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Abstract—Beyond the impacting presence of non-linear
loads, low-voltage microgrids also experience low energy
efficiency and resonance phenomena when operating
interconnected to a distribution grid that suffers from
distorted voltages. This paper proposes a model-free
control strategy capable of coordinating inverters existing
within a dispatchable microgrid, allowing to operate it as a
single-controllable entity that behaves like a resistor at
selected harmonic frequencies. Such resistive shaping
uses a centralized control architecture to steer inverters to
distributively compensate reactive and harmonic currents,
supporting active current sharing. Consequently, the
microgrid point-of-common-coupling operates with a high
power factor when the grid imposes distorted voltages.
Additionally, if resonant components exist, the strategy
supports harmonic resonance damping, which minimizes
deterioration of voltage quality. For instance, comparative
results show that, for the considered scenario, the
proposed resistive shaping damps resonances up to 50%
better than a previous approach that compensates
harmonics using sinusoidal current synthesis. Simulation
results carried out on a three-phase low-voltage microgrid
testbench, considering three inverters, demonstrate the
above-mentioned capabilities of the proposed approach.
Experimental results based on a single-phase microgrid
prototype comprising two inverters with two linear loads
and one non-linear load validate the applicability of the
method to real-life implementations.

Index Terms—Distributed generation, harmonics,

microgrids, power factor, resonance.

. INTRODUCTION

ISTORTED voltages and currents are important in low-
voltage (LV) power systems since they lead to low energy
efficiency and deterioration of power quality [1]. Such
nonlinearities are, for instance, caused by the increasing
presence of non-linear loads and can be propagated throughout
the distribution systems [2]. Additionally, even small voltage
distortions may trigger resonances [3] and lead the power
system to instability [4]. This situation is particularly true for
LV microgrids (MGs) operating islanded or when they are
connected to a weak grid upstream. Notably, high penetration
of inverters interfacing distributed energy resources (DERS) in
such MGs contribute to triggering resonances [2].
Since MGs operate interconnected most of the time, unless a
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a bulky power conditioner is purposely placed at their point-of-
common-coupling (PCC) [5], the existing DERs need to be
properly coordinated to operate under distorted voltages.
Otherwise, reliable operation of DERs is not ensured, and
adequate management of the MG as a single-controllable entity
is not achieved. Thus, the development of strategies to steer
DERs in MGs under distorted voltage conditions is important.

The coordination of inverters within MGs that present
distorted voltages is found in literature, mostly taking
advantage of droop control to improve voltage and current
quality [6]-[8]. For instance, [6] presented the implementation
of variable harmonic impedance loops, devised by positive
resistances and negative inductances to achieve selective
current sharing among DERs. In addition, upon the existence of
harmonic resonances, the strategy allows for shifting the
resonant bands to higher-order frequencies to improve the
damping capability. Similarly, a resistive-capacitive output
impedance method is proposed in [7]. It provides fast reactive
power-sharing and mitigation of circulating currents and
voltage resonances by voltage-controlled inverters. Such an
approach is realized by taking the DERs’ output currents and
voltages as feed-forward terms in the virtual impedance loops.
However, fine-tuning between the resistive and capacitive
shaping of DERs is required to avoid triggering harmonic
resonances or operating under excessive voltage drops. In [8],
a direct output voltage control integrated into a virtual
admittance strategy is devised. Ref. [8] provides damping of
voltage distortion by limiting the impedance shaped by parallel
DERs. Nevertheless, the above-mentioned approaches only
consider DERs in islanded MGs, a different scenario from the
one within this paper. Hence, they do not address MGs
connected to an upstream weak grid that suffers from
background voltage harmonics.

A droop-free approach is proposed in [9] to steer two parallel
DERs locally. A hybrid voltage and current control is modeled,
providing the compensation for distorted load currents and
avoiding harmonic voltage amplification under distorted grid
conditions. Although efficient, the method allocates one DER
to compensate for load currents and the second to mitigate the
interactions caused by the operation of the first inverter. Thus,
no real power-sharing occurs among them. Additionally, load
currents must be measured, which is not realistic for real
applications in LV MGs with high dispersion of loads. In [10],
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the Fryze—Buchholz—Depenbrock theory is used to coordinate
DERs to share reactive and harmonic currents under a
decentralized method. However, the method is only applied to
two DERs, relying on direct measurement of load currents.
Besides, no considerations are given to harmonic resonances.

An MG operating interconnected is addressed in [2], on
which DERs emulate virtual resistors to offer resonance
damping or synthesizing virtual capacitors to compensate for
voltage harmonic drops. Moreover, ref. [2] presents a trade-off
between accuracy in harmonic current sharing and resonance
damping performance and sensibility to changes in grid
parameters. In [11], a master/slave strategy is proposed to share
harmonic currents and smooth voltage resonances utilizing
resistive active power filters. However, it only considers single-
phase networks and does not support active power sharing.

