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Abstract—This paper proposes an effective technique to control
the power flow among different phases of a three-phase four-wire
distribution power system by means of single-phase convert-
ers arbitrarily connected among the phases. The aim is to
enhance the power quality at the point-of-common-coupling of
a microgrid, improve voltage profile through the lines, and
reduce the overall distribution losses. The technique is based on
a master/slave organization where the distributed single-phase
converters act as slave units driven by a centralized master con-
troller. Active, reactive, and unbalance power terms are processed
by the master controller and shared proportionally among dis-
tributed energy resources to achieve the compensation target at
the point-of-common-coupling. The proposed control technique
is evaluated in simulation considering the model of a real urban
power distribution grid under non-sinusoidal and asymmetrical
voltage conditions. The main results, concerning both steady-state
and transient conditions, are finally reported and discussed.

Index Terms—Line-interactive inverter, master/slave control,
microgrid, power flow control, unbalance compensation.

I. INTRODUCTION

HE CONSISTENT increase of energy needs and the rele-

vant concerns with environmental impacts are propelling
the diffusion of distributed energy resources (DERs) based
on renewable energy [1]. In particular, the significant pen-
etration of DERs and a wider adoption of information and
communication technologies (ICT) in low-voltage grids indi-
cate a gradual evolution toward the microgrid concept [2], [3].
Apart from that, the transition to a more efficient and
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sustainable power system brings several technical challenges;
typical examples are: control of active and reactive power
sharing among resources, ensure reliable operation under
different grid conditions (e.g., weak-grid, distorted grid volt-
age, frequency variations), manage overproduction, coordinate
distributed intelligent systems [4], coordinate power sharing
among phases [5], minimize operational costs.

In this scenario, three-phase AC power systems represent
a solid basis to support DERs integration and the develop-
ment of the microgrid concept [6], facilitating power exchange
among microgrids while taking advantage of the existing
distribution network infrastructure. On the other hand, differ-
ent distribution power system topologies are adopted around
the world: a) three-phase three-wire, b) three-phase three-
wire with grounded neutral, c) three-phase four-wire with
non-grounded neutral, d) three-phase four-wire with grounded
neutral and contiguous ground [7]. If we also consider how
loads are actually connected in each country, the scenario gets
even more intricate, because single-phase devices can be either
connected line-to-neutral or line-to-line. From the standpoint
of microgrid control the connection code is extremely relevant,
particularly for compensation purposes.

In three-phase systems, load balancing is a critical issue
and, at the same time, an inherent need of electrical dis-
tribution systems [8]. Indeed, load unbalances may cause
detrimental effects, like voltage asymmetry and increased dis-
tribution losses. A direct solution, viable especially for newly
designed microgrids, is to fix the connection code of the loads;
however, this may be unfeasible in most existing distribu-
tion systems. Employing compensators for voltage asymmetry
can be another solution [9], though it involves additional
costs. Whereas, exploiting the surplus power capability of
DERs to compensate unbalance power has been proven to be
a good solution, not requiring additional investments [8], [10].
In [11] and [12], unbalance compensation were proposed
through three-phase inverters, whereas in [13], an unbalance
power compensation by means of single-phase inverters exclu-
sively connected line-to-neutral to a three-phase network is
proposed. However, managing inverters arbitrarily connected
(i.e., line-to-neutral or line-to-line) to three-phase networks, in
order to control the power flow among different phases, has
not been addressed so far.

In this context, this paper proposes an effective technique to
control the power flow among different phases of three-phase
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Fig. 1. Considered three-phase four-wire microgrid structure with line-to-
neutral and line-to-line connected DERs and loads.

four-wire microgrids by means of single-phase converters arbi-
trarily connected among the phases. The proposed technique
requires neither the knowledge of line impedance parame-
ters nor the use of current phasor measurements [8]. The aim
is to enhance the power quality measured at the point-of-
common-coupling (PCC) of the microgrid with the main grid,
to improve the voltage profile through the lines and to reduce
the overall distribution losses while preserving an efficient
operation of DERs.

II. MICROGRID STRUCTURE

To introduce the proposed control algorithm, let us con-
sider the microgrid structure shown in Fig. 1. It employs
a master/slave control architecture, where the master con-
troller (MC) is located at the microgrid PCC (N7) and drives
a set of slave units, called energy gateways (EGs), by suit-
able power commands sent through an ICT infrastructure.
The EGs are electronic power processors (EPP) that interface
DERs (e.g., renewable sources, storage devices) to the micro-
grid. The MC drives also a grid-interactive inverter installed
at PCC, called utility interface (UI), which refines the micro-
grid operation seen from the mains (Np) and meets temporary
energy needs to ensure fault ride-through capability and soft
transitions from and to the islanded operation [14].

