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Although PV systems are one of the most widely used alternatives as a renewable energy source due to their well-known advantages,
there are significant challenges to address related to voltage fluctuations and reverse power flow caused by high PV penetration
scenarios. As a potential solution to this problem, an active power management strategy is proposed in this work using a
residential cluster as a benchmark. The proposed strategy is analyzed and experimentally verified, offering a simple way to
reduce the voltage fluctuations by regulating the active power delivered by the PV system, achieving also relevant functionalities
for the system, such as the regulation of the DC bus voltage, maximum power point tracking (MPPT), synchronization with the
grid voltage, detection of high penetration conditions, and a simple strategy for the main controller with an effective
performance. The proposal system shows satisfactory results being able to maintain grid voltage fluctuations within the voltage

standard specifications.

1. Introduction

The number of photovoltaic (PV) systems connected to the
electric grid has grown considerably in recent decades. It is
estimated that the demand for PV systems will maintain its
growth for the coming years. According to the International
Energy Agency, by 2050, solar PV power generation will be
around 16% of the world’s electricity [1]. The fastest-
growing areas of electricity production from PV systems are
in the low-voltage (LV) grid that corresponds to the private
and residential sectors.

The ease of connecting PV systems to the grid is an
important factor for their growth, but also the availability
of the technology, which allows users to install them quickly
and easily. The distributed generation (DG) based on PV sys-
tems is currently high and increases every day; e.g., the

installed capacity in Australia and Germany in recent years
has increased by 80% and 99%, respectively [2-5], while in
Europe, it was estimated at 49% [6]. Some of the benefits of
using PV systems to improve the quality of the power grid
are the reduction of losses and maintenance cost, as well as,
of course, significant savings in the electricity billing for the
end-user.

However, the massive use of grid-connected PV systems
may affect the power quality; this is known as high PV pene-
tration [7-9]. Some first cases of problems due to high pene-
tration scenarios were reported in European countries such
as Germany [10], the Netherlands [11], and the United King-
dom [12]. The electrical grid under a high PV penetration
scenario should have variations in frequency and voltage
levels [13, 14]. Different studies deal with the effects of high
PV penetration into the electric grid [15-20]. The most
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important effect is the variation in the voltage level [15-21].
The relevance of this problem is that the safe operating area
of sensitive electronic equipment such as computers or med-
ical devices may be lost [22].

In recent years, different techniques associated with volt-
age regulation and control methods to mitigate the effect of
high PV penetration have been proposed. These solutions
include studies to determine the maximum loads connected
to the grid [23], grid layout and loads residential design
[24], variable tap transformers [25] and smart transformers
applications [26], battery bank systems [27-29], inverters
with reactive power capability [30-33], and the interconnec-
tivity of external devices with the grid as smart electrical vehi-
cles [34]. Additionally, the theoretical use of a
communication network that allows making decisions based
on grid variations has been suggested [35].

Since the deviation in voltage level is the main objective
to control [36], the use of smart inverters is being the best
option. They will have a direct impact on users and con-
sumers in the LV distribution network and be used with great
flexibility under high PV penetration scenarios [37].

Inverters with reactive power capability are an interesting
option [30-33]; however, the main disadvantages are not
only the increase in the inverter nominal power to offer good
performance but also an increment in the grid power losses
and in the semiconductor stress, which entails a reduction
in the useful life of the inverter.

In [31, 32], a static reactive power compensator is sug-
gested and an analysis to select the best connection point is
detailed. The main drawback of this work is that the proposal
is no longer valid if the grid parameters change, like new
loads and distribution transformer replacements.

In [38], coordinated hierarchal control of PV modules is
discussed, which mitigates the voltage fluctuations using a
smart control system; this system requires inverters with
reactive power compensation capability, storage elements,
and static synchronous compensators. The proposal is good
to regulate the voltage; however, the disadvantages are the
use of extra elements, increasing the complexity and cost.

