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Abstract: The decarbonization of the global economy is one of society’s urgent objectives nowadays.
Thus, the large-scale adoption of renewable energy sources, like solar and wind energy, seems to be
the best pathway to achieving sustainable development. Thus, the microgrid concept has emerged
as a solution to address concerns related to the intermittent nature and lack of inertia for such
sources. Several studies involving microgrids have been published in the last few years. However, in
most of them, power quality (PQ) disturbances and strategies to manage such disturbances are not
considered, especially in the islanded operation mode. Hence, in this paper, a detailed assessment of
the PQ of an islanded AC microgrid is conducted, considering the coexistence of a nonlinear load,
voltage-controlled converters, and a current-controlled converter (CCC). The analyses consider two
scenarios, depending on the operation mode of the CCC: (1) the CCC operating as a conventional
grid-feeding converter and (2) considering a cost-effective upgrading of the conventional CCC to
operate as a multifunctional converter. An experimental test bed is built to validate both scenarios.
The presented results provide strong evidence that the AFF significantly improves the microgrid PQ
and its suitability for dealing with PQ disturbances in real-world applications.

Keywords: AC micogrids; active filtering; harmonic disturbances; multifunctional inverters; power
quality; renewable energy

1. Introduction
1.1. Motivations

Environmental issues caused by human activity have raised several concerns in mod-
ern society about how to achieve sustainable development. For this purpose, several
countries have signed their commitment with initiatives such as the United Nations (UN)
2030 Agenda, where some sustainable development goals (SDGs) have been defined to
decarbonize global economies [1,2]. In this scenario, different studies have pointed out
electrification as a crucial step in achieving such goals [3,4], since electricity is an essential
resource with strong relationships with most of the SDGs [5].

For those reasons, different countries have implemented several policies for encourag-
ing investments in non-conventional renewable energy sources (RES) like wind and solar
energy [6]. This has resulted in the exponential integration of RES into the conventional
power system. However, such RES present an intermittent nature and lack of inertia, which
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challenges the suitable operation of the power system [7-10]. Such concerns have raised
the necessity to integrate RES in a coordinated way, leading to the microgrid concept [11].

The microgrid concept involves the coordinated management of multiple distributed
energy resources (DERs), including distributed generation (DG), energy storage systems,
smart loads, and advanced metering technologies among others to act as a single con-
trollable entity with respect to the grid [11]. The microgrid also must operate in islanded
mode. However, in this operation mode, the microgrid becomes a small power system with
a lower short circuit ratio (SCR) and is consequently more susceptible to power quality
(PQ) disturbances such as those instigated by nonlinear loads (NLLs). This heightened
vulnerability to PQ issues can have notable economic ramifications [12,13]. In this way, if
these challenges remain unaddressed, then they could potentially dissuade the adoption
of the microgrid concept, thereby impeding progress toward a more sustainable energy
transition. Hence, it becomes evident that achieving decarbonization goals significantly
depends on effectively mitigating these microgrid PQ challenges, which is essential for
facilitating seamless and reliable grid integration of the DERs. Hence, it is essential to
propose and study different strategies to manage PQ issues during a microgrid’s islanded
operation [14,15].

1.2. Literature Review

For several years, studies related to microgrids have focused on power sharing, hi-
erarchical control, and frequency and voltage control. However, PQ issues were ignored
during this first stage of development. Then, voltage unbalances due to unbalance loads
were addressed in [16-18].

The harmonic disturbances introduced by NLLs have also been addressed in the
literature. One of the available options addresses this problem by improving the harmonic
current sharing among the microgrid power converters, usually among voltage-controlled
converters (VCCs) [19-25]. Despite this, the harmonic current sharing between VCCs and
current-controlled converters (CCCs) was also reported in [26,27]. In all of those techniques,
the harmonic current-sharing strategies can act to achieve different control objectives, such
as lowering the voltage distortion at certain microgrid bus bars or sharing the current
harmonics according to each converter’s nominal power to avoid overloading. However,
such techniques usually lead to a higher voltage harmonic content, which can result in
widespread harmonic disturbance along the microgrid.

