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Abstract: The increasing use of photovoltaics (PVs) in distribution systems owing to the low-carbon
policy has given rise to the need for various technological changes. In particular, the operation of
on-load tap changers (OLTCs) has attracted attention. In traditional distribution systems, the OLTC
operates via a line-drop compensator (LDC), which focuses on the load to solve the low-voltage
problem; however, the problem of over-voltage caused by PVs persists. Currently, a method for
operating an OLTC using the measured voltage is being researched; however, solving the voltage
problem for several feeders connected to a main transformer (MT) is not viable. Therefore, this
study proposes an OLTC operation method to address the feeder with the largest voltage problem
depending on the direction of power flow. The proposed method selects a point where the OLTC
operates using the difference between the measured and reference voltages. Setting the reference
voltage can solve the problem that occurs due to the direction of power flow. Finally, the effectiveness
of the proposed method is verified via case studies. Based on the results, we can conclude that the
proposed method effectively solves the voltage problem, and an increase in hosting capacity can
be expected.

Keywords: reverse power flow; on-load tap changer; photovoltaic generation; distribution system

1. Introduction

According to the Paris Climate Agreement, more emphasis has been given to low-
carbon facilities; as a result, the use of photovoltaics (PVs) in the distribution system
has rapidly increased [1–5]. However, unlike in traditional distribution systems wherein
only loads exist, the voltage increases toward the end of the feeder owing to PVs, which
lowers the power quality [6–9]. Therefore, various technological changes are required
in the distribution system. Among them, active efforts of distribution system operators
(DSOs) and PV companies are required to solve the voltage problem. In [10–13], the
voltage problem could be solved by installing a step voltage regulator (SVR). However,
the use of SVR includes a high investment cost and increases the burden of DSOs. A
voltage adjustment method using a smart inverter is presented in [14–17]. However, it is
difficult to increase the penetration rate of smart inverters because the current inverters
of PV companies should be replaced with smart inverters. In addition, there is an issue of
requirement of compensation based on the curtailment function of smart inverters. Voltage
regulation through energy storage system (ESS) is suggested in [18–21]. However, the
ESS has high economic operation cost and lacks the ability to recompensate, unlike a
smart inverter. Therefore, an on-load tap changer (OLTC) operation method that could
solve the voltage problem by changing the control method of the existing equipment is
currently being researched. Based on recent developments, the main transformer (MT) is
capable of tolerating reverse power flow to accommodate the high penetration rates of
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PV [22–26]. In addition, the OLTC should be operated to solve the voltage problem of all
connected feeders by allowing reverse power flow. In particular, there is a need for an
OLTC operation plan that can solve the problem of low-voltage caused by the load and
over-voltage caused by the PV. A solution to the low-voltage problems using the line-drop
compensator (LDC) for OLTC operation in the load feeder is suggested in [27]. However,
because the LDC method measures the current and calculates the voltage, it cannot operate
properly when the current decreases owing to the influence of PV; furthermore, negative
current occurs owing to the reverse power flow. Therefore, it is necessary to improve
the control method focusing on the load. An operation method of the OLTC on a single
feeder by installing a voltage measuring facility to solve the problem of LDC is presented
in [28,29]. However, multiple feeders are connected to MT. If the OLTC operation focuses
on over-voltage, low- voltage could occur in some feeders. Therefore, the reference of
operation is required to solve the voltage problem of all lines. The OLTC operation method
is suggested in multiple-feeder in [30,31]. However, the reference voltage according to the
reverse power flow was not set. The same problem as the previous method could occur.
OLTC optimization methods that use the OLTCs to solve voltage issues are suggested
in [32,33]. However, analyzing the problem of the OLTC operation method and finding
a solution is necessary. Therefore, this study presents a method for setting the reference
point for the OLTC operation using the voltage difference and reference voltage based on
the direction of the power flow. The reference voltage is established by considering the
normal voltage and dividing it depending on the purpose (over-voltage or low-voltage). In
addition, it is configured to operate as a negative tap in case of reverse power flow to solve
the over-voltage problem. Finally, the effectiveness of the proposed method was verified
by estimating the cost of additional facilities through case studies.

2. Existing OLTC Operation Methods and Problems

Owing to various characteristics, voltage fluctuations may occur in the lines connected
to the MT, making it unfeasible to be operated within the normal range. OLTC automatically
adjusts the voltage by changing the tap to operate all lines connected to the MT within
the normal range. In general, the secondary voltage is varied by changing the tap on the
primary side of the transformer with a small current. The method of changing the tap could
be divided into three cases, and the DSO selects and uses it depending on the situation.

2.1. Constant Voltage Method

The constant voltage method is fixing the tap position to a constant value regardless
of the load. The fixed value is established through the experience of the DSO, and no
voltage problem should exist in all the lines [34]. However, it is difficult to solve the voltage
problem according to the change of the load and PV using the constant tap position. As a
result, additional facilities are required to solve the over-voltage problem caused by the
penetration rate of the PV.