It has been demonstrated in [3] and [12] that, for the purpose
of local applications, compensation based on the concept of
resistive load synthesis (RLS) shows more resonance damping
capability than sinusoidal current synthesis (SCS). Besides,
[13] showed that RLS-based compensation supports the
damping of harmonic propagation throughout distribution
grids. The RLS approach consists of targeting the mitigation of
those current harmonics that are non-proportional to voltages.
Thus, current waveforms resemble the voltage waveforms
independent of distortion and/or unbalance (i.e., resistive
behavior). Instead, SCS imposes sinusoidal currents regardless
of voltage waveforms. Another direct consequence of these two
approaches is that based on definitions from modern power
theories [14]-[16], unity power factor (PF) (i.e., PF is the ratio
between the active power and the absolute value of the complex
power) is only achieved when currents are in-phase to voltages
and present proportional waveforms. Thus, under distorted
voltages, unity PF is only obtained by RLS methods. To the best
of the authors’ knowledge, no previous work has investigated
an RLS approach based on the coordination of multiple DERs
to selectively control harmonic currents at the PCC of an
interconnected MG. Hence, the basis of this paper is set.

A. Paper Contributions and Organization

Considering the scenario of LV MGs operating connected to
an upstream grid that suffers from distorted voltages, the
contributions and novelties of this paper are four-fold:

e The development of a model-free and centralized
coordinated control strategy, which steers DERs to achieve
distributed compensation of reactive and harmonic currents
under distorted voltages imposed by the upstream grid. The
strategy controls the MG as a single-controllable entity,
shaping it as a resistor at selected frequencies. Thus, the MG
PCC can operate with high PF [14]-[16]. It is reinforced that
unbalance compensation is out of scope in this paper;

e Such coordination strategy also supports active current
sharing among DERs, which allows the MG to operate under
full self-consumption mode [17], lessening the burden of
power dispatch of the upstream grid, if desired;

e The strategy is based on the concept of RLS. Consequently,
it avoids deterioration of voltage quality when resonances are
triggered by interactions among line impedances, capacitor
banks, and non-linear loads. The method handles resonance
frequencies higher than the fundamental component of the
grid voltage and lower than the bandwidth of the DERs’

current controllers. Moreover, virtual impedance loops or

decomposition of sequence components are not needed.

Lastly, this paper demonstrates that distributed DERs

compensating for harmonic currents based on RLS also

provide more damping capability than the SCS concept;

e Experimental results of an MG operating under distorted
voltages are shown to validate the applicability of the
proposed control approach to real-life implementations.

The proposed RLS strategy presents a novel ancillary
operation for grid-connected MGs, allowing them to behave as
low-impedance circuits at selected harmonic frequencies,
minimizing resonances and increasing the overall grid stiffness.

This paper is organized as follows. Section Il describes the
considered MG topology and the modeling of the considered
DERs. The proposed coordinated control strategy is presented
in Section Il1. Simulations and comparative results comprising
several scenarios are shown in Section V. Experimental results
in Section V validate the feasibility of the control approach.
Finally, conclusions summarize the findings of this paper.

Il. CONSIDERED MG AND CONTROL INFRASTRUCTURE

The scope of applying the proposed control strategy is the
one of urban LV MGs, presenting several DERs interfaced by
inverters. In addition, the presence of linear and non-linear
loads that draw active, reactive, and harmonic currents are
considered. As seen in Fig. 1, this electrical topology also
considers a distribution transformer at the PCC that
interconnects the MG to the upstream grid. Moreover, such a
main grid may present voltage harmonics. It is assumed that the
MG inherits a homogenous distribution of loads, DERs, and
line impedances of low X/R ratio (i.e., < 1). As discussed in
Section 1V-B, a resonant load is also considered at the MG PCC
to depict the possible occurrence of resonances. The CIGRE’s
LV testbench [18], shown in Fig. 1, represents an example of
such an MG topology, considered here for simulations.

Concerning the control organization, the proposed strategy is
formulated based on a centralized architecture that takes
advantage of a low-bandwidth communication link to
coordinate distributed DERs. Thus, a central controller (CC) is
located at the PCC for monitoring operational and power
quality conditions at its node (see Fig. 1) [19]. Additionally, the
CC is responsible for processing a novel formulation of the
coordinated control strategy, so-called Generalized Current-
Based Control (GCBC) [20], which steers DERs under a model-
free [21] approach. Consequently, utilizing control coefficients
broadcasted to DERs (i.e., ay; and ay,, later explained in
Section I11-A), the MG operates under RLS mode.

