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Abstract—In this paper, we propose a comprehensive scheme
to determine a suitable method and timing for upgrading the
voltage control method. Voltage control methods are expected
to be upgraded in accordance with the photovoltaic (PV) pene-
tration in distribution systems. The suitable method and timing
detailed in this paper are based on the limit of the PV penetration
rate, which is constrained by the regulated voltage deviation. The
upgrade process involves moving the on-load tap changer (OLTC)
control method from the conventional scalar line drop compen-
sator (LDC) method to the vector LDC method or centralized
control method. Then, a static var compensator (SVC) or step
voltage regulator (SVR) is installed. The locations of the SVR
and SVC are determined to maximize the PV penetration rate.
The suitable method and timing are demonstrated using a gen-
eral distribution system. In addition to the numerical simulations,
experiments are performed using an active network system with
energy resources. The experimental results are consistent with
the numerical simulation results, thus validating the proposed
scheme. The maximum PV penetration rate obtained using the
OLTC control method is 55%. Whereas, the installation of the
SVR and SVC increased the rate to 95% and 100%, respectively.

Index Terms—Line drop compensator (LDC), on-load tap
changer (OLTC), photovoltaic (PV) system, static var compen-
sator (SVC), step voltage regulator (SVR).

I. INTRODUCTION

HE USE of photovoltaic (PV) systems is continually
T increasing worldwide. In 2014, the cumulative solar elec-
tricity capacities installed by the United States, Germany, and
Japan were 20 GW, 38.2 GW, and 23.2 GW, respectively [1].
The PV capacity increased by approximately 40 GW in 2014.
Close to half of the new PV capacities were installed in Asia,
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including China (10 GW) and Japan (9 GW) [2]. Furthermore,
in Japan, the number of PV systems has rapidly increased due
to the feed-in tariff enforced in 2012.

The capacity of installed PV systems reached approximately
34.1 GW (8.8 GW for households and 25.3 GW for non-
households) by the end of June 2016 [3]. PV systems for
households have been connected to the distribution systems.
The Japanese government has set a goal of installing 28 GW
PV systems by 2020 and 64 GW by 2030 [4]. It is assumed
that the penetration of PV systems into distribution systems
will continue to increase.

Studies on the hosting capacity of PV systems and novel
voltage control methods have been conducted previously.
Hosting capacity calculations are necessary in planning voltage
control systems. In [S]-[11], hosting capacities under various
situations were reported. In [5] specifically, hosting capacities
under various PV system deployments with existing volt-
age control methods and infrastructure configurations were
calculated in terms of voltage regulation and protection of
feeders. Wang et al. [7] proposed an evaluation method for
maximum hosting capacity (MHC) considering the optimal
operation of on-load tap changers (OLTCs) and static var com-
pensators (SVCs). The authors discussed a method of deter-
mining the critical technical restrictions on MHC. Moreover,
Jayasekara et al. [8] employed a battery energy storage sys-
tem to increase the hosting capacity of distributed generation
and proposed a number of voltage control methods. In their
approaches, reverse power flow from PV systems raises the
distribution voltage at high PV penetration levels.

Currently, distribution voltage is primarily controlled using
tap changer transformers, such as the OLTC and step voltage
regulators (SVRs). However, the conventional voltage control
method for tap changers assumes only a load current without
reverse power flow. Thus, the tap changer may be unable to
maintain the distribution voltage within an admissible range
when the PV penetration is high [12]. Several methods have
been proposed to resolve the voltage rise problem [12]-[23].
Yorino et al. [13] proposed a voltage control method for tap
controllers in distribution systems with high PV penetration
based on a multi-agent system. The results of numerical sim-
ulations showed that an increase in PV systems penetration
causes frequent tap changing operations and distribution volt-
age deviations with a conventional voltage control method.
On the other hand, their proposed method realized optimal
tap control by adding the function to the conventional tap
controllers.
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Another problem of using PV systems is that their out-
put fluctuates significantly with respect to weather conditions,
which may cause voltage deviations in distribution systems.

A tap changer cannot follow rapid voltage fluctuations on
account of a working delay function that prevents life span
deterioration [24]. To manage the fluctuating voltage, pre-
vious researchers have proposed control methods that use
equipment that output reactive power (e.g., SVCs and shunt
capacitors) [25]-[34]. In [25] for example, a distribution static
compensator (DSTATCOM) was employed for voltage regu-
lation to increase the PV hosting capacity of a distribution
system. Using this method, the optimal PV hosting capacity
was determined by maximizing the net present value.