2.2. Line-Drop Conpensation Method

The LDC method is an OLTC operation method for solving the low-voltage problem
caused by the load in traditional distribution systems [26,27]. In case the voltage measuring
equipment is located only in the distribution bus, the method infers the line voltage for
compensation of the voltage drop. Figure 1 demonstrates the mechanism of the LDC
method. The LDC method controls the voltage using measured values, using a current
transformer (CT) and a potential transformer (PT). The current measured in CT (Itotal) is
divided by the number of feeders and then multiplied with the impedance of the virtual
load center. Subsequently, the voltage of the load center (VL) is calculated using the
difference of the voltage of distribution bus (Vbus). The OLTC adjusts the tap such that the
load center voltage becomes the same as the reference voltage (Vre f .). Further, it uses a dead
band and time delay to prevent sudden voltage fluctuations due to tap control. However,
it is difficult for LDC to respond to the influence of PV, as it considers only the influence
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of the load. As the connected capacity of the PV increases, the value of Itotal decreases,
and a reduction in the load can be observed. As a result, the tap position is lowered, and
low-voltage may occur in the line where only the load is connected. To solve this problem,
a method of determining VL by installing the voltage measuring equipment in a specific
section of each line was proposed. In addition, if the direction of Itotal is reversed owing
to the PV output, the OLTC does not operate properly. Simultaneously, to suppress the
ripple force caused by the tap adjustment, the OLTC sets the tap position to neutral [34].
In this case, the tap position is lowered, which may cause a low-voltage in the load line
as aforementioned.
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2.3. Digital Volt Meter Method

As shown in Figure 2, a digital volt meter (DVM) can be used to control the tap so that
the voltage measured in PT becomes the same as the preset reference voltage [28–30,35].
Unlike an LDC, the voltage can be measured directly form the load center, making the line
voltage more stable. However, the DVM is primarily used for voltage control in a single
feeder, and an algorithm that can set a reference point is required for use in a multiple-feeder.
In addition, in [30], a method to minimize voltage deviation using VDM in multiple-feeder
is presented. However, it becomes the same as the result of using countercurrent for the
LDC used by the average value.

2.4. Forecasting Method

It is a method of forecasting the load and PV output and presetting the tap position
for each time period to solve the voltage problem [35–37]. Unlike LDC which operates
automatically, the forecasting method operates with a set value through the DSO. Conse-
quently, this method is significantly affected by the accuracy of the forecasting. However,
the behind-the-meter PV and a sudden change of load increases the error, which may cause
voltage problems. Therefore, continuous monitoring is required for real-time control, and
an increased number of voltage stabilization facilities that can respond may be needed.
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3. Proposed Solution to Solve Voltage Problem Caused by Reverse Power Flow

Recently, with the aim of controlling PV systems, PV companies have been sharing
real-time information with the DSOs, making it possible to measure the voltage of the PV
connection point. Therefore, this study proposed an improved OLTC operation method to
solve the voltage problem under the condition that voltage measurement for each section
of the line is possible.

3.1. Setting the Reference Point and Reference Voltage for OLTC Operation

The OLTC operates frequently to set the voltage at a selected reference point. To solve
the voltage problem of all feeders, it is important to properly set the reference point and
voltage. Figure 3 shows the voltage based on the distance from the substation when the
reference point and voltage are changed. Vs is the distribution bus voltage, Vr is the node
voltage, and r and x are the node impedances. The forward current flows in the line with
only the load even when a reverse current flows on the MT. Consequently, the voltage drops
from the first to the last node. For the PV, the voltage increases as the voltage advances
towards the last node due to the reverse flow. When the OLTC operates based on the load
line, it is necessary to prevent the low-voltage problem of the last node due to the line
and load impedances. Simultaneously, the PV line is not considered, and an over-voltage
appears at the last node due to the reverse power flow. Conversely, if the same reference
voltage is operated based on the PV line, a low-voltage problem occurs in the load line due
to the lowered voltage. Therefore, to solve the voltage problem depending on the direction
of the current, it is necessary to reset the reference voltage and point.

As listed in Table 1, Korea Electric Power Corporation (KEPCO) operates in the
normal voltage range 0.909–1.039 p.u. [26]. Equation (1) is a method for setting a reference
voltage for the OLTC operation. In the forward power flow, the reference voltage decreases
gradually to the last node to solve the low-voltage problem. Conversely, in the reverse
power flow, it increases gradually. Therefore, it is possible to set the reference voltage
considering the voltage characteristics shown in Figure 3.