A. Hierarchical Control Architecture of the MG

The proposed coordination strategy is devised by a three-
layer hierarchical control, in which lower layers take priority
over upper ones. The primary layer is responsible for the local
control of each DER at their point of connection (PoC) (see Fig.
2(a)). This layer comprises the current, voltage, and other
additional control loops that DERs may present. It does not rely
on communications to comply with grid codes. For this paper,
DERs are modeled by three-phase inverters with an LCL filter,
as in Fig. 2(a). Their local control (i.e., current and dc-link
voltage loop) is devised just as in [22]; thus, DERs operate
under current-controlled mode with an active damping loop.
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Fig. 1. Considered LV MG testbench based on [18], comprising loads and DERs, and adopted hierarchical control infrastructure from Section II-A.
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Fig. 2. (a) Single-phase equivalent circuit of a DER and primary layer of control; and (b) Proposed control approach implemented at the CC.

Secondary control is responsible for the coordinated
operation of the inverters, being processed at the CC, as shown
in Figs. 1 and 2(b). The GCBC algorithm is incorporated at this
level, considering a modified implementation presented in
Section Ill. The GCBC evaluates electrical quantities at the
PCC. Also, it pulls and processes the status of DERs. Thus, it
determines, as output, scaling coefficients for adjusting DERs’
current injections. This concept is fairly different from
hierarchical droop-based strategies, and additional details such
as differences are presented in [23].

Finally, the third layer manages the interactions of the MG
with the external agents (i.e., distribution system operator
(DSO) and energy service providers). By receiving remote
commands from the DSO (see Fig. 1), the CC coordinates
DERs based on the GCBC to fulfill the requirements of power
flow at the MG PCC. For what concerns this paper, the MG
resistive shaping capability is commanded by the DSO. The
variable yg,s sets this functionality, explained as follows.

Ill. COORDINATED CONTROL FOR SHAPING RESISTIVE MGS

One important feature of the GCBC is providing active,
reactive, and harmonic current sharing among DERs. Such
current sharing occurs proportionally to DERS’ nominal
capabilities, without knowledge of line impedances or the
placement of DERs within the MG. Nonetheless, the GCBC

strategy relies on an SCS concept. Thus, a modified
implementation of the GCBC strategy is devised in this paper,
striving for RLS-based coordination.

The variable yg,s commands the SCS and RLS
functionalities for the MG. If grid voltages are distorted, the
DSO sets yg.s = 1 at the CC, so the RLS approach is enabled.
On the other hand, if yg,c = 0 is set, the SCS approach is
offered. This circumstance occurs as seen in Fig. 2(b), where
YrLs Sets the selection of the current parcels that are processed
by the GCBC, leading to different current sharing capabilities.
Let us then consider the scenario in which the MG operates
under distorted voltages imposed by the upstream grid. Herein,
the subscript m stands for each phase of the three-phase system
(i.e., a, b, ¢), and the superscripts “Cri® and “PER” stand for
quantities measured at the PCC and DERs’ PoCs, respectively.

For the SCS concept, if DERs share all the currents seen at
the PCC (i.e., i§r¢) apart from the in-phase fundamental
components (ifﬁ,i,‘f), the PCC currents become sinusoidal. Thus,
although current distortion is reduced, high PF is not achieved
[14]-[16], and resonances may be amplified [3]. On the other
hand, if the non-active current (i5.%) is extracted from if
(see Fig. 2(b)), only the reactive currents and the harmonic
currents non-proportional to the voltages are obtained. This
extraction occurs based on Fryze’s active current definition

(ig;fd) [14]. This approach represents the novel implementation



of an RLS approach based on coordinated DERs. Hence, if i,‘;'gfjf
is distributively compensated, which allows for the shape of the
MG as a resistor (i.e., from the grid perspective), the PCC
currents will only present linear harmonics according to the
equivalent conductance seen at that node.

A.Generalized Current-Based Control for RLS Operation

The GCBC is formulated considering in-phase (||) and
quadrature (1) components of currents from the DERs and the
currents flowing through the MG PCC. No load currents need
to be measured. The GCBC operation relies on four main tasks:
i) local evaluation of electrical quantities; ii) selection of RLS
reference peak currents at the CC; iii) GCBC processing at the
CC; and iv) local current reference setting.

First, the local evaluation of electrical quantities occurs as
follows. At each j-th DER, and also at the CC, the detection of
the magnitudes (i.e., peak values) of the in-phase and
quadrature output currents (i3, is required by the GCBC, as in
Fig. 2(a) and Fig. 2(b). This procedure is done for each h order
(i.e., fundamental and harmonics) desired to be controlled.
While controlling active and reactive currents and performing
harmonic mitigation, h stands as 42 = 1,3,5,7,..., H, where H is
the highest order. In general, the harmonics (i.e., even and odd
terms) with the highest amplitudes are the ones considered for
the GCBC. Also, the CC is the one responsible for selecting h.

The decomposition of the m-phase peak current terms (I,
and I, ) from DERs and PCC occurs based on a discrete
Fourier transform (DFT) and based on unitary sinusoidal
signals that are in-phase and quadrature to voltages (i.e.,
Xp),,aNd x5, ). These sinusoidal signals are obtained based on
a phase-locked-loop (PLL). A thorough explanation of this step
is found in [20]. Besides, since heavily distorted grid voltages
may exist, the considered PLL should be robust to such a
condition. The same PLL method from [20] is adopted in this
paper, based on moving average filters.