Furthermore, the use of active power filters (APFs) and multifunctional converters has
also been proposed in the literature to address harmonic disturbances in grid-connected
microgrids [28-30]. In the case of islanded AC microgrids involving VCCs, CCCs and
NLLs, an evident lack of studies considering PQ issues is noted. Two notable exceptions
in the literature are [31,32]. In [31], an autonomous control strategy for harmonic current
sharing between the VCC and CCC was developed based on the virtual impedance and
admittance techniques. Furthermore, in [32], the impact of a multifunctional converter on
the microgrid’s small-signal stability was analyzed. However, a detailed analysis of the
PQ’s improvement was not presented.

1.3. Objectives

According to the above discussions, it can be noticed that addressing microgrid
PQ issues is essential for the large-scale adoption of microgrids and renewable energy
sources, which is essential to accomplish decarbonization goals. However, it is possible
to identify a lack of studies analyzing and assessing the PQ of an islanded AC microgrid
regarding VCCs, multifunctional CCCs, and NLLs, where the harmonic disturbances are
compensated locally to avoid widespread harmonic disturbances along the microgrid.
Hence, in this paper, a comprehensive PQ assessment within an islanded AC microgrid is
presented, taking into consideration the influence of NLLs, VCCs, and CCCs. The analysis
encompasses two distinct scenarios:
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*  The first scenario involves the CCC functioning as a conventional grid-feeding con-
verter, with the active filtering function (AFF) disabled. This scenario closely resembles
the integration of a traditional renewable DG system into an islanded microgrid, as the
grid-feeding CCC corresponds to the current industry standard for grid integration of
DG systems. In this way, as a first step of this research, it is assessed if, in the presence
of an NLL, this configuration results in acceptable PQ indexes or if it is necessary to
adopt more advanced techniques to operate with suitable PQ indexes.

*  Inthe second scenario, the multifunctional CCC’s AFF is enabled, allowing it to supply
harmonic currents associated with the NLLs. This scenario is explored due to the
effectiveness of implementing the AFF within a CCC to address power quality issues
due to NLLs. However, it is important to highlight that the proposal of this paper
consists of implementing the AFF with the minimal amount of modifications possible
to the control strategy of the first scenario so it can be interpreted as an upgraded
version of the existing renewable DG systems. Hence, the implemented AFF involves
only the addition of the measurements of the local NLL currents and the inclusion of
an algorithm to extract their harmonic components.

The study conducts an assessment of both the microgrid and converter control per-
formance from a PQ perspective in both scenarios. Consequently, this research provides a
comprehensive analysis of microgrid PQ grounded in experimental results.

2. Overview of Converter Control

In AC microgrid systems, there are two main power converters classifications, known
as the grid-following converter and grid-forming converter [33,34]. Thus, in this section, the
different microgrid converter control techniques used in this paper are explained in detail.

2.1. Multifunctional CCC Control

The multifunctional CCC technique is illustrated in Figure 1. CCCs have been widely
used in different applications of grid-tied power converters, such as active power fil-
ters [35,36], and for the grid integration of intermittent renewable energy sources, such as
wind and solar energy [37-41]. More recently, power converters able to perform both of the
mentioned functions have been reported in the literature and have been called multifunc-
tional converters [28,42—44]. However, it is important to highlight that the proposal of this
paper consists of implementing the AFF with the minimal modifications possible to the
traditional control strategy of conventional grid-feeding converters so it can be interpreted
as an upgraded version of the existing renewable DG systems. Hence, the implemented
AFF involves only the addition of the measurements of the local NLL currents and the
inclusion of an algorithm to extract their harmonic components, as will be discussed in
this section.

delac LC filter PCC

Va=
550V

Local non-
linear load

DSCTIF28335

Figure 1. CCC control block diagram.
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From the AC microgrid control perspective, such a type of converter control is known
as grid-following converter control since it injects a current into the electric power system
while “following” a preestablished voltage and frequency imposed either by the grid or by
grid-forming converters [33,34].