Other works with extra elements are [39-41]; in [39], a
multienergy storage system set is controlled through a com-
plex communication network; in [40], a tapped transformer
is considered, which should be a better solution than reactive
power control because no extra current is handled, although
the cost and complexity increase; in [41], a combination of
tapped transformers and an energy storage system is pro-
posed, and a particle swarm optimization is performed,
resulting in a complex and expensive system; in [42], the
use of electric vehicles by all consumers to ensure an efficient
operation is considered, which is not practical in many
regions and therefore a disadvantage.

In [43], a coordinated operation of a hybrid energy storage
system (HESS) that can improve the utilization rate of PV sys-
tems is considered. A supercapacitor and a lithium battery are
employed, coordinated with a complex particle swarm control-
ler. Besides, the infrastructure involved in energy storage sys-
tems is large, which implies a high initial economic investment.

In this paper, a strategy to control a PV inverter is pro-
posed, which allows reducing the voltage variations in an

International Journal of Photoenergy

LV distribution network under a high PV penetration sce-
nario through active power management. The proposal is
simple because no extra elements are required, like tapped
transformers, complex communication systems, electric
vehicles, or energy storage systems. However, the use of an
energy storage system is suggested, but optional to offer bet-
ter characteristics.

The proposal does not consider either injecting/absorb-
ing reactive power towards/from the grid. Only active power
is managed; therefore, the power losses in the grid are not
incremented and it is not required to oversize the inverter
rated power. The proposal manages the active power deliv-
ered by the PV system depending on the grid conditions
and the PV panel employing an algorithm that controls the
PV inverter; therefore, there is no additional cost compared
to the traditional PV system.

The proposed control strategy detects when a voltage var-
iation is due to a high PV penetration scenario. This is an
advantage compared to other methods that require the char-
acterization of the complete grid to operate. The proposed
strategy effectively mitigates voltage variations in the grid
caused by high PV penetration and in addition achieves rel-
evant functionalities for the system, such as the regulation
of the DC bus voltage, maximum power point tracking
(MPPT), grid voltage synchronization, the detection of high
penetration conditions, and the active power strategy for
the main controller.

The paper is organized as follows: Section 2 presents a
simplified model of the LV distribution network considered.
In Section 3, the effects of high PV penetration are shown,
and the most critical configurations are illustrated. In Section
4, the proposed control strategy is detailed. The experimental
results are shown in Section 5. Finally, the main conclusions
are considered to resume the advantages and disadvantages
of the proposed solution.

2. LV Distribution Network under High PV
Penetration Scenario

For a better understanding of the high PV penetration phe-
nomena, an LV distribution network is modeled. This illus-
trates the troubles associated with it in a simple way. It is
assumed an axial grid connection since it is the most typical
configuration in an LV distribution network in a resident
area [44]. There are different grid configurations described
in other works [14, 21, 45].

A typical residential cluster is considered, which is illus-
trated in Figure 1(a). The distribution network consists of
the power transformer (v g), residences (L,,), grid wiring (Z,),
and photovoltaic system (PV,).

To simplify the analysis, some considerations and
assumptions are made. The power injected by PV systems
(PV,,) and residence load (L,) are represented by a current
source (i,); both are considered sinusoidal. The transformer
output (v,) is replaced by a sinusoidal voltage source, and
the grid impedances are equal (Z). The simplified circuit is
shown in Figure 1(b).
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FIGURE 1: Analyzed system: (a) residential area with axial connection; (b) simplified circuit.

Analyzing the simplified circuit, it is obtained that

vV, =V, +Zi,

Vo1 =Vpa Z(ln + in—l)’

Vi =Yg+ Z(iy + iyt

where v, is the transformer voltage, Z is the wiring imped-

ance, n is the number of residences in the cluster, and i, is
the current that is injected into the grid from the residence
point (n) according to its position.

The voltage in the n, residence can be determined solv-
ing the equation system (1), as a function of current sources,
giving

n-1 r

V=V, +Z Z(m-im)+Zn Z(im), (2)

m=1 m=n

where n is the n,,, residence in the cluster, and r is the number
of residences.