The second step of the GCBC occurs only at the PCC, aiming
at choosing the adequate grid peak currents (Igurjnd and Iﬂfﬁ) to
be shared by the DERs. As seen in Fig. 2(b), when yg.¢ is set
to 1, the Fryze’s active current decomposition leads to the

calculation of igg;'g as in (1). In (1.b), P is the average three-
phase active power at PCC. Moreover, V¢ is the collective
[14] PCC voltage given by (1.c), where VR4, is the m-phase
rms voltage. Note that this formulation is straightforwardly
applied to single-phase systems without modifications.

i = igrid 4 i (1.a)
P
iGrid — ;Grid :Grid — ;Grid Grid
gy =1y " — g =i T g Um (1_b)
" " Vol )?
Grid _ Grid Grid Grid
Vi = |08+ VS + 08 Q0

Now, as seen in Fig. 2(b), the local evaluation of quantities
at the CC decomposes i;;'g;'g. As output, the reactive peak
current (Ifjf,‘f) is obtained, along with harmonic peak currents
non-proportional to the voltages (I¢7** and I57') for h > 1.

At the third step of the GCBC, each j-th inverter is required
to periodically send to the CC a data packet consisting of the in-
phase and quadrature peak values of the h order currents of their
PoCs (IR and IFFR), as well as their installed nominal ratings

(Ipe) ), their actual capability to inject active current (s ),

and their capability to absorb active current (133;1' ) (if energy

storage is present). Then, at the beginning of a control cycle k,
the CC calculates the total (i.e., superscript “*”) peak currents
processed by all DERSs, as in (2). The same calculation applies
for the DERs’ capabilities (i.e., It | Imase . and I55R").

J .

JPERE (] = § JPER]

hlim ( ) j=1 Rl ( ) (2.a)
J .

IRERE (k) = E A0 (2.b)
j=1

Since the CC is placed at the PCC, it is responsible for
calculating the in-phase and quadrature peak currents currently

being drawn from the upstream grid (/57 and I¢7'?). However,

if RLS is desired, the terms I¢7™* and I57'® come from the
second step of the GCBC. Thus, having such information, the
coordinated control of DERs is determined by defining the
reference peak currents that need to be shared among them in
the next control cycle, “k+1”, namely I, and I, . Such
references are computed for each in-phase and quadrature h
orders, given by (3). Note in (3) that I{'** and I{T'*" are the
active and reactive current terms desired to circulate at the PCC
in k+1, respectively, which the CC sets. Such grid current
references allow the MG to act as a single-controllable entity
for active and reactive power. Moreover, (3) is valid due to the
limited size of the MG since the low X/R line impedance feature
does not cause significant phase shifts among voltage nodes.

Iy (k+1) = IS4 (k) + InERE (k) — I (k+ 1) (3.a)

Iy (k+1) = I (K) + IPERE (k) — I§7 ' (k + 1) (3.b)

Finally, to steer DERs to provide current sharing while
respecting their current capacities, scaling coefficients, ay .
and ay,,, are determined for all current terms to be controlled
(i.e., respective to the h orders). Such coefficients are given by
(4), and they consider the overall peak current capability of the
network (/AI,). Later, the calculated coefficients are
broadcasted to all DERs, for adjusting their current injections.

gy =GO GGt D

" AL, " AL,

Each of these terms is responsible for controlling a current
parcel, on which, for instance, a,,, and a,,  relate to the
active and reactive current terms, respectively, while higher h
orders are used to mitigate harmonics. In addition, such
coefficients are within the range of [-1, 1], which represents:
power absorption/storage (if ay,, is negative) or active power
injection (if positive, i.e., ayy,, > 0); capacitive (if a;,,, is
negative) or inductive behavior (if positive). Sequential logic is
used for each a;, , being processed up to the highest order (H)
(i.e., following aqy, ., @1y, A3y, s Ay Aui,y,)- YEL 1O
avoid overcurrent, the per-phase MG capability (\/m is
recalculated sequentially upon the processing of each a;,
coefficient targeted on the control action. For instance, after
calculating @y, the capability for a;, is AL, = (Ipgmt )? —
(INFE?2, where IPR is limited to IDERE o I5ER if injection

1l|lm 1|m stom

or storage of active current is intended, respectively.



As the last step of the GCBC strategy, to allow the J-DERs
to inject the desired currents, their time-domain m-phase

reference current (i,’}’[) is locally built. Such currents are set
based on (5), where the reference peak currents, I;, ~and

I,{'*LmAt each h order, are multiplied by the respective unitary in-

phase and quadrature signals. Note that the peak references are
attained from «, ~and the local capability of each DER

( AIr];l), which is calculated sequentially, as done at the CC.