As depicted in Figure 1, the multifunctional CCC in this paper comprises a syn-
chronous reference frame (SRF) phase-locked loop (PLL) [45], which is encharged to esti-
mate the instantaneous voltage phase (6) and its frequency (@wy). These variables are then
used for the CCC control algorithms, especially for the DQ current and voltage transforma-
tions. For this purpose, the SRF PLL uses a proportional-integral (PI) controller as given by

. kiPLLk A .
wk(s) = kPPLLk + 5 kPukvoqk (S)' Gk(s) = *wk(s)r 1)

where k;,, is the voltage normalization gain, k

Kipy,
multifunctional CCC output voltage.
The current reference (iqu ) that must be injected by the CCC is computed as follows:
k

ppir, Tepresents the PLL’s proportional gain,
. corresponds to the PLL’s integral gain, and v, is the quadrature component of the

i1y, (5) = Tav,, (5) +Kaffiin, (5), o)

where %, is the active current component that should be injected into the microgrid, k,
AVig, fr

corresponds to a gain that allows partial harmonic compensation in order to manage the
loading of the inverter [43], and i} Lh,, Tepresents the harmonic current components of the
Ik

nonlinear local load estimated by the harmonic extraction algorithm, which is given by

ithqu (s) = (1 - Clmek)ium (s), 3)

§ + Wre,

where wy,, is the cutoff frequency of the CCC’s harmonic extraction filter and ir 4q, TEPTE-

sents the DQ components of the local NLL current.
Finally, the reference current i ’L‘d is tracked by a conventional SRF PI current controller,
Tk

and control action is then transformed into “abc” components to be used in the PWM
modulator of a three-phase, three-leg inverter, as illustrated in Figure 1. Then, an inductive
(L) output filter is in charge of attenuating switching frequencies associated with the PWM.
Also, there are three star-connected output capacitors to measure the local line-to-neutral
voltages. For this reason, a small capacitance is used.

In this way, the adopted control structure enables the converter to perform both
grid feeding and the AFF simultaneously. Furthermore, it is important to highlight that
when k, f = 1, this means that the AFF is fully enabled, and thus the CCC operates as a
multifunctional inverter, which should improve the microgrid PQ since the AFF avoids
widespread NLL harmonic disturbances. Also, when k, 5 =0, the AFF is disabled, and the
CCC operates as a conventional grid-feeding converter.

2.2. Grid-Forming Converter Control

As described in the previous subsection, the grid-following inverters require a preestab-
lished voltage and frequency. Hence, to enable the microgrid’s islanded operation, another
control structure is necessary, known as grid-forming control [33,46-48].

The implementation of the grid-forming converter control considered in this paper is
depicted in Figure 2. Compared with the grid-following structure, it can be noticed that the
grid-forming converter does not have a PLL since this converter does not need to extract
the instantaneous voltage phase. This is because the grid-forming converter regulates its
output voltage. Thus, this converter tends to operate as an ideal voltage source because it
consists of a VCC, as Figure 2 illustrates.
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Figure 2. VCC control block diagram.

The voltage reference that the voltage controller should track is computed by the
droop and virtual impedance control techniques. For this purpose, the average active and
reactive power must be computed as follows:

S+w S+ w

pi(s) q:(s)

w . . w . .
Pay,(s) = 7ff (lodi Yoy, T 1oy, Vo, )s Qav,(s) = p f (Zodi Uog; — toy, vodi) @
| S —— —_——

where w 7 is the measuring filter cutoff frequency, v, " and Do, correspond to the output
voltages of the DQ components, i, 0 and i% refer to the DQ components of the output
currents, and p; and g; are the instantaneous active and reactive powers defined in the SRF,
respectively.

Once the average active and reactive power are computed, the frequency and the
output voltage reference are calculated in Equations (5) and (6), respectively, using the
droop control to achieve power sharing among the converters [49,50] and the virtual
impedance technique to enhance the converter and microgrid stability [51,52]:

(,U;-k = Wy — kp,-PAV,'/ 91* = / wf‘, (5)
vy = Euy —kg.Qav. — (roio, — Lowyiio, ); vy = 0 —(=Lowpio, +1vis, ), (6)
Od,- n qi /1 [ Od,- (%] Oqi ’ 0'71' vWn Od]- v Oqi 7
———— *
€. Virtual voltage drop i Virtual voltage drop

1

where w; and 0} are the voltage angular frequency and instantaneous phase references,
respectively, v o and v;, ~refer to the DQ components of the voltage reference, kp, and k;,

correspond to the P — w and Q — V droop coefficients, respectively, , and L, are the V1rtual
resistance and inductance, respectively, and w,; and E,; are the values of w and V at no
load, respectively.

