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Abstract: Low-voltage grid-connected microgrids rely on the exploitation of inverter-interfaced
distributed energy resources (DERs) in order to feed loads and to achieve bidirectional power
flow controllability at their point of common coupling (PCC) with the upstream grid. However,
adverse operational conditions, such as the existence of DERs of different operation natures, DERs of
non-equal power ratings, as well as the occurrence of non-steady and non-sinusoidal grid voltage
scenarios, bring complications to microgrid energy management. Consequently, control strategies
employed to coordinate DERs in dispatchable microgrids need to be resilient to such non-ideal
conditions. Hence, this paper demonstrates that a multi-purpose strategy, so-called the Generalized
Current-Based Control (GCBC) approach, is capable of steering DERs under such adverse operational
scenarios, ensuring proportional current sharing among them while also regulating the microgrid
power dispatchability at the PCC. The discussions are supported by an extensive experimental
validation on a laboratory-scale single-phase microgrid prototype, demonstrating that the GCBC
approach allows DERs of different operational natures to be coordinated, respecting their power
ratings, and allowing the single-controllable microgrid to endure operation under distorted voltages
and support voltage ride-through conditions.

Keywords: current sharing; dispatchable microgrid; distorted voltages; distributed energy resources;
inverters; power quality; voltage ride through

1. Introduction

Small-scale distributed energy resources (DERs) have spread fast over AC low-voltage (LV)
electrical power grids [1,2], becoming key players in the actual clean energy transition sought
worldwide, particularly due to their capability of incorporating renewable energy sources (RESs)
and energy storage systems (ESSs) into their physical structure [3,4]. In general, DERs also take
advantage of power electronic inverters as interface elements with the grid, allowing them not
only to provide active power conversion from the energy source at their DC side but also to
offer multiple ancillary services [5–7] at their AC side. Among the numerous complementary
functionalities offered by such DERs, the grid-support and power quality-related services (e.g.,
reactive power control, harmonic compensation, voltage regulation, and so forth) are among
the most promising ones for the present and near future of LV grids [5,8,9].

An interesting scenario in which such ancillary services’ provision is highly appreci-
ated is the one of LV microgrids (MGs) [10–13], which are electrical systems dominated by
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DERs and composed of a considerable amount of linear and non-linear loads. Moreover,
as seen in Figure 1, MGs present other particularities of operation that have motivated a
considerable amount of research in the past decades [12,14–16]: (i) their flexibility to be
controlled as a single entity with respect to the point of common coupling (PCC) with the
upstream LV grid (i.e., as a dispatchable entity [17,18]) and (ii) their ability to operate either
interconnected or islanded [19,20]. Nevertheless, as a consequence of the MGs’ multiple
management features, coordinated control strategies need to be implemented to adequately
exploit DERs to support a controlled power dispatchability at the MG PCC, as well to
achieve power quality interventions [13,21].
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Figure 1. Example of a dispatchable MG interconnected to an upstream grid, comprising multiple
DERs of assorted natures and different operational conditions, being managed by an MGCC.

The demand for flexible, coordinated control strategies is particularly justified by the
MGs’ diversity of apparatuses [10], because they usually need to manage DERs of assorted
operational natures, such as dispatchable (d-DERs) (e.g., the ones based on ESSs) and non-
dispatchable elements (nd-DERs) (e.g, pv-based and wind-based systems, etc.) [20]. Addi-
tionally, such electrical systems present other inherent operational complications caused by
the existence of DERs of non-equal power ratings, which leads to non-proportional power
sharing within the MG, besides the fact that remote control capabilities might not always be
available for all DERs, forcing coordination strategies to cope with this perspective. Other
common concerns to be taken into account are those related to voltage quality, because
LV MGs likely face non-sinusoidal or non-steady voltages conditions over time [22,23],
consequently bringing additional energy management and stability challenges.

In the literature, several previous papers have proposed coordination strategies for
DERs within the MG perspective, considering the above-mentioned adverse operational
conditions. For instance, refs. [24–26] presented control approaches focused on the imple-
mentation of droop-controlled DERs to achieve better power quality indexes and propor-
tional power sharing. Similarly, by using adaptations in droop-based control functions and
based on the implementation of virtual impedance loops, refs. [27–29] presented strategies
to achieve accurate active and reactive power sharing among the DERs in MGs. In [20,30],
the challenge of having DERs of different operational natures is addressed. For the former
approach, it is demonstrated that the AC bus-signaling strategy allows to obtain satisfactory
energy management for the MG, and for the latter strategy, a hierarchical topology supports
the coordination of the DERs. Nonetheless, for all these previous strategies, as well as
for many others found in the literature [31–33], focus is given to the islanded mode of
operation, not addressing the mutual concern for controlling the MG power dispatchability
to support an upstream grid.

On the other hand, the coordination of DERs in grid-connected MGs is less discussed
in the literature, although a considerable amount of research has already been performed.
For instance, refs. [34–37] discuss how inverters can be adequately steered in LV MGs while
considering the interconnection to an upstream grid. Focus is given to the implementation
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of a centralized controller that exchanges control data with the inverters (i.e., similarly
to Figure 1), using low-bandwidth communication channels as the means to set control
setpoints for the coordination. As a result, such papers demonstrate that proper power
sharing and control over the power dispatchability to the upstream grid can be attained.
Considerations for accommodating multiple DERs and achieving energy management in
dispatchable LV MGs are also presented in [38,39]. Moreover, the controllability over the
MG power flow is discussed thoroughly in [17,18,40,41], reinforcing the importance of
managing such an operational functionality. Yet, the literature shows that the controllability
at the interconnection point with the upstream grid (i.e., the PCC) can even support LV
MGs to evolve to the E-LAN concept [42], allowing to achieve independent control of the
currents in each feeder of the grid.

Another coordinated control methodology is extensively discussed in [43–45], being
applied to the perspective of grid-connected MGs in which the active, reactive, and har-
monic powers need to be shared among DERs. In such a case, the so-called Generalized
Current-Based Control (GCBC) strategy is considered, having grounds on the remote con-
trol topology depicted in Figure 1. The GCBC relies on the central controller (MGCC) and
on the analysis of current terms to coordinate DERs to support a multi-purpose MG opera-
tion. Consequently, active, reactive, and selective harmonic currents can be shared among
the DERs proportionally to their nominal capabilities while also taking into consideration
the regulation of the MG power flow at the PCC.

Nevertheless, although extensive explanations about the GCBC strategy have been
provided in [43,44], and comparative studies against the state-of-the-art control approaches
were carried out in [44,45], the existence of DERs of assorted natures (i.e., d-DER and
nd-DERs) in the MG has not been explored yet. In addition, discussions and experimental
validations have not been found in the literature for what concerns the GCBC’s resilience
of operation under adverse MG operational scenarios, such as non-ideal voltage conditions.
Thus, this gap in the discussions in relation to such a strategy is the motivation for this
paper. Lastly, it is worth mentioning that the flexibility of operation and the capability to
withstand the coordination of DERs under non-ideal scenarios put the GCBC as a powerful
alternative to achieve more reliable LV distribution systems. Consequently, the authors
believe that the strategy will soon be seen by distribution system operators (DSOs) as a
promising tool to manage DERs in real applications.

Paper Contributions and Organization

Taking into account the scenario of a grid-connected single-phase LV MG comprising
multiple DERs being coordinated by a centralized entity, the contributions of this paper are
three-fold, being given as follows:

• A duly detailed mathematical presentation of the GCBC strategy, demonstrating how
such a control methodology steers DERs and manages the MG’s power dispatchability
at the PCC under several scenarios;

• Validation by means of experimental results that the GCBC allows to manage the
MG considering the co-existence of d-DERs and nd-DERs. It is demonstrated that
an adequate MG operation is also achieved in the presence of DERs without remote
control interfaces. Moreover, the results show that proportional current sharing can be
guaranteed among all DERs controlled by the GCBC;

• The experimental validation of the MG operation under non-sinusoidal and non-
steady voltage conditions. Thus, it is demonstrated that the DERs controlled by the
GCBC can endure operation when the grid suffers from distorted voltages, as well as
when voltage ride-through resiliency is required.

