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Abstract—This paper focuses on a fully distributed peer-to-peer
control scheme for voltage regulation and reactive power sharing of
multiple inverter-based distributed energy resources (DERs) in ac
microgrids. The proposed peer-to-peer control strategy is fully dis-
tributed enabled through broadcast gossip communication, where
each DER unit only requires local voltage and current measure-
ment from its own and some (but not all) nearby neighbors for the
voltage and reactive power sharing control. Employing the broad-
cast gossip communication protocol with attractive scalability and
reliability properties, the control inputs can be updated to restore
the voltage magnitudes at the point of common coupling to a de-
sired value ensuring an accurate reactive power sharing for each
DER. Since the proposed distributed controllers are implemented
on local DERs, the central controller and hierarchy are no longer
required. Accordingly, the microgrid system stability is preserved
in the peer-to-peer requirements of line switches, which in turn,
enables a plug-and-play operation of DERs and their robustness
against microgrid topology change scenarios. Simulation studies in
amodified IEEE 34-bus test network demonstrate the effectiveness
and applicability of the proposed control strategy.

Index Terms—Autonomous microgrid, broadcast gossip proto-
col, distributed peer-to-peer control, reactive power sharing, volt-
age regulation.
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1. INTRODUCTION

ICROGRIDS are among the viable solutions to achieve
M an effective integration of loads, energy storage sys-
tems, and distributed energy resources (DERs) into the low-
and medium-voltage distribution networks via dc/ac interface
inverters [ 1]-[3]. The microgrids will enable an autonomous op-
eration in the advent of disturbances or planned outages [4]-[7],
where proper control for maintaining the voltage and frequency
stability and power sharing is more challenging than that in
conventional power systems.

Due to the line impedance effect, the voltage droop controller
is unable to share reactive power demand among even identi-
cal DERs operating in parallel. In contrast with the high-voltage
networks, where the reactive power sharing among generators is
usually not a major concern—since the generators’ voltages are
maintained constant by the excitation system through capacitive
compensation of both loads and transmission lines [8]-[10], the
voltage regulation in microgrids can be accomplished through
a secondary control [3], [11]. However, the microgrids charac-
teristics (e.g., low ratings of DERs, small electrical distances
between DERs, and the lack of static compensation) call for
an accurate reactive power sharing mechanism among DERs
to avoid overloading conditions that can adversely affect their
operation [14], [15], and consequently, influences the microgrid
stability.

The rapid developments in the information and communica-
tion technologies provide an opportunity to achieve communi-
cation network-based distributed control for voltage regulation
and reactive power sharing of autonomous microgrids. Con-
trary to a centralized secondary control architecture for reactive
power sharing that requires each unit to communicate with a
central controller, a distributed voltage controller mandates all
DERs to communicate with all others directly [16]. Moreover,
since the controller regulates the DER voltages to their nom-
inal values, it is unable to share reactive power between het-
erogeneous DERs connected through varying line impedances.
Considering the influence of uncertain communication topolo-
gies on the microgrid system stability, a distributed pinning
control strategy is proposed in [17] to regulate the power out-
put of a large number of DERs in ac microgrids. It is demon-
strated in [18] that the distributed control is able to enhance the
voltage regulation and maintain the proportional load sharing
for microgrids via low-bandwidth communication. Centered on
the pinning control of multi-agent systems, a novel finite-time
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distributed frequency/voltage synchronization strategy is pro-
posed in [19] accompanied by a distributed active power shar-
ing regulator. Subsequently, in [20], a distributed averaging
PI controller has been proposed for secondary frequency and
voltage control in autonomous microgrids using decentralized
proportional droop/integral control and distributed averaging
technique. In addition, Castilla ef al. [21] has addressed the ad-
verse impacts that the drifts of the processors clocks produce
on the operation of the secondary control and stability of the
autonomous microgrids.

However, due to the inherent distributed characteristic of the
microgrid systems consisting of various DERs with different
objectives, it is desirable that the control system coordinating
these DERs operates in a highly distributed manner. Therefore,
a non-hierarchical peer-to-peer control architecture seems to be
an effective alternative for controlling DERSs in the distribution
grid. Such a peer-to-peer control method is based on peer-to-peer
communication networks [23], [24], where there is no hierarchy
and no central controller. The DER units cooperate toward a
common goal, but the control remains local. In this architecture,
the requirement of bidirectional communications is necessary
for activating and integrating the local control of each DER unit.
This allows to keep the control of the DERs local and distributed,
thereby eliminating the large-scale impact of any single point
of failure.