As described in the foregoing, many studies have been con-
ducted on hosting capacity and voltage control methods. In
addition, selecting a suitable method and timing is impor-
tant for upgrading the voltage control method to increase PV
penetration in distribution systems without excessive capital
investments or voltage deviations due to transition delays. To
date, however, no study has been reported on upgrading the
voltage control method. Generally, upgrading the voltage con-
trol method is required along with increasing PV penetration.
Thus, we propose an approach to determine a suitable method
and timing for upgrading the voltage control methods based on
the limit of the PV penetration rate. This limit was determined
by numerical simulations and experiments using a distribution
system model of a residential area. A numerical simulation
was used to evaluate various simulation conditions, and experi-
ments validated the simulation results. The proposed approach
may thus contribute toward the planning of voltage control
in distribution systems and the increasing of distributed PV
system penetration levels.

The remainder of this paper is organized as follows.
Section II explains conventional and upgraded voltage control
methods. Section IIT describes the upgrade process of volt-
age control methods and the selection of control parameters
of the OLTC, SVR, and SVC. Sections IV and V describe the
simulation conditions and results of the numerical simulation
and experiment, respectively. Section VI presents the study
conclusion.

II. VOLTAGE CONTROL METHODS

This section explains the conventional voltage control
method of OLTC. In addition, two types of upgraded voltage
control methods are described: upgrading the OLTC control
method, and installing voltage control equipment, such as the
SVR and SVC. As mentioned in the Introduction, many volt-
age control methods using specific equipment have already
been proposed. However, the OLTC, SVR, and SVC were
selected as the voltage control equipment for the present study
based on the results of a questionnaire provided to nearly all
the Japanese power companies.

A. Scalar LDC Method (Conventional Method of OLTC)

The scalar LDC method changes the tap position to maintain
the calculated voltage of a reference point (reference voltage)

Viet (1) = | Ve (0] — V/3|1(1) |(Reetcosd + Xiersind) (1)
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Fig. 1. Scalar and vector LDC methods.

within a dead band. The reference voltage, Vif, is calculated
as shown in (1) using the absolute value of the secondary
side voltage of the OLTC |Vsec|, the absolute value of the
current passing through the OLTC |/| and the simulated line
resistance, Rpef, and reactance, Xif, with the set lag power
factors, cos§ = 0.98 and sin 6 = 0.20, respectively.

D(t - tstep) + Vier (1) — DBupv if (Vref(t) > DBup)
D(t - tstep) + Viet(t) — DBiow, if (Vier(t) < DBiow).
0, otherwise

D(t) =

2
—1, if (D(t) > DTapbown)
+1, if (D(t) < Drapup)- (3)
0, otherwise

1aPchange (1 + fsiep) =

As shown in (2), the voltage deviation amount, D, is inte-
grated when the reference voltage deviates from the dead band
and becomes zero when the reference voltage is within the
dead band whose upper and lower limits are DBy, and DBjoy,
respectively. The tap is controlled depending on the voltage
deviation given by (3), where Dryppown and Drapup are the
voltage deviations for tap-down and tap-up operations, respec-
tively, while fap p,,ge is the change in the OLTC tap position.
In addition, -1 denotes the tap-down operation, +1, the tap-up
operation, and 0, non-operation. In the numerical simulation
and experiment, the time step, fgep, Was set to 60 s.

B. Vector LDC Method (Upgraded Method 1 of OLTC)

Viet (1) = |Vsec (1) — V/31(2) - (Reet + jXier) |- 4)

When the power factor changes dynamically, the scalar LDC
method cannot properly calculate the reference point voltage
because of the fixed power factor. In contrast, the vector LDC
method provides a more accurate calculation since the vector
calculation considers dynamic changes in the power factor.

The vector calculation is represented by (4), which uses the
phase of the secondary side voltage, Vi, and passing cur-
rent /, while j is an imaginary unit. The voltage deviation
and tap operation are obtained using (2) and (3). The top of
Fig. 1 shows the calculated reference voltage. The scalar LDC
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Fig. 2. Centralized control method.

and vector LDC methods used to calculate the reference volt-
age are represented by (1) and (4), respectively. As shown
in the bottom figure, the tap position of the OLTC changes
when the voltage deviation D exceeds Drappown Or falls below
DTapUp~

C. Centralized Control Method (Upgraded Method 2 of
OLTC and SVR)

The centralized control method manages the distribution
voltage within an admissible range using the voltage measured
at the switches with sensors.

mpchange (l + tstep)
1, if (Vmax(t) > yIC

\

up ’
=141, if (vmin(z) < yIc

low?

