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ABSTRACT Electronic power converters are extensively applied in microgrids to interface distributed
energy resources to the grid. Besides the primary active-power control, electronic converters support increas-
ingly advanced and flexible control capabilities. While the former is typically bound to local needs (e.g.,
maximum power extraction from renewables), additional degrees of freedom can be exploited to support
microgrid operation. This article proposes a control algorithm that allows the optimal provision of reactive
power, negative-sequence, and zero-sequence currents by distributed converters. The resulting operation
shows enhanced power quality at the point of common coupling (PCC) and limited conversion losses, which
are taken into account in the optimization algorithm. Three modes of operation are discussed, that is, i)
power loss minimization; ii) balanced currents at the PCC; iii) zero reactive power flow at the PCC. An
algorithm based on the primal-dual method is proposed to solve the optimization problem. Results based on
experimental measurements are discussed to prove the effectiveness of the proposal.

INDEX TERMS Ancillary services, microgrid, optimal operation, unbalanced distribution network.

I. INTRODUCTION
THE wide selection of control techniques for electronic power
converters (EPCs) creates new degrees of freedom in the
management of electrical quantities. The ability to perform
unbalance regulation in three-phase EPCs, which is easily
supported by grid-following converters, has also been demon-
strated in grid-forming converters [1], [2], [3], [4], [5]. The
goal of this research is to explore the optimal exploitation
of the control flexibility of EPCs in pursuing valuable ser-
vices for the upstream grid, such as, power loss reduction and
unbalance compensation at the point of common coupling
(PCC) with the main grid. This should be done without

altering the active power flow, typically driven by other
economic-related or energy-related requirements [6], [7], [8],
[9], [10], [11], [12], [13], [14].

Several approaches in the literature aim at optimizing the
operation of EPCs in microgrids. Some focus on microgrids
connected to upstream grids, which typically prioritize energy
management aspects and target transactive operations (e.g.,
optimal bidding or energy scheduling) [6], [7], [8], [9], [10],
[11], or ancillary services markets such as frequency/voltage
regulation [7], [8], [9], [10], [12], [13], [14]. However, since
energy exchange is not directly related to unbalanced and
reactive power, dedicated optimization strategies are required.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

976 VOLUME 5, 2024

https://orcid.org/0000-0003-2495-0206
https://orcid.org/0000-0002-0994-5305
https://orcid.org/0000-0002-6506-5898
https://orcid.org/0000-0002-4016-0426
https://orcid.org/0000-0002-4140-7638
mailto:andrea.lauri@phd.unipd.it
mailto:tommaso.caldognetto@unipd.it


The method proposed in [15] mitigates the voltage unbal-
ance by minimizing the sum of squared negative-sequence
components. Still, the objective should also consider the im-
pact on the distributed EPCs to optimize the compensation
effort. A model-free consensus-based power control algorithm
is proposed in [16], where a power-sharing proportional to
the generators capabilities is achieved, focusing on the com-
pensation of current unbalance at the PCC. A multiobjective
optimization approach is proposed in [17], which includes
stochastic aspects. The approach targets benefits in costs, reli-
ability, and impact on the environment; the voltage unbalance
is constrained inside tolerance bands. In [18], two different
control levels realize voltage unbalance compensation. A bus
is selected as critical, and its compensation is achieved by the
lowest control level, equally sharing the compensation effort
among units. Then the higher level corrects unbalance factors
at other buses, bringing their value within tolerance bands; the
method considers islanded operation.

None of the aforementioned methods considers that chang-
ing the operating point of distributed EPCs affects the
efficiency of the generation units and, consequently, the over-
all system losses. Converter losses are usually modeled as
quadratic functions, and Lagrange-multipliers based methods
are commonly employed when solving such problems [19].
In [20], the optimal sharing of current among distributed con-
verters is computed by solving in closed-form the Lagrange-
multipliers problem. The approach is limited to the provision
of active and reactive power in grid-tied operation. In [21], the
Lagrange-multipliers problem is formulated to compute the
droop coefficients that optimally share the reactive power in
single-phase islanded microgrids. The problem is then solved
iteratively using the dual-ascent algorithm.