H
Jx

i Z (ah”m . ,AI;) . x,];"m + <ahlm . /AI,L) -xélm (5)

h=1,35,...

IV. SIMULATION RESULTS

Herein simulation results demonstrate the proposed RLS
strategy. The MG testbench presented in Fig. 1 is implemented
in Matlab/Simulink, according to the model from [18]. Three
three-phase current-controlled DERs are considered, as in Figs.
1 and 2. Their inner current loops use proportional-repetitive
(PRep) controllers as in [24]. Constant voltage sources feed the
DC buses of the DERs. The DERS’ parameters are in Table I.
Several linear and non-linear loads (see Fig. 1) represent the
circulation of active, reactive, and harmonic currents. The
MG’s non-linear power is around 20% of the overall apparent
power of the loads. A resonant load is also placed at the PCC
when desired. This load comprises a line impedance segment
and a delta-formed capacitive bank connected to the PCC
through the circuit breaker CB;.

Concerning the GCBC operation, the selected harmonic
frequencies shared by the DERs in simulations are set to the
fundamental and odd orders, from the 3™ up to the 13™, since
they are the most significant ones in the load currents. The data
transmission between the CC and DERs occurs once at each
fundamental cycle (i.e., 20 ms). Moreover, slower data
transmission speeds could be adopted, only resulting in longer
settling times, not impairing system stability, as shown in [20].

Two case studies are presented. The first case considers the
MG operating under distorted voltages imposed by the main
grid. The proposed approach is demonstrated to share currents,
offering RLS-based compensation of reactive and harmonic
currents to achieve high PF operation. Additionally, the active
current sharing capability is shown. As a second simulation
case, the resonant load is enabled, and it is shown that the
proposed RLS approach supports the damping of harmonic
resonances. Finally, a comparison with an SCS approach
depicts the advantage of the RLS method.

A.Case 1: Distorted Voltages Imposed by the Grid

For this case, the upstream grid imposes distorted voltages at
the primary side of the distribution transformer. Thus, resulting
in nonlinearities of the 7" harmonic order, with 6% of
amplitude in relation to the fundamental voltages (e.g., for
phase a, v$™¢ = 400.cos(w.t) + 24.cos (7. w.t)). The MG
operates to achieve high PF at the MG PCC, and the results are
depicted in Fig. 3, being split into four intervals. The PF is
calculated as in [16] (i.e., as defined in Section I).

First, at Interval | in Fig. 3(a) and 3(b), it is shown how the
voltages are distorted at the PCC. This case considers the DERs
idling (i.e., not processing any currents). Consequently, only the

TABLE |
MG and DERs’ Parameters Used for Simulations

Feature Specification
LV MG line voltage (fundamental) and freq. 400V @ 50 Hz
DERs rated apparent power [Aperi, Aoerz, Apers] [35, 20, 35] kKVA
DERs DC link voltage (Voc) 750 V
LCL filter: inverter- (L;) and grid-side (Lg) inductor 3.5and 1.5 mH
LCL filter: capacitor (Cy) 2.2 uF
LCL filter active damping gain (Kgamp) 4.8 pu
Switching (fs) and sampling frequencies (fs) 15 kHz
PRep controller: proportional and repetitive gain 0.26 and 0.28 pu

load currents are seen at the PCC, being considerably distorted
and phase-shifted related to the voltages. At this interval, the
total harmonic distortion of the phase currents (THD;) is 7.70%,
with PF = 0.93. Fig. 4 shows that the harmonic spectrum of the
PCC currents has several components. The most significant
ones are the 5%, 7", 11™ and 13" orders, being the 7" order the
only one existing in the grid voltages (see supplementary
material file for additional quantitative details).

At Interval Il, the GCBC is initiated, and the DERs are
coordinated to share the reactive and harmonic currents seen at
the PCC, following the RLS approach. Note in Fig. 3(a) and
3(c) that the DERs promptly change their current injections,
starting to process fundamental and harmonic currents. Besides,
such operation occurs proportionally to their nominal
capabilities (e.g., see in Fig. 5 that DER; and DER; inject the
same collective [14] currents and that DER injects a collective
current about 57% smaller, given that Aperz = 0.57xAper1).
Since DERs follow the RLS approach, the PCC currents are in
phase and resemble the voltage waveforms. Fig. 4 shows that
the harmonic spectrum of the PCC currents mostly comprises
fundamental and the 7" orders. Also, the fundamental is
reduced due to the reactive compensation.

If an SCS approach was implemented for Interval 11, the PF
at PCC would not be unity (e.g., a PF=0.982 is obtained for this
case). However, since the proposed RLS approach shapes the
MG to synthesize a resistor, the PF at the PCC becomes 0.999.
This result indicates that mostly active power flows through the
PCC. Consequently, this supports the operation of the upstream
grid by achieving controllable MG power flow also under
distorted voltages, with null reactive and non-linear power
dispatch. Although harmonic currents non-proportional to the
voltages are compensated, it is reinforced that the RLS
approach leads to distorted currents at the PCC. For this case,
the THD; is 6.29%, 6.31%, and 6.32%, respectively, for phases
a, b, and c. Figs. 3(c) and 4 show that only the 7™ harmonic
order exists during Interval Il.