Vain(t) = Vre = VIS
Vinax (1) + Ve = VIC).

A

0, otherwise
(%)

The tap change of the OLTC and SVR is described in (5).
This method uses the maximum and minimum values of the
measured voltages as the representative voltages. Viax and
Vmin are the maximum and minimum distribution voltages,
respectively, measured at the switches with sensors, while VquC
and VIESV are the respective upper and lower limits of the dead
band. V¢ is the voltage change per tap of the OLTC or SVR.

Fig. 2 shows the tap operation using the maximum and min-
imum values of the measured voltage. The admissible voltage
range is given by Vy, and Ve . The tap position changes when
the representative voltage deviates from the dead band before
the tap operation and when the voltages after the tap operation
are within the dead band (left and middle of Fig. 2). The tap
position does not change when voltages after the tap opera-
tion are outside the dead band or the distribution voltages are
within the dead band (right of Fig. 2).

D. Control Method of SVC

The SVC outputs reactive power to maintain the monitored
voltage at the interconnection point to a distribution system
within the dead band. The difference between the upper

AVsyc(1)
Vsve(n) — Vay'©, if (stc(t) > Va)©
Vsve(n) — VIVC, if (Vsve(r) < VEYO). (6)

low > ) low
0, otherwise
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Osvc(1)
_ {KpAVSVC(t) + Ki [ AVsyc()dt, if (AVsyc(r) # 0)
Qo — K, [ Qi(nadt, if (AVsyc(t) =0)
(N

(or lower) limit of the dead band and the voltage of the
SVC interconnection point, AVgyc, is calculated using (6).
The SVC outputs the reactive power based on proportional—
integral (PI) control (see (7)). When the voltage deviates from
the dead band (AVsyc # 0), the reactive power output is cal-
culated using the first condition of (7). Conversely, when the
monitored voltage is within the dead band (AVsyc = 0), the
reactive power output is reduced based on the second condi-
tion of (7). In (6) and (7), VEI}/ Cis the upper limit of the dead
band, VI%\\:/C is the lower limit of the dead band, and Qsyc is
the reactive power output of the SVC. Furthermore, K, is the
proportional gain, K is the integral gain, K, is the attenuation
gain, Q; is the reactive power output of the integrator control
unit, and Qg is the value of Q; when the voltage of the SVC
interconnection point enters the dead band.

III. UPGRADE OF THE VOLTAGE CONTROL METHOD AND
SELECTION OF CONTROL PARAMETERS

This section describes the upgrade policy for the voltage
control method and the selection of control parameters for
the scalar and vector LDC methods and PI control. The con-
trol parameters of each voltage control method are determined
using the distribution voltage at all nodes to maximize the PV
penetration level.

A. Control Parameters Selection for OLTC

To obtain the control performance of the conventional volt-
age control method, the limit of the PV penetration rate is
calculated using the scalar LDC method. The target voltage
of the reference point, as well as the simulated line resistance,
Rrer, and reactance, Xier, comprise the control parameters for
the LDC method. The control parameters for the scalar LDC
method are determined using the load current with no PV
systems.

As the first step of upgrading the voltage control method,
the OLTC control method is changed from the scalar LDC to
the vector LDC method. This is because the OLTC control
method affects the entire distribution system, and upgrading
to the vector LDC method does not require introducing new
equipment. The control parameters of the vector LDC method
are determined as follows. First, the control parameters are
determined in a similar manner as the scalar LDC method.
Second, when the voltage deviates in the scalar LDC method
as the PV penetration rate increases, the conventional con-
trol parameters are revised to avoid the voltage deviation. The
control parameters of the LDC method are common for each
validation day: three days with three types of PV profiles, as
shown in Section V, and one day with no PV systems.

