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ABSTRACT Voltage-controlled inverters (VCI) for distributed energy resources allow operation in grid-
connected and islanded conditions. Common techniques based on P-f, Q-V droop-control use sinusoidal
voltage references for the VCIs, which brings unwanted circulating harmonic currents in case of connection
to grids with distorted voltage. In fact, the voltages at the point of common coupling (PCC) of a sub-grid,
like a microgrid, are typically distorted, and the related circulating currents pose potential issues in terms
of distribution and converters losses, effectiveness of protections, and power quality. This paper proposes
a strategy to synthesize, at the output of a VCI, the same harmonic voltage detected at the PCC to limit
unnecessary harmonic current circulation. The proposed method uses global positioning system (GPS)
modules to synchronize the harmonic voltage references of the VCIs with the PCC. To this end, low-
bandwidth communication is exploited to broadcast the information to distributed VCIs. An experimental
setup is implemented to test the proposed control using a hardware-in-the-loop approach for the modeling
of the power stage. Several case studies are analyzed, showing the effectiveness of the proposed strategy
in achieving power quality improvements: reduced load voltage harmonics, reduced circulating currents,
reduced grid current harmonic content, and reduced power losses.

INDEX TERMS Circulating current, distorted voltage, global positioning system, harmonic, synchroniza-

tion, voltage-controlled inverters.

I. INTRODUCTION

In low-voltage grids, the widespread use of power converters
for distributed energy resources (DERs), like photovoltaics
and batteries, allows several advantageous functionalities for
electrical power systems. However, some challenges still exist
toward optimal operation [1]. A relevant power quality issue
is the unwanted harmonic current circulation between the con-
verters and the mains when grid voltages are distorted, which
is actually a common condition.

Regarding the zero-level control of grid-connected power
converters, two main approaches are employed: i) current-
controlled inverters (CCI) or ii) voltage-controlled inverters
(VCI). Despite its higher complexity, the VCI approach is
prevalent in microgrids (MG), because it allows grid-forming
functionality in islanded conditions and smooth transitions
between grid-connected and islanded modes [2], [3].

In grid-connected mode, VClIs typically use droop loops
(e.g., P-f & Q-V laws) to provide to the inner voltage-control
loop a sinusoidal voltage reference that is synchronized with
the main grid voltage. Additional outer control loops may
also be included to achieve active and reactive output power
reference tracking [3], [4]. Notably, the converter voltage ref-
erences are typically purely sinusoidal.

However, the grid voltage in low-voltage power systems
may present significant harmonic components [5]. The IEEE
Std. 519-2014 [6], for example, recommends a limit of 8% to
the voltage total harmonic distortion (THD) for low-voltage
grids. Consequently, when a VCI with purely sinusoidal volt-
age is connected to a grid with distorted voltage, there is
a harmonic current flowing between the two sources due to
the different harmonic content. This exchange of harmonic
current among the two sources is referred to as harmonic
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circulation currents herein, analogously to what is done in [7]
considering fundamental quantities. Harmonic circulation
currents are unnecessary and impair distribution efficiency, ef-
fectiveness of protection devices, and further deteriorates the
quality of the currents fed at the point-of-common-coupling
(PCC) of the MG.

The distortion of low-voltage grids is usually due to voltage
drops along line impedances caused by non-linear loads or
non-linear effects of medium-voltage to low-voltage trans-
formers. Thus, some works propose to use power converters
to compensate the related harmonic currents directly [8],
[9], [10]. In this approach, the non-linear load current, or
the grid current, is sensed and used to generate the current
compensation reference. Regarding harmonic voltage com-
pensation, the converter control commonly uses the PCC
voltage and a virtual impedance in the control loop to gener-
ate a voltage reference for compensating the distortion [11],
[12], [13]. The main drawback of these approaches is that
measuring the PCC voltage or current as quantities used
directly in the control is not practical, due to the distance
of the MG PCC from the distributed converters. Also, the
performance of this type of strategy often depends on the
specific values of the line impedances. Some works con-
template approximating the PCC voltage with the voltage at
the point-of-connection (POC) [14], but this is not always
acceptable, due to the differences in voltage amplitude and
phase related to the circulation of fundamental active and
reactive power through the distribution lines. Notably, this
issue is particularly relevant for the reduction of harmonic
circulation currents aimed herein. The PCC/POC approxi-
mation for harmonic circulation current reduction is used
in [15], where, instead of measuring the PCC voltage and
using it directly in the control loop, low-bandwidth com-
munication is applied for sending PCC voltage harmonic
amplitude to the converters. The PCC voltage harmonic com-
ponents are extracted in a synchronous reference frame and
then transmitted to each converter controller, then the trans-
mitted data consists of mainly dc signals. In this approach,
the angle used in the Park transformations performed in the
converter control and in the PCC measurement block may
differ, due to phase-shifts related to power circulation along
the distribution lines and the fact that the two systems are
not synchronized. This impairs the quality of the performed
compensation.