Before proceeding with further details on the structure of
the microgrid, we should define with the notation EG;N;
a generic EG connected at the j-th node (N;) of the distribution
network among phases m and n, namely, the phase a, phase b,
phase ¢, or neutral conductor of the network. Therefore, for
example, EG,yns indicates a particular EG connected at the
fourth node (N4) between phase a and phase b, while EG;,n6
indicates an EG connected at the sixth node (Ng) between
phase ¢ and neutral conductor. We underline that the mea-
sured quantities in an EG are the current through the EPP
and the voltage across its points of connection, following the
Fig. 2 polarities.

For what concerns the structure of the particular low-voltage
microgrid of Fig. 1, it consists in fourteen nodes, nine distinct
loads, and six single-phase EGs, of which three are connected
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Fig. 2. Equivalent circuit of the system in Fig. 1, with the required polarity
scheme for line-to-neutral and line-to-line connected inverters.

line-to-neutral (EG,n3, EGpni1, EGeng) and three are con-
nected line-to-line (EGgpn4, EGpeni2, EGeang). All the EGs
are controlled as current sources synchronized with the fun-
damental grid voltage. The passive nodes (i.e., those nodes
with no EGs connected) may host linear and nonlinear loads,
and are generally not equipped with smart meters. The Ul is
a three-phase grid-interactive inverter equipped with energy
storage (e.g., battery, super-cap) installed at the microgrid
PCC. The Ul is always controlled as a voltage source and, in
general, it performs as a grid-supporting voltage source during
grid-connected operation and as a grid-forming voltage source
during islanded operation [15]. A communication infrastruc-
ture is assumed to provide the narrowband communication link
between MC and distributed EGs that is needed to implement
the coordinated control by the power-based algorithm [16]. It
is worth remarking that the use of communication is limited to
microgrid’s optimization functions; if communication failures
occur, the basic functions of DERs, as well as all the func-
tions that can be performed autonomously, keep on operating
normally.

The control architecture is hierarchically organized in three
layers. The primary (local) control layer manages the basic
and specific functions, such as: local energy management,
local compensation of reactive and harmonic currents gener-
ated by the local loads, and local voltage stabilization. The
secondary control layer, whose implementation is distributed
among MC and EGs, manages the active and reactive power
sharing among EGs with the aim of regulating the overall
power absorption by exploiting every available DER in an effi-
cient manner. The tertiary (global) control layer manages the
interaction between the whole microgrid and the mains [17].
In practice, the hierarchical control architecture is prioritized,
which means that EGs obey the MC commands as long as
the local constraints are met; for example as shown in [18], in
which a local controller acts independently of MC if the local
voltages transcend predefined ranges.

Although the line-to-line connection scheme is not gener-
ally accepted, it is a common practice in some regions of
South America, especially in Brazil, even for residential con-
sumers. Fig. 2 shows the equivalent three-phase four-wire
circuit corresponding to the scheme of Fig. 1. From Fig. 2, it
is clear to realize that the current flowing through the single-
phase DER units, from the MC point of view, is line current
for line-to-neutral connected inverters or phase current for
line-to-line connected inverters.

An advantage of line-to-line connected DERSs is the reduced
current exchange through their corresponding EPPs, thanks to
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the higher voltage value across their points of connection. On
the other hand, by standing on only two phases, the line-to-line
inverters are decoupled from the neutral wire, which prevents
neutral (i.e., homopolar) current compensation.

III. BAsics o CPT

The Conservative Power Theory (CPT) [19] is used to assess
the microgrid power status and to generate the MC power
commands to the slave units (i.e., EGs). The CPT offers
a meaningful and computationally efficient approach to man-
age power quantities referring to different grid nodes, even
in presence of asymmetrical and distorted voltage [20]. Being
based on conservative power quantities, the approach is not
affected by voltage and phase shift caused, for example, by
transformers, or by harmonic distortion in grid voltages and
currents [20].

CPT is a natural frame (abc) based power theory, valid for
any voltage and current waveform and applicable to single-
and poly-phase systems. It proposes a decomposition of power
and current quantities in their subcomponents, which are asso-
ciated to distinct physical electrical characteristics, such as:
average active power transfer, reactive energy, load unbalance
power, and distortion power.

Preliminarily, to introduce the fundamental notation of
CPT [19], let us consider a generic poly-phase circuit under
periodic operation. In the following, instantaneous and RMS
quantities are denoted with lowercase and uppercase symbols,
respectively, and vector quantities (i.e., collective values)! with
boldface symbols.

The three-phase active power is defined by the product:

1 & T
pzi.;/o Vi (2) - i (D)dt, (1)

where T is the line voltage fundamental period and m indicates
phase variables. According to the CPT, the three-phase reactive
energy is defined by:

1 & T
W:?.’; /O Sm(®) - im(D)dt, @)

where ¥, is the unbiased voltage integral, namely, the inte-
gral of phase voltage v,, minus its average value. Multiplying
W by the line voltage fundamental angular frequency (w) the
reactive power Q = w - W is obtained.