Motivated by the above considerations and in order to over-
come the drawbacks of droop control such as voltage devia-
tions and inaccurate reactive power sharing, this paper presents
a distributed peer-to-peer control scheme employing a broad-
cast gossip algorithm that will regulate average voltage value
of integrated DERs while keeping an accurate reactive power
sharing among DERs. Different from the existing distributed
control approaches (e.g., time delay [11], switching topology
[15], and noisy communication channel [22]), the distributed
peer-to-peer control strategies via broadcast gossip algorithms
have many salient properties, among which one can highlight
a better robustness to unreliable communication, no synchro-
nized clock requirement at the DER unit, distributed computa-
tions, etc. [21], [22]. Thus, a broadcast gossip algorithm with
attractive scalability and reliability properties [7], [8] is applied
to indirectly discover the global information, and recognize an
updating method for global information sharing. Accordingly,
the main contributions of this paper are summarized as follows.

1) Compared with the existing distributed cooperative algo-
rithms that only achieve the power sharing or voltage control
[18]-[21], the proposed control scheme ensures a precise volt-
age regulation while keeping an accurate reactive power shar-
ing of DERSs in a distributed manner. In addition, the proposed
distributed control algorithm for reactive power sharing also
optimizes the power quality during autonomous operation, i.e.,
minimizes the reactive power flows between the DERs while
achieving reactive power sharing.

2) Since all DERs merely need a partial and limited
knowledge of the problem parameters from their neighbors
and perform only based on local measurements, the proposed
distributed peer-to-peer control scheme is centered only on local
DER controllers, offering further reliability and robustness.
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Circuit structure of the inverter-based DER; unit connected to a PCC

Different from the traditional hierarchical control schemes
for microgrids [5], [13]-[15], there is no hierarchy and no
central controller in our proposed framework, which is a totally
distributed implementation of droop control, and distributed
gossip control, which enhances the redundancy and enables a
plug-and-play functionality in microgrids.

3) Furthermore, the proposed peer-to-peer algorithm is fully
distributed which promotes independent decision making, and
lowers the need to signal the overhead network. Thus, the intro-
duced methods also make it easier to meet the requirements of
line switches and plug-and-play operation of intermittent DERs
in low-inertia microgrid systems. The effectiveness of the pro-
posed distributed gossip control mechanism is validated under
different scenarios of load variations, plug-and-play operations,
and communication link failures.

The rest of this paper is organized as follows: Section II
presents the basics of droop control for DER units, the generic
models of the microgrids, and fundamental principles of the
graph theory. Two novel distributed peer-to-peer control algo-
rithms are elaborated to achieve the microgrid voltage regulation
and reactive power sharing in Section III, where the funda-
mentals of the broadcast gossip algorithm are also presented.
Section IV is devoted to numerical case studies to verify the
effectiveness of the proposed algorithms. And finally, Section V
concludes this paper.

II. MICROGRID ARCHITECTURE AND SYSTEM MODEL

In this paper, non-linear dynamics of each DER unit in a
microgrid are formulated on its own direct-quadratic (d—q) ref-
erence frame. This microgrid reference frame is considered as
the common reference frame and the dynamics of other DERs
are transformed to this common reference frame with angular
frequency w™. Then the active and reactive powers can be
decoupled via an abc/dq transformation.

A. Local Control of Inverter-Based DERs

The control process of three-phase inverter-based DER; unit
consists of three control loops (i.e., the droop-based power con-
troller, PI voltage controller, and PI current controller) as shown
in Fig. 1, where, Llf-, le, and Cif represent the inductance, resis-
tance, and capacitance of the output filter, respectively. And L
and R} represent the inductance, and resistance of the output
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connector between DER; unit and the point of common cou-
pling (PCC) bus, respectively. The virtual impedance loop Z)
is employed so as to keep the @) versus V' and P versus w droop
characteristic for power controller.

The nominal frequency w;°™ of droop-based power con-
troller is utilized by the pulsewidth modulation (PWM) inverter
as the frequency reference. Meanwhile, the following voltage
and current controllers will be employed to regulate the volt-
age reference of the inverter [6]. According to the references
provided by the power controller, VZref and V)., the controller
outputs are given by

e = (WY + 5 (vt - vty -t pe
S

1
w[pom C«qf‘/?od + FI;)q
2

0( PV kIV 0 0
Lot = (k7 + ;) (Viver = Vi) —

PV I
k! k!

where and are, respectively, the proportional and inte-
gral gains of the PI voltage control loop, and F' is the feed for-
ward gain. The feed-forward quantities (Fl,}?d, FI7%)and cross
decoupled quantities (W™ CIV°9, wrom CHV0d) are utilized to
realize a decoupled current control in the d-q axis. Therefore,
Vd and V" are able to be controlled separately.