The solution proposed in this work is based on the prelim-
inary results presented in [22]. Herein, an improved solution
method is described and verified considering a realistic appli-
cation example. The proposed methodology is applied in the
outlined scenario contributing in:

1) proposing a primal-dual coordination algorithm for the
optimal coordination of distributed power converters in
three-phase microgrids;

2) formulating the control problem to provide services
like reactive and unbalanced currents while minimizing
power losses and avoiding constraining the active power
flows;

3) demonstrating the operation of the algorithm consid-
ering a cost function including the converters’ power
losses with respect to the operating point.

The method proposed herein minimizes the overall power
losses, allowing to choose whether or not to constrain the PCC
current flow to be perfectly balanced, with no reactive power
flow. Remarkably, different convex cost functions can be
considered, allowing the employment of the presented method
in a vast class of problems.

In the following, Section II describes the considered
scenario and control problem, which is solved by the op-
timization method presented in Section III. Section IV

FIGURE 1. Typical application scenario for the proposed approach. Dashed
paths represent communication links.

describes the experimental setup used to derive a cost function
representing converters’ power losses, herein considered to
demonstrate the proposal. Section V illustrates the specific
implementation of the proposed primal-dual based coordina-
tion method. The method is verified in Section VI, which
also describes the simulation tests and benchmark used for
validation. Section VII concludes the paper.

II. PROBLEM DESCRIPTION
A. ASSUMPTIONS
Fig. 1 shows a typical application scenario for the method
proposed in this manuscript. The microgrid is composed of
Nx controllable units xi and Nu uncontrollable units ui. The
following assumptions are made:

1) a central microgrid controller (MC) is present, capable
of exchanging information with the controllable units
xi, i = 1, . . . , Nx , by low-bandwidth communication;

2) controllable units exploit the communication link to
send to the MC data about their cost function and op-
erating point;

3) periodically, the MC runs an optimization algorithm,
and then dispatches optimal reference values to the con-
trollable units;

4) phasors representing the voltages at the nodes of
the grid have approximately equal phases along the
distribution lines.

By assumption 4), it is possible to consider active power
equivalent to positive-sequence d-axis current (i.e., active cur-
rent), as done in other works, like [23], [24]. This is also valid
for reactive power and q-axis current (i.e., reactive current),
recalling that the reactive power is proportional to −I+q , ac-
cording to common definitions of reactive power with d-axis
aligned to grid voltage phasor and q-axis leading it by 90 ◦.
It is worth noting that the method pursued herein deals with
quantities at the fundamental frequency, for which quantities
like reactive power and unbalance are defined.

Let x � [x0, . . . , xi, . . . , xNx ]� ∈ R
(Nx+1)×1 be the

column vector of all the optimization variables, with
xi = [I+q,i, I−d,i, I−q,i, I0

d,i, I0
q,i] ∈ R

1×5, namely, the rms value
of the positive sequence reactive current, of the negative
sequence d and q currents, the zero sequence d and q
currents. Vector x0 collects the same quantities measured
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at the point of common coupling (PCC). Notice that the
PCC can be regarded, as commonly done, as a slack
bus that provides the mismatch between absorbed and
injected currents. Consequently, its contribution can be
indirectly controlled by choosing the operating points xi,
i = 1, . . ., Nx , since (4) holds. For this reason, the PCC is
included among the controllable units. The vectors containing
quantities referring to uncontrollable units are defined
as ui � [Ĩ+q,i, Ĩ−d,i, Ĩ−q,i, Ĩ0

d,i, Ĩ0
q,i] ∈ R

1×5, where ·̃ denotes a
non-controllable quantity.

B. COST FUNCTION
The goal of the method is to optimally provide controllable
quantities, minimizing herein a cost function representing
power losses. Other cost functions may be considered for the
implementation of the approach.