The CPT is based on the orthogonal decomposition of the
instantaneous phase current (7,,) into decoupled terms:

. b b , , . b .
Im = lgm + Lrm + lZm + ll:m + lym = Lam + lnam, (3)

such that i”a is the balanced active current, i®, is the balanced
reactive current, i, is the unbalanced active current, i, is the
unbalanced reactive current, i, is the void current, and i,, is
the non-active current.

n a three-phase circuit, the collective value of voltages or currents at
a specific node is defined as: X = ,/Xg + X}% +XL2., where X, Xp, X¢ are the
RMS values of the corresponding voltage or current terms.

The balanced active currents are defined as the minimum
RMS currents needed to convey the total active power. By
using (1), these currents are given by:

P
= v, =G’ v, 4)

am Vz
where G” is the equivalent balanced conductance. Similarly,
the balanced reactive currents are defined as the minimum
RMS currents needed to convey the total reactive energy. By
using (2), these currents are given by:

w
== Pm=B" D, (5)

rm A2
where B’ is the equivalent balanced reactivity. Note that B
is in some sense dual to the concept of G?.
If the load is balanced, the PCC absorbs only balanced
active and reactive currents; otherwise, it drains also unbalance
currents, which are defined by:

= (Gn = G) vnt (Bu=B") im =il 4 i ©

P P W, w
sz—’;;Gb=—2“”dBm=Am;Bb=A_z’ 7
V2 v V2 14

such that G,, and B,, are the equivalent phase conductance
and reactivity, respectively, and, i*,, is the unbalanced cur-
rents. Note that if the system is balanced the equivalent phase
conductance is equal to the equivalent balanced conductance
(i.e., G, = G"). Similarly, the reactivity parameters are equal
(i.e., B, = BP).

Finally, the void currents are defined as the remaining phase
currents. These represent all the load nonlinearity currents (i.e.,
distortions):

. . b b .

Tym = im — Ty — Loy — e ®)

Since all the previous current terms are orthogonal to each
other, the collective RMS current can be calculated as:

2 2 2
P=C+1" +1*+2=1" + 12, 9)

Accordingly, multiplying the collective RMS current and
voltage, the apparent power (A) can also be split as:
A*=V?. PP =P+ Q"+ N* + D%, (10)

such that:

o P is the active power and corresponds to the real power
converted into work;

o QO is the reactive power and reveals the presence of reac-
tive energy in linear inductors and capacitors, or even
a fundamental phase shift caused by nonlinear loads (e.g.,
thyristor rectifiers);

o N is the unbalance power, equal to /N2 + N2, where
N, is caused by unbalanced loads with resistive charac-
teristic (elements that do not cause fundamental phase
shift) and N, is caused by unbalanced loads with non-
resistive characteristic (elements that cause fundamental
phase shift);

e D is the distortion power and it is related to load
nonlinearities.
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(b)

Fig. 3. Representation of unbalance compensation. The figure indicates:
equivalent phase parameter (solid line circles), equivalent balanced parameter
(dotted line circles), difference between phase and balanced parameters (dark
grey areas), and uniform power generation (light grey areas).

Note that only the active power and the reactive energy are
conservative quantities regardless of the voltage condition.

IV. UNBALANCED CURRENT
COMPENSATION CONCEPT

Let us consider Fig. 3 to explain the concept of the
distributed compensation of the unbalance currents with imbal-
ance EGs contributions among the phases. The unbalanced
active currents compensation and, subsequently, the unbal-
anced reactive compensation are explained here.

Assuming the area of each solid line circle to represent
the equivalent phase conductance (G,,), which corresponds to
the amount of active power absorbed at phase m within the
microgrid (Pr,,). In Fig. 3.a, solid line circles have different
areas, indicating an unbalanced system (G, # Gy # G.) [19].
Solid areas are split into two parts: the circles surrounded by
dotted line, with equal areas for all the phases, representing
the equivalent balanced conductance (G?), and the dark grey
areas, with different dimensions, representing the difference
between the equivalent phase conductance and the equivalent
balanced conductance of a particular phase [G-G?, as in (6)].
The sum of the areas enclosed by dotted lines is the total
three-phase active power absorbed in the microgrid [P, = P,
as in (1)].