Furthermore, according to the references I Odf and [ 7012{
supplied by the PI voltage controller—the output of the PI cur-
rent control loop can be expressed as

kH
Verof <kPI : > [ILrof Lod} 7(4);101“[/%!-[/(14‘%1(1 3)

]{;H .
Vird = (kp I >[I{1%f—f°‘*} Wi Lt VI @)

where k7 and k! are the proportional and integral gains of the
current controller based on PI control, respectively. The feed-
forward quantities (V'4, Vilq) and cross decoupled quantities
(wrem L Ed | rom f 719y are separately utilized to realize a
current control in the d-q axis.

Regarding the power control, I2;; and X;; represent the line
impedance and inductance, respectively. And V; and V; rep-
resent the root-mean-square value of DER; and DER; units,
with their phases ¥; and ¥;, respectively. For inductive lines
(if X > R) of reactance X;;, connecting DER; to DER, the
active and reactive power injections P; and (); at DER; unit are
given by

N
P = Z‘;;_V'smﬂ—ﬁ)
j=1
N N
ViV,
=AY X —(0; =, 5
Q ; 7 ;X ) 5)
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If 9,

=0 =Y
follows:

is small, then (1) can be simplified as

0=y X -y o ©)

As shown by (6), the active power flowing from DER; to
DER; via a highly inductive line impedance can be controlled by
regulating the phase ¥J;;. The reactive power supplied by DER,
unit can be controlled by regulating the voltage magnitude of
DER; unit. This is the basis of the conventional ) versus V' and
P versus w droop controls. Thus, the droop technique employed
for DERs during the multiple loop control processes can be given
by

— Q
V; _ V;_nom —n; QZ

m! P, @

w; = w;lom _
where V"°™ and w}°™ are chosen from the nominal set points
of voltage and frequency of the DER; unit, respectively; Q;
and P; are the measured reactive and active power at the DER
terminal; n? and m! are the associated droop coefficients that
are usually selected based on the reactive and active power
ratings. According to the traditional droop control strategy using
d-q transformation, the voltage reference values of DER; unit
are determined by the power control loop and can be abstracted
as follows [19]:

V;nd _ ’I’L? QI
Vver ®)

nomd
‘/i _

where V°md js chosen from the nominal voltage set point of
the DER; unit, while nZQ is the voltage droop gain. Q; is the
measured reactive power at the DER terminal. V°¢ is the actual
output voltage and V;"°™ (i.e., V"™ :\/(V,."O"‘d Y4 (vremay? with
V"4 = 0) is the control input computed by (16).

B. Dynamic Model of Microgrids

Consider an autonomous microgrid hosting an N number
of inverter-based DERs, where all variables are referred to a
common reference frame w®™ . The mathematical equations of
the microgrid equivalent circuit can be obtained by considering
the small-signal model of inverter-based DER (as described in
Section II-A), the output LC filter, and the output connector.
Such differential equations are derived as follows [23]:

. Rf 1 !

Ld _ Ld L Id d
frd = L; 1P 4w 4 LEW T Ve

. R ! 1

Lq __ i 7L Ld I °
Ll—_ﬁﬁq+%h gmq_gwy
VOd —w VOQ 4 i[Ld _ L]Od

i C,f i C«f 4
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Equations (1)—(7) and (9) engender a dynamical model of the
inverter-based DER; unit, the output LC filter, and the output
line impedance. The corresponding microgrid dynamical model
can be given in a compact form as

T = Az + Bu

y=Cx+ Du (10)

where
T = [P Q [Ld ILq Vnd Vou Iod [oq]T
u = [weom ng Ved |
= [Vr‘; VOd Vo —yed fod —od 124 qu].

The proposed fully d1str1buted g0s31p control scheme selects
the control input V¢ in (12) to synchronize the average termi-
nal voltage value of all DERs to the desired value VPFS. Note
that the DER output voltage magnitude V°¢ can achieve syn-
chronization via adjusting the control input V"4, Meanwhile,
a proper reactive power sharing among DERs would also be
possible by the subsequent controller (14).

C. Graph Theory

The peer-to-peer communication network among N number
of DERs can be described by a graph: G = (V, €, A) with a
set of nodes V = (V1,...,Vy) and a set of edges € =V x V.
Each graph node represents a DER unit, and edges represent
communication links for data exchange. If communication links
are bidirectional, (V;,V;) € £ = (V;,V;) € € Vi, j, the graph
is said to be undirected. Otherwise, it is directed. A graph is said
to have a spanning tree, if there is a root node, such that there
is a direct path from the root to any other node in the graph.
A matrix called adjacency matrix A= {a;; } .y Where a;; can
be defined as follows:

1, if(V,V;) € E
Ajj = . (1)
0, otherwise.
III. PROPOSED FULLY DISTRIBUTED PEER-TO-PEER CONTROL
VIA BROADCAST GOSSIP ALGORITHMS

The proposed fully distributed peer-to-peer control scheme
for autonomous microgrids is achieved via a broadcast gossip
algorithm that will regulate average voltage value of integrated
DERs to the desired values while keeping an accurate reactive
power sharing of DERSs in a distributed manner.

