j) is also added as an
input to the converter control in Fig. 9(c).

VI. NUMERICAL SIMULATION OF COMMUNITY
MICROGRID

This section presents the simulation cases for the operations
of a community microgrid as shown in Fig. 10(a), in which
the thick line represents the ac main bus and utility feeder
and individual microgrids would be switched to islands once
breaker B opens. This is a simplified version of Fig. 3 as
grid-connected and island modes of a community microgrid
are simulated in this section. The proposed strategy can be
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Fig. 10. Simulation setups. (a) Studied community microgrid. (b) DG models.

readily applied to the hybrid mode (see Section IV-C) which
will be simulated in our future work. The community micro-
grid in Fig. 10(a) includes the IIT (a directly-connected ac
microgrid denoted as MGO), a police station (a converter-
coupled ac microgrid denoted as MGI1), and a hospital
(a converter-coupled dc microgrid denoted as MG2). IC1 and
IC2 are interlinking-converters at MG1 and MG2, respectively.
Fig. 10(a) also shows the rated frequency and voltage, num-
ber of DGs, and the total MW load of each microgrid. All
DG units are modeled as converter-coupled dispatchable grid-
forming DERs, as shown in Fig. 10(b), where the converter
control module would implement the droop control within
individual microgrids.

A few clarifying points are provided here.

1) The dc bus in Fig. 10(b) could represent a dc-type source
or the dc terminal of an ac-to-dc converter in an ac-type
source.

2) The proposed coordination strategy and simulations in
this paper are not necessarily limited to converter-
coupled DGs and are equally applied to directly-coupled
dispatchable DGs (e.g., gas-turbine synchronous gener-
ators) that employ the droop control approach.

3) While the simulation setup in Fig. 10 may show some
simplification, it provides a reasonable and adequate
modeling in this paper as we focus on the coordinated
strategy for power exchange among multiple microgrids.

For a further explanation on 1) and 2) and a detailed
information on the DG modeling and control, please refer
to [9]-[11].

Due to the limited space, we only provide simulation
cases on real power exchanges in this section, and stress the
point that similar processes corresponding to reactive power
compensations in individual microgrids would fulfill reactive
power exchange requirements in a community microgrid.

In our simulation results (depicted in Figs. 11-15), V(lj\ng
is the per-unit dc bus voltage of the Hospital (MG2). PMGO,
PMG1, PMG2, and Pgrid are power exchange (MW) of micro-
grids and the utility grid, where positive/negative MW values
represent export/import flows, respectively. Py~ and P
are the total generation and the total load (MW) in the
Hospital (MG2).

A. Case 1: Operation of Grid-Connected Community
Microgrid

Case 1 simulates the community microgrid in
grid-connected mode using the discussions provided in
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Fig. 11. Real power exchange flows in Case 1.
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Fig. 12. Simulation results in Scenario 2.1 of Case 2.

Section IV-A. As shown by the simulation results in Fig. 11,
before = 1 s there is no power exchange between the utility
grid and microgrids, which is due to the set points provided
by each MC. Started at r = 1,2, and 3 s, MGy, MG, and
MGy, respectively draw 0.05 MW from the utility grid, which
is because MCy, MCj, and MC; actively decrease the local
generations by 0.05 MW in respective microgrids. The f/V
of each microgrid is maintained by the utility. Since the
three microgrids are respectively grid-connected, they will
not exchange power between each other.

B. Case 2: Coordination in Islanded Community Microgrid

In island mode, MGy, MGy, and MG, may exchange power
based on the proposed hierarchical coordination strategy dis-
cussed in Section V. To verify the proposed strategy, four
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Fig. 13. Simulation results in Scenario 2.2 of Case 2.
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Fig. 14. Simulation results in Scenario 2.3 of Case 2.

scenarios will be simulated with the following settings for
MG, parameters.

1) The total load in MGj; is set at 4.3 MW.

2) In MGy, Pp of DGy (see Fig. 2) is set at 3.7 MW.

3) DGj will be disconnected at ¢ = 1 s (simulating a sudden

loss of generation) to trigger the power import of MG.

In each scenario, the secondary or the tertiary coordination

is either enabled or disabled as listed in Table III.
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Fig. 15. Simulation results in Scenario 2.4 of Case 2.
TABLE IIT
COORDINATION STRATEGIES APPLIED IN THE FOUR SCENARIOS
IN CASE 2

Hierarchical coordination strategy

Primary Secondary Tertiary
Scenario 2.1 Enabled - -
Scenario 2.2 Enabled Enabled -
Scenario 2.3 Enabled -—-- Starts at t=3s
Scenario 2.4 Enabled Enabled Starts at t=3s

1) Scenario 2.1: Primary Coordination: In this scenario,
only the primary coordination is considered for power
exchanges in island mode. As shown by the simulation results
in Fig. 12, before + = 1 s, each microgrid serves its own
load and there are no power exchanges. In MG, the 4.3 MW
load is supplied by DG (3.5 MW) and by DG, (0.8 MW).
Since the 3.5 MW supplied by DG is below its threshold of
3.7 MW, DG is operating at point-A in Fig. 2. At r =15,
DG, in MGy, is disconnected to simulate a generation outage.
As indicated by Pyg2 in Fig. 12, DGy increases its output
briefly to 4.0 MW which is beyond its threshold, i.e., DG
moves from point-A to C in Fig. 2; therefore, VéVC[Gz drops to
0.99 p.u.

