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Abstract—This paper explores the coordinated strategy
named Power-Based Control to properly coordinate gd-
tied single- and three-phase distributed energy resirces in
three-phase three-wire microgrids. By means of a
narrowband, low data rate communication, such straggy
accommodates current- and voltage-controlled disthuted
inverters providing proportional sharing of active, reactive

safe and efficient interoperability of DG. A MG lmles as a
single entity capable toi) steer power into the gridij)
efficiently exploit DGs through power sharing mealko
avoiding the undesirable current circulatidi); operate in both
grid-connected and islanded operating modes.

Besides, if properly controlled, a MG may contribub
enhance the power quality (PQ) by reducing distiduloss,
improving voltage regulation, compensating voltagefkent

and unbalance (negative-sequence) power terms, alsoynpajance and harmonics, and so forth [2]. Besidagneral

offering dispatchable power flow and high power quhty at
the microgrid’s point of common coupling. Regardingthe
current unbalance compensation, a particular case
considering two distributed single-phase invertersis

discussed through mathematical analysis in terms of

balanced and unbalanced power terms, and experimeait
results on which the Power-Based Control is appliedo
demonstrate that this strategy corroborates with Stginmetz
principle. Finally, the complete strategy is evaluged in
simulation considering the model of a real urban paer
distribution grid under typical operational conditi ons.

Index Terms— Current-controlled mode, Hierarchical control,
Microgrid, Power sharing, Three-phase converters, dbalance
compensation, Voltage-controlled mode.

I. INTRODUCTION

HE government guidelines and
encouraged distributed generators (DGs) based
renewable energy sources in low-voltage (LV) neksoiThe
random integration of a large number of single-phBsGs,
interconnected with intrinsically unbalanced loact lead to
new operational challenges, among which the mopbitant
issues are voltage regulation and unbalance cdusedeven
and bidirectional power flow circulation betweere thetwork
phases [1],[2].
Thus, the microgrid (MG) model is adopted to acclishp
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MG must accommodate any sort of distributed ensrggurces
(DERS) in terms of primary energy source, powectetmics
topology, and control scheme. Usually, DERs cagibgle- or
three-phase converters, which can operate eithewltage-
controlled mode (VCM) or current-controlled modeC(@).
These converters may have inherent self-limitati@gzarding
to their hardware and embedded control for proogssactive
power, operating under unbalanced conditions,amking the
maximum power point (e.g., in case of conventioRM
inverters). Thus, voltage regulation, voltage/catrnenbalance
compensation and flexible control methodologiedviss are
amongst the most recent issues to be properly déhalf1],[3].

A. Motivation

Several studies have sought ways to diversify tile of
DERs in the electrical system, mainly in termsmopioving the

interventions havBQ. The authors of [4] have proposed a flexible trmdn

technique that allows the DERSs to inject active poimto the
grid, as well as to operate concomitantly as awvaditter. This
objective is achieved through the use of conserggiiower
theory (CPT) and compliance factors. Recently,DE#Rs are
updated with grid-support functions and their perfance
regarding the local improvement of PQ is analyzedbi. In
[6], a new configuration of multifunctional DERspable of
directly improve current and voltage quality iss@eted. That
is achieved by changing the DER connection withgttie from
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parallel to series, and vice-versa, through a tveg-switch,
causing different modes of operation, according gid
electrical disturbances. Advanced control techrsquee
proposed for multifunctional DERs to improve PQ tbe
distribution grids through the injection of harmonand
asymmetric currents in [7],[8]. The techniques agmh
improving the dynamic response of DER under
disturbances, besides reducing the complexity ahd
computational effort of implementation.

reactive power injection in a MG [9], however, mo$tthose

techniques act locally at the point of DER conrmttand they

should be globally coordinated to enhance PQ idicea
critical bus of the network, such as the microgpint of
common coupling (PCC).

Initially, most of the control strategies of DERgpéed in
microgrids were based on the well-established quirmiedroop
and reverse droop control, and the MGs were prapoghout
information and communication technology
infrastructure, only locally adjusting the drooprga[10],[11].
However, conventional droop controllers suffer
drawbacks such as poor frequency and voltage réguldue
to their constant deviation from nominal conditiomccuracy
of power sharing among DERSs, low stability margiower line

the

Indeed, ®om
standards drive the interoperability of ancillagnasces, as

(ICT)

TABLE |
EVOLUTION OF PBCSTRATEGY FORMG APPLICATION

PBC

Genelr. Ref.

Features

Proposed to single-phase MG. Proportional power
sharing of active and reactive power among DERs by
two scalar coefficientsag, aq). If extended for three- [18]
phase networks, it does not compensate current
unbalance. All DERs are considered CCM.

t Proposed to three-phase four-wire MG. It
proportionally shares active and reactive powerragno
DERs that are connected at the samphase and
provides current unbalance compensation at the PCE1]
by six scalar phase coefficients, andagm, wherem
represents phases b andc. The three-phase DERs
operate unbalanced. All DERs are considered CCM.

Proposed to three-phase four-wire MG. It
proportionally shares active and reactive powerragno
DERs that are connected at the samphase and
provides current unbalance compensation at the PC@Go
by eight scalar phase coefficientsn, agm, arse and

agse. The three-phase DERs may operate balanced. All
DERs are considered CCM.

PBC-I

PBC-II

PBC-Ill

from A coordinated control method for CCM and VCM unigsng

a central controller and virtual admittance is egd in [15].
However, the limited capacity and reactive powersty of the
CCM and VCM units are not considered, as well asdtid

impedance dependence, and slow dynamic respongseTHPOWer flow control.

disadvantages are accentuated under weak netwitks
islanded MG operation [12]-[14]. To overcome thpseblems,
decentralized modified droop with stability and piilee
restriction are proposed in [12]. Then, with theeeging of
low-bandwidth communication infrastructure,
structures based on central controller, and neighgpo
communication (i.e., multi-agent system) have bexzaonore
attractive [15]-[17], because they achieve moreieate power
sharing, lower values of voltage and frequency atésm, and
flexible energy management and operation of MG. e\,

| The authors of [16] propose a technique to imprthe
voltage quality in LV distribution power system ngithe
reactive power capacity of single-phase PV invertérhe
proposal is tested in three-phase four-wire netwuith high

the MGpenetration of PV-based DERs. The method consists i

controlling the reactive power injection considgrtao groups
of inverter connectionsi) the line-to-line connected DERs
form an equivalent delta connection device, wBjl¢he line-
to-neutral connected DERs comprise an equivalene wy
connection device. The former group is used to gait

centralized architectures have some inherent drekgba F€active power, while the latter improves voltagealdy.

compared to the decentralized ones. Typical exaygrkelower
reliability and more expensive cost because of ICT.