A. Distributed Peer-to-Peer Control in Mirogrids

Different from the conventional power control with central-
ized models, this paper proposes a fully distributed peer-to-
peer control scheme for each DER unit via broadcast gossip
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Fig.2. Proposed fully distributed peer-to-peer control structure via a broadcast
gossip algorithm.

algorithms. The basic idea of the proposed distributed control
method is to share information among each DER and its neigh-
bors through sparse communication networks.

The block diagram of the proposed peer-to-peer control
scheme is illustrated in Fig. 2. The proposed scheme involves
communication layer via a broadcast gossip algorithm and dis-
tributed peer-to-peer control layer. The broadcast-based gossip
communication layer is mainly responsible for local information
exchanges with neighbors to indirectly achieve the global infor-
mation cooperatively by the broadcast gossip algorithm (which
will be presented in detail in Section I1I-B) and then sending it to
the distributed control layer. The peer-to-peer control layer sends
the corresponding reference signal V24 (illustrated with solid
lines) to the droop control to realize the voltage regulation and
reactive power sharing reasonably.

In order to provide a flat voltage profile across the entire mi-
crogrid, the proposed distributed voltage average method is able
to compensate the voltage deviations caused by droop control
in each local DER. Thus, each DER unit is required to measure
the voltage error, and try to compensate the voltage deviation
caused by the () versus V' droop. The main advantage of the
proposed method compared to the conventional techniques is
that the remote sensing used by the distributed voltage control
is not necessary; so just the DER terminal voltage, which can
substantially vary among different terminals, is required. In this
case, the voltage regulation is achieved as follows:

N

1 d
Nz‘/;oi

i=1

VAYe = (12)

TAveV

. k,
V;Od _ (k’PAVCV +

. ) [VDES o VAVC] (13)
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where N is the total number of DERs, kFAvV and kM4v¢V are
the proportional and integral terms for DER; unit, respectively.
Vfd is the voltage output variation of DER; unit, resulted from
the PI control of the error between microgrid voltage reference
(VPES) and the DERs average voltage (VAve),

Although several methods have been proposed to enhance
the reactive power sharing, it is difficult to accurately achieve
it in a high R/X microgrid [5], [6]. That is because the volt-
age is a local variable and the impedances between the DERs
and PCC bus are different. Different from the existing litera-
ture, a novel distributed peer-to-peer control is proposed that
offers a possible solution for power sharing locally; that is
each DER exchanges the measured () with other DERs indi-
rectly to acquire average reactive power as the same reference.
Thus, the distributed control for reactive power sharing can be
expressed as

D =
QM =5 Qi (14)
i=1
i i s i

where k}DAveQ and kgAveQ are the proportional and integral
terms for DER; unit, respectively. Q"¢ is the average reactive
power for all DERs which acts as a reactive power reference
and @; is the control signal issued by the proposed distributed
peer-to-peer control module, aiming to share the reactive power
between the DERs.

The voltage control and reactive power sharing can be
achieved by employing (9)—(12) and ) versus V droop con-

trol principles. Combining the above equations with (4) yields

"/inomd _ "/iod + nZQ Qz (16)
which then results in
Wnomd _ / ("/jod + TLIQQJdt (17)

where V"4 jg the distributed control input for voltage regula-
tion and reactive power sharing. Through the local adjustment
of the distributed control input, steady-state voltage errors will
be eliminated while sharing reactive power between DERs ac-
curately will be made possible.

In the communication layer, distributed broadcast-based gos-
sip algorithm is implemented for information sharing and aver-
aging among a set of distributed DERs. It helps discovering the
average values of measured voltage VA¥¢ and the total reactive
power generation Q*V¢, which will be explained in detail in the
following section.

B. Broadcast Gossip Algorithm

In a traditional setting, several control methods must be man-
aged through a central controller for voltage regulation and
reactive power sharing. It requires communication between the
central controller and the DERs by facilitating the global volt-
age information for average voltage reference V4V¢ and reactive
power reference QA"e. However, a central control mechanism

2245

Algorithm 1:
Algorithm.
Initialization:
Set ;(0) = a;V:°4(0) and a;(0) = a; forall {i =
I,...,N};
Iterative:
1: for eachtimestept, do

Broadcast-Based Gossip  Push-Sum

2: Let {(3,, a,)} beall pairssent to DER; at time t — 1

30>, 8 —si(t)and Y, a, — a;(t)

4: {577(t) + (KOd(t) - V;Od(t - 1))} — si.i(t)

5: Eachith DERsend 1s;(t) and Ja; (t) to another random
jth DER and to itself

6: D s the average voltage estimate of the ith DER of

©oa(t)
all voltages Vo4 = <V]°d, ved oo V{’,d> at time ¢
7: end for

is 1) complex; 2) not reliable to a single point failure; and 3)
limits the systems’ scalability.