The voltage references v, 0aq; Y€ tracked by standard dual-loop SRF PI controllers as

depicted in Figure 2. The outer PI loop and the feedforward control gain (k) are in charge
of computing the reference current that must circulate through the inductor (I qu_) to keep

the output voltage at the reference value. Finally, the inner controller is responsible for
tracking the reference current. The control action of this controller is then transformed into
“abc” components to be used in the PWM modulator of a three-phase, three-leg inverter, as
illustrated in Figure 2.
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3. Experimental Set-Up

In this section, a detailed description of the experimental set-up is provided, and the
key microgrid and control parameters are presented.

All the microgrid converters were based on Semikron IGBT SKM100GB12 modules
and the SKHI 22A driver. For accurate monitoring and control of the voltage and current,
LEM transducers were employed, specifically the LV 25P and LA 55p models, respectively.
These transducers and the signal conditioning boards provided precise measurements
for the digital signal controller (DSC). Moreover, the control functions and algorithms
for the converters were executed on the DSC TI TMS320F28335, which performed 32 bit
floating-point calculations.

Figure 3a,b illustrates the single-line diagram and a photograph of the three-phase
experimental microgrid prototype featured in this paper, respectively. The microgrid
consisted of three bus bars, with the VCCs connected to the first and third bus bars.
The CCC was linked to the second bus bar, which also hosted an NLL consisting of a
noncontrolled three-phase rectifier with a resistive load. Additionally, a resistive load was
connected to the third bus bar, and the impedance of the microgrid distribution lines was
incorporated through toroidal inductors.

:< > | EZ":-:: 22=0.124/0.377
: I ::7"‘::::}———__
:___KC_C__J% an':SI Y .

.“J .

| Zy! 2 .
I<"\>—|"='D'—"‘* Z5=0.35+j1.131

| |

. i
| 3 o
|

£¥ bar 3 bar 2|

Ll

3x100Q A [=1v,= 3100
m 330

Rectifier

(a) Single-line diagram (b) Microgrid photo.

Figure 3. Experimental microgrid prototype.

The start-up process of the microgrid began with a voltage ramp of the VCC linked
to the first bus bar, thereby energizing the microgrid. Subsequently, the synchronization
process of the VCC at bus bar 3 started. This process ensured that both VCCs’ voltages main-
tained identical phases and sequences before their interconnection. Once synchronization
was successfully achieved, a circuit breaker was turned on, facilitating the interconnection
of both VCCs. Finally, the CCC was activated and integrated into the microgrid, allowing it
to assume its designated role in the system’s operation according to its operation mode.

All the microgrid and converter parameters used in this paper are presented in Table 1,
and the main considerations for the design of the CCC and VCC controllers are detailed
in [32]. Finally, the experimental results, waveforms, and harmonic spectra were captured
through a Yokogawa WT3000, as can be seen in Figure 3a,b.
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Table 1. Microgrid and converter parameters.

Parameter Symbol Value Unit
Nominal frequency wy 376.99 rad/s
Nominal RMS
line-to-line voltage Vip 220 v
Three-phase rectifier
load resistance Rac/ce 3 0
NLL coupling L. 3 mH
inductance
Line impedance (1, 2) Z12 0.12 +0.377 Q
Line impedance (2, 3) Z1p 0.35+1.131 QO
DC voltage of VCC
and CCC Veei, Veey 550 v
Switching frequency
of VCC and CCC Fsawir fowy 20 kHz
Sampling frequency
of VCC and CCC Foir fse 40 kHz
LC filter inductance
of VCC and CCC Ly Ly, 15 mH
LC filter capacitance
of VCC Crp, 60 uF
LC filter capacitance
of CCC e ! nF
Cutoff frequency of
vee . wy 30 rad/s
power-measuring
filter
VCC virtual Z,, 0.03607 + j0.1444 0
impedance
Frequency droop
coefficient of VCC kpi 0.0004 rad/s/W
Voltage droop
coefficient of VCC Ky 0.0075 V/Var
Proportional gain of
VCC voltage kp., 0.23 1/Q
controller
Integral gain of VCC 4
voltage controller o 150 1/(0s)
Feedforward gain of
VCC voltage kg, 0.5 -
controller
Proportional gain of
VCC and CCC kp:ir kl’ik 40.7 @)
current controller
Integral gain of VCC k. 6215 /s
current controller i
Integral gain of CCC . 4950 /s
current controller i
Proportional gain of
CCC PLL kPPLLk 27.5 rad/s
Integral gain of ‘ 5
CCC PLL klpLLk 187 rad/s
Cutoff frequency of
CCC harmonic Wie, 9.425 rad/s