B. Literature Review

The Power-Based Control (PBC) originally emerged
coordinately control DERs in single-phase MGs, éntas
undergone improvements over time in order to enhats
benefits. Table | shows the main PBC evolutionsr oeeent
years. This dispatchable MG strategy features doate
regulation of DERs (i.e., slave units) by a mastet located at
the PCC, and inherits as main advantages low imghtation
complexity, minimum requirements in terms of ICTe(j
narrowband and low data rate communication), nqtirang
previous knowledge of the network parameters, aadpports
the plug-and-play integration of new DERs. The infation
exchanged among the master and slave units coirsiatsive
and reactive power terms that enables PQ enhantamnecC
with low distribution losses.

Although, it needs to identify the DERs connectlotween
phases and between phases to neutral, which shaedain

similarity with PBC [1]. It does not consider a deigeneous
MG with single- and three-phase DERs, and nor amatjuring

tslanded operation is performed.

The authors of [17] propose a hierarchical corfsopower
sharing and compensation of voltage unbalance amdnic
current in isolated three-phase AC system, aimirephancing
the voltage quality of a critical load bus (CLBhéhierarchical
control is split into two layers (primary and sedary). The
primary layer goalsl) to set voltage and frequency to the MG
in a decentralized way, and to guarantee propeeptalance
between generation and load consumpt®ty compensate for
voltage unbalance and harmonic curref)sto minimize the
fundamental and harmonic current terms circulatiegiveen
the DERs, andl) to compensate for mismatch in the voltage
drops across the feeders. The DER control methodists of
droop control, unbalanced compensation and viitmpédance
loop. The use of positive and negative sequenctuabir
impedances plus harmonic virtual impedance improbes
system performance. The secondary control musbreshe
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frequency and amplitude of the CLB voltage on thsid of a
MG central controller that periodically exchangesadthrough

influence due to adopted droop control.
Some of the aforementioned approaches, along witaro

a narrowband communication links. Again, this mdthorelevant works found in literature, are further lexed in
resembles the PBC in hierarchical control technigond the Table Il, focusing on the matter of unbalance camspéon in

CLB corresponds to the MG's PCC AC bus.

MGs based on uneven dispersed DERs. Such litereguiew

In [20] a distributed and autonomous control of BER aims at highlighting the main features of each psapin terms
proposed in both VCM and CCM modes for reactive andf:i) the main issues tackleidl) how the cooperative control of

harmonic power compensation in an isolated MG pathe.
The coordinated control of distributed units is lempented
using only local measurements. The results shotxhgranonic
compensation is obtained through virtual admittarsced
impedance schemes while the reactive power shaseg the
surplus power capacity of DERs. However, it dogscoasider

DERs is implementedii) the PQ enhancemein) the adopted
MG network and topology of existing DERs; ayyjdhe means
of assessment of results. Secondly, this resultfaeies the
contributions of the proposed method, which stricasrent
unbalance compensation using single- and threeeddB&s in
both CCM and VCM in three-phase three-wire networks

unbalanced compensation and there is still lineediamce

TABLE Il
COMPARATIVE SUMMARIZATION OF LITERATURE REVIEW ONMG CONTROL
features methodology microgrid result
Ref. . DER MG an_d Control Power Grid PQ DER Topology
Main goals tonols communicat. aooroach sharin power compens control and Exp.
pois. architecture pp 9 | control pens. mode # of DERs
Cozrr(ﬂirgglrc;/n o only cC:nnt:rciI::/i?g model-free Reactive and Radial(3P4W)
(1] connected single 1 narrowband PBC-II Good ves load only CCM 14 Nodes No
RS unbalance 6 DERs
phase DEF communicatior
. ) Radial (3P3W)
Reduction of . only centrahz_ed virtual . Harmonic both CCM islanded
[15] | voltage harmonic] 20 control with admittance Fair No voltage and VCM 6 Nodes Yes
distortion at PCC communication 9 > DER:
) Reactive /
u\égg?zgnece only Vﬁg]cgggfslgzgc consensus- voltage Radial(3P4W)
[16] compensation 10 narrowband |bas_ehd Good No unb?lance /| only CCM 55 Nodes No
and regulation communication algorithm Vo tag_e 55 DERs
regulatior
Voltage hierarchical droop Radial(3P3W)
unbalance only control with control, Reactive / islanded
[17] harmonic 30 low bandwidth virtual Good No harmonic only VCM 4 Nodes No
compensatic communicatior | impedanc 2 DER¢
direct and
h reverse . Radial(3P3W)
Voltage decentralized/ Reactive / )
; only . droop . : both CCM islanded
1201 corr]:rgr?snant:ion 30 comV\rIrI\tlTr?iL(J:tation control with e Ne h\%:g) ne:C and VCM 4 Nodes ves
P virtual 9 3 DERs
admittanc
Voltage only decentralized/ c%rnot?g Reactive & Raggr(z:ng
1| e | 3 | common| vl | PO No | unbeance | oy VOM | g oges | Yes
P impedanc 9 2 DER¢
Voltage onl decentralized/ droo Reactive & Radial(3P3W)
[22] unbalance y without P Poor No unbalance | only VCM 3 Nodes Yes
- 30 o control,
compensatia communicatio voltage 2 DER¢
hierarchical droop . Radial(3P3W)
Voltage only control with control, . Reactive & islanded
[23] Unbalance band - | Fair No unbalance | only VCM d No
Compensation 30 narrowban _ virtua voltage 3 Nodes
communicatio | impedanc 2 DERs
Enhancement of hlerarchlgal Droop Reactive & RaQ|aI(3P3VV)
. only control with control, islanded
[24] | voltage quality at - Poor No unbalance | only VCM No
; 30 narrowband virtual 3 Nodes
the MG’s PCC RS . voltage
communicatio | impedanc 2 DERs
cocpamion | ony | “Copaized] mutoee Rasiaapan)
[25] P y - ' Good No harmonic only CCM 6Nodes Yes
and voltage 30 narrowband virtual voltage 2> DERs
suppor communicatio | admittanc 9
Current .
unbalance both ccc?nntiglif;ietg model-free Reactive and both CCM Radial(3P3W)
Here compensation | 3® and band Good Yes load d 14 Nodes Yes
and accurate 10 harrowban PBC unbalance and VCM 6 DERs
: communication
power sharing

*3P3W and 3P4W means three-phase three- and foersystem; poor, fair and good power sharing measpectively, inaccurate, accurate with demand on
network parameters and accurate with no requirenfgorevious knowledge of the network parameters.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 4
C. Contribution and Paper Organization (e.q., splar_ or wind) associated with battery, aad
communication module. A narrowband, low data rate

Considering the recent methods of centralized obntr.qmmunication link interconnects the slave unitghe MC.

strategies described previously, this paper prapose
coordinated control applied to three-phase three-WMiGs that
allows:i) tight grid power flow controlii) proportional power
sharing; andiii) unbalance compensation in both grid
connected and islanded modes. Consequently, aeahating
of active and reactive power among single- andetiptfease
DERs operating in both VCM and CCM is achieved.