A broadcast gossip method is proposed to be employed for
disseminating the locally measured voltages and reactive pow-
ers to all DERs in the microgrid. Broadcast gossip protocols
for group DERs communication have attractive scalability and
plug-and-paly properties. In particular, an advantage of the pro-
posed broadcast gossip method is that each DER will know its
corresponding local information without any communication
(e.g., the local voltage and the output reactive power) at the
local-droop control stage, while it does not have direct access to
the global information. It can only communicate with its imme-
diate neighboring DERs via a sparse communication network.
Thus, the main challenge in the design of a distributed gos-
sip control method is to discover the average voltage reference
VAYe and reactive power reference Q*¢ through information
exchange between the distributed DERs based on broadcasts.

As explained earlier, the proposed broadcast gossip control
is implemented in a peer-to-peer fashion, thereby eliminating
any single point of failure that a more centralized method will
inherently prone to. The information sharing algorithm should
be dynamic and should disseminate the latest available volt-
age measurements as new data comes in. Besides, it should
be resilient to packet losses or delays. This paper employs
the broadcast-based gossip push-sum algorithm [24], [25] for
approximating the average voltage and reactive power values
across a microgrid. The algorithm is adapted so that it can
be used for dynamic dissemination of the states of all DERs
to any other DER. The algorithmic procedure is presented in
Algorithm 1. The accuracy of the estimates depends on the
number of asynchronous iterations of the push-sum algorithm.
Here, the adopted approach proceeds with the local estimate in
each DER (which is more realistic in practice), but it does not
need to assume that after each push-sum algorithm, one of the
local estimates is broadcasted to all the other DERs.

Atall times ¢, each vector s; (¢) and a; (), respectively, repre-
sents a sum, and the weight of this sum for the terminal voltage
V°d or reactive power output ; of each DER; unit. Taking the
terminal voltage case as an example, the estimate of the voltage
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Fig. 3. Proposed distributed peer-to-peer control scheme for DER; unit in a microgrid via a broadcast gossip algorithm.

reference value VA¥¢ can be then calculated as - E?) at all times

t. These values are always transmitted in pairs,l so if a packet
gets lost, all the other pairs continue to have a correct estimate
of the voltages. a; denotes a unit vector with 1 on the ith po-
sition and O elsewhere. Each DER; unit follows the protocol
given in Algorithm 1. In operation 5, the ith element of vector
s;(t) = s;.(t), is updated with the V;°4(¢) difference between
the current step ¢ and previous time step ¢t — 1, so the latest
available measurements are always being spread.

The reactive power reference Q"¢ can also be estimated in
the same way by the gossiping Algorithm 1. Regarding the im-
plementation of the proposed broadcast-based gossip algorithm,
take a communication network implemented by CAN Bus with
PROFIBUS protocols as an example, where the average trans-
mission distance among DERs is 400 m—i.e., the communi-
cating rate is 500 kps. Suppose that there are six pieces (each
piece 64 b) of data to be communicated from each DER with
six neighboring DERs. Also, assume that the maximum num-
ber of iterations is 50, then there are 76.8 kb indirectly inferred
global information (i.e., peer-to-peer local communication) to
be exchanged in each process. Therefore, the global information
can be exchanged seven times per second via peer-to-peer local
information exchanges, which is enough to ensure the commu-
nication accuracy.

The overall control structure diagram for the proposed dis-
tributed peer-to-peer control strategy via a broadcast gossip al-
gorithm is illustrated in Fig. 3. As it can be seen, the virtual
leader DER sends the desired voltage, VPFS, to the pinned
DERs (which can access the virtual leader directly). A pinned
DER will exchange its own information with its neighboring
DERs across the sparse communication network. After the dy-

namical evolution, the control inputs, Vfd in (13) and Q1 in

(15), can be calculated and then used to generate the local volt-
agereference, ;"™ that will be used in the PI voltage controller
in the droop control layer. Simultaneously, the voltage control
loop generates the current reference, I;,.¢, for the PI current con-
troller. Ultimately, the current errors are computed to generate
the inverter’s outputs PWM mode for the DER; unit.