According to the CPT [19], a balanced system must con-
sist in only equivalent balanced conductance (G?), which
corresponds to only dotted line circles in Fig. 3. Then,
to compensate the unbalance and attain a balanced system
(G = GY), it is needed to minimize the dark grey area of
Fig. 3.a. One can note now, that the dark grey areas are differ-
ent among the phases, resulting in an imbalance contribution
of the EGs among the phases. Secondly, the balance is always
ensured by the EGs if their power capacities are not limited,
as in Fig. 3.b. Of course, under limited capability only a par-
tial balancing of the system is achieved by means of the EGs,
leaving the remainder to the UL

The same concept is applied to unbalanced reactive currents
compensation by using the equivalent phase reactivity (By,)
and equivalent balanced reactivity (B?). Note that the unbal-
anced active currents compensation is enabled by the EGs that
are equipped with energy storage devices, which give them the
flexibility of delivering or storing active power. However, the
effectiveness of the unbalanced reactive currents compensation
does not rely on the storage device, because it handles only
reactive power.
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V. POWER FLOW CONTROL IN THREE-PHASE FOUR-WIRE
MICROGRIDS BY MEANS OF POWER-BASED CONTROL

The power-based control was initially proposed in [16] to
drive EGs so that they contribute to microgrid power needs
in proportion of their actual capability to deliver active and
reactive power. This approach achieves the regulation of the
power flow at the PCC by using a couple of coefficients
(ap, ag). These coefficients, herein called scaling coeffi-
cients, are broadcasted to all the EGs and are meant to scale
the power contributions from EGs, so that DERs are uni-
formly exploited in contributing to the whole microgrid’s
power needs, with minimal communication and measurement
requirements.

Recently, in [13], the power-based control was adapted to
perform unbalance currents compensation, considering only
line-to-neutral connections for the inverters. To this end, the
power-based control algorithm is applied independently to
each phase-m of the three-phase microgrid, and a couple of
scaling coefficients—called, in this case, phase scaling coeffi-
cients (ot py, otgm)—were calculated and broadcasted to all the
EGs connected to that phase.

This section extends the application of the power-based con-
trol to include power flow control among different phases and
to perform the unbalance currents compensation by means of
single-phase inverters arbitrarily connected to a three-phase
four-wire distribution network.

Briefly, the control operation consists of the following steps.
At the beginning of each control cycle (which lasts few periods
of line voltage) the MC polls each EG connected to the micro-
grid. Then, the EGs return the actual amount of active and
reactive power currently delivered to the grid and their residual
power capacity that can be shared for the benefit of the micro-
grid. Finally, on the basis of received data, measured energy
exchange at PCC, and negotiation with the distribution sys-
tem operator (DSO), the MC computes the power contribution
requested to EGs for the next cycle.

It is worth recalling that each EG must inform the MC
of the particular phase at which it is connected. For an EG
connected between phases “m” and “n”, it is sufficient to
inform only about the phase “m”, following the adopted polar-
ities of Fig. 2, and measured voltage v,,,, as explained in
Section II. Moreover, new DERs can be any time connected
to the grid by sending a request to the MC, which therefore
must update the list of the microgrid’s EGs per phase.

Next, the power-based control is considered to develop
the unbalance current compensation concept described in
Section IV and the power flow control described above.

A. Power-Based Control Algorithm Per Phase

More specifically, the coordinated control strategy performs
as follows. At the end of the /-th control cycle, the MC deter-
mines the total per phase active power P*g,,, (/) and reactive
power Q*G: (1) that must be shared among EGs along that
cycle. Moreover, the j-th EG (j = 1,2,...,J) sends the
following information to MC:

o its active power Pg; (I) and reactive power Qg; (I)

generated during the /-th control cycle;



o the minimum active power P’g]’:"(l) and the maximum
active power P’gj‘.”‘(l) that the EG can generate, on the
basis of the state of its energy storage, if any;

the nominal apparent power Ag; (/) of the local EPP and
its overload apparent power Ag” (D (i.e., the maximum
apparent power the EG can generate for a limited period
of time).

On the basis of the collected data, MC calculates:
« the total active and reactive phase power delivered by the

EGs along cycle [:

J

PGm(D) =Y Pamj(D), (11.2)
j=1
J

Q6mi (D) =Y QGmi(D), (11.b)
j=1

and, in the same way, the total minimum [ng,’;(l)] and
maximum [P’g%(l)] active phase power and total maxi-
mum [Q¢ (D] and overloading [Q¢;*7(I)] reactive phase
power; to that end, the maximum deliverable reactive
power and the overload reactive power of the j-th EG

are computed as:

Q1) = \/Agi()? — Pe(D?, (12.2)
0T () = \JAGT (W) — Pgi()*.  (12b)

The overload condition operates during a limited period
of time, based on the thermal-stress of EPP, and it
communicates with the MC through A‘&;” variable.

the total active and reactive phase power absorbed within
the microgrid during cycle [:

PLmt(l) = PGridm(l) + PUIm(l) + PGmt(l)’ (133-)
Orm (D) = Q6riam() + Quim (D) + Qcm (D), (13.b)

where PgGriam and Qgriam are the active and reactive
phase power measured at the PCC’s grid side, and
Py, and Qupy, are the active and reactive phase power
delivered by UL,

the references for the total active [P*G,, (I+1)] and reac-
tive [Q*Gm: (I+1)] phase power to be provided by the
EGs in the next control cycle /+1:

PG4+ 1) = Pry(D) — Ppee,,(U+ 1), (14.2)
QGm(+ D) = Oum(D) — Qpecn(l+ 1), (14.b)

where P*pccy, (I+41) and Q* peen, (I+1) are, respectively,
the active and reactive references of the phase power flow
at the PCC. These references are set by MC to regulate the
power flow at the PCC among different phases, according
to the energy state of the Ul and EGs (see [21]). They
are estimated, for the next control cycle, on the basis
of the quantities measured during the last control cycle.
Considering the polarities of Fig. 1, the exchanged powers
at the terminals of the UI are:

Pum(I+ 1) = Poee, L+ 1) — P54+ 1),  (15.2)
Quim(+ 1) = Qb+ 1) — Q5 L+ 1), (15)
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TABLE I
PHASE SCALING COEFFICIENTS

Power condition Scaling coefficients

Pome(L+1) < PER(D) pm =0
min . _ Pome I+ 1) — PR
PR < Pine(L+ 1) < P (D Apy = Pome (D) — P (D)
Pgmt(l + 1) - PGmt(l)

Pimt () = Peme (D)
Pl (L+ 1) > PHRAX(D) Apm = 2
Qme(1+1) < QFm (D ®om = %ﬁﬁl)

QGmt (l)

Qme(1+1) — QZmr (D

Qi () — QEE®

Pge(D) < Pgpe(1+ 1) < PEED) Apm =1+

Qeme(1+1) > Qi (D agm =1+

Grid power references Py, and QF ..~ guarantee the
balanced condition at the grid side, and they are set on the
basis of long term energy management strategies (e.g.,
negotiations with the DSO) or set to zero in islanded
mode.

o finally, the phase scaling coefficients o p,, and oy, (both
ranging in the interval [0, 2]) are computed and broad-
casted to all the EGs connected to the corresponding
phase m. The active power is controlled by variable «py,,
while the reactive power is controlled by variable «g,.
Table I reports the calculation of these coefficients for
different conditions.

Thus, given apy, and agmn, the j-th EG (EG;) controls its

local active and reactive power injection according to:

P+ 1) = Py + (P — Pg) - mintapn. 1)

n (P,g;,x _ Pc,-) - max(apy — 1, 0), (16.2)
0L+ 1) = Qg - min(agm, 1)

+ Qg — o) - max(aon —1,0), (16b)

where P*; (I+1) and Q*; (I+1) are respectively the active and
reactive power references for EG; in the next control cycle.
Equations (16) hold for the control of the power flow at PCC,
in both grid-connected and islanded operation.

Summarizing, considering the EGs connected to phase m:

o active power: i) if ap, = 0, the EGs supply their min-
imum power; ii) if 0 = ap, < 1, the EGs ensure the
power balance by operating in reduced power mode [22],
or diverting the excess of generated power to distributed
storage units, if any; iii) if 1 = ap;,;, < 2, the EGs meet the
microgrid power demand by drawing energy from energy
storage devices; iv) if ap, = 2, all EGs connected to
phase m supply the maximum power.

o reactive power: i) if 0 = ag, < 1, the EGs compensate
the reactive power; i) if 1 = ag, < 2 the reac-
tive compensation is attained by temporarily overloading
the EGs.

In every operating condition the power balance must be
ensured by exploiting the Ul, by readjusting loads/generators
or, in grid-connected mode, by taking power from the mains.

Therefore, the unbalance current compensation concept
described in Section IV can be attained by employing the
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TABLE II
PARAMETERS OF THE THREE-PHASE FOUR-WIRE
LOW-VOLTAGE MICROGRID

Distorted and asymmetrical voltages [kV] at node N,
V, = 11.84 - sin(wt) + 0.34 - sin(3 - wt) +
+0.34 - sin(5 - wt) + 0.34 - sin(7 - wt)

V, = 10.71 - sin(wt — 120°) + 0.34 - sin(3 “(wt — 120)) +
+0.34 - sin(5 - (wt — 120)) + 0.34 - sin(7 - (wt — 120))
V., = 11.27 - sin(wt + 120°) + 0.34 - sin(3 - (wt + 120)) +
+0.34 - sin(5 - (wt + 120)) + 0.34 - sin(7 - (wt + 120))

Line impedances

From To ZImQ]
No Ny 460+1850

Ni, N, N5, Ng N3, Ns, Ng, N7 7.049.7
N, N3, N; N3, N4, Ng 48.3+710.3
Ns, No Ny, Nip 22.3+j11.4
No, Nig Nio, N1y 20.3+j6.9
N Ni3 19.1+79.8

power-based control independently for each phase, which is
equivalent to perform independent power sharing per phase.
In particular, on the basis of P*pccy, and Q* pecy, in (14), the
power flow at the PCC can be regulated among the microgrid’s
phases. Note that as only power quantities are handled, the pro-
posed strategy can be applied to distributed units regardless of
their connection scheme.