This paper is organized as follows. In Section 2, the MG topology and control principles
are presented to explain the context of the operation of the GCBC strategy and how it
allows to obtain a coordinated operation of DERs. In Section 3, the laboratory prototype
of the single-phase dispatchable MG is discussed and some preliminary operation results
are presented. In Section 4, the experimental results of the MG operation upon adverse
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scenarios are presented, highlighting the features of the GCBC strategy. Finally, Section 5
closes the paper with the conclusions of the research. It is finally highlighted that the term
“adverse operational conditions” used in this paper focuses on the following concerns:
(i) the existence of DERs of different operation natures; (ii) having DERs of non-equal
power ratings; (iii) the occurrence of non-steady voltage profiles; and (iv) the unintentional
imposition of non-sinusoidal voltages in the MG PCC by the upstream grid.

2. Microgrid and DER Control Principles

The motivation of the GCBC strategy rises from the challenges behind the mutual
implementation of: (i) coordination algorithms to achieve current sharing among DERs
in an LV MG and (ii) the desire to control a grid-connected MG as a single controllable
entity (i.e., seen by the upstream grid perspective). Hence, to explain how the GCBC
strategy operates, it is first required to discuss its main application scenario, leading to
the discussions about the MG topology and control principles. The infrastructure of the
considered LV MG scenario is presented in Figure 1, in which three main aspects need to
be clarified.

The first aspect relates to the existence of a single PCC interconnecting the MG with
an upstream grid, which is usually characterized by the placement of a distribution system
transformer (DST). The PCC is an important branch of the electric circuit because it is
where the MG power dispatchability is regulated, being also where the MGCC is preferably
physically placed. The second aspect takes into account the LV scenario of application,
which is typically characterized by having line impedances of a low X/R ratio (i.e., X/R < 1.0).
Consequently, the cables impedances are predominantly resistive, which is an important
consideration for the GCBC formulation, as explained in Section 2.1. The last aspect relates
to the homogeneity of the MG elements, indicating that (i) line impedances present a similar
impedance value per length at each branch of the circuit and that (ii) the DERs and loads
are uniformly distributed throughout the MG and they present a fairly similar range of
power density.

With regard to the control DERs, this paper considers that both d-DERs and nd-DERs
exist in the MG. In addition, to cope with realistic scenarios, it is considered that remote
control capability is not present for all DERs. Different types of control functionalities are
considered for the DERs, according to the summary presented in Table 1. Note that the
GCBC can only coordinate d-DERs and Type B nd-DERs. Particularly for the latter, control
occurs only over their ancillary service provision (i.e., reactive and harmonic control) when
they present the remaining power capability (i.e., due to their non-coordinated active power
injections). Type A nd-DERs are not controlled by the GCBC because they do not present
a communication interface. Nonetheless, this paper demonstrates that the coordination
provided by the GCBC is not affected by the existence of Type A nd-DERs in the MG. At
last, it is highlighted that the GCBC considers all DERs to be driven as current sources [46]
(i.e., under a current-controlled mode) to achieve the facilitated compliance with the grid
codes [47].

Table 1. Types of DERs considered for the MG and their control functionalities.

Dispatchable Communication Active Reactive Harmonic
(Remote Control) Control Control Control

nd-DER Type A 7 7 3 7 7

Type B 7 3 3† 3 3

d-DER 3 3 3 3 3

† Not performed under coordinated control.

The MG energy management is then explained based on the structure presented
in Figure 2. A hierarchical management architecture based on multi-rate control [44]
is considered for implementing the current-based coordination provided by the GCBC
strategy. Three main control layers are responsible for the entire operation of the MG and
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its interaction with the distribution system, being slightly different from classic hierarchical
topologies found in the literature [12,48,49], as thoroughly explained in [43,44].

Primary Layer (Local Control)

Tertiary Layer (MGCC: Microgrid Manager / DSO)

Secondary Layer (Generalized Current-Based Control (GCBC))

  

Microgrid Hierarchical Control Architecture

Primary Layer (Local Control)

Tertiary Layer (MGCC: Microgrid Manager / DSO)

Secondary Layer (Generalized Current-Based Control (GCBC))

 

Microgrid Hierarchical Control Architecture

IGrid*

αα

Figure 2. MG hierarchical control architecture with the integration of GCBC strategy.

The primary layer is where all the local controllers and operation algorithms are located
to provide an adequate interconnection of DERs to the electric grid. Basic operational
algorithms, such as the ones for grid synchronization and current/voltage control loops,
as well as other specific embedded functionalities (e.g., MPPT control, anti-islanding,
V-f droop control, etc.) are implemented within this layer at each DER. For the DERs
coordinated by the GCBC strategy, control setpoints (α) are sent by the MGCC to regulate
the output current at their point of connection (PoC), as explained in Section 2.1. Hence,
the secondary control layer shown in Figure 2 incorporates the GCBC strategy and it is
implemented within the MGCC. Such a layer is responsible for offering multiple MG
functionalities, such as active, reactive, and harmonic current sharing among the DERs,
control of the MG power dispatchability, and many other functionalities to achieve a more
robust MG operation. Finally, the tertiary layer allows the MGCC to interact with the
external market or regulatory players, allowing it to respond to external energy demands,
as well as providing the intelligent and/or optimal management of the MG elements. For
instance, based on the dispatchability setpoints (IGrid∗) established in agreement with the
DSO, the tertiary layers allow the MG to regulate the power flow at its PCC, consequently
supporting its participation in transactive actions [50].

2.1. The Generalized Current-Based Control Strategy

First we suppose that a number J (i.e., j = 1, 2, 3, . . . , J) of DERs exist in the grid-connected
MG. Moreover, as long as the DERs present remote control capabilities, they can be controlled
by the GCBC. Now, to explain the GCBC strategy, let us consider that the peak value (I)
of current components from a DER and from the MG PCC will be denoted by IDER and
IGrid, respectively. Additionally, one fundamental definition is highlighted: supposing a time-
domain current (i(t)) composed of H harmonic components (i.e., h = 1, 2, 3, . . . , H), i(t) can be
rewritten at any time by Equation 1. Such a definition considers an AC time-domain signal of
unity amplitude that determines the in-phase (xh||) or quadrature (xh⊥) synchronism of the
current components, respectively, in relation to the voltage of that same node of the circuit.

i(t) =
H

∑
h=1

(Ih|| · xh||(t) + Ih⊥ · xh⊥(t)) (1)

The GCBC strategy relies on three main tasks to coordinate DERs, being: (i) the
local evaluation of electrical quantities at DERs and PCC; (ii) the processing of the GCBC
algorithm at the MGCC; and (iii) the local current reference setting at DERs. The scheme
shown in Figure 3 illustrates how these tasks compose the GCBC strategy. Note that, given
a control cycle “k”, the GCBC tasks are processed sequentially at different locations of the
MG, using communication links to adjust the currents injected by the DERs at the final step.
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Figure 3. Three main tasks of the GCBC strategy.

Consequently, load changes and uncertainty in generation capabilities can be handled
by the GCBC strategy, steering DERs to achieve the intended MG operational goals respect-
ing their nominal capabilities. Let us now present a more detailed explanation about each
of these tasks.

(i) Local Evaluation of Electrical Quantities

This task processes the electrical quantities (i.e., voltage and currents) at the nodes
of interest. It occurs at each coordinated DER as well as at the MGCC. Such a procedure
is required to detect the peak values of the currents flowing through the DERs’ PoCs
and the PCC. For instance, taking the time-domain local output current of a DER, io

m(t),
in which m stands for the respective phase of a generic circuit (e.g., m = a, b, or c, for
three-phase topology). The scheme demonstrated in Figure 4a extracts the magnitude of
the in-phase (Io

h||m ) and quadrature (Io
h⊥m

) currents components from io
m(t). Because such

calculations occur at the DERs and the PCC, one finds that Io
hm

= I
DERj
hm

for each j-th DER,
and Io

hm
= IGrid

hm
for the PCC.

The decomposition of current components should be conducted for all harmonic
orders (h) aimed to be controlled. By managing the fundamental in-phase component,
Io
1||m , active current control is obtained, whereas reactive current control relates to Io

1⊥m
.