The considered cost function accounts for converter losses
and the power losses at the PCC interface as:

F (x) = P0
loss (x0)+

Nx∑
i=1

Pi
loss (xi ) (1)

where P0
loss(x0) is the term accounting for PCC interface

losses, while Pi
loss(xi ), i = 1, . . . , Nx is the power loss of the

i-th converter. The modeling of converter losses will be dis-
cussed in the next section. Regarding losses at PCC interface,
a grid resistance Rg is assumed. To model loss terms it is
convenient to define an extended vector xe

i ∈ R
1×6 formed of

xi plus the extra element I+d,i:

xe
i =

[
I+d,i, xi

]
=
[
I+d,i, I+q,i, I−d,i, I−q,i, I0

d,i, I0
q,i

]
(2)

Then, the losses on the grid resistance can be modeled as

P0
loss (x0) = 3Rg

∥∥xe
0

∥∥2
(3)

where ‖ · ‖ denotes the 2-norm operator.

C. CONSTRAINTS
The considered microgrid is populated by uncontrollable
units, which include loads (e.g., households, offices) and
generators (e.g., wind turbines, photovoltaic panels), and by
controllable units. In addition, the microgrid is tied to the
main grid at the PCC. By the Kirchhoff current laws, the total
contribution from the grid and the controllable units must
sum to the net power absorption by the uncontrollable units
g ∈ R

5×1:

g� =
Nu∑
i=1

ui = x0 +
Nx∑
i=1

xi (4)

Being x = [x0, x1, . . . , xNx ]�, it is possible to impose the
constraint (4) as Gx− g = 0, with

G =

⎡
⎢⎣I5×5, I5×5, . . . , I5×5︸ ︷︷ ︸

(Nx+1) times

⎤
⎥⎦ (5)

where I5×5 is the identity matrix of size 5-by-5, being 5 the
number of quantities contributed by each unit.

Converters have a maximum rated output current on each
of its phases (i.e., phase a, b, and c). The algorithm shall not
compute solutions where the reference values lead converters
outside their safe operating region. Assuming a maximum
output current on each phase Imax,i for the i-th converter, the
following constraint should be met:

I2
a,i, I2

b,i, I2
c,i ≤ I2

max,i (6)

with i = 1, . . . , Nx . The next step is to determine the value
of I2

a,i, I2
b,i, I2

c,i from the vectors xe
i . By using suitable matrices

A, B,C ∈ R
6×6, defined in (26) and derived in Appendix A, it

yields:

I2
a,i = xe

i A
(
xe

i

)�
I2
b,i = xe

i B
(
xe

i

)�
I2
c,i = xe

i C
(
xe

i

)�
(7)

To provide services to the upstream grid by exploiting the re-
sources installed within the microgrid, additional constraints
can be imposed, to achieve desired operating modes. In
this article, the following additional operating modes are
considered:

1) zero reactive power flow at the PCC;
2) perfectly balanced currents at the PCC.
Achieving 1) means that the first element of x0 is null,

because that element represents the reactive power exchanged
at the PCC. Achieving 2) means that the last four elements
of x0 are null, since they are related to negative and zero
sequence currents exchanged at the PCC. These two operating
modes can be obtained by adding additional constraints. To
selectively activate the operating modes, two boolean inputs
σ1, σ2 are used, where σi = 1 means that the i-th condition is
enabled, otherwise σi = 0.

The conditions 1) and 2) can be formulated as:

σ � x�0 = 0 (8)

where σ = [σ1, σ2, σ2, σ2, σ2]� ∈ R
5×1, and � indicates the

element-wise multiplication (i.e., Hadamard product).

D. PROBLEM FORMULATION
Based on the presented modeling, the optimization problem
can be formulated as:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

minx F (x)

s.t. Gx− g = 0;
σ � x�0 = 0;
for i = 1, . . . , Nx :

xe
i A
(
xe

i

)� ≤ I2
max,i

xe
i B
(
xe

i

)� ≤ I2
max,i

xe
i C
(
xe

i

)� ≤ I2
max,i

(9)

It is worth to remark that, assuming F be a convex function,
whose actual expression and derivation are shown in Sec-
tion IV, and being the constraints convex, the optimization
problem (9) is convex [19].

III. SOLUTION METHOD
The solution method proposed herein is derived from dual-
ascent technique. The resulting algorithm to solve the problem
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in (9) is described in this section, while its actual implemen-
tation is discussed in Section V.

The dual-ascent method is an asymptotically optimal
method to solve convex optimization problems using La-
grange multipliers [25], [26]. Dual-ascent is suitable for
problems that exhibit a separable structure. In this case, the
cost function is the sum of terms associated with different
units, each depending solely on itself, so its application be-
comes natural.