Ndate Nnode T

Vdevi(vtan Rref, Xref) = Z Z Z AVd,n(l‘) . tstep~ (8)

d=1 n=1 =1
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Fig. 3. Distribution system model used for the numerical simulation.
Vd,n(t) - Vupy if (Vd,n(t) > Vup)
AVin(® = [Van® = Viow|. if (Van(®) < View). (9

0, otherwise

The control parameters of the scalar and vector LDC meth-
ods are determined in such a way as to minimize the sum of the
voltage deviations, Vgeyi, as calculated using (8). In (8), Ngate
is the number of simulation dates, Nyode, the total number of
nodes, 7', the simulation time length, and fgep, the simulation
time step (60 s). In addition, AV, is the voltage deviation
of each day, d, and node, n. When multiple control parame-
ter sets minimize the summation of the voltage deviations, the
last control parameter set is employed. The voltage deviation
at each occurrence is described by (9). The optimal value of
Vievi 18 zero, which represents the case of no voltage deviation.

B. Control Parameters Selection for SVR and SVC

The SVR or SVC is installed after the OLTC control method
is upgraded to the centralized control method. The SVR and
SVC control parameters are determined for the states in which
the voltage deviation occurs with OLTC control. The objective
function for the SVC is given by (8), which is same as that
of the LDC method. However, K, and K; are used as control
parameters instead of Viar, Ryer, and Xper.

IV. NUMERICAL SIMULATIONS

Numerical simulations were performed to evaluate the
voltage control performance of each of the aforementioned
methods based on the limit of the PV penetration rate.

A. Settings of the Numerical Simulation

The model of the distribution system consists of two resi-
dential feeders. The summed load of certain feeders was set
for realistic OLTC operations as shown in Fig. 3. The configu-
ration of feeders A and B were identical [35]; however, the PV
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TABLE I
VERIFICATION CASES AND CONTROL METHOD

VOLTAGE CONTROL EQUIPMENT

Case Number

OLTC
(Three methods) sve SVR
Case 1 (only OLTC) 1 No No
installation  installation
Case 2 (with SVC at 1 1 No
end point) installation
Case 3 (with SVR at 1 No 1
starting point) installation
TABLE II
SETTINGS OF THE NUMERICAL SIMULATION
CONTENT Setting Value
Simulation time step [s] 60
Rating voltage [V] 6600
Admissible voltage range [p.u.] (Viow—Vop) [36] 0.981-1.019
Number of simulation dates (Ngate) 8
(Two representative seasons have 4 days)
(PV generation (3 days) and no PV generation (1 day))
Total number of nodes (Nyode) 56
(Feeders A and B have 28 nodes, respectively)
Peak Summed load [kW] 12789
values  Load of household [kVA] 1
PV system for household [kW] 2.77
OLTC  Rated capacity [MVA] 20
Percent of reactance 15
at the rated capacity [%]
Voltage change per tap [p.u.] (Vr¢) [37] 0.0091
Dead band of the LDC method [p.u.] Viar
(Target voltage + dead band width) +0.01V,,
Dead band of the centralized control 0.982-1.018
method [p.u.] (ViTS-VI¢
SVR Rated capacity [MVA] 10
Percent of reactance 1.5
at the rated capacity [%]
Voltage change per tap [p.u.] (Vr¢) 0.0151
Dead band of the centralized control 0.982-1.018
method [p.u.] (ViTS-VI¢
SvC Maximum output [kvar] 600
Dead band [p.u.] (Vve-V5Ve 0.990-1.010

systems were interconnected only with feeder A. The summed
load profile was calculated by subtracting the loads of feed-
ers A and B from the actual measured substation profile. The
trunk line length of feeders A and B was 3.65 km with loads
of 2,000 households, which were connected to nodes. The lag
power factor of both feeders was 0.98, while the power factor
of the PV system was 1.

Table I lists the number of voltage control instruments in
each verification case while Table II lists the numerical simu-
lation settings. In case 1, only the OLTC was used for voltage
control. In cases 2 and 3, the SVC or SVR was installed in
addition to the OLTC. Each piece of equipment was installed
at the location that maximized the limit of the PV penetra-
tion rate. The SVC was installed at the end of the distribution
trunk line (case 2), while the SVR was installed at the starting
point. The dead band width of the LDC method was deter-
mined by consulting with specific power companies in Japan.
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Fig. 4. Load profiles: low voltage load per household (top); summed

load (bottom).
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Fig. 5. PV output profiles per household: sunny day (top), type 1 cloudy
day (middle), type 2 cloudy day (bottom).