At Interval Il in Fig. 3(a) and 3(d), the dynamic response of
the proposed strategy is shown. At 0.6s, a load step occurs by
suddenly switching off the circuit breakers CB; and CBs, which
connect the non-linear loads in the buses B16 and B18 (see Fig.
1), respectively. Note in Fig. 3(a) that the PCC currents
promptly change despite the abrupt disconnection of the loads,
although neither overcurrent nor overvoltage occurred at the
PCC and DERs’ PoCs. In addition, since the GCBC
communicates with DERs each 20 ms, the shared currents
started to be readjusted only after one fundamental cycle.
Moreover, after two more cycles, a steady-state is reached,
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maintaining the features of the RLS approach. Thus, currents
are still in phase with voltages (see Fig. 3(d)), and mostly
harmonics proportional to the voltages exist. Fig. 4 reassures
that only the 7" order remained at the PCC, as in Interval 1.
For the last scenario (i.e., Interval 1V), the active sharing
capability under distorted voltages is shown, having the results

shown in Fig. 3(a). At 0.9s, the GCBC is set to control the active
current dispatch at the PCC while also compensating for
reactive and harmonic currents. The results show that the
GCBC can support such functionality, quickly adjusting the
current injections of DERs to process active, reactive, and
harmonic components. From Figs. 3(a) and 4, it is seen that all
current terms are practically null at the PCC. Note that if the
DERs share the most significant current terms flowing through
the PCC, the MG operates (i.e., in steady-state) under full self-
consumption mode. The self-consumption service is
commercially found in local controllers of DERs. Besides, it is
deemed important since it supports optimized electricity
planning of LV grids [17]. In this paper, such a concept is
expanded to the MG perspective, considering active power
control and targeting reactive and harmonic control.

B.Case 2: Coordinated RLS for Resonance Damping

Now, the capability of the proposed coordination of DERs on
supporting the damping of harmonic resonances is discussed.
Results are presented in Figs. 6 and 7, and Table Il. For this
simulation, the capacitor bank of the resonant load placed at the
PCC is added to the MG by switching on CB; (see Fig. 1). This
type of passive compensator is usually placed close to the
distribution transformer to support the regulation of voltage
profiles and purposes of reactive power compensation [4].
Nonetheless, the interactions of this capacitive filter with line
impedances and non-linear loads may deteriorate voltage
quality if resonances are triggered. To demonstrate that, a small
amount of 1 % of the 7™ harmonic order is added to voltages
(i.e., in relation to fundamental voltage, similar to Case 1).

At Interval I in Fig. 6(a) and 6(b), the harmonic resonances
caused by the interactions within the MG are demonstrated. All
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TABLE Il
Voltage amplitudes (i.e., peak values [Vy]), PF, and THD, for the PCC and the secondary side of the MG transformer in simulation Case 2.

Transformer Voltages

PCC Voltages (Int. I)

PCC Voltages — RLS (Int. I1)

PCC Voltages — SCS (Int. I1)

Phase a b c a b c a b c a b c
1 32559 32558 32558 31254 31254 31254 32431 32422 32426 32470 32453  324.86
= 3 0.01 0.01 0.02 0.01 0.02 0.02 0.14 0.20 0.29 0.39 0.33 0.63
g 5 0.04 0.03 0.03 9.54 9.54 9.53 0.50 0.43 0.42 0.79 0.18 0.62
2 7 3.40 3.38 3.39 5.59 5.63 5.55 6.75 6.61 6.82 11.37 11.00 10.26
g 9 0.05 0.08 0.12 0.27 0.08 0.22 0.62 0.99 1.61 6.06 6.64 12.64
£ 11 0.15 0.16 0.18 1071 1067 10.75 1.82 1.92 2.13 0.93 1.46 1.0
13 0.05 0.08 0.10 1.44 1.46 1.47 0.54 0.84 1.10 0.41 0.65 0.96
THD, [%] 1.05 1.04 1.05 4.96 4.96 4.97 2.47 244 2.53 4.02 4.02 5.06
PF 0.92 0.93 0.99 0.98

DERs are disabled at this instant. It is seen that voltages are
significantly distorted, with a much higher THD, value than the
1 % of harmonic pollution inserted at the voltages. Table II
shows that the THD, value increases from about 1% to
approximately 5 % at the PCC due to the resonances. Moreover,
even though only the 7" order was added to the voltages at the
secondary side of the transformer, a significant amount of the
5t 7t 11" and 13" harmonics also exist at the PCC voltages
(see Table I1). In Fig. 7(a), the transformer and PCC voltages
are visually compared, reassuring the effects of the triggered
resonances. Yet, Fig. 6(b) also shows that the PCC currents are

still phase-shifted and distorted (i.e., with multiple harmonics),
and a low PF occurs.