Recently, the use of global positioning system (GPS) tech-
nology has attracted interest as one of the several options
to achieve the synchronization of converters in low-voltage
MGs. In [16], the GPS signal is used to directly synchro-
nize the microprocessors clock of droop-based grid-forming
inverters in order to maintain the parallelism of the converters.
In [17] and [18], the GPS is used together with advanced
phase-locked-loops (PLLs) to improve the synchronization of
dispersed converters and the main grid. These proposals rely
on communication, being the rotating angle of the grid voltage
transmitted to the converters.
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GPS synchronization is also employed in converters control
to perform harmonic current sharing between the convert-
ers [19] or to overcome frequency and phase deviations during
the islanded operation of an MG [20], [21], [22], [23]. Thus,
the converters may operate as isochronous generators, keep-
ing the frequency fixed [24]. However, these approaches are
applied only to islanded MGs and do not consider the grid-
connected mode. Furthermore, control validation by real GPS
modules is not always performed. In summary, the use of
synchronization means like GPS signals to improve the per-
formance of grid-connected power converters connected to
low-voltage grids is currently relatively new and only partially
explored in the literature.

The main contribution of this paper is the proposal of
a novel strategy to synthesize, at the output of the VClIs,
the same harmonic voltage detected at the PCC. The har-
monic voltage reference for the VClIs is synchronized with
the PCC harmonic voltage using GPS modules, and its phase
synchronization information and amplitude are broadcast by
low-bandwidth communication. The proposed approach tar-
gets grid-connected MGs in which VClIs are distributed over
the grid and may be located relatively far from each other and
the PCC. Thus, dedicated high-performance communication
for achieving synchronization may not be easily available.
The paper extends the preliminary results originally presented
in [25], by reporting herein additional analyses and imple-
mentation details, extended literature review, experimental
validations, and results discussion.

The proposed control is developed in a hardware-in-the-
loop experimental setup. It is compared with conventional
droop-control with an outer power loop and with the harmonic
rejection approach. The results show that the proposed control
is the most effective in compensating for the harmonics of
the grid current. Thus, the load-voltage is indirectly improved,
and the circulating current and the power losses are reduced.
The proposed synchronization strategy can be potentially ap-
plied to enhancing other existing control functions, like, for
example, the one in [8] related to the sharing of harmonic
currents between distributed converters.

II. PRINCIPLES OF CONVERTERS SYNCHRONIZATION

The proposed control aims to synthesize at the output capaci-
tor of a VCI the same harmonic voltages detected at the PCC
of the grid subsection to which it is connected. To this end, the
harmonic components to be compensated must have the same
amplitude and phase, that is, they must be synchronized. How-
ever, the PCC may be physically distant from the converter, as
shown in typical environments, like, for example, in [26]. This
makes it challenging to measure the PCC voltage in real-time
and use it directly in a VCI control loop.

A solution to achieve the desired features using existing
low-bandwidth communication consists in communicating
only dc variables between the control agents. This section
gives the theoretical background for representing a time-
varying phasor using dc variables that can be communicated
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to a different location and then allow a subsequent reconstruc-
tion of the original signal.

A. THEORETICAL BACKGROUND
Consider the A-th harmonic component v, = V}, sin(hwt) su-
perimposed to a distorted grid voltage, where Vj, is the
amplitude of the harmonic and w is the fundamental grid-
voltage frequency. Consider two unitary orthogonal signals,
v).n = cos(hot + ¢y) and v j, = sin(hwt + ¢y), at the same
harmonic component frequency. Be ¢, the phase-difference
between the harmonic and the orthogonal voltages.