The innovative contribution of this paper is prapgsan
improved PBC algorithm capable of controlling thpese
DERs coexisting with single-phase ones and conisigleheir
topology/control features, thus approaching a reabke
application in three-phase three-wire network. Tétistegy
enables to arrange a flexible MG control methodmiiich the
DERs may operate in different ways: #1) three-pids@s that
must operate balanced, proportionally contributingactive
and reactive power sharing; #2) single or threesph2ERSs
operating in both VCM and CCM; #3) explore the fiett with
only two single-phase DERSs, connected in diffeqgmses, it

is possible to compensate three-phase three-wird lo

unbalance, in accordance with Steinmetz principlg.[To the
best of the authors’ knowledge, no hierarchicatrstrategy
capable of all those above-mentioned features wesepted in
the literature previously. Finally, this paperhg tcontinuation
of [1] coping with the stated future works.

This paper is organized as follow. Section Il prés¢he MG
elements and its local control scheme and strust@ection |11
goes through the three levels of the hierarchicaltrol, and
PBC devised in the secondary-level, as well itshikta
analyses. Section IV provides the analytical deamsitjpn of
balanced and unbalanced power terms to the powslamce
compensation. Section V shows simulation resultsiclering
a more complete scenario similar to a real urbatridution
power system and with the MG operating in isolateade,
while Section VI validates the method through aotalbory-
scale prototype. Finally, Section VII presents thein
conclusions.

The considered MG structure is shown in Fig. fefiresents
a part of a real three-phase three-wire metropotiatribution
power system with aerial cables. The three-phasetire LV
networks can be found in some parts of Africa, @dnt
America, Asia and Europe, e.g., Norway [27],[28].

Two classes of active components comprise the iegist
master/slave architecture: a centralized utility-interactive
converter (i.e., endowed with the master contreléiC) and
DERs (i.e., slave units). The former operates agrid-
supporting converter during MG grid-connected medegreas
it operates as grid-forming converter when the M@&landed.
Such converter, namédtility Interface (Ul), also guarantees
smooth transition between MG modes of operatior). [ZBe
latter components can be further classified as-gpithected
inverters operating in CCM and VCM. Such devicesstst of
DERs equipped with any sort of primary energy seyRES)

MICROGRIDELEMENTS AND STRUCTURE

Finally, the linear and nonlinear loads are the Bl@assive

components. The control scheme of the singl®) @nd three-

phase () DERs, under both CCM and VCM, are devised in

abc-frame as shown in Fig. 2, described as follows:

1)The 1& current-based DERs are usually applied to
residential installation with small power generatia.e.,
lower than 10-15kW [30]. Due to its single-phase
connection and the intermittent generation of reaiges,
such converter topology may increase the unbalanbeee-
phase distribution networks. Contrariwise, if pnipe
controlled and there being available power capattigy can
cooperatively contribute to unbalance compensatidmout
loss of performance. The control scheme of a cidrased
DER comprises of an inner inductor-current congiodl an
outer power control loop. Then the inverter traaksrecise
instantaneous current reference, which is givethbypower
loop, so as it can be modeled as a controlled-ntis@urce.

2) The 1¢ voltage-based DERs comprise the triple loop control
with an inner inductor-current control, an outpapacitor
voltage control, and an outer power control lodgproperly
designed [31], the inverter tracks a precise inat@ous
voltage reference within a certain frequency bamte
utility-interactive inverter is a sort of voltageded converter
properly designed to operate as a centralized cterve
according to [29].

3) The 3¢ current-based DERs are usually applied to industrial
installation with power generation larger than ¥8.Kt is
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Fig. 1. Three-phase three-wire microgrid structuité single- and three-phase
distributed units, considering CCM DERs, VCM DERsl doads.
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crucial that three-phase DERs operate balancedder do
avoid instantaneous power fluctuation because they
typically designed with small DC capacitors. Thehe
control scheme of sucB® DER is like al® one, just

5

aspect of the PBC described in this work is itsliapfion in a
scenario on which balanced three-phase DERs cowxist
single-phase DERs operating as CCM or VCM. Thusseth
phase DERs contribute proportionally to active feednd

adapting the outer power loop to manage three-phassactive mitigation, avoiding DC voltage fluctuatiat their

active/reactive power. Since the control of invertés

sufficiently studied in the literature it is notcizgsed herein.

In Fig. 1, each of the circular elements (i.e., BERpresents
the structure highlighted in Fig. 2 (CCM or VCM)hd power
variables are calculated based on the local vasatreasured
on the point of DER connection with the grid. Nolat all
DERs are single-phase except for DER connectedds .

I1l.  HIERARCHICAL CONTROL AND POWER-BASED CONTROL

The adopted hierarchical MG control approach isdadly
split into three layers as shown in Fig. 3. Thiggion is done
according to the update frequency rate of the fehdhriables,
also upon the imperativeness of the layer for yfs¢esn overall
adequate operation.

The primary layer is the fastest one, working oe kiiz
scale, and it is responsible for the local operatibDERs and
Ul. This layer includes the basic and specific fiorts, which
are the elementary operational functions of theveder to
work according to standardized requirements, sushtha
current and voltage control, DC link control, andidg
synchronization. The smooth transition between ected and
isolated modes is implement at the Ul. DependinghenPES
and local grid codes, there are some specific fonstfor each
of them [32]. Ancillary services are complementadiffered,
being not vital for the converter operation. It vgorth
underlining that local controllers guarantee commudie with
grid codes, and do not rely on the communicatiok. li

The secondary layer comprises the PBC algorithmitaisd
executed based on a fundamental frequency=atergs). This
layer works toward the proportional power sharinbere the
power quantities of each DER are sent to the MCickvh
thereupon broadcasts the new portion of powerdgheh DER
shall provide, according to their capability. Hencie
secondary layer is dependent on communication; texyef
the communication is lost, the MG still operatesuasing the
functionalities of the primary layer.

The tertiary layer is the slowest, being updatedtfenes per
day. It is responsible for defining the referenfesthe active
or reactive power flow between the MG and the nwiid,
therefore it only works under interconnected moktés layer
allows the interaction with the utility’s distridah system
operator (DSQO), in terms of active and reactive @oflow.
Note that there is no control loop in this lay¢ijust generates
the active and reactive power references basedabmical or
economic interests within the mutual agreed cohtrac

A. General Power-Based Control

The PBC does not require previous knowledge of atw
parameters. Besides of its simplicity, it achiex®sobust
control of DERs to allowi) power flow control at the grid side
of PCC;ii) accurate proportional power sharimig) high level
of PQ, and iv) compliance with grid codes. The watove

DC-link; while single-phase DERs contribute to eetfeeding
and to reactive and unbalance
compensation. The harmonics are reduced by theoblterter
itself [29].