For the second interval in Fig. 6, the GCBC is enabled at 0.3s,
commanding the DERs to share the PCC reactive and harmonic
currents based on the RLS approach. By having inverters
sharing the harmonic currents, the PCC voltages start
responding without causing overvoltage (see Fig. 6(a)).
Likewise, the PCC currents do not suffer overcurrent. Note that,
as the PCC voltages dynamically change due to the effects of
the distributed compensation, the GCBC keeps on adjusting the
current sharing until a steady state is obtained after around 0.4s.



As a result, the currents resemble the voltage waveforms (see
Fig. 6(c)), increasing the damping capability of the MG due to
the resistive shaping [3] and concomitantly reaching a high PF.
The direct consequence of shaping the MG as a selective
resistor is that most of the harmonic resonances are suppressed,
as seen in Table I1. Note that a considerable amount of the 5%,
11™ and 13™ harmonic distortions are damped. Moreover, the
fundamental component is restored to 99 % of its nominal value
(e.g., for phase a, the voltage amplitude is 324.31 V, compared
to 325.59 V at the secondary side of the transformer). Fig. 7(b)
shows that the PCC voltage waveforms are now more similar to
those from the transformer secondary side. A final THD, of
approximately 2.5% is obtained for the PCC phase voltages,
representing a significant improvement from the previous 5%
value. Interval Il presented THD, and THD; below the limits
indicated by the IEEE 519-2014 standard (see supplementary
material file). However, it is highlighted that the proposed
coordination based on RLS aims at compensating unwanted
current components, supporting the damping of harmonic
resonances in voltages as a direct consequence. If a harmonic-
free scenario is desired, upon having the grid imposing distorted
voltages, active compensators can be placed at the MG PCC.
Finally, another comparative study of the proposed RLS-
based coordination against the SCS approach from [20] is
presented. The GCBC strategy is then adjusted, as seen in Fig.
2(b), to share all the harmonic currents of the loads (i.e., terms
proportional and non-proportional to the voltages). By striving
to obtain sinusoidal currents upon the same scenario accounting
for resonances (i.e., as in Fig. 6(c)), the suppression of harmonic
distortions is minimized. For instance, in Table II, the voltage
amplitude of the 51, 11", and 13™ orders is reduced comparing
to Interval | (i.e., respectively by around 91%, 86%, and 71%).
Nevertheless, compared to the RLS scenario, the 7™ order was
82% higher. Moreover, additional distortions at the 9™ order
were significantly triggered by using SCS. Thus, this result
proves that the SCS approach is less effective than the proposed
RLS technique for what concerns resonance damping. Fig. 7(c)
visually demonstrates that voltages are more distorted when
SCS is selected, presenting a THDy of around 4 % for phases a
and b and 5 % for phase c. Consequently, given the considered
scenario, simulations show that the RLS approach improved the
damping capability in about 38%, 39%, and 50% for phases a,
b, and c, respectively, compared to SCS. Such results consider
the THD, as the figure of merit (see Table II; e.g., the THD, for
phase ¢ was 5.06% and 2.53% for the SCS and RLS cases,
respectively, leading to such a 50% improvement).

V.EXPERIMENTAL RESULTS

A laboratory-scale single-phase MG prototype has been
assembled to verify the feasibility of the proposed RLS-based
coordination of inverters. Such a prototype is seen in Figs. 8(a)
and 8(b), and its equivalent circuit is shown in Fig. 8(c). The
MG comprises two single-phase DERSs (i.e., DER; and DERy)
composed of full-bridge SEMIKRON® inverters, considering
LC output filters (i.e., with 3.5 mH and 2.2 pF). The DERS’
nominal power are 1.85 and 2.5 kVA, respectively for DER;
and DERy, resulting in a proportion ratio of rpggs = 1.85/2.5 =
0.74. An F28335 DSP is used to implement the proportional-
resonant (PR) current controllers of DERs, as in [25]. The

sampling (fs) and switching frequencies (fsw) are 12 kHz due to
the DSP’s computational constraints. It is highlighted that,
regardless if f; and fsy are 12 or 15 kHz, similar performance is
obtained for simulations and experiments (see supplementary
material file). The PR controllers are tuned at the fundamental,
3¢ and 5™ orders. The values of the proportional (KP;) and
harmonic (Klp) gains are 0.20 and 358 pu. DERs’ DC links are
fed by DC voltage sources with 270 Vc.