By multiplying the harmonic component by twice the volt-
age v j, it yields:

Vgh =2 vy - v p =2 Vysin(hot) - sin(hot + ¢p)
= V), [cos ¢y, — cos (2 hwt + ¢y)] , (D)

where the former component is constant and related to the
amplitude of the A-th harmonic projected along v, the latter
is an oscillatory component at frequency 2hw. Then, the dc
component, which can be estimated by appropriate low-pass
filtering, is:

Vgh = Vi COS @ . (2
The same procedure considering the signal v ; gives:
Van =2 - vp - v = 2 - Vysin(hot) - cos(hot + ¢p,)
=V, [—sin ¢y, + sin (2 hot + ¢p)] 3)
Vap = — Vi singy, “)

Then, the dc terms vy, and vy, can be communicated to
other remote converters and allow to reconstruct a replica v}
of the original signal vy, if the base v j, v} ; is known, as:

vy = Vgp - sin(hot + ¢p) + vap - cos(hwt + ¢y)
=V}, cos ¢y, sin(hwt + ¢p,) — Vj, sin ¢y, cos(hwt + ¢yp,)
= V), sin(hwt) @)

Notably, the reconstructed harmonic voltage in (5) is virtually
identical to the original signal vy, thus, it can be used as a
reference to synthesize that harmonic voltage at the converter
output.

Of course, the signals vy , v),; should be uniquely and
autonomously determined by both the sender and the receiver
of the terms (2) and (4). To this end, different approaches
may be adopted. The use of GPS synchronization means is
proposed and explored herein.

B. PHASE-MISMATCH INFLUENCE IN PARALLEL
VOLTAGE-SOURCES

The connection of a VCI to an electric grid can be simplified
as two voltage-sources connected by a series impedance as
shown in Fig. 1, where V,; is the converter A-th harmonic
voltage amplitude, V,;, is the grid h-th harmonic voltage
amplitude, ), is the phase-difference between the harmonic
voltages, j is the imaginary unit, and R and L are the
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FIGURE. 1. Simplified model of a grid-connected converter.
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FIGURE. 2. Normalized relations between synchronization error and
current flow.

impedance resistance and inductance, respectively. The har-
monic circulation current between the two sources can be
computed as:

_ Vel = Vo (©)
R+ jo,L

Assuming equal amplitudes for the harmonics, that is,
Ven = Vi, and 0, = wpt, (6) can be rewritten as:

| _ Vae — 1)

7
R+ jo,L M
which is represented in Fig. 2 normalized by the term:
Ve
Iy= —%— (8)
R+ jopL

Fig. 2 shows the influence of the synchronization accuracy
with respect to the harmonic current suppression. The cur-
rent amplitude is reported in p.u. and the synchronization
error in terms of number of samples, considering a sam-
pling frequency of 12 kHz. Notably, if both the voltages are
perfectly synchronized there is no current flow between the
sources. However, a small error (e.g., two samples) is suffi-
cient to cause a considerable current flow depending on the
grid parameters (8). Moreover, higher-order harmonics are
more sensitive to synchronization accuracy. These kinds of
considerations are important in order to design the accuracy
of the synchronization equipment (e.g., GPS module) or the
sampling frequency of the controller, in relation to the targeted
impact on current suppression.
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FIGURE. 3. Synchronization of units using GPS modules.

C. SYNCHRONIZATION BY GPS MODULES

The GPS is a widely used satellite-based radio-navigation
system that provides geographic position to a receiver as well
as accurate time information. GPS receiver modules typically
convey timing information by a digital output signal using
the IRIG-B timecode [27]. Such signals at the output of the
GPS modules, which may be located at different sites, are
all synchronized (typ., £100 ns accuracy). Therefore, the
GPS IRIG-B signals are often employed for transferring tim-
ing information or to derive trigger signals for synchronized
measurement, automation, or control functions. A sample of
an IRIG-B signal is displayed in Fig. 3. Two consecutive
pulses lasting 8 ms, referred to as Ref., occur once per second
and indicate the beginning of a new 1-s time frame. Herein,
only the rising edge of the first pulse after Ref. is used as
a 1-pulse-per-second (p.p.s.) synchronization signal. For the
sake of completeness, the additional pulses within the 1-s
time frame that separate consecutive Ref. pulses in the IRIG-B
timecode can be decoded to retrieve information, for example,
on the second, minute, hour, and day synchronized to UTC of
a specific time instant [27].