Remark 1: During the droop control period, the droop con-
trol reference Vf"md (ie., Vo :\/ (vpomd )y (yremay? with
VM4 = 0) of each DER is computed by the integrators (17)
with the distributed average voltage controller (12) and reactive
power controller (14). Then, during the distributed control pe-
riod, the control outputs V;°? and Q; (after low-pass filtering) of
each DER unit will be sent to their neighbors through a sparse
communication network, by which each DER unit shares its own
information with its neighbors, consequently the voltage V,°4
and reactive power (); for different DERs will autonomously
realize consensus to get the average value of voltage output
VAve and reactive power Q*V°. In addition, the external given
reference VPS5 will be sent to some particular DERs (e.g., only
one DER; unit), which is located at the root nodes of the sparse
communication network. Accordingly, all DERs across the en-
tire system can regulate their voltage values to their consen-
sus average voltage value, while achieving an accurate reactive
power sharing.

Remark 2: The results in [6], [9], [12], [13], and [18] merely
consider the trade-off strategies between voltage regulation and
reactive power sharing, thus fail to achieve both at the same
time. However, the proposed distributed gossip control strategy
is modeled such that the control objectives of voltage restora-
tion and reactive power sharing are synchronously guaranteed.
Furthermore, different from the existing methods [5], [9], and
[14], our proposed distributed control strategy can realize such
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Fig. 4. Modified IEEE 34-bus test microgrid with DERs and local loads
considering a communication network (the red dot lines).

control objectives through peer-to-peer communication, which
is also inherent with good interference suppression, in a dis-
tributed way and within an expected time frame for indirectly
discovering the global information in microgrid systems.

Remark 3: Since all DERs merely need a partial and lim-
ited knowledge of parameters from their neighbors and perform
only based on local measurements, the proposed distributed
gossip scheme only needs to implement on local DER con-
trollers, which can be more reliable and robust. Compared with
the traditional hierarchical control structures in microgrids [5],
[13]-[15], there is no hierarchy and no central controller in
our proposed framework, which is a totally distributed imple-
mentation of droop control and gossip controls. This enhances
the redundancy and enables the plug-and-play functionality in
microgrids, which in turn, ensures its robustness against topo-
logical variations caused by cyber or physical links switching
or failures.

IV. SIMULATION RESULTS AND DISCUSSIONS

A modified IEEE 34-bus test microgrid system is selected to
verify the effectiveness of the proposed distributed peer-to-peer
control algorithm and to investigate the effects of DER control
variables on the power flow. Fig. 4 shows the basic diagram
of the test system which consists of the physical (black solid
lines) and communication (red dot lines) networks. In this test
system, there are five DERs in a non-parallel configuration and
four loads connected to the microgrid. It is assumed that each
DER unit can access the required information from its neighbors
through a communication network. The communication topol-
ogy of the microgrid is depicted in the red part in Fig. 4. The
specifications of the DERs, lines, and loads are summarized in
Table I.

If designed properly, a virtual impedance can lead to an ac-
ceptable system transient and steady-state response by increas-
ing the damping capabilities. It, however, affects the inverters’
voltage regulation (which will cause voltage drops). In this pa-
per, the method suggested in [26] and [27] is adopted to evaluate
the virtual impedance. The values of kY AveV | glAveV k;ZPAveQ,
and k;AVCQ in (13) and (15) are selected through experiential
adjustments according to the simulation results. Within certain
limits, when the value of £74¥¢V and/or k;P AveQ s higher, the
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TABLE I
PARAMETERS OF THE TEST SYSTEM

DER; & DER: & DERg DER3 & DER4
Vbe 800(V) Vbe 680(V)
kP 1x107° kP 0.5 x 107>
k@ 3x 1074 k@ 6 x 1074
EPV 10 kPV 8
KV 100 EV 110
kP1 5 kP 4
Kl 200 K 180
R¢ 0.001(Q) R¢ 0.001(Q)
Le 0.2(mH) Le 0.2(mH)
Rf 0.1(Q) Rf 0.1(Q)
cf 25(uF) ct 25(uF)
zv 0.2707(Q) zVv 0.4399(2)

Loady Loads Loads Loady
12(kVar) 14(kVar) 12(kVar) 13(kVar)
k.ZPAveV k.lI_AveV kaveQ kll_A\’eQ

0.01 0.6 0.001 0.3

voltage can be restored faster. However, it cannot be too large so
as to maintain system stability. When the value of kZIAVCV and/or
k} AveQ 4o larger, the steady-state deviation is lower. However, it
cannot be too large either so as to maintain system stability.