Based on (2), a set of voltage equations that determine the
voltage of each residence may be obtained. As an example, a
distribution network consisting of 11 residences gives the fol-
lowing equations, for residences 1, 2, 5, 6, 10, and 11 which
are, respectively,

Vi =V, + Z(iy + iyt + i), (3)
Vy =g+ Z(iy + 2(ip iy + 1), (4)
Vs = vy + Z(iy + 20y + 3y + dig + 5(is+ - +igg + i), (5)
Ve = Vg + Z(iy + 2544505+ 6(ig+e-+iyg +y1)), (6)
Vig=Vy + Z(iy + 2iy+-- 4905 + 10(i; + i) (7)
Vi = Vg + Z(iy + 2ip++100 + 11y, ). (8)

3. Grid Voltage Deviations under High PV
Penetration Scenario

According to the mathematical model (2), the voltage varia-
tion in each residence depends on the actual injected/ab-
sorbed current towards/from the grid. Understanding the
phenomenon will make it possible to establish a strategy to
mitigate the harmful effects of high PV penetration.

A distribution network composed of 11 residences is used
as an example. The parasitic elements of the grid are calcu-
lated considering the wiring impedance and the distance
between residences, which is 11m (R =1.61 Q/km,
Xi_, =0.21Q/km). The value of the current source i, is

calculated as the difference between the current delivered
by each renewable source (Ipy ) and the current demanded
by each residence (I, ). The grid voltage is 120 V.

In Figure 2, the normalized voltages in six different resi-
dences (1, 2, 5, 6, 10, and 11) are shown. The sign of the cur-
rent source (i) has been defined as positive if the renewable
source generates more power than the one demanded by the
residence; on the other hand, the current is negative if the
residence demands more power than the one delivered by
the renewable source. The vertical axis represents voltage
while the horizontal axis represents time.

In Figure 2(a), the normalized voltage levels of the trans-
former and the residences are shown, and the current
demanded by each residence is minus 4.4 A (residence plus
PV system); then, the residences demand more energy than
the PV systems deliver. The voltage in each residence is lower
than the voltage of the transformer (vg), and therefore, there

is not an increment of the voltage grid.

In Figure 2(b), the voltage levels of the transformer and
the residences are shown again, but now, the current deliv-
ered to the grid by each residence is 4.4 A (residence plus
PV system); then, the residences demand less power than
the PV system delivers. The voltage in each residence is
now higher than the voltage of the transformer (v,).

Figure 2(c) shows the same case as Figure 2(b), but the
current is incremented to 8.8 A (residence plus PV system).
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FIGURE 2: Voltage levels on the transformer and residences: (a) residences demanding power (-4.4 A), (b) residences injecting power (4.4 A),

and (c) residences injecting power (8.8 A).

As it can be observed, the voltage in each residence is higher
compared to the previous case, which may represent a load
malfunction or damage due to the overvoltage. Moreover, it
can be noticed that the umpteenth residence, which is the
one farthest from the transformer, is the most affected since
the voltage deviation is greater. Therefore, the umpteenth
residence is the most critical in the distribution network.

Based on these observations, a control strategy for miti-
gating the harmful effects of high PV penetration is pro-
posed. The active power delivered by the PV system may be
appropriately managed once a voltage increment is detected
due to a high PV penetration scenario, and then reduce the
voltage increment to safe values.

4. Proposed System

Since the voltage fluctuation due to high PV penetration is
caused by the grid parasitic elements and the inverse power
injected by the PV system, in this paper, a power manage-
ment strategy to alleviate the voltage variation is proposed.
The reactive power compensation is not used to avoid over-
sizing the inverter rated power and to avoid wiring power
losses. The proposed system is shown in Figure 3.

The power stage selected is the HERIC converter, suitable
for PV applications [46]. This topology was selected because
it offers good characteristics like lightweight (without trans-
former), low leakage current that satisfies the regulations,
and high efliciency, and its operation and construction are
similar with a traditional inverter, simplifying the implemen-
tation. The power stage is shown in Figure 3(a). However,
any other topology with similar characteristics may be
also used.

The proposed controller (Figure 3(b)), which manages
the PV system power flow, consists of a proportional reso-

nant (PR) current controller, a DC voltage regulator includ-
ing an MPPT, a grid voltage synchronization stage, a high
PV penetration detector (PD), the active power controller
(APC), and finally an energy storage system (ESS). The latter,
although optional, certainly improves the performance of the
entire system.