The main purpose of the GPS in this work is to obtain a
common synchronization signal to all the compensation play-
ers, that is, to the VCIs and the PCC measurement system
(PMS), which are introduced in the next Section III. The
considered synchronization signal herein is the couple of Ref.
pulses, highlighted in Fig. 3, which are synchronized at each
VCI and the PMS thanks to the GPS modules. Of course, other
synchronization techniques may be adopted (see, e.g., [28])
to implement the technique proposed in this manuscript to
limit unnecessary harmonic circulation currents. The GPS ap-
proach has been adopted herein for its simple implementation
and its common use in power systems automation and mea-
surements, like in phasor measurement units (PMUs) [29].
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Voltage-controlled inverter N

FIGURE. 4. Application example of the proposed control.

1il. GPS-BASED HARMONIC VOLTAGE
SYNCHRONIZATION

The proposed strategy is performed by two main players,
visible in Fig. 3, that are equipped with GPS modules:

e PMS, which estimates the parameters (i.e., amplitude

and phase) of the main grid voltage, and

e VClIs distributed within the considered sub-grid, like, an

MG.

An application example of the proposed control is shown in
Fig. 4.

The PMS is responsible for detecting the harmonic com-
ponents of the PCC voltage vy, and for calculating the time
interval #pcc between the GPS signal and the first positive zero
crossing of the PCC voltage. The quantities are then sent to the
distributed VCI by low-bandwidth communication. Details of
the PMS are described in Section III-A.

The local controllers of the VCIs receive the quantities sent
by the PMS and, based on their local GPS signals, they gen-
erate a harmonic voltage reference of the same amplitude and
phase as the corresponding harmonic voltage at the PCC. The
fundamental voltage reference is provided to a droop-based
controller. The VCI control is discussed in more detail in
Section III-B.

A. PCC MEASUREMENT SYSTEM (PMS)

The scheme of the PMS is displayed in Fig. 5a. Two main
tasks are performed in the PMS: i) calculate the amplitude
(i.e., vg; and vyy) of the PCC harmonic voltages of interest;
and ii) calculate the time interval 7pcc between the GPS signal
and the PCC voltage at zero crossing, required for synchro-
nization.

The amplitude of each h-th harmonic component (e.g., 1 =
3,5,7) is calculated in the so-called “Harmonic Detection
block,” shown in Fig. 5c. It is necessary to implement one
harmonic detection block for each harmonic component to be
compensated. To this end, the fundamental component of the
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total PCC voltage, indicated as vpcc 1, is firstly obtained and
subtracted from the PCC voltage, in order to consider only
the harmonic content. Two orthogonal voltages at the specific
h-th harmonic component (i.e., v ; and v ;, defined in Sec-
tion II) are then created and multiplied by the PCC harmonic
components. After processing the result through a low-pass
filter (LPF) to extract the dc value of interest, the amplitude
of the direct (i.e., vg;,) and quadrature (i.e., vy;) components
are obtained and broadcast to the distributed VClIs. In this
implementation, a discrete second-order LPF with a cut-off
frequency of 8 Hz and a damping ratio of 0.707 is used. The
PCC voltage angle 6pcc is obtained through a PLL, specif-
ically, the one presented in [30], which, by a proper design
of the loop bandwidth (e.g., 3 Hz in the following validation,
in Section 1V), allows to estimate the grid angle Opcc with
negligible effects from the harmonics that are present in the
grid voltage.

The time interval tpcc between the GPS synchronization
signal and the PCC voltage at zero crossing is also calculated,
as shown in Fig. 5b. This information is broadcast to the VCIs
and used for the synchronization of the harmonic components.

B. VOLTAGE-CONTROLLED INVERTER CONTROL
The control scheme at the VCI side is shown in Fig. 6a. The
control is composed of three cascaded loops, that is, power,
voltage, and current, that generate the PWM pulses to the gate
driver of the converter. The outer power controller is based
on the well-known droop control to define the fundamental
component of the voltage reference v(. To allow active and
reactive output power tracking, an integrative regulator is
adopted in the power controller as described in [2] and [3].
The voltage controller uses ordinary proportional-resonant
regulators for each harmonic that should be compensated,
while the current controller uses a proportional regulator.

The voltage reference for the h-th harmonic v} is defined
by the “Harmonic Compensation” block, detailed in Fig. 6b.
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detailed.