Considering the problem in (9), its Lagrangian can be ex-
pressed as:

L {x,λ, ν,μ} = F (x)+ λ� (Gx− g)

+ ν�
(
σ � x�0

)
+ μ� (ϒabc −ϒmax)

(10)

where λ ∈ R
5×1, μ ∈ R

3Nx×1, and ν ∈ R
5×1 are

column vectors containing Lagrange multipliers, and
ϒabc,ϒmax ∈ R

3Nx×1 are the vectors containing the squares
of the per-phase currents and maximum currents of all
controllable units:

ϒabc =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

I2
a,1

I2
b,1

I2
c,1
...

I2
a,Nx

I2
b,Nx

I2
c,Nx

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
; ϒmax =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

I2
max,1

I2
max,1

I2
max,1

...

I2
max,Nx

I2
max,Nx

I2
max,Nx

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(11)

The dual-ascent is traditionally implemented by iteratively
updating the solution x as follows:

x (k + 1) = arg min
x

L {x,λ(k), ν(k),μ(k)} (12)

When the solution exists in closed form, (12) can be solved
as ∇xL = 0, as done in [21]. If a closed-form solution is
not available, other strategies should be applied. A simplex
method (see, e.g., [27]) is employed in [22] for solving (12);
the drawback of that approach is the computation burden
of the simplex algorithm’s iterative nature, involved in each
dual-ascent iteration.

Differently, it is worth noting that, even if the solution of
∇Lx = 0 can not be computed, it is still possible to compute
the expression of ∇xL. By exploiting the values of ∇xL, the
update of x(k + 1) can be performed by taking a finite number
of steps in the opposite direction of∇xL with a fixed step-size.
A single-step update is performed herein, obtaining:

x(k + 1) = x(k)− α∇xL {x(k),λ(k), ν(k),μ(k)} (13)

where α is the step size. Equation (13) resembles the updating
step of the primal variable implemented in the primal-dual
algorithm [28].

The update of the Lagrange multipliers for equality con-
straints is performed as:{

λ(k + 1) = λ(k)+ β
[
Gx(k + 1)− g

]
ν(k + 1) = ν(k)+ δ

[
σ(k)� x�0 (k + 1)

] (14)

FIGURE 2. Topology considered for the power losses characterization.

where β, δ are the step sizes of the update. By Karush-
Kuhn-Tucker (KKT) conditions, the update of the Lagrange
multipliers related to inequality constraints has to be per-
formed by setting 0 as their lower bound:

μ(k + 1) = min {0, μ(k)+ γ [ϒabc −ϒmax]} (15)

where γ is the step size.
After the considerations done above, the (k + 1)-th itera-

tion of the primal-dual algorithm can be performed as:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x(k + 1) = x(k)− α∇xL {x(k),λ(k), ν(k),μ(k)}
λ(k + 1) = λ(k)+ β

[
Gx(k + 1)− g

]
ν(k + 1) = ν(k)+ δ

[
σ(k)� x�0 (k + 1)

]
μ(k + 1) = min {0, μ(k)+ γ [ϒabc −ϒmax]}

(16)

IV. COST FUNCTION BASED ON CONVERTER LOSSES
The power losses of a typical three-phase half-bridge
topology have been characterized with respect to the operating
conditions.

For a single-phase converter, power losses can be modeled
as a quadratic function of the rms output current [21]:

P1φ

loss = a · I2
rms + b · Irms + c (17)

The topology considered herein is displayed in Fig 2.
The characterization for the three-phase converter aimed to

find a fitting function f such that losses can be expressed as:

Pi
loss = f

(
I+d,i, I+q,i, I−d,i, I−q,i, I0

d,i, I0
q,i

)
(18)

namely, as a function of dq components of symmetric se-
quences.

A. OVERVIEW OF THE EXPERIMENTAL SETUP
A 3 kW experimental rapid prototyping system [29] has been
employed to perform the characterization of the losses. Fig. 2
shows the topology considered. A Dewesoft Sirius-i data
acquisition system is used to acquire the data and perform
the computation of power loss, by means of the dedicated
software run on a desktop PC. A 30 kW Cinergia grid em-
ulator is employed to emulate the ac side, while a Keysight
RP7962 A is used as the dc source for the converter under test.
A schematic representation of the setup is shown in Fig. 3.