The components of higher harmonic orders (i.e., for h = 2, 3, 4, 5, . . . , H), Io
h||m , and Io

h⊥m
,

are responsible for the regulation of non-fundamental currents. As a result, at this point,
it is evident that a per-phase analysis of currents is performed by the GCBC at selected
harmonic orders. It is important to reinforce that both even and odd harmonics can be
considered in the GCBC formulation. Hence, the set of controlled harmonic orders is
defined by the MGCC according to the MG’s desired goals of operation.

The GCBC’s local evaluation task first measures the local currents and voltages (vo
m)

of a PoC or PCC, as seen in Figure 4a (i.e., vo
m = vDERj

m for DERs, or vo
m = vGrid

m for
the PCC). Later, the voltage feeds a PLL algorithm, allowing to obtain the fundamental
synchronization angle θ1m, which is also used for calculating the synchronization angles
θhm = h · θ1m that provide the references for the harmonic frames. By feeding such angles
to cosine and sine functions, the unity reference signals, xh||m and xh⊥m , can be obtained for
the in-phase and quadrature orientations. Assuming that the adopted PLL algorithm is
robust, the GCBC can endure operation under non-ideal voltage conditions. Hence, the
PLL algorithm discussed in [51] is herein considered for the GCBC implementation.

Knowing xh||m and xh⊥m , as well as the node current io
m(t), a discrete Fourier transform

(DFT) [52] allows to calculate the peak values of the targeted current components. The
adopted DFT is devised in Figure 4a by means of moving average filters (MAFs) that act as
low-pass filters (LPFs), allowing simple digital implementation. Consequently, due to the
feature of this implementation, the peak current terms Io

h||m and Io
h⊥m

are average quantities
that could assume either positive or negative values, depending on how xh||m and xh⊥m

interact with io
m(t). For instance, attaining a positive value for Io

1||m would indicate an
injection of active power. On the other hand, power absorption (i.e., storage) would result
in a negative value for Io

1||m . (The negative magnitude of a periodic current component
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does not present mathematical meaning. Such a definition is an abstraction, given that
the peak detection scheme from Figure 4 can indicate if a current component is either in
phase or 180o shifted in relation to xh||m or xh⊥m . For the case of having a 180o-shifted
current signal, a negative peak value is obtained.) It is remarked that other approaches
for the calculation of the peak currents [53,54] could be devised if desired, guaranteeing
compatibility with the following steps of the GCBC strategy. Finally, note that in Figure 4b,
a graphical representation of the discussed local evaluation is presented to further clarify
how the peak currents are calculated.
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tration of the procedure in (a).

By having all the peak currents calculated (i.e., Io
h||m and Io

h⊥m
), they are gathered to

compose a data packet, which is sent to the MGCC, as shown in Figure 4a. Along with
the decomposed terms, other peak current terms are inserted into this data packet. Such
quantities are the nominal current rating for each j-th DER (IDERj

nomm ), the maximum active
current that it can generate (IDERj

1||maxm
), and the maximum active current that it can store

(IDERj
1||stom

) if an ESS exists.

The term IDERj
nomm relates to the nominal apparent power of that DER. Moreover, the

term IDERj
1||maxm

indicates j-th DER’s capability to inject active current, either considering the
implementation of MPPT algorithms for its RES (i.e., if it is an nd-DER) or based on the
usage of stored power (i.e., if it is a d-DER). On the other hand, the term IDERj

1||stom
relates to

the SoC of the ESS, as typically adopted for battery systems [55], indicating that such a
variable is only applied to d-DERs.

As a final remark, it is highlighted that IGrid
h||m and IGrid

h⊥m
are only used locally by the

MGCC. This occurs because they are obtained from quantities measured at the PCC and
are not required to be transmitted to DERs at any moment.

(ii) Processing of the GCBC Algorithm at the MGCC

The second task relates to the operation of the GCBC algorithm at the MGCC. Such
an algorithm needs to be periodically processed, taking into account the data packets
transmitted by the DERs. In addition, the GCBC algorithm processing occurs at each
control cycle “k” triggered at the beginning of a periodic window of the MG management,
which operates between milliseconds and minutes, according to the control needs and
physical topology of the system. Consequently, “k” is only updated at the next control
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cycle “k = k + 1”. By starting a new control cycle, after processing task “(i)”, the MGCC
pulls the data packets processed by DERs and attains the results from the evaluation of the
PCC currents.

By determining the H harmonic orders that need to be controlled, the following calcu-
lation is performed at the MGCC. The total current contribution of the J DERs is computed
first, for each harmonic order h, being given by Equations (2) and (3). Note that the in-
phase (IDERt

h||m ) and quadrature (IDERt
h⊥m

) current components are processed independently.

In addition, the superscript “t” herein stands for the total quantities of the MG (i.e., with
relation to all J DERs being coordinated).

IDERt
h||m (k) =

J

∑
j=1

IDERj
h||m (k) (2)

IDERt
h⊥m

(k) =
J

∑
j=1

IDERj
h⊥m

(k) (3)

Similarly, the nominal capabilities of the DERs (IDERj
nomm ) need to be computed, along with

their maximum generation (IDERj
1||maxm

) and storage (IDERj
1||stom

) currents, as given by
Equations (4)–(6), respectively. The GCBC processing at this stage allows to identify the
actual participation of DERs in the overall status of the MG operation.

IDERt
nomm (k) =

J

∑
j=1

IDERj
nomm (k) (4)

IDERt
1||maxm

(k) =
J

∑
j=1

IDERj
1||maxm

(k) (5)

IDERt
1||stom

(k) =
J

∑
j=1

IDERj
1||stom

(k) (6)

Because the MGCC also has the information about the currents flowing through the
PCC (i.e., IGrid

h||m and IGrid
h⊥m

), the summed current contribution (IL
h||m and IL

h⊥m
) of all MG

elements, including the passive or non-controlled ones, can be devised by Equations (7)
and (8). For that, Kirchhoff’s current law can be applied at the MG PCC as presented in
Figure 5.

IL
h||m(k) = IDERt

h||m (k) + IGrid
h||m (k) (7)

IL
h⊥m

(k) = IDERt
h⊥m

(k) + IGrid
h⊥m

(k) (8)

Additional remarks are made with regard to IL
h||m and IL

h⊥m
. First, note that they not

only comprise the currents drawn by the loads that may exist within the MG, but they
also incorporate all the power losses occurring in line impedances and other dissipative
elements. Moreover, DERs not being coordinated by the GCBC strategy are also considered
within these terms. Yet, Equations (7) and (8) are only valid due to the limited size of
the considered MG, its homogeneous characteristic, and the low X/R feature of its line
impedances, which guarantees that voltage shifts are not significant [43]. As a last remark,
note that if the DERs share IL

h||m and IL
h⊥m

completely, the current flow through the PCC

will become null. Therefore, if IL
h||m = 0 and IL

h⊥m
= 0 for all significant harmonic orders,

the MG operates under full self-consumption mode [56] in a steady state, not depending
on the upstream grid (i.e., aside from the fact of forming the grid by imposing the voltages
and frequency at the PCC).
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Figure 5. Kirchhoff’s current law applied to the MG peak current analysis.

Now, the controllable power dispatchability through the PCC provided by the GCBC
is further explained. Such a desired power flow can be translated into current signals that
must be drawn or dispatched by the MG, considering that it is interpreted as single entity
from the upstream grid perspective. Such reference signals refer to each harmonic order
“h” at the PCC, namely IGrid∗

h||m and IGrid∗
h⊥m

, and they establish the amount of peak current
that must circulate at the PCC, even after fulfilling the MG internal current needs (i.e.,
IL
hm

). Consequently, IGrid∗
h||m and IGrid∗

h⊥m
are usually set by the DSO. For example, if IGrid∗

1||m is a
non-null positive quantity, the upstream grid interprets the MG behaving as a single entity
acting as a load drawing active currents. On the other hand, if IGrid∗

1||m is a negative quantity,
it means energy export (i.e., the MG dispatching active power). In addition, as typically
adopted in MG contracts, active and reactive power is limited [57]. Consequently, such
PCC reference terms are constrained to upper and lower bounds (i.e., IGrid

1m
and IGrid

1m
) and

Equations (9) and (10) must be considered.