First, the GPS signal is used to calculate the time delay tpoc
between the zero-crossing of the POC fundamental voltage
vpoc_1 and the first rising edge after Ref. pulses from the local
GPS signal, analogously to what is described in Section III-A
for the PMS. Based on the received tpcc broadcast by the
PMS, and the local measurements fpoc and 6poc, a synchro-
nized phase 6yy,,. that estimates the phase of the PCC voltage
Opcc can be computed as shown in Fig. 6b:

esync (t) = Opoc(t) — ¢xync ()

= wot — wotpoc — wo (tpcc — tpoc)
¢A’ym:

Opoc (t)
= wot — wotpcc = Opcc(t) 9

that is used for harmonic synchronization, where ¢ represents
physical time. Thereby, based on the harmonic amplitudes
vgn and vy, transmitted by the PMS, it is possible to re-
build the harmonic voltage v} that was detected at the PCC.
The harmonic reconstruction involves all the harmonics to be
compensated. The references of each h-th harmonic v; are
summed together in the term ), v and added to the VCI
voltage controller reference, as shown in Fig. 6a, to reproduce
at its output terminals virtually the same harmonic content of
the PCC voltage.

IV. EXPERIMENTAL RESULTS
Fig. 7 shows the hardware-in-the-loop (HIL) experimental
setup used to validate the proposed control. The electrical
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FIGURE. 8. Electrical circuit implemented in HIL.

circuit of Fig. 8, representing the power stage, is implemented
in Typhoon HIL. The scenario consists of a VCI connecting a
DER to the main grid with different loading conditions con-
sidered to evaluate the proposal operation, including RL load,
RC load, and non-linear load. The PMS and the VCI control
are deployed in two different Imperix B-Board controllers,
which generate the PWM control signals based on the mea-
sured currents and voltages of the converter emulated in the
HIL system. The PMS communicates the control quantities to
the VCI by Ethernet UDP protocol. The communication line is
processed through a dedicated network emulator by iTrinegy
NE-ONE to emulate realistic conditions in terms of, for exam-
ple, bandwidth, congestion, latencies, and packet loss. Each
B-Board controller is connected to an independent SEL-2401
GPS module, which provides the IRIG-B output with & 100
ns timing accuracy. The results are evaluated considering three
VCI control approaches:

1) Conventional control of the VCI, without harmonic
compensation, that is, ) n v;lk is set to zero;

2) Harmonic rejection in the converter output current, that
is, >, v is defined based on vppc measurement instead
of vpcc, so the converter synthesizes a voltage vcr with
harmonics equal to those of vpoc in Fig. 4 avoiding any
harmonic circulation currents at the output;

3) Harmonic compensation proposed in this paper, with
>, vy, defined as in Fig. 6.

Four different case studies are considered to verify the
effectiveness of the proposed control. The first three cases
consider distorted grid voltage with linear loads, while the last
case considers a pure sinusoidal grid-voltage with a non-linear
load. System parameters, including line impedance values and
grid voltage harmonic content, are listed in Table 1. In the
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TABLE 1. System Parameters

Parameter Value Parameter Value
Grid frequency (wp) 2760 rad/s VCI power (Sn) 8.48 kVA
Grid voltage (Vo) 127v2 V Inductor Lq 4.5 mH
3-rd harmonic 5%Vp/15° Capacitor Cp 140 pF

5-th harmonic 4.5%Vp£25° Inductor Lo 62.5 uH
7-th harmonic 4%V £35° Switching frequency 24 kHz
Grid voltage THD 7.83 % Rprc load 0.19 Q
Ztr (9.5m + jw62.51) Q2 Crc load 15.3mF
Zlineo (30m + jwlOw) Q2 Rpy, load 0.33 Q
Zlinel (30m + jwlOp) 2 Lpy load 0.89 mH

following, operation with distorted grid voltage indicates that
the 3-rd, 5-th, and 7-th harmonics, as specified in Table 1, are
simultaneously present. The considered parameters are typical
for low-voltage distribution networks (see, e.g., [26]).

A. DISTORTED GRID VOLTAGE—-NO LOAD

The situation with VCI connected to a distorted grid voltage
but without any load connected (i.e., CB-CBy4 in Fig. 8 open)
is considered first. The grid voltage and current waveforms are
shown in Fig. 9. When the conventional control is employed,
the VCI output voltage is kept sinusoidal, which produces a
noticeable circulating current between the grid and the con-
verter, as shown in Fig. 9a. Such current can cause converter
control saturation, protection tripping, and/or operation inter-
ruptions. The issue is overcome by the proposed harmonic
compensation strategy.