For evaluating purposes, the proposed system is placed
on the umpteenth residence since it is the most critical point,
but it can be placed in another point. The other residences are
considered as independent current sources, the wiring
impedance is the same between the different residences,
and the transformer voltage is considered as an independent
voltage source. The power delivered by the residence PV sys-
tem is managed to alleviate the local voltage fluctuation
through the local grid injected current; the system changes
the amplitude of the set point of the injected current.

4.1. Proportional Resonant Controller (PR). A proportional-
integral (PI) control is commonly used for stationary or
time-invariant references. However, when the reference has
a sinusoidal shape, the PI control is not the best option, since
a control that minimizes the steady-state error in sinusoidal
variations and external disturbances is desirable. A PR con-
trol features an infinite gain, which eliminates the sinusoidal
steady-state error at the operating frequency [47, 48].
The control law used is
s
s+ wﬁ) ’

where K, is the proportional constant, K, is a controller con-
stant, and w, is the resonance frequency.

G.(s)=K, (1 +K, 9)
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FIGURE 3: Proposed system: (a) power stage; (b) proposed controller.
Gain K, is tuned to get the best dynamics of the system in TastLe 1: Controller parameters.
terms of bandwidth but assuring stability with the proper -
. . . . . Parameters Units
phase and gain margins. Gain K, is tuned to eliminate the
steady-state error [48]. K, 2
This controller allows obtaining the injected current as K, 10
required by the APC or MPPT section. The K, and K, values P .
are shown in Table 1. This type of controller employs aver- kl
aged models, which assumes that the switching frequency 1/170
Y 1

may be neglected.

4.2. Voltage Synchronization. To synchronize the injected
current with the local voltage, a second-order generalized
integrator (SOGI) and a frequency locked loop (FLL) were
used [49]. The equations used are

. kw,s
vii(s) = 2 +w—05+w(2) v (s)s (10)
. kw,?
Vo (s) = mvu(s)’ (11)
y * %
“)o:_;("n _Vll)vqll’ (12)

where k is a tuning constant, y is a tuning constant, v,; is the
input voltage (n, residence), and v}, is the orthogonal syn-
chronized output.

This section allows injecting the current synchronized
with the voltage grid. For its implementation (Table 1), a
value of k was selected to assure a normalized reference at
nominal voltage to determine the current amplitude directly
by the PD and y is tuned to offer a good steady-state
operation [49].

4.3. DC Bus Voltage Regulation and MPPT. When no voltage
fluctuation occurs due to the high PV penetration, the PV
system works traditionally; that is, the MPPT of the PV panel
is tracked through the perturb and observe (P&O) algorithm
[50]. The MPPT determines the voltage set point at the
maximum power point, measuring the voltage and current
of the PV panel.

To assure a low distortion in the injected current, the
bandwidth of the voltage loop must be small; therefore, the
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FIGURE 4: Flowchart: (a) penetration detector; (b) active power controller.

use of an integrator is enough to assure a good operation.
Nevertheless, a feed-forward compensator is used to increase
the fastness of the system under grid voltage variations, by
using the actual power (P,) of the PV panel to determine
the current reference in a steady state. The equation used
for the voltage controller is

ki Vedbus ~ Ved set (13)

Lref ~mppt — + feed—forrward -

N

The value of k; was tuned to have a slow response, and
then, to avoid distortion in the injected current, the band-
width is selected ten times lower than 60 Hz.

4.4. High PV Penetration Detector (PD). To avoid the voltage
fluctuations in a high PV penetration scenario, a PD is
employed. This PD switches the operation between the
MPPT voltage regulator and the APC (Figure 4(a)). The
setpoint for the PR controller (i.) is set by the MPPT
algorithm, in normal operation, or by the APC when a
voltage increment is detected due to high PV penetration;
additionally, it provides a flag that indicates the operating
mode (V).