IGrid
1||m ≤ IGrid∗

1||m ≤ IGrid
1||m ∀ IGrid∗

1||m ∈ IR (9)

IGrid
1⊥m
≤ IGrid∗

1⊥m
≤ IGrid

1⊥m
∀ IGrid∗

1⊥m
∈ IR (10)

The GCBC algorithm then allows to define the currents that need to be shared by
the DERs, at the next control cycle “k + 1”, namely I∗h||m(k + 1) and I∗h⊥m

(k + 1). Such
references can be calculated according to Equations (11) and (12), which are expanded to
Equations (13) and (14).

I∗h||m(k + 1) = IL
h||m(k)− IGrid∗

h||m (k + 1) (11)

I∗h⊥m
(k + 1) = IL

h⊥m
(k)− IGrid∗

h⊥m
(k + 1) (12)

I∗h||m(k + 1) = IDERt
h||m (k) + IGrid

h||m (k)− IGrid∗
h||m (k + 1) (13)

I∗h⊥m
(k + 1) = IDERt

h⊥m
(k) + IGrid

h⊥m
(k)− IGrid∗

h⊥m
(k + 1) (14)

Hence, to coordinate DERs to achieve current sharing over multiple harmonic orders,
I∗h||m and I∗h⊥m

are used to calculate scaling coefficients (i.e., namely αh||m and αh⊥m ), by

means of Equations (15) and (16). The term
√

∆Im is the overall peak current capability of
the MG, and it provides proportional current sharing among DERs, while respecting their
current ratings. This term must be adjusted iteratively according to the calculation of each
scaling coefficient, as demonstrated in Figure 6.

αh||m =
I∗h||m(k + 1)
√

∆Im
, ∀ αh||m ∈ IR : −1 ≤ αh||m ≤ +1 (15)
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αh⊥m =
I∗h⊥m

(k + 1)
√

∆Im
, ∀ αh⊥m ∈ IR : −1 ≤ αh⊥m ≤ +1 (16)

Such a correction of
√

∆Im follows a sequential order, having active current control
processed first, reactive control next, and the in-phase and quadrature harmonic orders
processed last. Particular attention must be given to active current control because active
current injection or absorption must be related to IDERt

1||maxm
and IDERt

1||stom
, respectively. Note that,

because each step of this procedure is based on orthogonal subtractions, by using the DERs’
estimated currents (i.e., given by ÎDERt

h||m = αh||m ·
√

∆Im or ÎDERt
h⊥m

= αh⊥m ·
√

∆Im) at “k + 1”,
overcurrents are prevented. Additionally, such phasorial calculations also guarantee that
their current capabilities are respected. The scheme in Figure 6 uses two auxiliary variables
(∆Im and ∆Imold ), which hold the quadratic value of the overall current capability at the
actual and previous calculation steps, respectively. It should ultimately be remarked that, if
desired, for whatever MG management reason, the sequence of the iterative calculation of√

∆Im can be flexibly readjusted.

Active 
Current 
Control

 ∆𝐼𝑚 =  𝐼1||max 𝑚

𝐷𝐸𝑅𝑡   ∆𝐼𝑚 =   𝐼1||sto 𝑚

𝐷𝐸𝑅𝑡   or
Calculate

𝛼1||𝑚
 

Calculate
∆𝐼𝑚 =  (𝐼nom 𝑚

𝐷𝐸𝑅𝑡 )2 − (𝐼 1||𝑚  
𝐷𝐸𝑅𝑡 )2 𝛼1⊥𝑚

 

Calculate

𝛼ℎ ||𝑚
 

Up to highest
harmonic order (H)

Start

Reactive 
Current 
Control

Harmonic 
Current 
Control

Harmonic 
Current 
Control

Harmonic 
Current 
Control

𝐼 1||𝑚  
𝐷𝐸𝑅𝑡 = 𝛼1||𝑚 ∙  ∆𝐼𝑚  

 (∙) 𝐼 1⊥𝑚  
𝐷𝐸𝑅𝑡 = 𝛼1⊥𝑚

∙  ∆𝐼𝑚  

∆𝐼𝑚𝑜𝑙𝑑
= ( ∆𝐼𝑚 )2 
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𝛼3||𝑚
 𝐼 3||𝑚  

𝐷𝐸𝑅𝑡 = 𝛼3||𝑚 ∙  ∆𝐼𝑚  
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. . . . . .

. . .
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Figure 6. Iterative calculation of DERs’ current capability (
√

∆Im).

Finally, further explanations are given about the scaling coefficients, αh||m and αh⊥m .
These coefficients are within the range of [−1,+1], and if they are equal to +1 or −1, it
indicates that all the DERs’ current capacity, at a given harmonic order h, is used. As
expected, if these coefficients are null, no current control is performed at the respective
harmonic order. In particular, when looking into the coefficients of the fundamental order,
one can generally understand the coordination purpose of the DERs.

For instance, the term α1||m relates to active current control, and it indicates that
power injection is demanded by the DERs (i.e., if α1||m > 0), or that absorption/storage is
commanded (i.e., if α1||m < 0). On the other hand, the term α1⊥m implies that inductive or
capacitive behavior is provided by the DERs, if α1⊥m > 0 or α1⊥m < 0, respectively. Yet,
by using the non-fundamental scaling coefficients (i.e, αh||m and αh⊥m , for h ≥ 2), the MG
manager has a means to implement distributed and selective compensation of harmonic
currents. Of course, for the case of nd-DERs not comprising ESS, α1||m cannot assume

negative values, as IDERj
1||stom

is null. In addition, because the GCBC algorithm can also be
employed to coordinate active filters [58], a similar idea would apply, resulting in α1||m
being always null, as IDERj

1||maxm
= IDERj

1||stom
= 0.

This task of the GCBC strategy terminates by gathering, in a data packet, the scaling
coefficients of all harmonic orders to be controlled. Sequentially, this data packet is broad-
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cast to all participating DERs within the MG, so they can adjust their output currents as
given by the next step of the GCBC approach.

(iii) Current Reference Setting at DERs

The final procedure of the GCBC strategy is responsible for setting the right current
references to be injected by the DERs. This task occurs only at each DER, and it uses the
scaling coefficients transmitted by the MGCC. Let iDERj∗

m (t) be the time-domain current
reference of the phase m, for each j-th DER participating in the coordination strategy. Such
a reference can then be constructed similarly to Equation (1), in which the unity reference
signals (i.e., xDERj

h||m and xDERj
h⊥m

) come from the local evaluation of the electrical quantities
realized by that j-th DER. Thus, the final current reference used for that DER is given by
Equations (17) and (18), which can be summed up to result in Equation (19), similarly
to Equation (1).

iDERj∗
||m (t) =

H

∑
h=1,2,3,...

(
αh||m ·

√
∆IDERj

m · xDERj
h||m (t)

)
(17)

iDERj∗
⊥m

(t) =
H

∑
h=1,2,3,...

(
αh⊥m ·

√
∆IDERj

m · xDERj
h⊥m

(t)
)

(18)

iDERj∗
m (t) = iDERj∗

||m (t) + iDERj∗
⊥m

(t) (19)

In such equations, the current capability of each respective DER (
√

∆IDERj
m ) is used.

This variable is calculated in the same way as for the total current capability of the
MG (

√
∆Im), following the same iterative scheme presented in Figure 6. However, for√

∆IDERj
m , only the local quantities of that specific j-th DER must be used (i.e., IDERj

nomm ,

IDERj
1||maxm

, and IDERj
1||stom

).
A final remark is made with regard to the per-phase controllability provided by the

GCBC strategy. Note, from Equation (19), that the current reference for a DER is locally
constructed based on the evaluations performed at each phase m, even for the three-phase
topology. This indicates that, for the case of single-phase MGs, the GCBC is performed only
for one phase. On the other hand, for three-phase MGs, the GCBC application depends on
the topology of the inverters. For instance, if three-leg DERs exist, only two phases need to
be controlled [59], being the modulation of the third leg obtained from Kirchhoff’s current
law. Hence, the GCBC needs to be implemented considering two phases to adequately
coordinate such DERs. For the case in which three-phase four-leg DERs exist (i.e., in a
three-phase four-wire MG) [44], the GCBC is applied to three phases, controlling the DER’s
neutral leg by Kirchhoff’s current law.