extraction filter

4. Experimental Results

This section presents selected experimental results to assess the microgrid PQ when
the multifunctional CCC operated with the AFF disabled and with the AFF fully enabled.
Hence, the PQ improvement provided by the multifunctional CCC AFF will be assessed.
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The experimental results are presented as follows:

e  Figure 4 presents the voltage and current waveforms of each microgrid power con-

verter.

e  Figure 5 corresponds to the harmonic spectrum of the current waveforms presented in
Figure 4.

*  Figure 6 presents the harmonic spectrum of the voltage waveforms presented in
Figure 4.

e  Finally, Figure 7 presents the current and voltage RMS and total harmonic distortion
values of the waveforms presented in Figure 4.

¢ Itisimportant to highlight that for all the above results, two different current wave-
forms associated with the multifunctional converter were measured and presented in
different subfigures: (1) the current through the CCC output filter inductor (I 7,) and
(2) the output current of the CCC plus the local NLL (see i,, in Figure 3a).

* In the scenario considered, the power supplied by the CCC was lower than the
power demanded by the local NLL at bus bar 2. Hence, both VCCs supplied the
remaining power.

4.1. Discussion
4.1.1. Multifunctional CCC AFF Disabled

When the multifunctional CCC AFF is disabled, it operates as a conventional grid-
feeding inverter. Hence, in this case, the CCC should inject a sinusoidal current. This
behavior can be verified in Figure 4e. As a consequence, the current harmonic components
associated with the local NLL (see the last waveform in Figure 4e) must be supplied by
the VCCs. This can be constated by the results provided in Figure 4c, where the output
current delivered or demanded by the CCC plus the local NLL are displayed (see iy, in
Figure 3a). It can be observed that the VCCs were supplying distorted currents for the
NLL. As a result, the harmonic disturbances introduced by the NLL caused the presence
of the fifth and seventh harmonic voltage components at bus bar 2, as can be confirmed
in Figure 6¢, which are the same predominant components present at the NLL current
according to Figure 5i. This led to a voltage total harmonic distortion (THD) of 3.49%,
which is in agreement with Figure 7c. It is important to observe that such voltage harmonic
components constitute a disturbance for the CCC control loops, which explains why some
harmonic current components were observed in the current injected by the CCC (Ir,) in
Figure 5e.

Furthermore, it can be observed in Figure 4a,g that the output currents of both VCCs
presented high harmonic distortion, mainly due to the presence of the fifth and seventh
harmonic components, as can be confirmed through the current harmonic spectra presented
in Figure 5a,g. This led to a current THD between 26.2% and 12.1% according to Figure 7a,g.
Also, it is interesting to observe that the current supplied by the VCC at bus bar 1 presented
a higher harmonic content than that supplied by the VCC at bus bar 3. This occurred
mainly due to two reasons. First, the droop control did not ensure harmonic current
sharing, and second, the impedance between the VCC at bus bar 1 and the load was lower
than the impedance between the VCC at bus bar 3 and the load. Several control techniques
improve the harmonic current sharing among the microgrid power converters [20-23,25].
However, such techniques usually lead to a higher voltage harmonic content, which can
result in widespread harmonic disturbance along the microgrid. For this reason, the
research focus in this paper was devoted to exploring the advantages of locally solving
harmonic disturbances using the multifunctional CCC AFFE.
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Phase “a”
S

Phase “b”
= TTRE

Phase “c”
S

Phase “b”

Phase “c”
5

Load ph “c”

2
@
.
@
<
o

(g) Converter 3 (003, io,). AFF = Off. (h) Converter 3 (7103, ipy). AFF = On.