For the centralized control method, the dead band was adjusted
to minimize the tap change and avoid voltage deviation.

In this study, six types of PV profiles and two types of load
profiles were assumed. Fig. 4 shows the profiles of the low
voltage loads (top) and the summed load (bottom) with lagging
reactive power. Fig. 5 shows the output profiles of a PV system
for a household on a sunny day and two types of cloudy days
during two representative seasons. Same load and PV profiles
were used for each household to simulate the most severe
conditions. All PV and load profiles were actually measured on
site, and the PV profiles of households were referenced from
the work: “Demonstrative Research on Grid-interconnection
of Clustered Photovoltaic Power Generation Systems,” which
was organized by the New Energy and Industrial Technology
Development Organization (NEDO) [38]. The features of each
PV profile were as follows. On a sunny day, the PV output
was stable. On a type 1 cloudy day, the amount of output
fluctuation was drastic, while on a type 2 cloudy day, the
number of PV fluctuations was high.

IEEE TRANSACTIONS ON SMART GRID, VOL. 9, NO. 5, SEPTEMBER 2018
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Fig. 6.  Average voltage profiles (case 1, type 2 cloudy day, May, PV
40%): (a) scalar LDC method, (b) vector LDC method, (c) centralized control
method.

To realize an ideal centralized control, switches with sen-
sors were installed at nodes where the distribution voltage
was maximum or minimum at each PV penetration level.
Previously, the installation locations of switches with sensors
were determined by calculating the power flow under a 100%
PV penetration rate. The voltage control performance of each
method was evaluated based on the limit of the PV penetra-
tion rate. The PV penetration rate is defined as the ratio of the
number of households with PV systems to the total number of
households. The rate was specified as increasing in increments
of 5% starting from zero. The 30-min averaged of each node
voltage was used to determine the voltage deviation [39].

B. Analysis of Distribution Voltage Control

Fig. 6 shows the voltage profiles of all the nodes of the
scalar LDC, vector LDC, and centralized control methods for
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Fig. 7. Average voltage profiles and reactive power profile (centralized con-
trol method, type 2 cloudy day, May, PV 100%): (a) case 3, (b) case 2,
(c) reactive power of SVC of (b).

case 1. In Fig. 6(a), the maximum distribution voltage is close
to the upper limit of the admissible range. The OLTC tap
position in the scalar LDC method during the day is 12. In
Fig. 6(b), the distribution voltage is closer to the lower limit
of the admissible range. The OLTC tap position of the vector
LDC method is lower than that of the scalar LDC method
because the control parameters of the vector LDC method were
determined assuming PV penetration rate, unlike the scalar
LDC method. The control parameters are compared as follows.
The simulated line resistance and reactance were almost the
same in both LDC methods. The target voltage of the reference
point was 6636.7 V in the scalar LDC method and 6618.5 V
in the vector LDC method. For Figs. 6(b) and (c), the tap
transitions of the vector LDC and centralized control methods
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are similar; therefore, the PV penetration rates of both methods
are the same in case 1.

The voltage control performances of the SVC and SVR,
the voltage profiles, and the reactive power profiles for
cases 2 and 3 were compared as shown in Fig. 7. The dis-
tribution voltage was managed by OLTC and SVR controls,
as shown in Fig. 7(a). Figs. 7(b) and (c) indicate that the dis-
tribution voltage deviates from the admissible range in spite
of the maximum reactive power output by the SVC.

C. PV Penetration Rate

By analyzing the distribution voltage control in each case,
the PV penetration rate was obtained. Fig. 8 shows the com-
mon limit of the PV penetration rate, which was the minimum
installation rate achieved by any method in the six days of
studies. The figure shows two additional findings.

First, except for Case 1 of the vector LDC and the cen-
tralized control methods, the limit of the PV penetration rate
increased as the voltage control method of the OLTC was
upgraded. This was analyzed as follows. The PV penetration
rate obtained using the vector LDC method was higher than
that obtained using the scalar LDC method by 15% because the
control parameters of the vector LDC method were determined
using the load current with PV systems.

Second, the limit of the PV penetration rate increased from
case 1 to case 3. Installing the SVR at the starting point of
the distribution system increased the limit of the PV penetra-
tion rate by 5% compared to installing the SVC at the end of
the distribution system because the SVR controlled the whole
distribution voltage, unlike the SVC.