To determine if there is voltage fluctuation due to high
PV penetration, the voltage conditions are used. That is, if
the local voltage is higher than the transformer voltage and
above 5% of the nominal value, APC operations begin. If
the local voltage is higher than the transformer voltage and
below 4% of the nominal voltage, the MPPT voltage regulator
is operating. This operating way allows extracting more
power from the PV system when possible until the voltage
is reasonably fulfilling the standard. According to the ANSI
c84.1 standard, the maximum overvoltage allowed is 5.8%

TaBLE 2: Experimental setup data.

Parameters/elements Value

vy 120V @ 60 Hz
P, 1kW

L 4mH

Cin 2 x 470 uF
MPPT algorithm P&O
Proposed algorithm APC
MOSEFETs C2M0160120D
Voltage sensor LV25-P
Current sensor LA25-NP
Digital platform NI MyRIO 1900
Switching frequency of G4, Gy, G,4> Gyp 35kHz
Switching frequency of G, G, 60 Hz

DC bus voltage 250V

FiGure 5: Simplified circuit.
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FIGURE 6: Photography of the system: (a) power supplies; (b) power stage and controller.

above the nominal grid voltage, so it is assumed that the pro-
posed voltage increment is acceptable for any residence.
These two limits (5% and 4%) establish a hysteresis band,
which determines the operation of the PD. Certainly; each
limit may be adjusted according to other applicable standards
in different regions.

The actual power of the PV panel (P,) is considered to
switch the operating mode from APC to MPPT since the
APC delivers power regardless of the PV panel power avail-
ability. In case the PV panel cannot provide the power set
by the APC, the MPPT voltage regulator must be selected
instead of the APC.

4.5. Active Power Controller (APC). The APC goes into oper-
ation when it is detected that there are voltage fluctuations
due to the high PV penetration. Then, the local voltage is reg-
ulated by changing the active power through the injected
current.

Figure 4(b) shows the flowchart used to determine the
APC current setpoint (ie_,,c), Which establishes the power

injected into the grid during this mode. When a voltage
increment due to a high PV penetration scenario occurs,
the PD gives control to the APC. The initial current setpoint
is the last current set point given by the MPPT algorithm
(iref _ape = fref_mppt)> and it is incremented or decremented
according to the local voltage conditions to keep it regulated.
If the local voltage at the residence is greater than the setpoint
established (V; > V_, ) a decrease in the current reference
is made, otherwise it is increased. Finally, the operating con-
ditions are checked again to determine if whether the APC
mode should be maintained or not.

The increment is given by an adaptive step, which is pro-
portional to the absolute value of the voltage error. The ac
voltage setpoint is selected as the center of the hysteresis
band. Then, the equation used is

AV:erlvll 4 (14)

ca-set | >

where A, is the increment, K, is the controller parameter,

V', is the local residence voltage, and V,_,, is the reference
for the regulated voltage.

This equation allows avoiding fluctuations in a steady
state when the APC is operating.

4.6. Energy Storage System (ESS). The use of an ESS is sug-
gested for a better performance of the system, but it is certainly
optional, as it does not affect the voltage regulation on the ac
side. If an ESS is not employed in a scenario where the APC
is active, part of the energy available in the PV system is not
injected into the grid and then dissipated by the PV system
itself, which may affect the lifespan. Therefore, to improve
the performance of the PV system, the energy that is not
injected into the grid should be stored and when possible
delivered to the grid or used for other types of applications.

In the case of using an ESS, a battery charger should be
employed, which is enabled only in APC mode, the energy
is taken from the DC bus voltage. The proposal of the charger
controller is beyond the purpose of this work.

5. Experimental Validation

To verify that the proposed system operates properly and
mitigate the voltage deviations in the ac grid, a laboratory
prototype was built. Different tests were conducted to evalu-
ate the performance of the proposed system: steady-state
operation, startup, power variation in the renewable sources,
distribution transformer voltage variations, and test under
grid voltage distortion.