Figure 4. Experimental waveforms for voltages and currents (47 v/div, 4 A/div, 10 ms/div).
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(b) Converter 1 (i5,).
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0.75156 A

(c) Converter 2 (iy,). AFF = Off. (d) Converter 2 (iy,). AFF = On.
- m.mR: R Yl*? 9.1‘;131 A
'llxg 912099 "

0.07082 A

(e) Converter 2 (ir,). AFF = Off. (f) Converter 2 (i ;,). AFF =On.

(h) Converter 3 (io,). AFF=On.

(i) Load (i1 ). AFF = Off. (j) Load (irr). AFF = On.

Figure 5. Current harmonic components in logarithmic scale for each power converter and the NLL.
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Figure 6. Voltage harmonic components in logarithmic scale for each microgrid node.
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Figure 7. RMS and THD values for voltages and currents.

Since the VCCs were controlled to provide sinusoidal and balanced three-phase
voltages, their output currents were a consequence of the connected load. Hence, it is
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important to notice that although some voltage harmonics can be observed in Figure 6a,e,
the VCCs’ voltage THD remained below 2.66%, which demonstrates the effectiveness of
the designed voltage controller since this corresponds with the expected behavior of an
AC voltage source (i.e., the voltage waveform remains sinusoidal even when the output
currents present harmonic disturbances).

4.1.2. Multifunctional CCC AFF Fully Enabled

In this scenario, the AFF was implemented and fully enabled in order to address
the PQ issues detected in the previous scenario. It is important to highlight that the AFF
was implemented while prioritizing the minimal amount of modifications possible to the
control strategy of the first scenario so it could be interpreted as an upgraded version of the
existing renewable DG systems. Hence, the implemented AFF involved only the addition
of the measurements of the local NLL currents and the inclusion of an algorithm to extract
their harmonic components.

In this way, the multifunctional CCC operates simultaneously as an active power filter
and a grid-feeding inverter, because the AFF is fully enabled. Thus, ideally, the multifunc-
tional CCC output currents (I, f) contain a fundamental component that corresponds to the
active power delivered to the microgrid and the same harmonic components of the local
NLL. Hence, I . is a distorted current, as can be constated in Figure 4f. Also, in Figure 5f,i
it can be observed that the harmonic components injected by the multifunctional CCC
were almost the same as the local NLL, which corresponds to the expected behavior in this
operation mode, as discussed before.

Since the local NLL harmonic components were supplied mainly by the multifunc-
tional CCC, a significant decrease in the harmonic components supplied by the VCCs was
expected . This is exactly the effect observed in Figure 5d, where a significant decrease
can be noticed in the harmonic components of the i,, current, compared with the results
presented in Figure 5c when the AFF was disabled. Hence, a considerable reduction in
the harmonic components of the VCCs’ output currents when analyzed individually was
also expected. This fact can be verified by comparing Figure 5a,g with Figure 5b,h. In
this way, according to Figure 7, the THD of the VCC output current at bus bar 1 reduced
from 26.2% to 9%, while for the VCC at bus bar 3, the current THD reduction was from
12% to 5.2%. From all the above discussion, it becomes noticeable that the multifunctional
CCC AFF avoided widespread NLL harmonic disturbances along the microgrid. In this
way, a significant microgrid PQ improvement can be observed in this case compared with
the previous one. This is particularly noticeable when the voltages spectra in Figure 6 are
analyzed, as well as the voltage THDs in Figure 7. Thus, the maximum voltage THD when
the AFF was disabled was 3.5%, while the maximum voltage THD when the AFF was
enabled corresponded to 1.69%.

4.1.3. Microgrid PQ Assessment Considering Both Scenarios

Table 2 was built to summarize and clearly measures the impact of the AFF on the
microgrid PQ in terms of the voltage and current THDs. Thus, the improvement provided
by the CCC AFF was computed according to

THDy,,, , — THDx,, |
THDy,,,

Improvement = x 100% (7)

"1
1

where the subscript “x” refers to the voltage (“v”) or current (“i”) according to the analyzed
variable, THDy, =0 refers to the voltage or current THD obtained with the AFF disabled,
and THDy,,,_, corresponds to the voltage or current THD obtained with the AFF fully
enabled.
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Table 2. Quantitative PQ improvement assessment in terms of the voltage and current THDs.