3. Microgrid Experimental Prototype

A single-phase laboratory-scale MG prototype is used as the main platform to perform
the experimental validations within this paper. The equivalent circuit of the single-phase
MG prototype is depicted in Figure 7. Moreover, a picture of the entire MG prototype is
presented in Figure 8. A more detailed explanation about the implementation of each of
the MG elements can be found in [60].

A 30 kVA AC grid emulator, model TC-ACS-30-528-4WR, forms the upstream grid,
which is coupled to the MG PCC. Line impedances are used to interconnect the MG
nodes (ZL1 to ZL5), having ZL1 = ZL2 = ZL3 = ZL4 = 2. ZL5 = 0.5 mH. Three loads are
considered for the MG operation, one being composed of an IT8616 electronic load (ZL1)
from ITECH® (i.e., emulating a constant 16 Ω resistor) and two passive loads, one an
inductive load (L2 = 40 mH) and the other a non-linear load (L3). The MG prototype was
emulated considering line-to-neutral grid voltage of 127 VRMS at 60 Hz.
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Figure 7. Equivalent circuit of the single-phase MG prototype assembled for experimental results.
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Figure 8. Experimental prototype of the single-phase MG: (a) front and (b) back views.

A full-wave diode rectifier having an inductor (5 mH) at its AC side constitutes the
non-linear load, which has a capacitor bank (2.35 mF) in parallel with a resistor (41.8 Ω)
at its DC side. Circuit breakers implemented in the MG allow all elements to be switched
on or off (CB_ ). For the operational visualization, DPO3000 TEKTRONIX® oscilloscopes
were used for acquiring current and voltage waveforms, and a DPO3PWR power analysis
module was used to quantify the amplitude of harmonic components and the phase shift
between voltage and current.

The MG presents three inverters, in which two of them are controlled as dispatchable
units (i.e., d-DERs: d-DER1 and d-DER2), being ruled by the GCBC strategy. The third
inverter operates as a Type A non-dispatchable unit (i.e., nd-DER1), only injecting active
power into the MG when desired and not participating in the GCBC approach. When a
Type B nd-DER is needed in the experiments, d-DER1 emulates such a behavior instead of
being a dispatchable element. The d-DERs present LC output filters, while nd-DER1 uses
an LCL output filter with passive damping resistor (Rd). The DERs are driven as controlled
current sources, and they use proportional-resonant (PRes) current controllers modeled as
in [61]. Constant DC voltage sources are placed at the DC buses of the DERs.

The two d-DERs are controlled by a TMS320F28335 digital signal processor (DSP)
from Texas Instruments®, which processes the current controllers of both inverters and the
code required for implementing the GCBC strategy. The nd-DER1 runs based on another
independent TMS320F28335 DSP. The DERs’ parameters are presented in Table 2, being
later described in [60]. The communication between the MGCC and DERs required by the
GCBC (i.e., transmission of data packets) was emulated to occur at each 16.66 ms (i.e., one
cycle of the fundamental grid frequency).
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Table 2. Parameters of DERs in the single-phase MG prototype used for experiments.

Parameter Value

d-DERs

d-DER1 nominal peak current 15 Apk (≈3 kVA)
d-DER2 nominal peak current 20 Apk (≈4 kVA)

Nominal current ratio between d-DERs (rdDERs = 20/15) 1.33
LC filter: Li and C f 3.0 mH and 2.2 µF

Switching and sampling frequencies 12 kHz
DC link voltage (VDC) 270 VDC

nd-DER

nd-DER1 nominal peak current 15 Apk (i.e., ≈3 kVA)
LCL filter—Inductors: L

′
i and Lg 1.0 mH and 1.0 mH

LCL filter—Capacitor (C
′
f ) and Damping Resistor (Rd) 3.3 µF and 1 Ω

Switching and sampling frequencies 18 kHz
DC link voltage (VDC) 270 VDC

To demonstrate MG operation when DERs are disabled and the loads are connected to
the circuit, a preliminary result is shown in Figure 9. Such a result shows that, although
the MG presented sinusoidal voltages at the PCC, the current demanded by the loads was
distorted and phase shifted in relation to the voltages. The quantization seen in Table 3
forms a baseline for comparisons with the experiments in Section 4. In addition, it shows
that the MG presents a considerable amount of active, reactive, and distortion powers
circulating at the PCC, as well as a low power factor (i.e., mainly due to the circulation of
reactive power). The harmonic components of the PCC currents seen in Table 3 indicate
that, beyond the fundamental term, the most significant harmonic orders causing current
distortion are the odd ones, from the 3rd up to the 9th. The total harmonic distortion (THDi)
of the PCC current, caused by the loads, was 19.5%. Yet, the power measurements adopted
herein in this paper are calculated according to the Conservative Power Theory (CPT) [62].

10ms/div

20A/div

10A/div

10A/div

250V/div

id-DER1

id-DER2

iPCC

vPCC

Figure 9. Experimental result: single-phase MG operating with all loads connected and with DERs
disabled. From top to bottom: PCC voltage and current, d-DER2 and d-DER1 currents.
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Table 3. Power and harmonic current measurements at the PCC for Figure 9.

PCC Powers

Apparent (A) 1501 VA
Active (P) 980 W

Reactive (Q) 1148 VAR
Distortion (D) 315 VA

PF 0.65

Harmonic Amplitude

h = 1 12.2 ARMS
h = 3 2.31 ARMS
h = 5 0.63 ARMS
h = 7 0.26 ARMS
h = 9 0.19 ARMS

4. Experimental Results of the DER Coordination under Adverse Scenarios

Having presented the introductory discussions about the MG operation, and based on
the explanations previously provided about the operational features of the GCBC strategy,
this section addresses the experimental validations intended within this paper by means of
four study cases.

First, it is demonstrated in Study Case I (in Section 4.1) how DERs of a different
operational nature are coordinated by the GCBC, also considering challenging dynamic
conditions, such as when variable generation capabilities occur. The adverse scenario
having DERs of limited power ratings is later presented in Study Case II (in Section 4.2),
demonstrating how the dynamic saturation provided by the GCBC allows to respect the
DERs’ power capabilities. Finally, in Sections 4.3 and 4.4, the voltage quality complications
related to the existence of distortions and the need for voltage ride-through capabilities are
addressed, respectively, by Study Cases III and IV.

4.1. Study Case I: DERs of Different Operational Natures and Variable Generation Capabilities

By employing the GCBC strategy for energy management, it is important to under-
stand how the existence of DERs of a varied nature (i.e., being nd- and d-DERs) possibly
affects the MG operation. In addition, it is necessary to assess how the control strategy
performs when DERs face variable energy generation profiles. Hence, the experimental
validations are herein presented based on the MG prototype presented in Section 3. All
linear and non-linear loads are connected to the MG at all moments (see Figure 7), and three
different scenarios are considered for the operation of the DERs during this study case. It
is highlighted that, when non-fundamental current sharing is targeted, the 3rd and 5th
harmonic orders are selected to be controlled by the GCBC in all the following experiments.

The first scenario is presented in Figure 10a. This case considers that d-DER1 and
d-DER2 are the only DERs connected to the MG (i.e., nd-DER1 is disconnected). With
regard to their nature of operation, d-DER1 is configured to be driven as a Type B nd-
DER (i.e., only for this section). Its main goal is to inject its generated active current
into the MG, having its remaining current capability allocated to other functionalities by
means of the GCBC strategy. Consequently, d-DER1 is coordinated along with d-DER2 to
share reactive and harmonic currents, if it has remaining capability. d-DER2 has its active,
reactive, and harmonic currents coordinated by the GCBC because it fully operates as a
dispatchable inverter.