For the sake of understanding, the PBC is splitifh) data
packet sent from DERs to MC; 2) PBC algorithm pesesl on
the MC and scaling coefficients broadcasted to DBRPER'’s
local power reference calculation. Fig. 4 schenadtic
summarizes the cyclic operational steps of the BEBGrithm.

1) Data Packet from DERs to Master Controller

The control is performed considering the time-vagystatus
of distributed units, which is collected by the Mg the
beginning of each control cycle peridd. (The status of gth
DER (=1, 2, ...
the related capacity to process and generate panatuding:
its actual activeH;; ()] and reactive );(1)] output power; its
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Fig. 3. Microgrid hierarchical control scheme lthee Power-Based Control
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Fig. 4. Flowchart with the proposed PBC execusiequence

(negative-sequence)

J) is a set of power quantities representing
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maximum capacity to provide activé:**(1)] and reactive Sep 5 — possessing the total power absorbed and gederate
[Q**(D)] power, given by (1), wherelg;(1) is the rated in the MG, the MC calculates the references fortthal three-

apparent power of DER]; and, if local storage isspnted, the Phase activeHgsq, (I + 1)] and reactive s34, (1 + 1)] power
maximum active power the DER can absorb from thid grto be delivered by the three-phase balanced DERseimext

[PZi™ (1], given by a negative value.

QD) = /ch(l)2 — Pg;()?

2) PBC Algorithm Processed into the Master Controller

Once the MC has gathered all the required inforonatihe
status of the whole MG is computed in terms of plogver
guantities introduced in the following steps. Leindicate with
m a generic phase of a three-phase system, and3witany
three-phase quantities for three-phase balanceidegevihen,
the mentioned steps and computed quantities are:

Sep 1 — total active and reactive power delivered by th
three- Pgaq: (1), Qgsp: (D] and single-phasefn (1), Qgme (D]
DERs along cyclé&

@)

]

Pasge(D = D Posg; (D (2.a)
ljl

QGBd)t(l) = Z QG3¢j O] (Zb)
J;l

Pame(D = D" Pomy (D (2.0)
le

Qome (D) = ) Qoms ) (2.d)
j=1

Similarly, the total minimum ";iq’;t(l), PR ()] and

maximum Pg3g: (D), Pimi (D] active power, and the total
maximum Rzz3: (1), Qam (D] reactive power of three- and

single-phase DERs are calculated.

Sep 2 — the total capacity of active and reactive power

available for contributing to the whole MG poweeds:

M
RIS (1) = PEEED + ) PREQ) (3-2)
m;l
0u (1) = QD + ) QB (3.b)
m=1

Sep 3 - the total active f;,,,;(1)] and reactive @, (D]
power demanded by the MG per phase within the clcle
disregarding the three-phase DERSs:

P (D) = Pgridm(l) + Pyim (D) + Pgme (D)
Qume(D) = Qgridm D + Quim D + Qeme (D

(4.9)
(4.b)

wherePgigm andQgiam are the phase active and reactive power

measured at the grid side of the PCC, Bng andQuim are the
phase active and reactive power delivered by the Ul
Sep 4 — the total three-phase activl J(I)] and reactive
[Q.:(D] power processed within the MG during cytle
M

P = Z [PLmt(l)] + PG3¢t(l) (58.)
0 = ) [Qume(D] + Qg D (5.b)

note that the distribution power loss through Impedances is
considered irPum(l) andPy(l), likewise any other distributed
inverter not participating in the PBC.

control cyclel+1, and the references for the total phase active
[Pé: (L + 1)] and reactive@gn,: (I + 1)] power to be provided
by the single-phase DERs:

M
Piagr(L+ 1) = Py = ) Phgem(@+1)

(6.a)
m=1
M
Qispel+ D) = Qe = ) Qpeem(l+1) (6.b)
m=1
Peme(L+ 1) = P (D — Pocem(T+ 1) (6.c)
Qome(U+ 1) = Qune(D) = Qbeem(+ 1) (6.d)

where Ppcem (I+1) and Q'peem (1+1) are, respectively, the
active and reactive references of the phase powerdt the
PCC determined by the tertiary control layer. Upetting such
referenceLezg¢r Qesorr Pome» aNdQgym: COME as consequence.
These DER related references are selected by thetC
regulate the power flow at the MG’s PCC among fifferént
phases, according to the energy state of the UD&RIs. Note
that they are estimated, for a next control cybksed on the
quantities measured during the actual cyble (

Sep 6 — considering the polarities of Fig. 1, the exaweh
power at the terminals of the Ul are:

Pyim (I +1) = Pocen U+ 1) = Pyrjgm(l+ 1), (7.a)
Quim(+1) = Qpcem U+ 1) — Qgrigm (I + 1) (7.b)

where the grid power referencB%.;q,, andQg,;q,, guarantee
the balanced condition at the grid side, beindbased on long
term energy management strategies (e.g., hegaotsatiith the
DSO) or set to zero in islanded mode.
Sep 7 - Finally, the3® scaling coefficient®&p;, andagsg,
and them-phase scaling coefficients.,, anda,, (all ranging
in the interval [-1, 1]) are computed and broadedo all the
DERs.ap34 andagy;g are sent to three-phase balanced devices

only, whileap,, anday,, are broadcasted to single-phase units

)

=055 < Qizge (1 +1) < Q55

Startcalculation of scalar
coefficients in MC

P (), PEE (), |
| Pi3ge (I+1),Pex (1),
e (1), Qiage U+ 1),

—

Qg3 L +1)

Qo3 =

min
P G3pt

(1)< Pg3ge (+1K0 0 <Pl (1 +1) < PR (1)

Piage (L +1)

P () |

Pgage(l+1)
(1)