Bus Bar Variable ko =10 kop=1 Improvement (%)
1 THDy, (%) 2.643 1.488 43.70
1 THD;, (%) 25.704 8.286 67.76
2 THDy, (%) 3.483 1.653 52.54
2 THD;, (%) 36.26 8.405 76.67
3 THDy, (%) 1.657 1.125 32.11
3 THD;, (%) 11.91 5.207 56.28

Based on the information provided in Table 2, it becomes evident that the AFF sig-
nificantly enhanced the voltage THDs of the microgrid, where an improvement ranging
from 32% to 52% can be noticed. Moreover, when considering the currents, the AFF played
a pivotal role in reducing the current THD, resulting in improvements ranging from 56%
to 76%. However, it can be noticed that some harmonic currents continued to circulate
through both VCCs even when the AFF was fully enabled. The reason behind this is the
limited bandwidth of the CCC controller, which can be improved by adding the well-known
resonant controllers. However, since the objective of this paper was to provide results
considering meaningful and realistic scenarios, this option was disregarded due to the fact
that it was considered a scenario in which an existent CCC grid-feeding converter would
be upgraded to perform harmonic filtering functions and address the microgrid PQ issues
with minimal modifications to the control strategy.

5. Conclusions

In this paper, a detailed assessment of the power quality of an islanded AC microgrid
regarding the presence of NLL was carried out. The analyses considered two scenarios
which represent realistic and meaningful configurations, where different operation modes
of the microgrid multifunctional CCC were assessed. In the first scenario, the multifunc-
tional CCC AFF was disabled, and thus this converter was operating as a conventional
grid-feeding converter. Hence, this scenario represents the integration of a traditional
renewable DG system into an islanded AC microgrid. In the second scenario, recognizing
the observed PQ challenges within the microgrid in the first scenario, an upgrade to the
CCC was proposed, enabling it to perform the AFF as well and hence effectively addressing
the identified PQ issues. This upgrade was carefully designed to introduce minimal modi-
fications to the existing control strategy in order to take the greatest possible advantage
of the existent CCCs at the minimum possible cost. In this way, this paper presented a
detailed assessment of the microgrid PQ improvements obtained by integrating upgraded
CCCs into an islanded AC microgrid.

The presented results revealed that the AFF avoided widespread NLL harmonic
disturbance along the microgrid. Hence, the obtained improvement in the voltage THDs
ranged from 32% to 52%, and in the case of the currents THD, the proposed CCC upgrade
resulted in improvements ranging from 56% to 76%. This is particularly relevant in small
power systems, such as islanded AC microgrids, since it was observed how even typical
NLLs could cause voltage distortion in all the microgrid bus bars when no actions for
power quality improvement were taken. Hence, the provided results in this paper highlight
the relevance of the AFF when NLLs are considered in islanded AC microgrids.

Also, the widespread harmonic disturbances along the microgrid were avoided in the
proposed strategy since the PQ issues were addressed locally. In this way, the proposed
strategy presents high scalability compared with the harmonic current-sharing strategies.
This is due to the fact that as the microgrid expands, the design complexity to ensure suitable
microgrid PQ using harmonic current-sharing techniques increases due to widespread
harmonic disturbance. On the other hand, the CCC upgrade proposal takes into account
the existing infrastructure and how it could be upgraded in a cost-effective and scalable
way since new upgraded CCCs can be integrated as the microgrid expands and as PQ
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issues emerge. Thus, the approach proposed in this paper fits quite well for dealing with
real-world microgrid PQ issues related to the presence of NLLs.

Furthermore, the provided results demonstrate that the designed controllers for the
VCCs and the CCC presented a behavior according to the expected performance. Thus, in
the case of the VCCs, the voltage waveform remained sinusoidal even when the output
currents presented harmonic disturbances. In the case of the CCC, when the AFF was dis-
abled, the injected current remained sinusoidal even when the local voltage was distorted,
and when the AFF was enabled, the harmonics injected by the CCC corresponded with the
harmonics associated with the local NLL.
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