During the steady-state operation seen in Figure 10a, d-DER1 is injecting the active
current at 20% of its nominal rating. Note in Table 4, for instance, that d-DER1 processes
251.3 W of active power (P). Consequently, the GCBC has to automatically adjust the
steering of d-DER2 to process the remaining active current measured at the PCC, making
P reach a practically negligible value (i.e., −48.49 W—see Table 4) when compared to the
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baseline of 980 W (see Table 3). Such a condition occurs because the GCBC is set to provide
a null flow of active, reactive, and harmonic currents at the MG PCC.
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vnd-DER1 250V/div

10A/div

Figure 10. Experimental results: full current control with assorted inverters and variable generation
capability. (a) d-DER1 emulates an nd-DER with 20% of generation capability; (b) d-DER1 emulates
an nd-DER transiting from 20% to null generation capability; (c) zoom-in view of (b); (d) steady-state
condition of (c); (e) case (d) considering nd-DER1 injecting active power. From top to bottom: PCC
voltage and current, d-DER2 and d-DER1 currents. The results in (e) were measured using two
oscilloscopes using AC line trigger mode.

Table 4. Steady-state powers at the PCC and at DERs for Figure 10. Units: P (W), Q (VAR), and D
(VA).

Figure 10a Figure 10d Figure 10e

P Q D P Q D P Q D

PCC −48.49 7.67 101.4 −36.0 47.1 77.9 −31.2 −16.9 110.4
d-DER2 826.5 647.8 203.3 1154 573.2 187.8 460.0 679.2 231.2
d-DER1 271.3 542.3 184.5 −7.5 584.5 176.3 9.51 556.5 169.6

nd-DER1 0.0 0.0 0.0 0.0 0.0 0.0 591.4 2.7 74.4

Because d-DER1 has most of its power capability not being exploited, similarly to
d-DER2, the GCBC interprets that both DERs can cooperate to strive for the sharing of
reactive and harmonic currents circulating within the MG. Hence, Figure 10a demonstrates
that both of these DERs also inject currents that are phase shifted in relation to the PCC
voltage, also being highly distorted, indicating the processing of reactive and harmonic
components, respectively. Therefore, the current flow through the PCC becomes practically
null, as expected for MGs operating under a self-consumption mode [56].

From this first scenario, it is important to highlight that the currents of both DERs are
not proportional, as the inverters are playing different roles. The quantization shown in
Table 4 also makes this condition evident, because both DERs process non-proportional
values of P. Moreover, the processed reactive and harmonic powers do not appear to be
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proportional at first sight. Nevertheless, the current-sharing proportionality provided by
the GCBC should only be considered based on the remaining current capabilities of the
DERs after the active power is processed. By analyzing the power terms from Table 4, a
proportion ratio (rdDERs) of 1.19 can be found for these two DERs. Thus, this result indicates
that an adequate current sharing is provided by the GCBC, as a reference ratio of 1.21 can
be theoretically calculated for the reactive and harmonic sharing during this scenario.

The second experimental scenario from this study case is presented in Figure 10b–d.
Such results show the transient and steady-state operation of the MG, considering that the
active current generation from d-DER1 is reduced from 20% to 0%. Consequently, d-DER1
starts to operate similarly to an active power filter (i.e., only processing non-active currents).
The instant of such a change at d-DER1 is depicted in 10b, and the zoom-in view of this
transition is seen in Figure 10c. Note that such conditions do not cause disturbances in
the PCC voltage nor in any of the currents under analysis. Moreover, it is evident that the
GCBC takes approximately three cycles to adjust the DERs’ currents to obtain the desired
null current flow at the MG PCC.

The waveforms during the steady-state condition for this case are presented in Figure 10d.
It shows that d-DER1’s current is significantly different from d-DER2’s, because the former
only processes reactive and harmonic currents. However, the powers shown in Table 4 show
that the GCBC allows proportional power sharing to be achieved for the reactive and harmonic
components. For instance, one can calculate 1.38 kVA of the remaining capability for d-DER2
(i.e.,
√

18002 − 11542), which is close to the nominal capability of d-DER1 (i.e., 1.34 kVA, see
Table 2). As a consequence, the two inverters should process similar amounts of Q and D
powers, which is indicated by the results in Table 2 (see that the DERs’ non-active powers are
practically the same).

The third scenario in this study case, the case in Figure 10e, is shown being complemen-
tary to Figure 10d. It demonstrates the interconnection of one nd-DER (i.e., nd-DER1—see
Figure 7) to the MG while maintaining the same operating mode for d-DER1 and d-DER2.
Thus, nd-DER1 operates injecting only active power (i.e., 591.4 W). Such a behavior can be
noticed by nd-DER1’s low distorted and in-phase current in Figure 10e, as well as by the
power measurements in Table 2. Note that one more DER is providing the active currents
drawn by the loads, the GCBC indirectly interprets such conditions at the PCC currents,
being able to adjust the coordination of the coordinated DERs. Consequently, note that the
currents from d-DER1 and d-DER2 present lower amplitudes than in Figure 10d, and the
current flow through the PCC remains significantly low, as expected.

As a final comment, note that because d-DER2 reduces its active power injection, its
remaining current capability increases. Hence, the GCBC automatically leads d-DER2 to
process more reactive and harmonic currents than d-DER1 (see the Q and D powers in
Table 2). Nonetheless, such current sharing still occurs proportionally to the remaining
capabilities of the two DERs, achieving rdDERs = 1.22 (i.e., which is close to the 1.29 ratio
expected for this case). Such results corroborate the targeted study goals of this paper
because they prove that the GCBC strategy is capable of coordinating DERs of different
operational natures existing in a dispatchable MG, also coping with additional adverse
conditions, such as having DERs with different power generation profiles.

4.2. Study Case II: DERs with Limited Power Ratings

Microgrids are dynamic systems that constantly change their operational conditions
due to the connection and disconnection of loads and DERs, requiring coordination strate-
gies to rapidly adjust control setpoints in order to maintain the expected energy manage-
ment goal. Moreover, adverse conditions such as the power generation intermittency may
also cause the power demand to be higher than the MG’s internal energy supply, which
may lead to the overstress of DERs if saturation techniques are not implemented in their
coordination. This study case, which has its experimental results shown in Figure 11,
demonstrates that the features of the GCBC strategy discussed in Section 2.1 allow to
saturate the participation of DERs to respect their available current capabilities at all times.
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Figure 11. Experimental results: full current control under limited power capability. (a) d-DER1 and
d-DER2 with 50% smaller ratings than nominal values in Table 2; (b) load steps applied disconnecting
and connecting load L2; (c) zoom-in view of stage one in (b); (d) steady-state condition of (c);
(e) zoom-in view of stage two in (b). From top to bottom: PCC voltage and current, d-DER2 and
d-DER1 currents.

The experiments from this study case consider that all loads, as well as d-DER1 and
d-DER2 are connected to the MG prototype. Both d-DERs operate as dispatchable units
during this case, and the nd-DER is not connected to the MG. To more easily demonstrate
the saturation features of the GCBC, the nominal current ratings of the d-DERs are reduced
by 50% (i.e., by changing the software configuration on the DSP). Consequently, d-DER1
and d-DER2 are considered to have 7.5 Apk and 10 Apk of the nominal current capabilities,
respectively. In addition, similarly to Study Case I, the two d-DERs are coordinated by the
GCBC intending to achieve the full share of the active, reactive, and selected harmonic
currents drawn by the loads.

The steady-state behavior of the d-DERs’ operation is then presented in Figure 11a.
Such a result shows that the inverters face a condition in which there is insufficient current
capability to completely share load currents (i.e., IDERt

nom is limited) (see the load’s demand
in Table 3). For that reason, the current drawn from the upstream grid does not become
null, as can be noted by the distorted currents circulating at the PCC in Figure 11a. This
condition occurs because the GCBC algorithm saturates the currents processed by the
d-DERs in order to respect their available capabilities. For instance, note that the inverters
only process fundamental currents (see that the d-DERs’ currents are sinusoidal and slightly
phase shifted in Figure 11a. Such d-DER currents are composed by: (i) the loads’ active
current and (ii) around 84% of the loads’ reactive current, which is not 100% due to the
GCBC’s saturation scheme.