VI. APPLICATION EXAMPLE

As an application example of the proposed control tech-
nique the circuit of Fig. 1 is now considered. The schematic
represents a real three-phase four-wire metropolitan distribu-
tion power system with aerial wiring currently installed in
Brazil. The system was implemented in PSIM software, in
order to evaluate the proposed control approach in various
operating conditions with time-domain simulations. For sim-
plicity, DERs are modeled as ideal current sources driven by
the power commands from the MC, thus neglecting the (irrele-
vant) influence of the fast current control loops in the analysis
of the proposed control technique. The power-based control
dynamics was analyzed in [16], which has shown that DERs
with different response dynamics do not derail the proposed
method.

The utility grid is connected at the node N (slack node) and
behaves as an ideal voltage source with nominal voltage equal
to 13.8 kV line-to-line, 60 Hz. The microgrid is connected to
the mains at node Nj, which represents the microgrid PCC,
and presents a nominal power of 60 kVA. The values of the
considered non-homogeneous network impedances are shown
in Table II. The EG parameters are shown in Table III.

A. Comparison Between Phase-Dependent and
Phase-Independent Control Strategies

In this section, two different control strategies to calcu-
late the power contributions from EGs are considered and
compared in islanded operating mode. With the first strat-
egy, called phase-independent strategy, EGs provide the total
microgrid’s power needs in proportion to their local power
availability—measured according to the power-based control
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TABLE III
PARAMETERS OF THE DISTRIBUTED EGS

Parameter
Power rating [kVA]
Overload power rating [kVA]

EG;j (N3, Ny, Ng, Ng, N1y, Ni2)
(5.0, 9.0, 7.0, 10.0, 6.0, 5.0)
(5.0, 9.0, 7.0, 10.0, 6.0, 5.0)

(4.5,8.0,1.5,8.5,5.0,2.5)
(4.5,8.0,1.5,8.5,5.0,2.5)

Power capacity [kW]

Max. power capacity [kW]

Min. power capacity [kW] (0,0,0,0,0,0)
Full microgrid 80% of Balance scaling Phase scaling
200 load (#1) | load (#2) | coefficients (#3) | coefficients (#4)
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Fig. 4. From top to bottom: PCC voltages, Ul currents, and EGs per phase
currents and steady state power terms [(kW), (kVA)].

principles [16]—and, notably, in an independent way with
respect to the particular phase at which EGs are connected.
With the second strategy, called phase-dependent strategy,
the EGs connected to a particular phase contribute to the
power needs of the same phase in proportion to their power
availability (i.e., EG contributions are proportional to their
power availability only if considered per phase, as discussed
in Section IV). In this latter case, the power needs of each
phase are calculated as described in Section V-A, in order to
attain a balanced system seen at PCC. This corresponds to
perform an independent power sharing in each phase.

To the purpose of highlighting the effects of both com-
pensation strategies, the sequence of operating conditions
represented in Fig. 4 is now considered. In particular, inter-
val #1 and #2 pertain to the operation of the system with
EGs disabled, whereas intervals #3 and #4 pertain to the
operation of the system with EGs driven by the power-based
control according to, respectively, the phase-independent and
the phase-dependent strategies.

Considering Fig. 4, before 0.7 s, 100 % (interval #1) and
80 % (interval #2) of the nominal microgrid load is con-
nected, with the EGs inactive and the loads fed by the Ul
during islanded operation. Observe that, in spite of the dis-
torted and unbalanced loads, the UI acts as a grid-forming
device, and keeps nearly sinusoidal and symmetrical voltages
at PCC, with nearly 2 % of total harmonic distortion. The
load characteristics are quantitatively reported in Table IV by
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TABLE IV
CPT’s POWER TERMS AT PCC AND SCALING
COEFFICIENTS OF FIG. 4

Parameters (#1) (#2) #3) (#4)
Apcc [KVA] 56.5 46.9 33.1 322
Prcc [kW] 50.6 43.1 31.5 31.5
Qpcc [kVAr] 20.9 16.5 1.1 1.2
Necc [kVA] 12.2 5.7 7.8 0.5
Dpcc [kVA] 6.5 6.2 6.2 6.3
apa - - 1.438 1.031

app - - 1.438 1.902

ape - - 1.438 1.627

dga -—- - 0.396 0.362

dop - - 0.396 0.298

doc - - 0.396 0.498

Pgi [kW] - - 13.1 13.4
Losses [kW] 2.49 1.76 0.92 0.92

TABLE V

RMS VALUES OF THE PCC AND MICROGRID VOLTAGES OF FIG. 4

Voltages [V] #1) #) #3) (#4)
Vst 124 5 1249 126.8 1253
Vit 121.9 1253 1245 125.6
Veut 122.6 1253 1255 1255

AV [%] 2.1 03 1.8 0.2
Vi 118.9 119.5 125.0 121.7
Vaa 119.9 120.5 125.0 1222
Vxe 1155 119.8 122.7 1235
Vas 1181 1222 123.9 1243
Vit 1162 120.4 121.9 123.1
Vato 1149 119.7 121.8 123.6

AVyic [%] 42 22 2.6 21

means of CPT’s power terms (described in Section III), while
the voltage characteristics are reported in Table V.