The following conclusions can be drawn based on the results
shown in Fig. 8 for the upgrade of the voltage control method.
The OLTC control method with the scalar LDC method could
manage a PV penetration rate of up to 40%; after which,
the OLTC control method should be upgraded to the vec-
tor LDC method, which requires no sensor installation, unlike
the centralized control method. When the PV penetration rate
exceeded 55%, none of the OLTC control methods could avoid
voltage deviation, and SVC or SVR installation was necessary.
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Fig. 9. Instantaneous voltage and reactive power profiles (type 1 cloudy day,

August, PV 65%): (a) voltage in case 3, (b) voltage in case 2, and (c) reactive
power of SVC of (b).

As shown in Fig. 6, using the SVR increased the PV pene-
tration rate more than using the SVC. Thus, SVR installation
was selected as the more suitable method.

D. Comparison of SVR and SVC

The voltage control performances were compared in terms
of the 30-min averaged voltage and the 60-s values used to
check the instantaneous voltage deviation (i.e., the step size
of the used profiles). Fig. 9 shows the instantaneous voltage
profiles for the type 1 cloudy day in August. As shown in
Fig. 9(a), the voltages at nodes one to six in Fig. 3 deviate
above the upper limit twice. However, no distribution voltage
deviates below the lower limit. Figs. 9(b) and (c) show that

IEEE TRANSACTIONS ON SMART GRID, VOL. 9, NO. 5, SEPTEMBER 2018

[ Type 1 cloudy day (May)
Type 1 cloudy day (August)

[ Type 2 cloudy day (May)
Type 2 cloudy day (August)

)
e 70
8
S 65 T
5
=
5 55 65 65 65
o 60 60
g 50 ‘ 1155 55
o | 50
- | |
R 45
Case2 Case3
(With SVC) (With SVR)
Fig. 10. Limit of the PV penetration rate with the numerical simulation

(instantaneous voltage was used to determine the voltage deviation).

I Distribution line devices J SVR device

OLTC device

Inverter
devices

Power
delivery device
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the instantaneous voltage is maintained within the admissible
range with SVC control. Fig. 10 shows the PV penetration
rate with centralized control in cases 2 and 3 for two types
of cloudy days. The SVC increases the PV penetration rate
more than the SVR, because the former controls rapid voltage
fluctuations, unlike the latter. This phenomenon is confirmed
by Fig. 9. Based on the results of the numerical simulations,
the SVR was more effective than the SVC in extending the
PV penetration rate while preventing 30-min averaged volt-
age deviations. The SVC on the other hand, helped increase
the PV penetration rate while preventing instantaneous voltage
deviations.

V. EXPERIMENT WITH A TEST BED ACTIVE NETWORK
SIMULATOR WITH ENERGY RESOURCES (ANSWER)

An experiment with an Active Network Simulator with
Energy Resources (ANSWER) [40] was performed to con-
firm the validity of the proposed scheme in parallel with the
numerical simulations.

A. Experiment Settings

ANSWER was used to shape the experimental distribution
system, which was a model of an actual 6.6-kV distribution
system scaled down to 200-V. Fig. 11 depicts ANSWER. The
currents passing through each piece of equipment and the bus
voltage were 1/25 and 1/33 of the actual 6.6-kV distribution
system, respectively. The experimental distribution system was
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TABLE III
SETTINGS OF THE EXPERIMENT

CONTENT Setting Value
Simulation time step [s] 60
Rating voltage [V] 200
Admissible voltage range [p.u.] (Viow—Vip) 0.981-1.019
Number of simulation dates (Ng,¢e) 8
(Two representative seasons have 4 days)
(PV generation (3 days) and no PV generation (1 day))
Total number of nodes (Nyp4e) 18
(Feeders A and B have 9 nodes, respectively)
Peak Summed load [kW] 15.5
values Load of household [VA] 1.21
PV system for household [W] 3.35
OLTC Rated capacity [kVA] 20
Voltage change per tap [p.u.] (Vr¢) 0.0091

Dead band of the LDC method [p.u.] Viar

(Target voltage + dead band width) +0.01V,,,
Dead band of the centralized control 0.982-1.018
method [p.u.] (Vi2G,-Viit

SVR Rated capacity [kVA] 20
Voltage change per tap [p.u.] (Vr¢) 0.0151
Dead band of the centralized control 0.982-1.018
method [p.u.] (VisG,—Viie

SvC Maximum output [kvar] 600

Dead band [p.u.] (Vive—ViY© 0.990-1.010

ow

comprised of the power delivery device, the OLTC and SVR
devices, ten distribution line devices, ten inverter devices that
simulated the load, PV systems, and the SVC. The voltage
values of each distribution line device and the feeder B were
used for the centralized control method. Fig. 12 shows the dis-
tribution system model of ANSWER. The distribution voltage
of feeder B was calculated by the numerical simulation.