5.1. Workbench. For the tests, it is considered that the nomi-
nal grid voltage is 120V (transformer voltage); the wiring
impedances between residences are equal and have a value
of Z=0.018Q; the number of residences considered is 11,
and the first 10 residences inject current to the grid but select-
able to emulate the voltage fluctuations due to the high PV
penetration. It is considered 100% of penetration, which
means that all residences deliver power to the grid; to sim-
plify the implementation, the same current is considered at
each residence, but certainly, different power should be con-
sidered. The ANSI ¢84.1 standard is considered; then, the
maximum allowed overvoltage is 5.8%, which is 126.96 V.
The proposed system is connected to the last residence,
its PV system is working during the tests, but the last resi-
dence is not demanding energy to have the worst case. It is
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considered that each PV system generates till 1kW,. The
parameters of the implemented system are shown in Table 2.

To simplify the implementation, the Thévenin equivalent
circuit of the first 10 residences is considered, resulting in the
simplified circuit shown in Figure 5. Therefore, for the tests,
only a single voltage source and impedance are used to emu-
late the first 10 residences.

The Thévenin voltage is

—

-
Vi =Vg+Z ) (miy,),
1

(15)

3
I

where r is the number of residences.
The Thévenin impedance is

Zth = TlZ.

To simplify the calculation of the Thévenin voltage, it is
assumed that the injected current by each of the first 10 res-
idences is equal, resulting in

n-1
. . n(n-1
Vi = Vg + Zip, z (m)=v, +lev¥’

m=1

(17)

where i, is the injected current by the n — 1 residences.

However, the experimental setup would be valid for any
other configuration using (15) for the Thévenin voltage
calculation.

A photograph of the implemented system is shown in
Figure 6, where the ac power supply (Chroma 61703), the
photovoltaic emulator (Keysight N8937APV), the power
converter, the measurement equipment (oscilloscope Tek
MSO03014 and power quality logger Fluke 1735), and the
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control system employed (National Instruments myRIO
1900) can be observed.

Since the ac power supply cannot receive energy, other-
wise it will be damaged, a dummy load is employed to emu-
late the electric grid. The energy that is injected is consumed
by the dummy load; then, a safe test is made; this load is con-
nected in parallel to the ac power supply.

5.2. Steady-State Operation. The proposed system offers a
good steady-state operation due to the PR controller
employed. In Figure 7, the voltage and current in residence
11 are shown, operating in MPPT mode. The current THD
is 1.1%, and the PF is 0.99. Figure 8 shows the steady-state
waveforms of voltage and current in residence 11, when the
proposed system operates in the APC mode, thus regulating
the voltage. The current THD is 1.2%, and the PF is 0.99.
The leakage current is lower than 300 mAp in all cases, which
complies with the VDE-0126-1-1 standard.

5.3. Startup. Figure 9 shows the injected current and the volt-
age in residence 11 during system startup. A smooth transi-
tion is performed when the system starts. The voltage of the
evaluated residence is slightly affected by the grid impedance,
so the voltage rises. For this test, the initial condition of the
MPPT was set to have a fast transition.

5.4. Power Variation of PV Panels. To evaluate the dynamic
performance of the proposal, power variations in the PV
panels were performed. First, the current injected by the first
10 residences is increased. Second, the injected current by the
first 10 residences is decreased. Finally, a third test is con-
ducted with the PV system operating in a high PV penetra-
tion scenario without the APC and then enabling it. For all
tests, the maximum voltage limit is set at 126 V, which is
0.8% below the value established by the ANSI ¢84.1 standard.

For the first two tests, the conditions given imply that
there is a high PV penetration in the residential electrical
grid, so that the APC algorithm comes into operation, main-
taining the voltage in the last residence fulfilling the standard,

according to the proposed operation. A sudden change in the
injected current of the first 10 residences results in a fast volt-
age variation at the evaluated residence, which allows testing
the dynamic response of the proposed system.

First, a positive deviation is performed (Figure 10). The
injected current for the first 10 residences is incremented
from 4 A to 6.7 A causing a voltage increment to 128V at
the residence under test, which is out of the standard limit.
The proposed system begins to reduce the injected current
to the point where the voltage is within standard limits. The
injected current changes from an initial value of 7.1 A to
approximately 3.5 A, in less than 1s. Figure 10(a) shows the
injected current and the voltage of residence under test; the
time scale allows illustrating the voltage and current evolu-
tion. In Figure 10(b), a zoom is performed to illustrate the
waveforms during the transition.