The V(Ij\éle drop initiates a 0.3 MW power flow from
MG( to MG, based on the primary coordination, which is
verified by (4+0.3 MW) for Pygo and (—0.3 MW) for Pmg2
in Fig. 12. Note that here the values of Vgng (0.99 p.u.),
DG (4.0 MW), and power exchange (0.3 MW) represent the
collaboration between the MG, droop (see Fig. 2) and the
coordination droop (see Fig. 4).
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Vgng will remain fixed at 0.99 p.u. after it drops from
1.0 p.u., which is because the secondary coordination is not
applied. Here, the difference (0.01 p.u.) is used to main-
tain a fixed power exchange of 0.3 MW. In Fig. 12, MG,
is not participating in any power exchange since the tertiary
coordination is disabled in this scenario.

2) Scenario 2.2: Primary and Secondary Coordination:
This scenario is the same as Scenario 2.1 except that the sec-
ondary coordination is enabled to verify the f/V capability of
the proposed coordination strategy.

In Fig. 13, in a short period after t = 1 s, Vggm drops
to 0.99 p.u., and the imported power and the local gen-
eration of MG, are changed rapidly to 0.3 and 4.0 MW,
respectively, which are the same as those in Scenario 2.1.
But in this scenario, Vgng is finally restored to 1 p.u.,
and the imported power and the local generation of MG;
would increase to 0.6 MW and decrease to 3.7 MW,
respectively. The different results obtained in this scenario
can be explained as follows. First, at the community micro-
grid level, the secondary coordination vertically shifts the
IC, curve (see Fig. 7) such that MGy can import power
while maintaining V(li\ng at 1 p.u. Second, since V(li\/ClGZ is
restored to 1 p.u., the operating point of DGy is then shifted
back from point-C to B (see Fig. 2), which causes DG to
reduce its output from 4.0 to 3.7 MW (being equal to its
threshold) and thus increases the imported power of MG,
from 0.3 to 0.6 MW.

As verified in this scenario, the secondary coordination
is able to maintain the rated f/V for individual microgrids
that participate in the power exchange. Same as that in
Scenario 2.1, the entire power exchange in this scenario is
provided by MGy which is due to the absence of tertiary
coordination.

3) Scenario 2.3: Primary and Tertiary Coordination: This
scenario is the same as Scenario 2.1 except that tertiary coor-
dination is started at + = 3 s to prove the ability of the
tertiary coordination in adjusting the power exchange. Here
it is assumed that MGy has a lower marginal cost than that in
MGy. The secondary coordination is disabled in this scenario
in order to demonstrate that the tertiary coordination does not
necessarily depend on the secondary coordination.

In Fig. 14, during 1-3 s, the imported power of MG
is provided by MGy, which is the same as that in
Scenarios 2.1 and 2.2. At ¢t = 3 s, since the tertiary coordina-
tion is started by CMC, the power export of MGy is reduced
to zero and MG begins to export 0.3 MW, i.e., MG replaces
MGy to deliver power to MG,. This outcome can be explained
using Fig. 8: at t = 3 s the tertiary coordination shifts the curve
of IC; to the right thus increases its power export set-point to
0.3 MW, which is the value of Pg(ei/ in Fig. 9(a) [computed
by Fig. 9(b)]. Accordingly, MG; would export 0.3 MW to
the ac main bus and the power export of MGq is reduced
to zero.

As shown in Fig. 14, will remain fixed at 0.99 p.u.
after it is lowered. This is because the secondary coordina-
tion is not applied, which is the same as that in Scenario 2.1.
This scenario verifies the role of tertiary coordination and

MG2
Vdc

demonstrates that the tertiary coordination can be implemented
independent of the secondary coordination.

4) Scenario 2.4: Hierarchical Coordination: Primary, sec-
ondary, and tertiary coordination are applied in this scenario
for verifying the hierarchical coordination strategy proposed in
this paper. Fig. 15 shows that the simulation results incorporate
the features presented in Scenarios 2.2 and 2.3.

In this figure, Vgng is lowered to 0.99 p.u. and then restored
to 1 p.u., the imported power and the local generation of MG,
are rapidly changed to 0.3 and 4.0 MW, respectively, and then
the two values are increased to 0.6 MW and decreased to
3.7 MW, respectively, as we applied the secondary coordina-
tion which is the same as that in Scenario 2.2.

On the other hand, from r = 3 s, MGy starts to export
power and finally replaces MGy for delivering power to MGa,
as we applied the tertiary coordination the same way as
that in Scenario 2.3. The simulation results in this scenario
successfully verify the functions of primary, secondary, and
tertiary coordination in the proposed hierarchical coordination
strategy. While the real power coordination is simulated in this
section, the same strategy would apply to the reactive power
coordination.

VII. CONCLUSION

This paper proposed a hierarchical coordination strategy for
ensuring the optimal power exchanges among microgrids in
an islanded community microgrid. The proposed coordina-
tion strategy also applies to the grid-connected operation of
community microgrid. In the proposed strategy, the primary
and secondary coordination are decentralized functions exe-
cuted by the interlinking-converter of individual microgrids.
The primary coordination initiates the power exchanges based
on locally monitoring the frequency and voltage deviations
while the secondary coordination maintaining the frequencies
and voltages at rated values for each microgrid. The tertiary
coordination, which is a centralized management function at
the community level, ensures the optimal and economic oper-
ation of the community microgrid by adjusting the power
exchange flows.

The proposed hierarchical coordination strategy is applied
to a community microgrid model which included three ac
and dc microgrids. The simulation cases address the islanded
and grid-connected operations of community microgrid. The
simulation results have successfully proven that the pro-
posed coordination strategy is able to initiate the power
exchanges when one or more microgrids encounters power
shortage, while maintaining the rated frequency and voltage
for each participating microgrid and economically optimizing
the exchanged power, thus ensuring an economic, efficient,
and flexible coordination of a community microgrid.
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