The experimental settings are as listed in Table III. The
control parameters of the OLTC, SVR, and SVC were deter-
mined as follows. A model of the distribution system was
developed on a computer to optimize the control parameters
of the ANSWER system. The line lengths were adjusted to
match the most severe points of the distribution voltage, such
as the maximum or minimum voltage in the experimental and
modeled systems. The control parameters were then calcu-
lated as described in Section III. When the distribution voltage
deviated from the admissible range using the control param-
eters optimized on the computer, the control parameters were
adjusted.
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Fig. 13.  Comparison of the distribution voltage of the numerical simulation
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Fig. 14. Comparison of (a) numerical simulation and (b) experimental results
of distribution voltage and tap operation (centralized control method, case 3,
type 1 cloudy day, May, PV 100%).

B. Comparison of the Numerical Simulation and
Experimental Results

To analyze the difference between the PV penetration levels
of the numerical simulation and those of the experiment, the
distribution voltages were compared. Fig. 13 shows the dis-
tribution voltage at the end of feeders A and B obtained in
the numerical simulation and experiment for case 2 with the
centralized control method and a PV penetration rate of 50%.
ANSWER is a 200-V distribution system. Thus, the distribu-
tion voltage of ANSWER was 33 times that of the numerical
simulation. The trend of voltage profiles for the numerical
simulation and ANSWER were consistent. The voltage differ-
ence reached 0.015 p.u. at the maximum. The difference in
distribution voltage between the numerical simulation and the
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experiment may have decreased the limit of the PV penetration
rate of the experiment. However, the limit of the PV penetra-
tion rate of the numerical simulation and experiment was the
same as in case 3, as shown in Fig. 8. The SVR controlled the
whole distribution voltage in feeder A, and therefore, the dif-
ference in distribution voltage in feeders A and B was reduced.
Thus, the limit of the PV penetration rate reached 100% in the
numerical simulation and experiment.

Fig. 14 shows the numerical simulation and experimental
results for case 3. Both distribution voltage profiles were main-
tained within the admissible range. The operation of the OLTC
and SVR in Figs. 14(a) and (b) were different since the voltage
range of the numerical simulation was narrower than that of
the experiment; therefore, the OLTC and SVR could frequently
change the tap position in the numerical simulation.

The experimental results show the same trend as the numer-
ical simulation in cases 1 and 2, as shown in Fig. 8. The limit
of the PV penetration rate of experiment decreased from 10%
to 25% compared to that of the numerical simulation. This
decrease could be traceable to the differences in voltage dis-
tribution occasioned by the differences in the line impedances
used in the numerical simulation and the experiment.

VI. CONCLUSION

In this study, we devised a comprehensive scheme to deter-
mine a suitable method and timing for upgrading the voltage
control method. The proposed scheme shows a suitable voltage
control method and timing for upgrading the OLTC control
method, and the additional installation of the SVC or SVR
based on the limit of the PV penetration rate. This limit with
voltage control methods was calculated through numerical
simulations and experiments with an active network simulator
with energy resources (ANSWER). The tendencies of the PV
penetration rate increase and distribution voltage profiles were
consistent, validating the numerical simulation results. The
results showed that the SVR increases the PV penetration rate
more than the SVC, while preventing deviations of the 30-min
averaged voltage. On the other hand, the SVC helped increase
PV penetration while preventing instantaneous voltage devia-
tions. Thus, this work demonstrates the necessity of controlling
the SVR and SVC to increase PV penetration while avoid-
ing instantaneous voltage deviations. The proposed method
was used in a distribution system consisting of two feeders.
A future study will be conducted to confirm the effectiveness
of this method in a large-scale distribution system. Meanwhile,
the proposed scheme is applicable to any distribution system
and any voltage control method. This study could thus con-
tribute toward expanding the hosting capacities of distribution
PV systems.
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