Second, a negative deviation is performed (Figure 11).
The injected current by the first 10 residences is decremented
from 4.2 A to 3.3 A, causing a voltage decrement to 124V at
the residence under test, which indicates that the PV system
may inject more energy into the grid. The proposed system
begins to increase the injected current to the point where
the voltage is still within standard limits. The injected current
changes from an initial value of 4.8 A to approximately 7 A,
in less than 1s. The figure shows the injected current and
the voltage of the residence under test.

For the third test (Figure 12), a transition between oper-
ating modes is made. In the beginning, the prototype is work-
ing as a traditional PV system, regulating the injected current
according to the MPPT, but in a high PV penetration sce-
nario. This causes the voltage level at the residence under test
to exceed the maximum limit allowed by the standard. Then,
at a certain time, the proposed APC algorithm is enabled,
which starts the modulation of the active power and reduces
the local voltage within standard limits and according to the
proposed operation.

5.5. Transformer Voltage Variation. To evaluate the perfor-
mance of the proposal, distribution transformer voltage
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variation tests have been carried out. For these tests, the first
10 residences inject a constant current.

For the first test, it is considered that the last residence is
operating in the APC mode. The initial transformer voltage is
120V, suddenly increases to 125V, and after 7 seconds
approximately returns to 120V. This is illustrated in
Figure 13, where the local voltage and current at the 11™ res-
idence are shown. As it can be observed, during the first tran-
sition, the local voltage increases and the system reacts by
injecting less power to regulate the voltage; in the second
transition, the opposite behavior is observed while maintain-
ing the voltage regulation.

The second test again considers that the last residence is
operating in the APC mode, but now the transformer voltage
drops suddenly from 120V to 115V and after 7 seconds
returns to 120V. This is illustrated in Figure 14, where the
local voltage and current of the 11" residence are shown.
As it can be observed, in the first transition, the local voltage
decreases and the system reacts by injecting more power to

regulate the voltage; in the second transition, the opposite
behavior is shown while maintaining the voltage regulation.

5.6. Grid Voltage Distortion. Finally, a voltage distortion at
the transformer voltage was imposed; since a synchroniza-
tion circuit is employed, the injected current offers good per-
formance. In Figure 15, the voltage and current at the last
residence can be observed. The current THD is 1.4%, and
the voltage THD is 5%. The transformer voltage distortion
is also reflected in the evaluated residence. The proposal does
not control the voltage waveform, and so the distortion
remains at the voltage of residence under test.

5.7. Comparison Analysis. The proposed system is compared
with other techniques; this is illustrated in Table 3. A meth-
odology to design the grid under high PV penetration sce-
nario is given in [24], which is a good alternative when the
distribution system is a new design. However, for existing
residential areas, the method is complex and expensive, and
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in most cases, it would not be feasible due to the time and
costs of the infrastructure modification. Then, it is not com-
parable with the proposed solution.

The use of variable tap transformers is proposed in [25].
The main advantage is that it is not invasive to the users; only
a communication network may be added. The effectiveness
of the proposal depends on the communication network
and the number of taps in the transformer. There is still a
possibility that depending on the grid conditions, the voltage
variation may not keep within standard limits, resulting in a
method that should be combined with other methods like the
proposed in this work.

The use of ESS or electric vehicles may be a good alterna-
tive [27-29, 34]. This allows storing the PV energy; however,
the ability to regulate the voltage variations depends on the
storage capacity. That is, if the ESS is fully charged, the sys-
tem may no longer compensate for the voltage variations,

and therefore, the trouble may continue. This solution may
be combined with other schemes to assure good operation.

In terms of cost (including power devices and controllers),
it can be observed in Table 3 that the two best alternatives use
a smart inverter with reactive power compensation [30-33]
and the proposed strategy in this work. This is because no
extra elements or devices or modifications on the infrastruc-
ture are required, just software modifications. However, if
losses in the distribution grid are considered, our proposal
becomes the better solution, since the injected current is not
incremented for the reactive power compensation. Moreover,
it is not necessary to increase the inverter power rate.