Ap3p = Ap3gp = pmax

G3gt

max

Pgsge

max
G3dt

Piage (1 +1)> (1) Qiage (1 +1) > Q55 (1

laess = 1] fopsp =1] logse = 1] [agsy =1
Fig. 5. Calculation of scalar coefficients: flovechimplemented in the MC.
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connected to the correspondimgphase. The active power is The scheme in Fig. 7(a) highlights the MC, commaticn
controlled by variablep, while the reactive power is controlledinfrastructure, DER local controller, and MG powsstem
by variableaq. Fig. 5 shows the flowchart with the calculationparts. The PBC in the MC is continuously processihin a
procedure for coefficients. time processing of period. Yet, Fig. 7(b) is employed to
3) Power Reference Generator of DER local controller derive the discrete time transfer function betwdlea total
Thus, givermpandag, thej-th DER controls its local active absorbed poweP.m, and the referencé;,,,. (8). The variables
and reactive power injection according to Fig. t6islworth Ty and wc correspond to the communication time-delay and
underlining that coefficients are properly satudatevhich bandwidth of the local controller of DERs (i.e = 27.15,
prevents overcurrent stresses in steady-stateaethde power considering an external power loop for both CCM @M, as
injection takes precedence over the reactive pexeinange as shown in Fig. 2), respectively. The reference inBig,, is
noted in (1). neglected, since it varies very slowly as mentiome8ection
In Fig. 6,P" g (I+1) andQ’g;j (I+1) are respectively the active lll. Thus, the system stability is evaluated corsiitlg two main
and reactive power references for QER the next control issues: 1) variation of time-delaYs, and 2) variation of PBC
cycle. The negative and positive signala@éndagrepresents, time-processing]. The results are shown in Fig. 8.
respectively, storage and delivery of active powand P (2) = Pun(2) ®)
capacitive and inductive reactive power. Besidés, & holds ame z+ H, (2). Ta(2)[1 - Ta4(2)]
for both grid-connected and islanded operation.aRdigg the By mapping the poles (“x”) and zeros() of the system, it
islanded mode, if the uncontrolled DERs generateenagtive can be noticed thaly and T affect the behavior of the model
power than the MG can absorb (including energyasger distinctively in regard to stability. Firstly, inidc 8(a) the
systems), then, their local controllers shall ble &b adjust the System is assessed considerfagarying from 1/600 s up to
power to be injected into the grid accordinglytte tequirement 1/6 s, while considering = 1/60 s. Note that the system can be

for primary services of frequency and voltage ratjah [33].  considered stable for all the considered value¥soince all
poles lie within the unit circle. Hence, by considg that

Galculation DERspowerreferences ) modern communication systems applied to such siecawnld
implemented in each local controller present maximum latency of about 100 ms [34], tECP
T{ng_(l:ﬂ}[g%}gax_,l v operation would not impair in instability. The draack of
1Q5 U+ 1),Q2%} | “1<aq,<1> having slower transmission times for the data flayvfrom
— T T~ DERs to MC (i.e., highefq); however, is that the poles of the
e g . >, : ;
s v g ] Q5 U+ 1) = ag- 05| system tend to move towards the positive real ddspming
Master - - more dominant and consequently presenting morednfie on
Control Py (L +1)=ap|P5™" || system stability. In addition, 8 becomes higher, the zeros of

the system tend to move to the boundary of the airgte and
_ might extrapolate it as well. Although such zerosswe the
|PGJ' U+1)=ap-Py | stability region do not affect the overall performoa of the

Fig. 6. Calculation of the DERs power referencesplemented in each local system, they potentially introduce non-minimum has
controller of DER. features, which may limit control bandwidth and @ese the
B. Sability Analysis phase r_nargin [35]. _ o o _

This section presents the stability analysis ofgheposed ~ 1he influence of_mcreasm'g' is presented in Fig. 8(b). It is
coordinated strategy based on the PBC implementalo NOW consideredl = 1/120 s andr varying from 1/600 s to

L ; : ; : 1/6 s. Different from the previous case, slowensraission
simplified block diagram repres_entlng the main apens .Of times from the MC to DERs introduce a tendency afihg
the PBC for what concerns active power balancédsva in

Fig. 7: a corresponding scheme can be derived dactive dominant poles lying on the negative real axis.héll poles

. . L within the unit circle, such condition also doest radfect
power control. Time-delay in communications betwéé¢@

. L stability, although by being on the left half-platiere is an
and DERs, and vice-versa, namaly is inherent to the PBC jjication of more oscillatory behavior of the gyst[35]. This

methodology and it is included to take into accaimet phase ot is reasonable since the time response afytem is
margin deviations and to assess system stability.

Power system
Master controller Comm. Local cont:ollerZPg?j‘"‘ Pum Vi Puim
PG*ml (IT) a, 1-s7, Pg; Pem Poridm P Y (Z) P*- P
Fie 5 P -Sla m (0% g Gmt G| gridm
1+s7, s+o, e »T4(2) »H,.(2) >
ZP(’;jl'm TP Lm ZP gm TP Lm

PG ([I+11T)

Eq. (4 ¥
<—@ ‘PL””(IT) () 1-sTy PG""(Z)Z «— 7, (Z)
Eq. ) :—% 1+sT, ‘—@\ d
Prcen([I+1]T) Piim

Comm.
(a) (b)

Fig. 7. Simplified model of the Coordinated Cohipproach based on the PBC for distributed thmee-single-phase inverters.
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a) Poles & Zeros with Variation of Td

Imaginary Axis

Real Axis

T,=1600s T,=16s

b) Poles & Zeros with Variation of T

/ :17
05 / o \
:: zeros \
o &
o
05 - 19“”% )/
X J
N a
~ oa 0an1T

Real Axis

Imaginary Axis
°

T,=1/600s

Fig. 8. System behavior and pole and zero mapmngidering different communication delays and sloMC time processing: variation of (a) Td andTb)

directly dependent on the processing/transmissioa bf the
control coefficients calculated by the PBC and wWwhicust be
broadcasted to DERs to respond adequately. Againszend
to exceed the unit circle boundary as Thacreases.

IV. ANALYTICAL DECOMPOSITION OFBALANCED AND
UNBALANCED COMPONENTS OFPOWER

On the other hand, the unbalanced power comporaats
related to the difference between the actual p@lvsorption in
each phase of the MG and the corresponding povaemtbuld
be absorbed by an equivalent balanced load, irctispeof
voltages. Moreover, in three-phase three-wire syste

Pi=0 D, @h=0 (13)

m=a,b,c m=a,b,c

This section presents a mathematical modeling for From (13), observe that for full compensation dbalanced
unbalanced operation of three-phase networks. Gerisy a COmponents, these quantities could be calculategli two
three-phase three-wire MG for which the fundamentdPut of the three) phases of the MG and, in theedrof this

frequency phase voltages and their rms valuesxaressed by
the vectors:
v=[Va vell',  v=[a Vi VT (9)
The phase voltages can be obtained from the mehines
to-line voltages by using:
Um=ab,c = % Z VUmn M F N

n=a,b,c

Up

(10)

Similarly to (9), letP andQ be the vectors of phase active

and reactive power absorbed by the MG, suchRhat= 1"P

andQsy = lTQ are the total active and reactive power at the

MG, 1 is the unity vector animeans transpose.

Based on the above definitions, the active andireapower
can be decomposed into balanced and unbalancecdoemis
through the following expressions:

P Ve
b — 3¢ 2
P S TVEE 5,,2] (11.a8)
0 ¥
¢ =i v] (11.b)
a c ‘/c
pt=p-p’ (11.c)
=0-¢ (11.d)

The balanced components correspond to the active
reactive) power absorbed by each phase of a baldoad with
the same total active (or reactive) power flowhs MG, i.e.,

Pn =Py (12.a)
m=a,b,c

D b= (12.b)
m=a,b,c

work, addressed to single-phase compensators.