When the proposed harmonic compensation is employed,
the VCI voltage presents the same harmonic content as the
grid voltage measured at the PCC, as shown in Fig. 9c.
Thus, the grid circulating current is drastically reduced from
89 A to 1.05 A, and the line impedance losses decreased
from 118 W to 0.08 W. In this scenario (i.e., no load), there
is no phase-shift between the PCC and POC voltages, then
the implementation of harmonic rejection performs similarly
to harmonic compensation, as visible comparing Figs. 9b
and 9c.

B. DISTORTED GRID VOLTAGE—RC LOAD
The second case study considers the RC load in Fig. 8 con-
nected (i.e., CBj closed). In this way, the situation in which
the POC voltage is phase-shifted from the PCC voltage is
evaluated. The POC fundamental voltage is 10° lagged from
the PCC voltage. Other network configurations with different
load and generation conditions could cause similar effects.
The results are shown in Fig. 10.

The grid current without the VCI (i.e., CB; open) shows
a THD value of 9%. When conventional control is active, a
high harmonic current flows from the VCI to the grid; this
situation increases further the grid current THD, which rises to
10.2%. The harmonic rejection strategy synthesizes the same

VOLUME 3, 2022
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FIGURE. 9. Distorted grid voltage with no load. b) and c) are capable of limiting circulating harmonics in the grid current.
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FIGURE. 10. Distorted grid voltage with RC load. The proposed approach in c) harmonic circulation currents due to grid-voltage distortions and
contributes to supplying the local load. The grid current THD is equal to 10.2%, 9.1%, and 5.7% in a), b), and c), respectively.

harmonic voltage of the POC voltage and, thus, successfully
inhibits the VCI harmonic current flow. But, the grid current
THD only slightly reduces to 9.1%.

The proposed harmonic compensation, instead, synthesizes
the same PCC voltage in the converter output capacitor, which
causes a harmonic current flow that contributes to the load
harmonic current. Thus, the VCI current presents a higher
harmonic content than the harmonic rejection approach. How-
ever, this is a better condition for the system overall operation
because it reduces the losses in the line impedances and
the grid current harmonics. In this case, grid current THD
improves to 5.7%. Besides, by compensating for the mains
current, the quality of the local voltage also improves.

Remarkably, this case study also shows that the use of the
POC voltage instead of PCC voltage as an approximation
for voltage compensation [14] could result in inappropriate
compensation due to the phase-shift between the two.

C. DISTORTED GRID VOLTAGE—RL LOAD

This section considers the RL load in Fig. 8 connected (i.e.,
CBj3 closed). When the VCI is disconnected, the grid-voltage
harmonics result in a correspondingly distorted load current,
with a THD value of 2.5%. In this case study, the VCI is set
to provide active and reactive power of 6 kW and 6 kVAr,
respectively. Fig. 11a displays the obtained results by using
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a conventional control for the VCI, in which a pure sinu-
soidal voltage is given as a reference to the converter voltage
controller, as commonly done in classical droop control. In
this case, the grid current shows a THD of 22.4%. Using
the harmonic rejection approach, a substantial improvement
is noted in the VCI current (THD of 2.3%) but, on the other
hand, a worse grid current (THD of 3.7%) than the situation
without VCI, as shown in Fig. 11b.

The proposed harmonic compensation is implemented with
a poor quality communication of bandwidth of 0.512 Mbps,
a latency of 35-60 ms, and a 5% of packet loss. The results
are shown in Fig. 11c, in which a better grid current shape is
noted (THD of 1.9%), due to the VCI harmonics contribution
(THD of 5.7%). It can be noticed that the proposed approach
does not interfere with the active and reactive power supply of
the converter, and poor quality communication does not affect
the operation performance.

D. SINUSOIDAL GRID VOLTAGE—DISTORTED LOAD

This last case study considers the grid voltage as purely sinu-
soidal and a controlled current source as a load. The current
source is set to drain only harmonic current (h = 3,5, 7), so
that the voltage drop in the line impedance causes a distorted
voltage at the point of connection of the load, with a volt-
age THD value of 6.5%. With the VCI switched off (i.e.,
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FIGURE. 12. Sinusoidal grid voltage with distorted load. The proposed
approach improves load voltage THD, which equals 6.5% in a) and 3.5% in
b).

CB; open), the total losses in the line impedance amount to
1683 W.