B. POWER LOSSES MEASUREMENT
Power losses have been measured on the converter under test
in about 4500 different operating points [I+d , I+q , I−d , I−q ] ∈
R

4. These points are determined by uniformly sampling R
4

over the nominal converter ratings, removing all the points
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FIGURE 3. Schematic representation of the employed setup.

in which at least one of the per-phase currents exceeds the
maximum value allowed. When steady state is reached, the
converter losses are measured.

In light of the analysis done in [21], the following fitting
function is considered:

f (|I|) = a · |I|2 + b · |I| + c (19)

where |I|2 = |I+d |2 + |I+q |2 + |I−d |2 + |I−q |2 is three-phase
current mean-square value. The chosen function (19) correctly
fits the measured data, as shown in Fig. 4.

The expression in (19) shows the dependence of power
losses on the rms three-phase current. Generalization of (19)
may be possible considering also zero-sequence components.
This latter case is included in this work assuming the model:

Pi
loss(I ) = ai · |Ii|2 + bi · |Ii| + ci (20)

where |Ii|2=|I+d,i|2+|I+q,i|2 + |I−d,i|2+|I−q,i|2 + |I0
d,i|2 + |I0

q,i|2.

V. ALGORITHM IMPLEMENTATION
A flowchart of the algorithm is shown in Fig. 5. At the be-
ginning, each controllable electronic power converter (EPC)
sends to the MC the coefficients of its cost function ai, bi, ci

and the current operating point xe
i . The MC also receives the

measured quantities at the PCC xe
0. It is assumed that the MC

knows the maximum per-phase current Imax,i for each EPC.
As in (4), the MC can compute the value of g based solely

on the operating points of the controllable units:

g� = x0 +
Nx∑
i=1

xi (21)

To compute the optimal solution, a fixed number of itera-
tions Nk = 1000 is chosen, in which (16) is run. When Nk

FIGURE 4. Experimental data (red dots) correctly fitted by the considered
loss function (19).

FIGURE 5. Flowchart of the proposed primal-dual based coordination
algorithm. Temporal sequence of executed tasks represented on the
bottom.
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Algorithm 1: Pseudocode of the Proposed Approach, Il-
lustrated in Fig. 5.

Start: go to Fetch;
Fetch:

Receive xe
i and ai, bi, ci from EPCs;

Receive xe
0 from PCC;

Initialize x to system current state;
Compute g using (21);
k ← 0;
go to Compute;

Compute:
Update x using (13);
Update λ using (14);
Compute ϒabc using (7) and (11);
Update μ using (15);
k ← k + 1;
if k < Nx: go to Compute;
else: go to Dispatch;

Dispatch:
Send optimal reference points to EPCs;
while settling not reached: wait;
go to Fetch;

is reached, the current solution x(k) is dispatched as reference
operating point for the EPCs. Then the algorithm is iterated.
To better clarify all the steps involved more in detail, the
pseudocode is shown in Algorithm 1.

As mentioned in Section II, the approach assumes low
bandwidth communication links between each controllable
unit and the microgrid controller where the optimization
algorithm is implemented. The execution rate of the algo-
rithm is set to 6 executions per hour, which is suitable
for the considered power profiles variation. Remarkably, the
computational burden of such an algorithm allows a much
higher execution rate on modern digital controllers, as fur-
ther elaborated in Section VI. This allows sufficient time
for the controller to receive the data from controllable units,
compute and dispatch the new optimal solution, and allow
converters to reach the new operating point. Remarkably,
each execution is a different optimization problem. This al-
lows interrupt-based variable-rate implementation, where the
MC executes the optimization algorithm as soon as all the
new data is received. Converters can manage their own set-
tling time by sending the data only after their transient is
completed.

VI. APPLICATION EXAMPLE
To show the effectiveness of the proposal, the low-voltage
microgrid benchmark proposed by Cigre [30] is taken as a
benchmark, and the proposed method is tested in a scenario
where the units in the grid are provided with a varying power
profile along 24 hours.

FIGURE 6. Considered microgrid benchmark, adapted from [30]. The table
on the bottom illustrates the cost functions for the controllable units.