A REGRATRON® bidirectional AC voltage source
emulates the upstream grid. As seen in Fig. 8(c), three loads are
considered, being one inductive (L, = 40 mH) and one non-
linear (Ls), which is comprised of a diode bridge rectifier having
an inductor (5 mH) at its AC side and a capacitor bank (2.35
mF) in parallel with a resistor (41.8 Q) at its DC side. An
IT8616 electronic load (L) is also used, emulating a constant
resistor with 16 Q. The MG’s non-linear power is around 27%
of the overall apparent power of the loads. Line impedances
exist in the MG, being Zi1=212=213=214=2x215 = 0.02 +
j0.188 Q. The proposed control strategy processed by the CC of
the MG is also implemented within the DSP, considering data
transmission rate with DERs of 0.16 ms. The GCBC is set to
control the fundamental, 3" and 5™ harmonic orders.

Experimental results are presented in Figs. 9, 10, and 11, and
they consider two voltage scenarios to demonstrate the RLS
feature and control capabilities of the proposed approach. First,
the fundamental grid voltage is set to 127 Vims at 60 Hz (i.e., as
a common single-phase Brazilian LV grid [19]), with 15 % of
the 5" harmonic (i.e., 19 Vims). For the second scenario, such a
15 % voltage distortion is changed from the 5" to the 3" order.

In Fig. 9(a), the PCC voltage and current are seen when
DERs are idling for the scenario. Note that the current is phase-
shifted (see phase angle in Fig. 9(a)) and presents distortions
non-proportional to the voltage. The P and Q powers, calculated
as in [16], and the amplitude of the PCC current harmonics are
in Table Il1l. They indicate low PF operation, regardless of
voltages presenting distortions at the 3 or 5" harmonics.

Then, in Fig. 9(b), the first experimental result with the RLS-
based GCBC is shown when the strategy is enabled, allowing
the DERs to share the reactive and harmonic currents. Note that
the strategy can steer the DERs in proportion to their ratings.
For instance, DER; processes 4.5 Ams and DERz 6.1 Ams,
which gives rpers = 0.73, matching the expected proportion of
0.74. As a result, the PCC current resembles the voltage,
presenting negligible phase deviation, indicating operation
under high PF (i.e., 0.99, see Table I11). A second case is shown
in Figs. 9(c) and 9(d), on which CBy switches off the inductive
load Lo. It is seen in Fig. 9(c) that the MG smoothly transits the
load step as the GCBC adjusts the DERS’ injections, reaching
steady-state in Fig. 9(d) with performance similar to Fig. 9(b)
(see Table 1), also presenting rpers = 0.72.

Now, the load L, is switched on again, and in Figs 10(a) to
and 10(c), adynamic change in the voltage distortion is abruptly
emulated. Note in Figs. 10(a) and 10(b) that the changes in
voltage and currents for the PCC and at DERs occur without
causing any overvoltage or overcurrent. In addition, as seen in
Fig. 10(c), the DERs reach steady-state operation after a few
cycles (i.e., about 14 cycles). This situation occurred due to the
dynamics of the GCBC algorithm, of the rms calculation
required for (1.c) and (1.b), and due to the transient response of
the current controllers. Fig. 10(c) shows that the strategy is



again able to shape the MG PCC to emulate a resistor without  negligible phase shift and distortions at the same frequency of
adjustments in the GCBC, and without decomposing voltages.  the voltage one (i.e., the 3™ order). This situation results in a
Finally, Table 1l shows that the PCC current presents high PF of 0.99, while DERs adequately present rpgrs = 0.73.
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Fig. 11. Full self-consumption mode for the MG under distorted voltages.

A final experiment is shown in Fig. 11 to certify the
capability of the GCBC also to share active currents under
highly distorted voltages. Thus, the active, reactive, and
harmonic (proportional and non-proportional) currents are
considered references. Note that the DERs inject the load
currents proportionally (i.e., with rpgrs = 0.71), resulting in
practically null current at the PCC (see also practically null P
and Q powers in Table I1). Such a result proves that the MG
full self-consumption mode is supported by the GCBC as well.

VI. CONCLUSION

This paper presented a model-free control strategy to
coordinate distributed DERs existing in an interconnected LV
MG, aiming to shape it to behave as a resistor at selected
harmonic frequencies at the PCC. The approach is based on the
RLS concept, being integrated into the GCBC strategy,
allowing the possibility to automatically compensate current
harmonics non-proportional to voltage distortions imposed by
the upstream grid without implementing virtual impedance
loops or decomposition of sequence components.

The simulation and experimental results showed that, by
distributedly compensating non-active currents under such an
RLS perspective, a high PF of 0.99 could be attained at the
PCC, supporting higher energy efficiency for the distribution
grid. Moreover, results showed that the approach supports
active current sharing among DERs, allowing the MG to
operate as a single-controllable entity, achieving full self-
consumption mode under heavily distorted voltages.

The control approach is also capable of damping harmonic
resonances triggered by interactions among grid and MG
elements, supporting improved voltage quality (e.g., results
showed that a per-phase THDy as low as 2.4% was achieved
under such scenario). Finally, for the considered MG testbench,

up to 50% of improvement in resonance damping could be
obtained in results comparing to an SCS strategy.
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