Another proof of the adequate saturation provided by the GCBC is observed in Table 5.
The powers calculated for this scenario show that mainly Q and D are measured at the
PCC, indicating that the current being dispatched through the PCC cannot be fully shared
by the d-DERs due to their limited capabilities. By comparing the results from Figure 11a
with two baselines, as seen in Table 5, it becomes clear that Q is only partially shared by the
inverters. In addition, no amount of the D power is processed, indicating that the GCBC
only assigned active and reactive current sharing to the d-DERs as a consequence of the
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saturation scheme discussed in Figure 6. The two mentioned baselines refer to the load
condition (shown in Table 3) and another scenario having the d-DERs sharing currents
considering their original power ratings (shown in Table 2), respectively.

Table 5. Steady-state power terms at the PCC for Figure 11.

PCC Powers

Baselines This Section
Loads Full Share Figure 11a Figure 11d

A [VA] 1051 98.27 362.40 79.88
P [W] 980 −73.30 −70.72 6.25

Q [VAR] 1148 −14.05 184.6 −20.60
D [VA] 315 65.70 304.6 73.66

The GCBC’s saturation scheme iteratively calculates the DERs’ current capabilities
before defining the scaling coefficients. Hence, if the inverters hypothetically had nominal
ratings (IDERt

nom ) even lower than the ones considered during this study case, the strategy
would saturate the current processing while assigning the active current sharing to the
inverters. For the case of Figure 11a, d-DER2 and d-DER1 process 6.79 ARMS and 5.18 ARMS,
respectively. Thus, proportional current sharing occurs, although they operate under
limited capability (i.e., rdDERs = 1.31), knowing that the baseline ratio was 1.33.

Let us now demonstrate how the saturation scheme tied to the coordination of
the DERs operates during load transitions, taking as reference the results shown in
Figure 11b–d. Such experiments demonstrate that the adverse condition of having in-
verters with limited power ratings does not affect the current sharing if the load demand
is lower than IDERt

nom . This is demonstrated by applying a load step to the MG, abruptly
switching off the circuit breaker of the inductive load L2 (see Figure 7), which reduces
the amount of reactive current drawn within the MG. Note that, in Figure 11b and in the
zoom-in view of this action in Figure 11c, the GCBC approach is able to adequately readjust
the currents processed by the inverters.

Figure 11c shows that, even though the mechanical switching of the circuit breaker is
slow, after a few fundamental cycles (i.e., approximately seven), the d-DERs share the load
currents without causing overvoltages or overcurrents. Moreover, the inverters’ capabilities,
as well as their proportionality in current sharing, are also respected during transients.
The steady-state condition of this new load scenario is shown in Figure 11d, in which it is
visually seen that the PCC current is practically null. The power terms presented in Table 5
show that low amounts of P, Q, and D are measured at the PCC. Yet, proportional sharing
is proved by the proportion ratio of 1.36 obtained during Figure 11d.

A final experiment is then conducted by switching on the load L2. The results for this
case are shown in Figure 11b and in the zoom-in view of Figure 11e. Note that the inverters
are able to ride through the disturbance caused by the mechanical switching of the referred
circuit breaker, without losing effectiveness in proportional current sharing nor leading
to overcurrents in the DERs. Taking approximately seven cycles after the circuit breaker
is switched on, the MG returns to the steady-state condition of Figure 11a, respecting the
capabilities of the inverters during the transition.

All in all, it has been demonstrated by such experiments that the GCBC saturation
scheme of Figure 6 is efficient, because it allows to respect the DERs’ current capabilities
at all operating times. Despite the GCBC’s satisfactory performance in such matters, the
importance of implementing current/power saturators in the inner loops of the DERs to
ensure proper local control and redundancy for the coordinated perspective is reinforced.

4.3. Study Case III: Distorted Voltages

Voltage harmonics are an important matter in LV electrical grids because they may
lead weak power grids (e.g., such as LV MGs) to instability and may also cause low energy
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efficiency [63]. In addition, for the scenario of interconnected LV MGs, it is known that
voltage distortions may be propagated throughout the distribution grid [64]. Consequently,
the coordination of DERs under such adverse conditions must be always evaluated prior to
a real implementation.

This study case focuses on assessing the capability of the GCBC strategy with regard
to the coordination of DERs when the upstream grid imposes distorted voltages at the
MG PCC. For the following experimental results, the MG prototype from Section 3 is
used, having all loads connected, as well as the two d-DERs operating at nominal ratings.
In addition, the grid emulator is set to operate considering the nominal voltage of the
MG while also adding 12.50% of the 3rd harmonic order to the voltage waveform (i.e.,
the instantaneous non-sinusoidal voltage was vGrid(t) = 127 ·

√
2 · cos(ωo · t) + 15.87 ·√

2 · cos(3 ·ωo · t)). Thus, such a configuration constituted the referred scenario of having
background harmonics in the grid voltage.

The MG operates under distorted voltages and the GCBC strives for providing the
full share of the active, reactive, and selected harmonic currents (i.e., from the 3rd and 5th
orders), as depicted in Figure 12. Note in Figure 12a, for instance, that when the d-DERs
are disabled, the grid voltage is significantly non-sinusoidal, resulting in the PCC current
being slightly different from the one seen in Figure 9.
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Figure 12. Operation of the GCBC strategy coordinating DERs under distorted voltages. (a) Grid
voltage and current with DERs disabled; (b) active, reactive, and harmonic current-sharing function-
ality; (c) load step applied to (b) by disconnecting load L2; (d) zoom-in view of (c); (e) steady-state
condition of (d); (f) reactive and harmonic current-sharing functionality. From top to bottom: PCC
voltage and current, d-DER2 and d-DER1 currents.

Now, Figure 12b shows the steady-state result for the MG operation considering
that the GCBC is enabled and allowed the d-DERs to share the load currents. It is clear
that a practically null PCC current results from the coordination of the inverters. The
measurements presented in Table 6 also prove that the power flow through the PCC is
practically negligible when compared to the load scenario of Figure 12a. Most importantly,
although the grid voltage is distorted, a proportional sharing of currents occurs for the
d-DERs, having d-DER1 and d-DER2 processing 6.00 ARMS and 8.03 ARMS, respectively,
which reaches the expected ratio of 1.33. Thus, such a result proves that the GCBC resiliently
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operates under such an adverse grid condition, without impacting the provision of the
proportional current sharing to the inverters.

The transient response of the MG operating with distorted voltages is presented in
Figure 12c–d, considering a load step in which the inductive load L2 is switched off. Note
in the results that, as soon as the load is disconnected, the GCBC starts adjusting the control
coefficients. Consequently, the d-DERs’ currents converge to steady state and remain in
a stable condition. Figure 12d shows that the non-ideal voltage condition does not affect
the adequate coordination of the inverters provided by the GCBC. For instance, observe
that the steady-state operation is reached after approximately four cycles. The nominal
capabilities of the d-DERs are respected and no current spikes occur at the inverters or at
the PCC.

The steady state of this new operational condition is shown in Figure 12e. Note that
a practically null current is drawn from the upstream grid, which leads to low amounts
of the P, Q, and D powers measured at the PCC (see Table 6). In addition, the amplitude
measurement of the currents at the PCC also shows that the cases from Figure 12b,e result
in a similar current-sharing performance. Yet, because rdDERs = 1.30 is obtained, it is
proved that the expected proportional current sharing occurs.

A last experiment is shown in Figure 12f, demonstrating the coordination of the d-
DERs while targeting only the distributed compensation of the reactive and the selected
harmonic currents. This result shows that the GCBC is capable of steering inverters under
non-sinusoidal voltages, offering the selective compensation of the current terms, allowing
a low-distortion current that is practically in phase with the PCC fundamental voltage. The
PCC current presented 1.03◦ of the phase shift, and it indicates that mainly active power is
measured at the PCC. One can observe in Table 6 that the Q and D powers are significantly
reduced for the case of Figure 12f, and P is practically not affected when compared to
Figure 12a.

Table 6. Steady-state powers and current amplitudes at the PCC for Figure 12.