A. BENCHMARK DESCRIPTION
The microgrid, shown in Fig. 6, is composed of unbal-
anced loads, wind turbines, photovoltaic panels, and energy
storage systems (batteries). In the considered tests, only
battery-sourced converters EPC1 and EPC2 are considered as
dispatchable, so the algorithm runs optimizing their operating
point. Loads and non-controllable converters are considered
non-controllable units.

The loads and generators of the microgrid are considered
with a variable power profile, along 24 hours. The photo-
voltaic sources, at nodes C and D, and wind turbines, at node
E, in Fig. 6, have power profiles obtained from real data [31]
and [32], respectively, with nominal peak power as indicated
in the same figure.

The loads in the microgrid are buildings, either residen-
tial or commercial. In particular, the loads at nodes D and
E represent offices with three-phase connection, while each
phase of all the other loads represents houses, each having an
independent randomly generated power profile, which causes
unbalanced power absorption considered the three-phase net-
work. Load absorptions from offices and houses are generated
using a Matlab-based app [33]. The nodes D and E have a
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FIGURE 7. Aggregated active power profiles of units in the considered
microgrid: (a) total power absorbed by the loads; (b) total power generated
by renewable sources; (c) active output power of EPC1 and EPC2.

power factor equal to 0.95, while all the other loads have
a power equal to 0.85. Distribution lines are made of six
different types of conductors, with R/X -ratio ranging from
1.76 to 7.48; the line impedance values are detailed in [30].
Finally, the active power of EPC1 and EPC2 are assumed to
be managed by an energy management system, which supplies
15 kW active power during peak demand (i.e., from 6 a.m. to
6 p.m.) and recharges the batteries at 15 kW for the remaining
time. The total power is then shared among EPC1 and EPC2
proportionally to their nominal powers.

The profiles for the various units in the microgrid are re-
ported in Fig. 7, where Ploads is the total power absorbed by
the loads (i.e., offices and houses), Pgen is the generated power
from PV panels and wind turbine, and Pems is the total active
power output of EPC1 and EPC2.

The coefficients ai, bi, ci for controllable EPCs are derived
from the efficiency curves versus percentage output power of
two commercially available inverters, namely [34] for EPC1
and [35] for EPC2. From the efficiency curves, the curve of
power loss with respect to three-phase rms current is derived,
and fitted using (20) to obtain ai, bi, ci. Fig. 8 shows the
efficiency data and the fitting curves. A 20 m� resistance is
considered on each phase at the PCC to model grid losses.

B. TEST RESULTS
Four different scenarios are considered and compared in the
following:
� Case 1: algorithm disabled, controllable EPCs only ex-

change active power as in Fig. 7(c);
� Case 2: the algorithm provides optimal reference values

to controllable EPCs;

FIGURE 8. Efficiency curves (black crosses) from data reported in [34]
and [35], respectively, and fitting curves (red curves) from (20).

� Case 3: the algorithm provides optimal references to
achieve balanced currents at PCC;

� Case 4: the algorithm provides optimal references to
achieve balanced currents and zero reactive-power flow
at PCC.

Fig. 9 collects and allows the comparison of the results from
the different test cases considered. To compute an unbalance
factor that accounts for both negative and zero sequence cur-
rents, the following formula is used:

UF% =
√
|I−|2 + ∣∣I0

∣∣2
|I+| · 100 (22)

The power factor is instead computed as PF = P/S.
The results show that the most efficient operation is

achieved in Case 2, as expected. The power loss is reduced by
more than 5% with respect to Case 1, during peak demand.
It is worth remarking that the efficiency gains depend on
the actual microgrid structure and operating conditions,
and may vary based on the compensation effort required
to the converters. In this case, the loads with higher power
absorption present a higher power factor, namely, 0.95. Of
course, if such a PF is decreased, then a greater reduction in
losses is expected with respect to Case 1. Case 2 also leads
to improvements in power factor and PCC current unbalance
factor, because now part of the reactive power and unbalanced
currents are provided by EPC1 and EPC2, thanks to the
coordination algorithm.