Consider now the Steinmetz compensation approadimed
for three-phase three-wire circuits supplied bydamental-
frequency positive-sequence voltages [26]. In sbnario, the
power components to be addressed to line-to-linevepo
converters are expressed by the vector:

Q =10 Qp Qil (14)

Thus, full compensation of unbalanced active arattiee
power components can be achieved by defigihguch that it

minimizes both P* and Q*. By solving the resulting
minimization problem, the following expression lg@ined:

ab

Qbe

1]1 -1 0 2 2 -1 -
=(—=]l0 1 -1 -1 2 2|-Q

Qs (‘/3[—1 0 1 2 -1 2]Q> (13)

Observe that, if the load is purely resistive andalanced
(as described in [26]), a complete unbalanced cosgi®n is
achieved by calculating two elements @f from (15) and
addressing them to two line-to-line compensators.

If a set of three line-to-line DERSs is availableeir active
power reference signals can be calculated in tefn@sor P?,
indicated as follows:

- pu —
L

Py 1 1 -1
P =P —[—1 1 1P (16.a)
(@ P, 1 -1 1
Pap 1 1 -1
Pr=|P|=]-1 1 1]-5*' (16.b)
P 1 -1 1

The difference between (16.a) and (16.b) is tha th
unbalanced active power components caused by ldzalance
are considered only in (16.a). Correspondinglthéfthree line-
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to-line DERs can provide reactive power to the |@dcan be

calculated considering both unbalanced and balarezctive
power (17.a) or just the balanced reactive poweibjl

Qap 1 1 -1

Q =(Q|=[-1 1 1]|Q (17.a)
Qs 1 -1 1
Qap 1 1 -1

Q =|Qcf=[-1 1 1| (17.b)
Qla 1 -1 1

Alternatively, (15) could be used instead of (17da)17.b)
by replacing the ter@* in (15) byQ. In this case, only (16.b)
should be considered for active power control, esitiat the
unbalanced active power is already included in.(15)

Also, since that the supply voltages have only tpasi
sequence component (from which results at V, = 1),
one may note from (11.a) and (11.b) that the badrpmower
components would have the same value,Re+ P = PP =
Pocc3p /3. Therefore, (17.a) can be rewritten as:

_ Prcezg 1

P (18)
3

In conclusion, for non-ideal voltages (i.e., asynmeand
harmonic distortion), (15)-(17) can be rewritteraganction of
the internal product of the supply voltages. Initdd, the
proposed decomposition remains valid for the acpesver
(indeed, the balanced active power may have diffarglues in
the three phases), but not for the reactive powleich must be
replaced by the reactive energy, which is a cordme
qguantity defined in [36].

p*

V. SIMULATION RESULTS

A. MG inislanded mode operation

The simulation results assess the proposed PBtegyran a
general scenario, considering an urban distributpanaver
system, as shown in Fig. 1, with the MG operatimgsianded
mode, i.e.CBz is opened R griam = Q" griam = 0). Thus, different
case studies are carried out in order ijoshow how the
proposed method accommodates CCM and VCM DERs;
demonstrate the PBC regulating single- and threseh

9

state values of power corresponding these evehis.pbwer
terms at PCCA: apparentP: active,Q: reactiveN: unbalance,
D: distortion) are computed by means of the Consiea
Power Theory (CPT) [36].

In interval #1, all DERs are disconnected, so theMG load
is supplied by the Ul, which clearly characterizeaymmetric
and distorted current waveforms, as quantifiedableé V.

At time 0.55s (interval #2) the DERs are activaget] each
inverter contributes phase-dependent with powetiviaand
reactive) proportional to their capacity regardlesa/hether it
is current-based or voltage-based controlled (sablelV).
Still, the three-phase converter works balanced pnodides
power proportionally to the average between theessity of
the three phases. Thus, with DERs generating palwerJl
reduces its active power feed-in, the reactive pamreulation
is reduced@ecc is 0.51kVAR), as well as the current unbalance
at the PCC (Mccreduction to 0.28kVA).

The interval #3, starting at time 0.65s, correspgadset the
active power of DERconnected to phasea to zero PJ** =
0). Which is equivalent to an APF operation. Howewere can
see that the unbalanced power remains siNatt£0.38kVA).
At 0.75s (interval #4), the DERs completely turned-off and
the Ul instantaneously increases its current doution in
phasec. Nevertheless, the other DERs keep compensating th
unbalanced power and, at steady-state, it is relagt@wv value
of unbalanced powerNecc=0.24kVA) and reactive power
(Qpcc:0.86kVAr).

In addition, the system frequency remains consaacdt the
voltage presents little variation while a propanéb power
sharing among the converters capability, within shenem-
phase, is achieved (see Tables IV and V). For restaat
interval #4, the DERs connected at phagesbsorb 14 % of
their maximum active power capacity, and DERs atsplbc
inject 90 %. For reactive power, the inverters hagesab
contribute with 60 %, while the DERs at phabeavith 21 %
of their corresponding maximum reactive power alié.

In Fig. 10, the DERs active and reactive poweioa#r the

inverters; andii) verify that at least two DERs connected atimulation are shown considering that the eventefains
different phases are enough to compensate theeaetid untili 1.5s. The power terms at the PCC are shown
reactive power unbalance by their own, when theyehademonstrating that during the interval #4, the UWbvides
available capability. The set of full-bridge invartegs, output mainly active and distortion power (harmonics), arakctically

L filter, PWM and inner current control loop of DERS zero reactive and unbalanced power terms.

modeled as an ideal current source with a smatitstapacitor. TABLE III

The outer power and voltage/power control loopideed in PARAMETERS OF THE THREEPHASE FOURWIRE LOW-VOLTAGE MICROGRID

Section Il for both CCM and VCM DERs are devisedvad. Line impedances ZimQ]
The MG is connected at node,Which represents the MG’s From To :

PCC, and presents a nominal power of 60 kVA comsige No Ny 46041850
linear and nonlinear loads. The non-homogeneoug lin— N2 N No Na. N, R, Ny 7.049.7
. . N2, N3, N7 N3, N4, Ng 48.3410.3
impedance values used in the network are showrabieTlll, Ns. No No, Nis 22.3411.4
while the parameters of DERs are shown in TabléWien the Ng,’ Nio Nio, Nos 20.346.9
MG operates in islanded mode, the voltage and é&eqy N1z Nia 19.149.8
references are provided by the grid-forming corerert)l, as Y

represented in Fig. 1.