PCC Powers

Load Full Control Full Control React. + Harm. Control
(Figure 12a) (Figure 12b) (Figure 12e) (Figure 12f)

A [VA] 1543 83 121 1102
P [W] 957 −15 −82 1086

Q [VAR] 1157 −10 −23 −27
D [VA] 355 81 84 122

Harmonic Amplitude (ARMS)

h = 1 12.3 0.13 0.74 8.94
h = 3 3.23 0.26 0.27 0.26
h = 5 0.99 0.14 0.19 0.18

As a final comment, this study case demonstrates a direct consequence of the GCBC
formulation presented in Section 2.1, which relates to the terms I∗h|| and I∗h⊥ being obtained
from the total portion of the load currents. Such terms lead to the selective compensation
of harmonic currents, not taking into account voltage distortions. Therefore, this makes
the GCBC offer the distributed compensation of harmonic currents resulting in sinusoidal
currents at the PCC, regardless of the voltage distortions. Note that an MG is then seen by
the upstream grid as a single controllable entity (e.g., load) that only draws sinusoidal cur-
rents. Such a behavior characterizes the sinusoidal current synthesis (SCS) concept [65,66],
which has the advantage of providing low THD currents at the PCC. Nevertheless, it is also
known that SCS-based strategies present limited capability to damp harmonic resonances,
which may be an important concern to be accounted for, depending on the MG perspective.
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4.4. Study Case IV: Voltage Ride-through Capability

The interconnection of DERs is becoming stricter day by day due to the inherent com-
plications related to the coupling of switching power interfaces with LV electric grids [22].
Consequently, grid codes and standards have been updated in the past years [47,67,68], requir-
ing DERs to offer more sophisticated operational functions, such as the capability to withstand
voltage disturbances. In particular, with regard to the functionality of tolerating non-steady
voltage profiles [47], namely ride-through capability, the DERs must not disconnect and
maintain a resilient operation. Consequently, it is also expected from the single-controllable
MG to stay connected to the main grid even under such voltage disturbances.

Thus, voltage sags, which cause lower voltage magnitudes (namely low-voltage ride
through (LVRT)), and swells, which lead to higher voltage magnitudes (i.e., high-voltage
ride through (HVRT)), should not negatively affect the MG controllability while emulating
a single entity. In addition, such adverse conditions should also not affect the coordination
of DERs, ensuring that they safely continue to pursue the expected MG goals. Hence, the
GCBC strategy is assessed in this study case with regard to LVRT and HVRT capabilities.

Let us again consider the MG prototype from Figure 7 having the two d-DERs con-
nected, as well as considering all the linear and non-linear loads. The experimental results
are shown in Figure 13, knowing that the inverters are coordinated by the GCBC to share
the active, reactive, and selected harmonic currents, at all instants. Moreover, because loads
can be considered as constant impedances, their demanded currents vary proportionally to
the voltage applied to them. The experiments in Figure 13 comprised two scenarios: (i) for
the first one, the grid emulator imposes an abrupt voltage sag in the MG, forcing the GCBC
to endure an LVRT condition, and (ii) for the second, a sudden voltage swell is applied to
the MG, requiring the system to face the HVRT.

A general view of the MG operation transiting through the different voltage conditions
is first provided in Figure 13a, in which three intervals can be observed on the profile of
the PCC voltage (see purple waveform). During the initial interval, the nominal condition
of the MG (i.e., grid voltage of 127 VRMS) is seen, considering that the d-DERs are sharing
currents and providing practically null current flow at the PCC. For the second interval, a
sag of 13.33% is applied to the grid voltage, reaching 110 VRMS (see the reduction in the
amplitude for the purple waveform in Figure 13a). Observe that the control strategy allows
the MG and DERs to ride through the change in voltage, returning to a stable steady-state
operation. For the third interval, a swell is emulated in the MG voltage, its magnitude
rising from 110 VRMS to 141.10 VRMS. It is evident in Figure 13a that, even though such
a change in the voltage magnitude is of approximately 28%, the d-DERs keep sharing
currents and reach a steady state without resulting in MG instability.

By calculating rdDERs after the LVRT and HVRT transitions occur (i.e., after the steady
state is reached), the values of 1.29 and 1.31 are obtained, respectively. Thus, because such
results are very close to each other and are around the expected value, they show that the
d-DERs’ current sharing is still adequate, also demonstrating that voltage disturbances do
not affect the overall performance of the MG operation, which remains operating stably. In
addition, because the steady-state apparent power obtained at the PCC is 118.10 VA and
157.12 VA after the LVRT and HVRT events, respectively, it is also proved that the perfor-
mance of the MG dispatchability is practically the same. It is important to highlight that, as
expected, the obtained apparent power at the PCC is slightly higher for the HVRT because
a voltage magnitude higher than the nominal value leads to higher current amplitudes.

In Figure 13b, more details are presented for the LVRT transition. This result shows
that, as the voltage step is emulated, the d-DERs suffer an increase in the peak value of their
instantaneous currents. This is indeed expected as the current controllers implemented
during the experiments tend to maintain the power balance between the DC and AC sides
of the inverters. Even though such an increase in currents during the LVRT can be avoided
by implementing saturation algorithms [69] on the local controllers of the inverters, the
results indicate a non-critical MG condition during this scenario. The maximum current
values reached by d-DER1 and d-DER2 are 15.46 A and 16.76 A, respectively, which still
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respect the nominal ratings of the inverters. Moreover, from Figure 13b, one can notice
that, after two cycles, the current amplitudes are already similar to the previous scenario.
Hence, the GCBC withstands the coordination of the d-DERs, reaching a steady state in
approximately five cycles. Consequently, no significant impact is observed on the MG
operation, apart from the transitions in the currents caused by the local controller of the
d-DERs.
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Figure 13. Experiments of the GCBC coordination considering voltage ride-through capabilities.
(a) Steady-state view of voltage steps; (b) zoom-in view of a negative step in grid voltage; and
(c) zoom-in view of a positive step in grid voltage. From top to bottom: PCC voltage and current,
d-DER2 and d-DER1 currents.

At last, for the HVRT scenario seen in Figure 13c, the same resiliency is evidenced for
the GCBC strategy. For instance, after the step increase in the grid voltage, the d-DERs
take approximately five cycles to return to the steady-state operation, and the proportional
current sharing is not ceased during the transition instants. Nevertheless, differently
from the LVRT scenario, the transient behavior of the d-DERs’ local controllers leads to a
reduction in the current injection, as the magnitude of their PoC voltages increase. The
GCBC strategy is again able to adequately ride through the voltage swell. If saturation
algorithms were incorporated into the local controllers of the DERs, no impact would occur
on the overall coordinated operation, as the GCBC algorithm only processes and controls
the average values of the currents measured within the MG. The results of this study case
then prove that the GCBC strategy allows to adequately coordinate DERs and maintain
the MG operating as a single-controllable entity, even if the voltages may suffer adverse
conditions, such as sags and swells.
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5. Conclusions

This paper presents discussions and experimental validations to demonstrate that the
GCBC strategy previously proposed in [43–45] is capable of adequately coordinating DERs
in a grid-connected LV MG under adverse conditions. It is demonstrated that such a control
strategy allows to steer DERs of dispatchable and non-dispatchable natures, being flexible
to handle the intermittency from RES-based generation systems and also supporting a
stable MG operation when DERs without communication interfaces are present. In addition,
laboratory experiments show that the GCBC’s saturation strategy allows to respect the
DERs’ current capabilities at all times, regardless of the dynamic changes occurring in
the MG.

The non-ideal MG scenarios of having distorted voltages and non-steady voltage
profiles are also discussed in this paper, validating through experimental results that the
GCBC is resilient to operate under such conditions. Hence, proportional current sharing
can also be supported for both scenarios, without causing overvoltages or overcurrents
in the MG. The results show that the GCBC allows to obtain low-distortion currents at
the MG PCC by the sharing of harmonic components by the DERs, even under distorted
voltages. Moreover, voltage sags and swells are tested, indicating that the LVRT and HVRT
capabilities of the GCBC strategy are satisfactory for MG perspectives.

Future works intend to experimentally assess the implementation of the GCBC in
three-phase LV MGs, considering additional operational challenges. For instance, the
condition of having asymmetrical voltages in the MG is one of the targeted possibilities for
the next studies. Moreover, the concomitant existence of DERs from different hardware
topologies, such as single-phase and three-phase inverters, is being studied to understand
the pros and cons of implementing the GCBC approach.
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