Case 3 considers the service of imposing balanced current
flow at PCC, by means of the constraints presented in Sec-
tion II-II-C. This setting of the control algorithm achieves
perfectly balanced currents at the PCC, while limiting the
power loss.

Finally, operation in Case 4 allows to achieve unitary power
factor at the PCC, with PCC currents perfectly balanced. This
operation mode engages the distributed controllable units with
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FIGURE 9. Simulation results: (a) total power loss of the system; (b) percentage loss reduction with respect to Case 1; (c) unbalance factor of currents at
PCC; (d) power factor at PCC; (e) power demand and generation in the microgrid.

a higher effort, which brings to a loss increase with respect
to Case 1. In fact, this mode of operation requires EPC1
and EPC2 to supply the full unbalanced currents and reactive
power required within the microgrid.

C. ALGORITHM PERFORMANCE
The algorithm’s convergence performance has been assessed
to verify its effectiveness. The assessment encompasses all the
algorithm executions in all four cases considered.

Fig. 10 shows the result. On the x-axis, the plot reports the
number of iterations, with k ∈ [0, 1000]; on the y-axis, the
plot reports the percentage of setpoints x that, after k itera-
tions, are closer than a threshold εt to the ideal final solution

x∗ (i.e., the convergence value), over all the executions of
the considered cases along the 24 h. The threshold εt is a
given relative-error, computed as the 2-norm of the difference
between the ideal final solution and the solution found after k
iterations, divided by the 2-norm of the ideal final solution:

ε% = ‖x(k)− x∗‖2
‖x∗‖2

· 100 (23)

Several thresholds are considered herein, namely, 5%, 1%,
and 0.1%. Notably, after 200 iterations, the error is always
below 5%, while after less than 400 iterations the error is
always below 1%. It takes slightly more than 600 iterations
to keep the error below 0.1%.
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FIGURE 10. Convergence performance of the proposed algorithm.
Percentage of intermediate solutions, after the indicated # of iterations,
that are closer than the threshold εt to the ideal final solution (i.e., the
convergence value).

Moreover, the computational effort needed to run the al-
gorithm has also been evaluated. Specifically, the proposed
algorithm has been implemented in an Imperix B-Board
ProTM control board [36], which embeds two 1 GHz ARM
CPUs. The real-time execution rate has been set to 50 kHz,
and is responsible for the local control task of regulating
the converter output quantities by the grid-forming control
method presented in [37], while the proposed algorithm runs
at 1 Hz. The timing analysis tool of the control platform
reports an average usage of the controller of 39.94%, with
a peak of 47.23%. This shows the method described herein
can be, for instance, executed by the control board of one
of the converters present in the considered microgrid along-
side the local control tasks, without the need for a dedicated
centralized control unit. Still, in applications, dedicated mi-
crogrid controllers may be available, as foreseen by relevant
standards [38], and employed for running the optimization
algorithm.

VII. CONCLUSION
The approach presented in this paper optimizes the provi-
sion of unbalanced and reactive currents, encompassing grid
and converter losses. The considered topology has been ex-
perimentally characterized, to derive a model for its power
losses with respect to the operating conditions. An optimiza-
tion problem has been formulated as a Lagrange multipliers
problem, and it has been solved using a proposed algorithm
based on the primal-dual method. Simulations are carried out
on a modified Cigre benchmark microgrid, considering the
typical power profiles of its units along 24 hours, proving
the effectiveness of the proposed approach in mitigating the
power losses of the system and in compensating unbalanced
and reactive currents at the PCC. In a microgrid control hi-
erarchy, the proposal can implement a control layer receiving
input from other higher-level economic policies that define an-
cillary service setpoints and energy transactions and providing
references to lower-level inner and primary controllers (e.g.,
droop-like controllers) of distributed electronic converters.
Being able to effectively deal with quadratic (or even pseudo-
quadratic, as in this case) cost functions, the proposed method
can be an effective solution in a very wide class of different
problems. Moreover, with its light computational cost, it may
not even need a dedicated controller carrying out its control

tasks solely, but could be run alongside other control tasks on
a local controller.