From (7), the active and reactive references osphmwer
flow at the PCC are set, respectivelyPteccm = Puim = 11kW
andQ’pccm = Quim = 0. The results of Fig. 9 show four intervals
representing different events, while Table V reptine steady-

PARAMETERS OF THE DISTRIBUTEDERS
Parameters DER (N3, Na, Ns, Na, N11, N12)
Power ratindkVA] (5.0,9.0, 18.0, 33.0, 16.0, 1z
Power capacity [kW (4.5, 8.0,16.0,22.5, 14.0, 11
Max. power capacity [k\W (45,8.0,16.0,225, 14.0, 11
Min. power capacity [kW -(4.5, 8.0, 16.0, 22.5, 14.0, 11
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Fig. 9. Islanded microgrid operation with PowersBd Control under several
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Fig. 10. Power terms at the PCC, DERs active aadtive power.
B. Compliance with Seinmetz compensation

Compliance with Steinmetz principle is herein d&sed by
simulations, being validated by experimental resuitSection
VI. Firstly, the circuit shown in Fig. 11 is simtéa in PSIM
software to compare the PBC strategy with the dicaly
equations described in Section IV. Note that DBRd DER
are, respectively, connected between phasasdbc, and they
have the same rated power of 6kVA. A balanced tprese
resistive load Rsp = 146.1Q) is fed by a 220 Wus grid line
voltage, and another resistive lo&]f = 41.2Q) is connected

10

TABLE V
STEADY-STATECPT'’S POWER TERMS APCCAND DERS POWER MEASURES
RELATED TO FIG 9 AND FIG. 10

Parameters (#1) (#2) (#3) (#4)
Apcc [KVA] 66.7 33.4 33.6 33.1
Pecc [kW] 60.2 33.0 33.2 32.7
Qecc [KVATI] 24.6 0.51 0.51 0.86
Necc [KVA] 13.7 0.28 0.38 0.24
Drcc [KVA] 5.1 5.1 5.1 5.3
DERs P[kW] ; Q[KVAI] 24,-05 2.9;1.6 -0.6; 3.0
DER4 P[kW] ; Q[KVAT] 43,-09 52,29 -11,54
DERu11 P[KW] ; Q[KVAr] 51,24 6.8,-04 126;2.2
DER12 P[KW] ; Q[KVAr] 4.0;2.0 5.3;-0.2 9.9;1.7
DERs P[kW] ; Q[KVAI] 7.3;13 0,123
DERs P[kW] ; Q[KVAr] 9.7;8.9 12.3;8.8 12.3; 12

between phasesa to emulate load unbalance. The grid line
impedancedine) is an inductance equal to 0.5 mH.

Regarding the implementation of the PBC methodptheer
reference signals are calculated by the MC (aMf@és PCC),
as well as by each DER’s controller, using voltagescurrents
measured as in Fig. 11, and transmitting the poteens
through the communication link to the MC. Howewver, the
equations of Section IV, also computed in the M@, reference
signals are calculated considering the estimatad power (4)
and line-to-line voltages,, and v,. as also indicated in
Fig. 11. Yet,v., is obtained from the measurementgf and
vy, While the phase voltages are calculated using. (46te
that, since DERs are connected between ptedsasdbe, only
the termsP;,, P;., Q2 and@y,. from P* andQ™ are required to
be calculated using (15) and (16.b).

In both simulated approaches, the DERSs are nattingany
currents beforeé = 1.1s. After this instant, both DERs started
performing unbalance and reactive power compensatitil
t=1.4s. Thereafter, DERs inject active power, levhstill
performing compensation tasks. The following distws is
based on Figs. 12 and 13.

According to Steinmetz, in this circuit the cureitecome
balanced if a capacitor and an inductor are planeveen
phasesab andbc, respectively. Nonetheless, by means of the
PBC, the DERs connected in those phases may beekycti
coordinated to emulate such behaviors.

Considering the approach from Section IV, Tablgkdsents
the power decomposition and power reference sigoalthis
simulation. Since the supply voltages are symmetifie
balanced active power has the same value in tlee thihases.
As the load is comprised only of resistive eleme@tg = 0,
so the balanced components of the reactive powealso null.
Therefore, the non-zero reactive power in the P®@ses
correspond to the wunbalanced reactive powers (i.e.,
Q = Q%), and this may be explained by the circulation of

currents with phase displacement in relation tesphaltages,
which is caused by the resistor placed at plase

According to Figs. 12 and 13, the current wavefoanhshe
PCC have become almost balanced and in-phase tdth t
supply voltages when 1.1 s <t < 1.4 s; and theyctoser to
zero when the DERs are injecting both active aadtiee
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TABLE VI
DECOMPOSITION OFACTIVE AND REACTIVE POWER AND REFERENCESIGNALS
CALCULATED ACCORDING TO(14)AND (15B)
DERs off

P [697.6 110.5 697.6]" W
pb [501.9 501.9 501.9]" W
il [195.7 —391.4 195.7]" W
Psy 1505.7 W
Q=0"1| [339.1 0 -339.1]" VAr
Q39 0.0
DERs operating as APFs
Q¢ | [6781 —6781 o var

Multifunctional operation of the DERs
P [501.9 5019 0]"W
Q [678.1 —678.1 0] var

power. Regarding the response time of the PBC @parahe
power reference signals and injected powers reastestly-
state after 6 cycles of fundamental frequency (&) khich
may be justified by the MC transmission rate of agyele of
60 Hz and the iterative characteristic of the PB@bthm.
Moreover, note that the steady-state power compsngected
by each DER in each case are higher than the lipitever
reference signals, due to the closed-loop chaiatteof the

11
TABLE VII
DERAND GRID PARAMETERS FOR THEEXPERIMENTAL RESULTS
Feature Specification
Grid nominal voltage (line-line) 220rMs @ 60Hz
Grid line impedanceZne 0.5 mH
DC Link voltage of DERS\pc1=Vbc2) 400 V
L filters of DERS [g1=Lg) 1.0 mH
Switching (s,) and samplingf{) frequencies 12 kHz
Current sensor gairK() 1/25
PRes proportionaK{) and integralK,) gains 1.0 and 430

shows the system parameters.

Following the circuit presented in Fig. 11, the ngaiis
devised by aRegatron four-quadrant grid simulator, and line
impedancesdne) are placed between the mains and the PCC to
emulate a network with high X/R ratio, representinigealistic
scenario comprising likely voltage deviations oviine
inductances. As aforementioned, PCC phase voltaggist to
be measured with reference to a virtual pointheytcould be
attained from line-to-line measurements. Hereiw, Ititter is
chosen, requiring phase voltages to be calculateah fine
voltages as given in (10).

The DC links of DERs are supplied by programmabi& D
sources. Current and voltage measurements araeattdiy
LEM sensors. The PBC algorithm and proportional-resbna

PBC: since that the remaining power components G P (pRes) current controllers, designed for each DER438],
(either active or reactive) are summed up with thgre jmplemented within a TMS320F28335 floating-poin

corresponding injected ones by each DER at evenpadation
cycle, the reference signals would vary until tleenaining
powers at PCC are closer to zero.