A. Convergence of the Broadcast Gossip Algorithm

Fig. 5 illustrates the local information to be shared in the
simulated scenarios. Based on the communication topologies
in Tables II and III, the broadcast gossip Algorithm 1 is exe-
cuted with a time step of 50 ms, meaning that each DER unit
sends a (f/}, /L) pair to its neighbor each 50 ms. Accordingly,
VAve and QA7 can converge to new corresponding average val-
ues. Consequently, the global information on the total voltage
NVAYe and total reactive power NQA"¢ is indirectly shared
in a distributed way to all distributed DERs for decision mak-
ing. Finally, based on the indirectly shared global information
realized through the proposed broadcast gossip algorithm, the
distributed peer-to-peer control can be implemented to achieve
a cooperative voltage recovery while sharing the reactive power
accurately.

The proposed broadcast gossip algorithm method is employed
for information sharing, the processes of which are shown in
Fig. 5 within five steps. It can be observed from Fig. 5 (c)
and (d) that when the DER; is plugged out from the micro-
grid system, the proposed broadcast gossip method can flexibly
and successfully adapt the switching communication topologies
caused by the plug-and-play operations.

B. Load-Change Dynamic Performance

In this case study, the performance of the proposed dis-
tributed peer-to-peer control method is verified under sudden
load change scenarios by using directed communication net-
work topology of five DERs described in Table II. The simula-
tions are conducted in the following stages:

1) Att = 0 s (simulation initialization period). Only the droop
control is activated.
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Fig. 5. Broadcast-based gossip information sharing processes. Average volt-
age discovery process (a) when all DERs are connected to the microgrid and
(c) when DERy is disconnected from the microgrid. Reactive power discovery
process (a) when all DERs are connected to the microgrid and (d) when DER 4
is plugged out from the microgrid.
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TABLE II
GOSSIP-BASED INFORMATION SHARING AMONG DERS

DERNo. Neighbors a;;  Q(0)(kVAr) V(0)(V)
DER; 2,5 1 9.2 375
DERs 1.3 1 9 374
DERS3 2,4 1 9.6 376
DER4 3 1 12.8 377
DERs5 1 1 14 378

TABLE III

BROADCAST-BASED GOSSIP INFORMATION SHARING AMONG DERS
WHEN DER4 1S PLUGGED-OUT

DERNo.  Neighbors  a;;  Q(0)(kVAr) V(0)(V)
DER; 2,5 1 9.2 375
DER2 1,3 1 9 374
DER; 2,4 1 9.6 376
DER4 0 0 0 0
DER;5 1 1 14 378

18 : : : -

DER1
17+ DER2 |

DER3
16} DER4 |

Reactive Power (kVar)

Time (s)

Fig. 6. Performance evaluation of the suggested approach: impact on reac-
tive power under load-change scenarios where the microgrid operates in an
autonomous mode.

2) Att =1 s. The proposed distributed gossip controllers in
(13) and in (15) are activated.

3) Att = 3 s. Load; and Loadj are increased in total by the
amount of 12.2 kVar.

Figs. 6 and 7 illustrate the state evolution processes of reactive
power and PCC’s average voltage, respectively. It is assumed
that the microgrid works in an autonomous mode at the begin-
ning of the simulation. As seen in Fig. 6, each DER’s reactive
power (@ is reported at different output values when the micro-
grid initially operates in an autonomous mode. However, there
is a big difference against the reactive power of DERs through
the droop control, where the proposed distributed gossip control
is able to share properly the reactive power between the DERs
even when the load increases from 54.6 to 67.4 kVar. It can also
be seen from Fig. 7 that PCC voltage V' reaches a common value
of 376 V. However, the PCC voltage is less than the reference
value VPFS = 380 V owing to the existence of line impendence
differences as given in Table I. The proposed distributed gossip
control is applied at ¢ = 1 s and ¢t = 3 s, that in turn, restores
the PCC operating voltage to its desired reference value, when
the load changes frequently as well.
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Fig. 7. Performance evaluation of the suggested approach: impact on PCC
voltage under load-change scenarios where the microgrid operates in an
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Fig. 8. Performance evaluation of the suggested approach: impact on reactive
power under plug-and-play operation of DERs.

384

382 % 1
380

368 i i i i
(0] 1 2 3 4 5
Time (s)

Fig. 9. Performance evaluation of the suggested approach: impact on PCC
voltage under plug-and-play operation of DERs.

C. Plug-and-Play Functionally

In this case study, the broadcast-based gossip information
sharing of plug-and-play operation by directed communication
network with five DERs (described in Table III) is investigated.
In this case, the DER, was plugged out and plugged back into
the microgrid instantly at ¢ = 1 s and at t = 3 s, respectively.