APPENDIX
DQ SYMMETRICAL-COMPONENTS TO PER-PHASE
RMS CURRENTS
The matrices A, B,C used in (7) allow to obtain the squared
absolute value of per-phase currents, namely I2

a,i, I2
b,i, I2

c,i,

from the vector xe
i = [I+d,i, I+q,i, I−d,i, I−q,i, I0

d,i, I0
q,i]. The deriva-

tion is simple but involves some calculations.
From symmetrical components, abc components can be

obtained as:⎡
⎢⎣Ia

Ib

Ic

⎤
⎥⎦ =

⎡
⎢⎣ 1 1 1

a2 a 1

a a2 1

⎤
⎥⎦
⎡
⎢⎣I+

I−

I0

⎤
⎥⎦ ; a = e j 2π

3 (24)

where underline indicates complex quantities. By decompos-
ing the symmetrical components in their dq components, from
(24) one obtains:

Ia = I+ + I− + I0 = I+d + I−d + I0
d + j

(
I+q + I−q + I0

q

)
Ib = a2I+ + a I− + I0

= − 1

2
I+d +

√
3

2
I+q −

1

2
I−d −

√
3

2
I−q + I0

d

+ j

(
−
√

3

2
I+d −

1

2
I+q +

√
3

2
I−d −

1

2
I−q + I0

q

)

Ic = a I+ + a2I− + I0

= 1

2
I+d −

√
3

2
I+q −

1

2
I−d +

√
3

2
I−q + I0

d

+ j

(√
3

2
I+d −

1

2
I+q −

√
3

2
I−d −

1

2
I−q + I0

q

)
Taking the squared absolute value of Ia, Ib, Ic one obtains the
following expressions:

I2
a =

(
I+d
)2 + (I+q

)2 + (I−d )2 + (I−q
)2 + (I0

d

)2 + (I0
q

)2

+ 2I+d I−d + 2I+d I0
d + 2I+q I−q + 2I+q I0

q + 2I−d I0
d + 2I−q I0

q

I2
b =

(
I+d
)2 + (I+q

)2 + (I−d )2 + (I−q
)2 + (I0

d

)2 + (I0
q

)2

− I+d I−d − I+d I0
d − I+q I−q − I+q I0

q − I−d I0
d − I−q I0

q

+
√

3I+d I−q −
√

3I+d I0
q −
√

3I+q I−d −
√

3I+q I0
d

+
√

3+ I−d I0
q −
√

3I−q I0
d

I2
c =

(
I+d
)2 + (I+q

)2 + (I−d )2 + (I−q
)2 + (I0

d

)2 + (I0
q

)2

− I+d I−d − I+d I0
d − I+q I−q − I+q I0

q − I−d I0
d − I−q I0

q+
−
√

3I+d I−q +
√

3I+d I0
q +
√

3I+q I−d +
√

3I+q I0
d

−
√

3− I−d I0
q +
√

3I−q I0
d
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For the i-th controllable unit, the expressions of I2
a , I2

b , I2
c can

be derived by

I2
x,i = xe

i X
(
xe

i

)� ; X = A, B,C (25)

From (25) one can easily see that the squared terms in the ex-
pressions I2

a , I2
b , I2

c are obtained having 1 in the main diagonal
of the matrices A, B,C, while the other monomials are ob-
tained by placing half of their coefficients in the related rows
and columns of the matrix, obtaining X = X�. The matrices
are, therefore:

A =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 0 1 0 1 0
0 1 0 1 0 1
1 0 1 0 1 0
0 1 0 1 0 1
1 0 1 0 1 0
0 1 0 1 0 1

⎤
⎥⎥⎥⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 1
2

√
3

2
1
2 −

√
3

2

0 1 −
√

3
2

1
2

√
3

2
1
2

1
2 −

√
3

2 1 0 1
2

√
3

2√
3

2
1
2 0 1 −

√
3

2
1
2

1
2

√
3

2
1
2 −

√
3

2 1 0

−
√

3
2

1
2

√
3

2
1
2 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

C =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 1
2 −

√
3

2
1
2

√
3

2

0 1
√

3
2

1
2 −

√
3

2
1
2

1
2

√
3

2 1 0 1
2 −

√
3

2

−
√

3
2

1
2 0 1

√
3

2
1
2

1
2 −

√
3

2
1
2

√
3

2 1 0√
3

2
1
2 −

√
3

2
1
2 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(26)
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