On the other hand, the results presented for thikcagion of

digital signal processor (DSPDPO3014 and MS02014
Tektronix oscilloscopes are used to acquire the experimental
results. One cycle of the 60 Hz fundamental gritlage (i.e.,
16.67 ms) is chosen for the periodic communicabetween

the approach described in Section IV show effectivg,e Mc and DERs. It is highlighted that only onefDiS used

compensation of unbalanced active and reactive patveCC

for the experiments, with the implemented codingjido

when 1.1 s < < 1.4 s, which confirms that it is possible tosymmarily presented in Fig. 16(b): consequentingmission

compensate load unbalance of a purely resistivi dsang two
converters. In fact, note that the power componiejgsted by
the DERs match the power reference signals afterl.1 s.
However, since only two line-to-line DERs are aahlé, it is
not possible to provide total active power to tbad. The
remaining active power component at PCC, which khbe
addressed to a DER connected between plreeada, is equal
to 501.9 W. This value corresponds to the balarmei/e
power component of one phase, and it is refleatatié three
PCC phases in an unbalanced way, which can bewauser
the PCC currents afte= 1.4 s in Figs. 14 and 15.

VI. EXPERIMENTAL RESULTS

The experimental results validate the current e
compensation devised by single-phase DERs, cettify
mathematical analysis described in Section IV, assksses the
PBC operation according to the Steinmetz approaéh [37]
as discussed in Section V-B. Aiming such goal ygpeeamental
setup shown in Fig. 16(a) is assembled comprisirgsingle-
phase 6 kVA DERs with.-filters, being coupled to different
phases of a three-phase three-wire LV network dsgn11,
and responding to commands to share active, reaetnd
unbalanced power terms as described in Sectiofmdble VII

delays and data packet loss are neglected.

The compliance with Steinmetz’s principle is shdwntwo
case studies: on the first, DERs only perform camsp#on;
and on the second, they additionally share actioeep.
Initially, Fig. 17(a) shows the practical result thfe circuit
described in Figs. 11 and 16(a), demonstratinditieevoltage
vga and PCC currents, with DERs disabled. It is cleaden
the unbalanced power flow through the PCC, wited¢iphase
apparent and active power respectively equal td BVA and
1.51 kW, computed as in [36]. The maximum diffeeraf
apparent power between any two phasés,(,.) is
approximately 619 VA. Yet, by means of Fig. 17(a)da
Fig. 18, it is noticeable that the magnitudes efICC currents
are initially unbalanced, presenting absolute plagsation of
28.17° and 24.3°, for phasasndc, in relation to the expected
0° and 120° referred td,". Total harmonic distortion of PCC
currents (THDi) is 1.60 %, 1.92%, and 1.73 %, retipely for
phases, b andc.

The first case study, Figs. 17(b) to 17(f) preseeatresults of
this operation considering transient and steady s@nditions,
demonstrating that two distributed single-phase BE#&h share
active/reactive power and compensate unbalancedentur
terms. For this case, DERs start with null refeegmgjecting
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currents with neglected fundamental amplitude. Tiumen the
PBC is achieved, they start to share reactive arshlance
power terms, and the PCC and DERSs currents smochialyge
(see Figs. 17(b) to 17(d)) to steady-state (ses.Hig(e) and
17(f)) without impairing in neither overvoltage mmrercurrent.
As aforementioned, the PBC steers DER emulate an
inductor, whereas DERIs driven as a capacitor, likewise
expected by the Steinmetz principle.

As depicted in Fig. 18, the apparent power draweeasth
phase is now less uneven among themselves, alike
magnitudes of the PCC currents. Also, comparingthe
previous currents drawn by the loads, it resultivmer phase
deviation of PCC currents in relation to phase agss,
presenting reduction of 7.83° and 31.8° respedtif@i phases
a and c. Additionally, AA,,.,is 107 VA, which shows a
reduction of approximately 5.8 times in comparidonthe
initial case, also indicating the power balance agnphases.
Although the resulting currents circulating at tA€C show
THDi of 8.6 %, 13.2 % and 7.1 %, such distortiors mainly

consequence of some harmonic content on DERs darren

caused by the improper filtering of the iron-cdrénductors
used, and due to low signal-to-noise ratio on dign
conditioning. Finally, it is summarized that undarch case

study, the PBC drives the DERs as distributed APFS,

compensating non-active power. Hence, with sigaiftc
compensation of non-active power terms, it camferied that
mostly active power is flowing through the PCC.

Another scenario (i.e., case study 2) is presewtgd the
same DERs operating as multifunctional
complementarily providing active power injectioroiad) with
the ancillary reactive and unbalanced power shalfiog this
experiment, the PBC processes the total amounttofeaand
reactive power flowing through the phases and cdegpthe
amount of energy that should be injected by the D&iRs to
attain zero power flow at the PCC. Similarly to hrevious
case, the transient of this operation is depiatdeigs. 17(g) to
17(i), with steady-state shown in Figs. 17() and(k},
considering DERs with null initial current contn@ferences.
Upon the initialization of the PBC algorithm to shactive and
non-active power terms, PCC currents start to dserelp to a
steady-state condition (see Figs. 17(g), 17(h) Bn@)) with
amplitudes much lower than the initial stage, pndeg as
remaining apparent power of 116, 136, 78 VA respelst for

inverters,

13

phases, b andc as seen in Fig. 18. The maximum variation of
apparent power between phasesAi,, ., =58 VA, being
approximately 10 times lower than on the initiabalanced
condition. Note that, for both experimental scemsmrithe
system presented similar frequency response @.etp 7
fundamental cycles to reach steady-state) and Bt iB able

to share the active and reactive power demandetbdnys,
allowing also compliance with the Steinmetz priheifpy
steering two arbitrarily connected single-phase BPE®
mitigate current unbalance.

VILI.

This paper contributes with a coordinated strategy
accommodating three-phase and single-phase DER&sting
in a low-voltage microgrid. Such three-phase DERsrate in
balanced mode, contributing to the MG’s active asalctive
power demand, avoiding re-sizing their DC capasit&ingle-
phase DERs contribute to active feed-in, plus reacand
unbalance compensation (negative-sequence), without
impairing voltage quality. Thus, in a three-phakee¢-wire
H}etwork, using only two single-phase distributedeiters it is
possible to support balanced power flow at the M@ZC.

Despite of its possible drawbacks, given by its
communication dependence and relatively higher sgost
centralized master/slave architectures provide npmecise
controllability, not imposing voltage/frequency éeions, and
eliminating the use of additional compensating desi For
instance, the proposed PBC avoids overcurrentseseand
allow power constraints to be dealt locally, easiynplying
with grid codes and converter limitations.

Simulation results show the efficient and stableration
under several typical conditions, such as: islanded grid-
gonnected modes, and power and local variation.
experimental results validate the control strategyd its
gompliance with Steinmetz Theorem.

CONCLUSIONS

The
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