Fig. 12a shows the behavior of the system using the har-
monic rejection approach. The output voltage of the VCI has
a similar shape to the load voltage. Thus, the VCI does not
provide current to the grid, and the load voltage THD is kept
at 6.5%. Using the proposed harmonic compensation, the VCI
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synthesizes a pure sinusoidal voltage, as it is the one at the
PCC, as shown in Fig. 12b. Hence, the VCI automatically
shares the load harmonic current, reducing the voltage drop
across the line impedances, and improving the load voltage
quality (THD of 3.5%). Moreover, the total line impedance
losses are reduced to 1600 W.

In this case, the waveforms under conventional control are
not included: these would be identical to those of the proposed
compensation method. In fact, in this test the grid voltage is
purely sinusoidal, which means that ), v}’ is equal to zero, as
in the case of conventional control according to the definition
at the beginning of this Section IV. It may be worth empha-
sizing that what is reported in Fig. 12 highlights one of the
merits of the proposed approach over the harmonic rejection
method: the proposed approach supports the grid voltage,
helping, as a consequence, to improve the local load voltage
THD (note, 3.5% by the proposed approach, 6.5% by the
harmonic rejection method). In fact, the harmonic rejection
control implements an equivalent high impedance at the har-
monics, which impedes the VCI from generating the harmonic
currents requested by the nonlinear load. Therefore, it does not
support the grid in feeding the nonlinear load, which results
in a higher load voltage THD. This drawback of the harmonic
rejection control is not present with the conventional control,
which, on the other hand, suffers from the issue tackled in
the manuscript, that is, it suffers from undesired harmonic
circulation currents when the grid voltage is distorted.

E. SUMMARY OF RESULTS

Table 2 shows a performance comparison of the considered
four case studies regarding line impedance power losses, THD
values of the grid and VCI currents, and THD values of the
load voltage. In general, the conventional approach is the
worst, as expected. Instead, the harmonic rejection approach is
the best regarding the converter stress, as it presents the lowest
THD for the VCI current. Finally, the proposed harmonic
compensation strategy improves the power quality of the grid
current and of the load voltage, as remarked at the end of
Section IV-D, and also presents the lowest overall line power
losses.
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TABLE 2. Summary of Approaches Performances

Case study no-load RC-load RL-load nonlinear-load
Control THD THD THD THD
adopted Losses  igria  igrid tout LOSSES Vipaq
Conventional
118 W  10.2% 22.4% 55.5% 1600W 3.5%
control
Harmonic
L 0.1W  91% 3.7% 2.3% 1683W 6.5%
rejection
Harmonic
. 08W 57% 1.9% 5.7% 1600W 3.5%
compensation

Based on the presented results, the proposed harmonic com-
pensation shows the best efficiency and power quality. This
solution can be implemented in distributed VClIs installed
in an MG without needing high-performance communication
means.

V. CONCLUSION

This paper addressed the harmonic circulating current is-
sue caused when a voltage-controlled inverter with a pure
sinusoidal voltage output is connected to a grid with dis-
torted voltage. To overcome this problem, a harmonic voltage
compensation strategy is proposed, in which the voltage-
controlled inverter synthesizes the same harmonic voltage
detected at the PCC. Global positioning system (GPS) mod-
ules are exploited to perform the needed synchronization
between the PCC and the voltage-controlled inverter harmon-
ics. An experimental setup using hardware-in-the-loop with
external controllers, together with commercial GPS modules,
and a communication network emulator, was used to test the
proposed approach. The proposal was compared with two
other approaches: 1) the classical droop control with an exter-
nal power loop and 2) the harmonic rejection approach. Four
case studies were considered to verify the control performance
in different system conditions. The proposed harmonic com-
pensation performs the best reduction in the grid current THD,
indirectly improving load voltage and reducing line power
losses. However, the reproduction of the harmonics by the
converter may potentially increase its losses in some condi-
tions, which is an aspect that dedicated studies may address.
The reported results show that increasing the converter output
impedance, as obtained by the harmonic rejection control, im-
pedes the converter from generating output harmonic currents
and, therefore, from supporting the grid in feeding harmonic
currents absorbed by nonlinear loads that may be connected
locally. This brings to a worse voltage quality than in the
case of the proposed control. This drawback of the harmonic
rejection control is not present with the conventional control
based on the classical droop control, which, on the other hand,
suffers from the issue tackled in the manuscript, that is, it
suffers from undesired harmonic circulation currents when the
grid voltage is distorted.
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