According to the experimental results (Figures 13 and 14),
the settling time of the proposed system is less than 1's, which
is comparable with other techniques reported in the literature,
but certainly, this time depends on the penetration detector
not only on the proposed active power compensation.
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TaBLE 3: Strategy comparison to alleviate the high PV penetration troubles.
. . . Setting
Reference/method Advantages Disadvantages Complexity Cost/economics time
Only applicable for High: although the method is High: if the

Structured system and
efficient
No need for extra

new residential areas
under construction

[24]/grid design ) - The phenomenon of
equipment and devices . .
" . high penetration may
to mitigate high : .
. continue depending
penetration . ..
on grid conditions
The phenomenon of
. high penetration ma
Good for centralized §1p . Y
. continue, especially at
and decentralized oo .
. critical points of
[25]/tapped techniques .
. S connection
transformer It is not invasive for the -
. Requires a
users of the electrical Sy
bidirectional
network -
communication
network

Store the energy not
used in the moments of
maximum PV
generation.

Not so ecological, due
to the use of batteries

[27-29]/energy Depending on the ESS

storage capacity, the voltage
8 No losses at the PV P ty . &
variation may
system and then .
. 1 continue
increase its lifespan
Extra losses in wiring
and inverter due to
injection of reactive
. ower
[30-33]/reactive Good performance powe
ower No extra infrastructure The power inverter
P rated should be
incremented

In some cases, the grid
must be characterized

For future
implementation
. Good performance Extra infrastructure
[33]/electric . . ,
! Taking advantage of Synchronize users
vehicles . . . .
electric vehicles times with
cogeneration by PV
systems
No extra infrastructure
No extra losses in the
wiring network
No increment on power  If no batteries are
inverter rated employed, the PV
Proposed APC b oy

When batteries are MPPT is not reached
employed, there are no  when APC operates
losses at the PV system
and then it increases its

lifespan

infrastructure already
exists, it will imply high
costs to make changes. ~ Not
On the other hand, if it applied
is a new design, the
solution would be
cheaper.

desirable for residential areas
under construction, its
implementation can also be
carried out in existing residential
areas, which would involve
complexity and cost

Medium: tapped
transformer implies
Low: exchange the transformer  costs and also requires

; . <0.3s
for one with variable tap external
communication
components.
Medium: the batteries
. are expensive, and also
Medium: extra stages and P .
. a program for its =0.3s
controllers are required ) .
maintenance 1is
required.
. . . Low: only software
Medium: in some cases, prior e
i o modifications are
knowledge of critical points in . =10s
AT required, no extra
the distribution system .
infrastructure.
High: high logistics process to High: the cost of Not
carry out the best use of the electrical or hybrid )
ot available
system vehicles is high.
Low: only software
modifications are
Low: the implementation uses required, no extra
the same infrastructure of a infrastructure. <ls
traditional PV system The use of batteries is

suggested which may
imply extra costs.

The proposed method certainly is a good alternative that
may reduce the voltage variations; however, the energy of the
PV panel may be wasted or lost in the PV panel, which
becomes its disadvantage. Therefore, the proposal may be
combined with energy storage systems or tapped trans-
formers to inject the most energy possible into the grid.

6. Conclusion

This paper presents a different solution to reduce voltage
fluctuations in the power grid, caused by high PV penetration
when a residential cluster is the load. The proposal uses the
PV inverter to perform the voltage compensation, without
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the need of extra devices or infrastructure. The active power
is controlled instead of the reactive one, which permits the
reduction of wiring and power converter losses but also
avoids the increment of inverter nominal power.

The experimental results show that the proposed system
is capable of reducing the voltage deviations in the power grid
caused by high PV penetration. Tests were carried out under
different conditions such as transformer voltage variations,
PV panel variations, and voltage distortions, obtaining satis-
factory results and keeping the voltage within the standard
specifications. The proposal offers good characteristics com-
pared to other schemes reported in the literature, which
makes it competitive.

Certainly, the proposal has the drawback of not being able
to harvest and inject all the energy available in the PV panels
under all operating conditions, so it is suggested to combine
the solution with energy storage systems or other methods.
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