After 0.7 s, the results obtained with the phase-independent
(#3) and the phase-dependent (#4) strategies with 80 % of
nominal microgrid load are shown. From Fig. 4, Table III and
Table IV, we notice that the phase-independent strategy drives
all EGs to a proportional power contribution with respect to
the entire microgrid. However, it fails to reduce the unbal-
ance power (Npcc = 7.8 kVA), which, instead, gets even
worse due to the non-uniform active power generation by
the EGs in the various phases. This imbalance can also be
observed in Table V, by means of the voltage discrepancy
factor (i.e., ratio between the highest and the lowest volt-
age values — AV). In addition, from Table IV, we notice that
the system losses decrease (= 48 % of decrease) because the
power generation becomes closer to the load [23]. On the other
hand, the phase-dependent strategy compensates the unbal-
ance power (Npcc = 0.5 kVA) by adjusting individual load
power sharing among the phases, while maintaining a propor-
tional power contribution among EGs connected to the same
phase. Besides, the amount of delivered active power from
EGs is slightly higher (Pg; = 13.4 kW) than the previous
case (Pg; = 13.1 kW), because the overall microgrid volt-
age profile increases (see Table V) at the terminals of the
loads, which are modeled as constant impedances. Hence, the
phase-dependent strategy has enhanced the power quality at

the PCC, reduced the power losses, and improved the voltage
profile (AVn; = 0.2).

From Table IV, we note that the distribution losses obtained
with the two strategies is the same. This value of losses cor-
responds to a quasi-optimum system operation, since reactive
and unbalance currents nearly vanish, and the active power
properly shares among EGs. The UI supplies only the needed
active power, Py, = Py = Pyie = 10.5 kW, and harmonic
currents (Dpcc = 6.3 kVA), which usually involves relatively
low power.

Analyzing Table V, we remark an overall power-quality
improvement achieved by applying the power based control.
The improvements are higher at the PCC than at any other
node of the microgrid, notably, the control has improved the
PCC discrepancy factor (AVyj) more than the discrepancy
factor calculated over the microgrid (AVyg).

B. Different Microgrid Operating Modes Under
Distorted and Asymmetrical Voltages

With the aim to show the control effectiveness in compen-
sating reactive and unbalance currents and highlight the role
of the UI under deteriorated grid voltage (see Table II) a simu-
lation comprising different operating modes and disturbances
has been performed. The results are reported in Fig. 5 and
Fig. 6.

Instant 0 corresponds to the last instant of the previ-
ously described Fig. 4. At ¢/ the mains are restored. Between
t] and 12, the Ul synchronizes with the mains and prepares
the transition of the microgrid to the grid-connected operation,
which is established in 72. After the connection instant, the
total grid current reference is varied gradually from zero to its
final set point value (Pg,;;,, = 2.5 kW). The connection pro-
cedure occurs smoothly and without resonances—potentially
triggered by the distorted grid voltages—thus indicating an
adequate control of the UI. The transition is completed at 3,
then the microgrid keeps a steady state until #4. In this interval
(#3 - t4), the Ul currents (iyy,) contain only active and har-
monic terms, because all reactive and unbalance currents are
compensated by the EGs. At #4, the nominal microgrid load is
switched on; the steady state is restored within three cycles. In
this situation, some coefficients, namely, app and «p., reach
their maximum value, because the microgrid demand exceeds
the per-phase power capacity, which is highlighted in Fig. 6.
As discussed in Section IV, the full unbalance power compen-
sation, clearly, cannot be accomplished by the sole contribution
of the EGs if their available power is not sufficient to ful-
fill the needs of the loads; in this case the Ul, behaving as
an active filter, provides for the remaining unbalance currents
(see iyp, in Fig. 5). Of course, after some time, some loads
or P*g,iq might be readjusted.

Note that, even in this last case, the grid current waveforms
(icm) become proportional to the phase voltages (vgy,), per-
forming a resistive load synthesis compensation strategy [24].
That results in unity power factor at PCC, and complies with
the definition of balanced system, in which G, = G’ and
B,, = BY to all frequencies.
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Finally, at instant ¢5, the mains is suddenly disconnected,
causing a non-intentional transition to the islanded opera-
tion. The MC processes and eventually detects the islanded
condition during the interval between instants t5 and 16;
successively, Ul becomes the grid-forming voltage source
of the islanded microgrid. Across the transition to the non-
intentional island, we notice a small transient consisting in
voltage sag occurring during the islanding detection inter-
val, which is promptly cleared when the islanded operation
is detected (see vpccm, Fig. 5). Despite of that, the system
reaction is prompt and smooth. After 76, the system operates
again in stand-alone, with the power-based control enabled.
This means that UI provides only a portion of the load cur-
rents, while the remaining part is requested to distributed EGs.
We highlight that even under islanded operation at full load,
the reactive and unbalanced reactive current terms are fully
compensated by the EGs, indeed, coefficients «(,, do not sat-
urate, as can be noticed by inspecting the last instants of the
simulation given in Fig. 6.