Figs. 8 and 9 present the dynamic changes in the micro-
grid and how it can maintain the system transient stability when
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TABLE IV
GOSSIP-BASED INFORMATION SHARING AMONG DERS WITH
COMMUNICATION LINK FAILURE BETWEEN DERj3 AND DERy4

DERNo.  Neighbors  a;;  Q(0)(kVAr)  V(0)(V)
DER1 2,5 1 9.2 375
DERs 1,3 1 9 374
DERj 2.4 1 9.6 376
DER4 0 0 12.8 377
DERs 1 1 14 378

DER, experiences a plug-and-play operation. As seen in Fig. §,
when DERy fails at ¢ =0 s, the droop control can capture
the corresponding dynamic changes and maintain the microgrid
transient stability. The proposed distributed gossip control will
operate to respond to such dynamics and restore the output pow-
ers of DERSs to their average values after 1 s, and then readjusts
the load sharing among the remaining DERs. Note that a DER
failure can also be realized by failure of all communication links
connected to particular DERs. Consequently, while the DER,
fails, it will automatically drop the link DER3s—-DER,, while
the remaining links still contain a spanning tree. Then, DER,
with communication link establishment is plugged back in at
t = 3 s. The results in Figs. 8 and 9 show that the proposed
distributed gossip-based control method has properly updated
the load sharing and global voltage regulation, when DER,
is plugged back to the steady state. When the communication
topology changes, a promising reactive power sharing can also
be achieved (see Fig. 8). One can also see in Fig. 9 that the
proposed distributed gossip control can restore the PCC output
voltage (average) value of all DERs to their prescribed desired
values when the communication topology changes.

D. Communication Link Failure

In order to further confirm the merits of the proposed control
strategy from the cyber perspective, we furthermore study the
communication link failure in the microgrid. Initially, all DERs
exchange their information with their neighbors via a commu-
nication network (described in Table IV). Then we repeat the
previous analyses discussed in Section V-B with the same sim-
ulation scenarios at (1) and (2). In this case, the communication
link between DER3; and DERy is no longer connected att = 1 s.
Then it is resumed at £ = 3 s.

Figs. 10 and 11 present the dynamical evolutions in case
where the communication link between DER3; and DER} is dis-
connected at ¢ = 1 s, which makes DER4 unable to exchange
information with the rest of the autonomous microgrid. There-
fore, as can be seen in Figs. 10 and 11, although the physical link
between DER3 and DERy is still effective, the DER4’s output
voltage is not able to contribute to the average voltage according
to (11) and neither be synchronized to their pre-specified ref-
erence value. Meanwhile, the reactive power sharing cannot be
achieved accurately. On the contrary, the PCC output voltage of
the other DERSs can still be synchronized to their desired values
while a promising reactive power sharing can also be ensured
by exchanging shared information from their neighbors. Note
that since the DER4 loses the propsoed gossip-based controller,
its output voltage is slightly higher than the reference voltage
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Fig. 11.  Performance evaluation of the suggested approach: impact on PCC
voltage under communication link failure scenarios.

caused by its own output reactive power reduction. When the
communication link between DER3 and DERy is reconnected at
t = 3 s, DERj3 could take over the shared information from its
neighbors, then the output voltage of DER4 can be synchronized
to their desired value again. Eventually, Figs. 10 and 11 demon-
strate the efficiency of the proposed algorithm in the presence of
communication link failure. Since DER} is in normal operation
at the physical level, one can find that the transient behavior of
PCC output voltage in Fig. 11 is slightly smaller than that in
Fig. 9.

V. CONCLUSION

In this paper, a fully distributed peer-to-peer gossip control
scheme for autonomous microgrids has been proposed, through
which all DERs’ average voltages can be regulated to the de-
sired values while ensuring an accurate reactive power sharing
among them. The broadcast-based gossip information sharing
algorithm is locally applied on the DERSs for global information
discovery indirectly, i.e., the required information of each DER
is locally available and only needs to be communicated with its
neighboring DERs intermittently. As the main features of the
proposed control strategy, the local controllers can satisfy the
peer-to-peer requirements of line switches, thereby enabling a
plug-and-play operation of DERSs as well as a robustness against

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 55, NO. 3, MAY/JUNE 2019

the microgrid topology change. As a result, the stability of the
microgrid system is preserved in DER plug-in/-out scenarios.
Numerical simulations with extensive analysis conducted on a
distributed microgrid system demonstrated that the proposed
scheme is effective and applicable in real-world scenarios. With
the fast increasement of DERs and distributed energy storage
systems like electric vehicles [28], the researches on the distri-
bution network voltage regulation by distributed energy storage
systems [29], [30] and the optimization operation of micro-
grid like building energy management system associated with
demand response [31], [32] should be addressed based on the
previous works [33], [34] in the future.
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