Obtained results in case of distorted and asymmetrical voltages. From top to bottom: grid and PCC voltages, UI and grid currents.

Fig. 7.

From top to bottom: PCC voltages, grid currents for phases a, b
and ¢, neutral currents in the Ul and grid, and phase scaling coefficients
(per phase).

C. Homopolar Current Compensation

To discuss the homopolar current compensation by arbitrary
connected DERs, the cases #1, #2, #3 of Fig. 7 are consid-
ered. In case #1, the microgrid is connected to an ideal grid
with zero current exchange (Pg,.;..» Oyiam = 0) under phase-
independent strategy (to be similar to the islanded mode of
case (#3) in Fig. 4). Then, in case #2, the control strategy is
changed to phase-dependent, as in case (#4) of Fig. 4, and one
can notice that the fundamental component of the UI’s neutral
current (i.e., homopolar current) is significantly reduced, as
quantitatively shown in Table VL.
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TABLE VI
FUNDAMENTAL AND THIRD COMPONENTS OF UI’S
NEUTRAL CURRENT FROM FIG. 7

cases #1 #2 #3 #4
UI’s neutral Fund. [A] 28.47 426 10.79 3.60
current 3" Harm. [A] 41.20 41.10 39.38 39.59

In case #3, the PCC voltages are distorted and asymmet-
rical, which increases the circulation of homopolar currents.
Such currents cannot be compensated by the EGs, because the
proposed method is based on conductance and reactivity load
quantities, performing a resistive load synthesis compensa-
tion strategy [24], as discussed in Sections III and I'V. Indeed,
the homopolar currents are naturally compensated only by
the line-to-neutral connected inverters, since the line-to-line
inverters are decoupled from neutral conductor, as discussed
in Section II.

D. Power Flow Control Among Different Phases

Case #4 of Fig. 7 evaluates the coordinated control of power
flow exchange among the microgrid’s phases. Supposing the
condition that phase a drains active power (e.g., to charge its
energy storage devices) the MC can adjust the power sharing
among the phases and control the power flow from phases
b and/or ¢ to phase a. To this end, the references P;SCCm
of (14) and (15) are set to Py, = Pprcp = 11 kW and
Proce = 9.5 kW, corresponding to the phase power sup-
plied by the UL, because of P{,;.. QGriam = 0 in (15).
Then, the phase scaling coefficients assume the following val-
ues in steady state (opg, opp, apc) = (0.841,1.901, 1.865)
and (g, agp, ¢g:) = (0.293,0.444,0.538), which corre-
sponds to (PGas, PGps, Pger) = (-2.00, 6.75, 8.65) kW and
Pg; = 13.4 kW. These previous coefficient values compared
to those in Table IV show that the EGs connected to phase ¢
increase their power generation (ap, = 1.627 — 1.865), while
the EGs of phase a store energy (ap, = 1.031 — 0.841). In
Fig. 7, despite of the fact that the UI provides phase unbalance
power (Pyia, Pum, Puic) = (11.0, 11.0, 9.5) kW, the grid cur-
rents remain balanced, notably; the power flow through PCC is
practically null (see iGq.p, ¢, in Fig. 7). We remark that the Ul
and the EGs provides the same amount of power, as previously
discussed in Section VI-A for case (#4), Pg; = 13.4 kW.

VII. CONCLUSION

This paper proposes a new control technique to coordi-
nate the power flow among phases of a three-phase four-wire
low-voltage microgrid with arbitrarily connected single-phase
inverters. The technique works properly even under weak-grid
conditions (distorted and asymmetrical voltages), and ensures
optimum power sharing among phases so as to compensate
reactive and unbalance current terms. It enhances the micro-
grid flexibility and reliability, and achieves unity power factor
at PCC. Moreover, it keeps small the voltage deviations at grid
nodes and minimizes the distribution losses.

The proposed control is applicable to four-wire microgrids,
irrespective of topology, inverter connection codes, and line

impedances. Moreover, even the harmonic and homopolar cur-
rents can be eliminated by a proper control of line-to-neutral
connected inverters and, in grid-connected operation, by the
utility interface.

As the coordinated control makes use of conservative power
terms, it keeps good performance and stability even under
deteriorated grid voltages. In terms of implementation, the
proposed control requires a reliable, but non-time-critical,
communication link between the master controller and the
distributed slave units.

Using the proposed technique, future works will cope with
the coordinated and simultaneous operation of balanced three-
phase and single-phase inverters, as well as the case of any
inverter operating on voltage source mode. Further, the case
of three-wire microgrids is also going to be dealt with.
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