Vi.k.re f . =

Vunder limit +
{
(Vnom. × αi)×

(
1 − ri.k

ri.total

)}
, i f f orward power f low

Vupper limit −
{
(Vnom. × αi)×

(
1 − ri.k

ri.total

)}
, i f reverse power f low

(1)
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i: Feeder number
k: Node number
Vi.k.re f .: Reference voltage at the k-node on the ith-feeder
Vnom.: Nominal voltage
Vupper limit: Upper limit of normal voltage
Vunder limit: Under limit of normal voltage
αi: Voltage fluctuation rate of the first and last nodes
ri.total : Total length of ith-feeder
ri.k: Length from the MT to the kth-node on the ith-feeder
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Table 1. Operating voltage of the distribution system in KEPCO.

Nominal Voltage [V] Range of Normal Voltage [V]

13,200/22,900
(1.0 [p.u.])

12,000–13,800/20,800–23,800
(0.909–1.039 [p.u.])

To solve the voltage problem of all lines connected to the MT, it is important to properly
set the reference point of the OLTC because over-voltage or under-voltage may occur on
some lines. Equation (2) shows the difference between the reference and measured voltages
at the kth-node on the ith-feeder. In the forward power flow, the OLTC operates based on
the feeder containing the node with the smallest V, and the low-voltage problem can be
effectively solved. Conversely, in the reverse power flow, the over-voltage problem can
be solved if the line containing the node with the largest V is referenced. In general, the
last node is selected owing to the influence of the load and PV. The voltage at the first
node may fluctuate significantly when the OLTC operates at the last node. Therefore, to
minimize voltage fluctuations, the OLTC should operate at a point in the middle of the line
in a similar manner to that of the LDC method.

∆Vi.k = Vi.k.re f . − Vi.k (2)

∆Vi.k: Difference between the reference and measured voltages at the kth-node on the
ith-feeder
Vi.k: Measured voltage at the kth-node on the ith-feeder
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3.2. Proposed OLTC Operation Algorithm

Figure 4 shows the proposed method to solve the problems of LDC and DVM. It
can solve the problem of using the neutral tap of the LDC method and the problem of
selecting the reference point of the DVM method. The proposed method sets the reference
voltage to solve the over-voltage problem in the reverse flow through Equation (1). In
addition, the reference point selects the line with the largest voltage according to the result
of Equation (2). In a forward flow, the line with the lowest voltage is selected to solve the
low-voltage problem.

Energies 2022, 15, x FOR PEER REVIEW 6 of 17 
 

 

.i totalr : Total length of ith-feeder 

.i kr : Length from the MT to the kth-node on the ith-feeder 
To solve the voltage problem of all lines connected to the MT, it is important to 

properly set the reference point of the OLTC because over-voltage or under-voltage may 
occur on some lines. Equation (2) shows the difference between the reference and meas-
ured voltages at the kth-node on the ith-feeder. In the forward power flow, the OLTC 
operates based on the feeder containing the node with the smallest V, and the low-voltage 
problem can be effectively solved. Conversely, in the reverse power flow, the over-voltage 
problem can be solved if the line containing the node with the largest V is referenced. In 
general, the last node is selected owing to the influence of the load and PV. The voltage at 
the first node may fluctuate significantly when the OLTC operates at the last node. There-
fore, to minimize voltage fluctuations, the OLTC should operate at a point in the middle 
of the line in a similar manner to that of the LDC method. 

. . . . .i k i k ref i kV V VΔ = −  (2)

.i kVΔ : Difference between the reference and measured voltages at the kth-node on the ith-
feeder 

.i kV : Measured voltage at the kth-node on the ith-feeder 

3.2. Proposed OLTC Operation Algorithm 
Figure 4 shows the proposed method to solve the problems of LDC and DVM. It can 

solve the problem of using the neutral tap of the LDC method and the problem of selecting 
the reference point of the DVM method. The proposed method sets the reference voltage 
to solve the over-voltage problem in the reverse flow through Equation (1). In addition, 
the reference point selects the line with the largest voltage according to the result of Equa-
tion (2). In a forward flow, the line with the lowest voltage is selected to solve the low-
voltage problem. 

Main transformer
with OLTC

Current of main 
transformer

Impedance of virtual load center
ZL=RL+jXL

Vbus

Feeder 1

Feeder 2

Feeder n

X -

+

Itotal

Vbus

-

+Vref.Dead band

Time Delay

Tap change of 
transformer

ITotal

Voltge of 
distribution bus

Source

Distribution bus

PT

CT

X

1/n

V1.k

Voltge of 
virtual load center

PT

V2.k

V3.n

PT

PT

ZL

Tap position=0

Itotal > 0
No

forward
Vref.

reverse
Vref.

Yes

ΔV1.k
ΔV2.k

.

.

.
ΔVn.k Itotal > 0

No

Yes

Min
ΔV

Max
ΔV

 
Figure 4. Mechanism of the proposed method. Figure 4. Mechanism of the proposed method.

Figure 5 shows the flowchart of the method proposed to solve the voltage problem
even in the reverse power flow. Using Equation (1), the different reference voltages are
applied depending on the direction of the power flow at the node. Subsequently, the
difference between the reference and measured voltages is calculated using Equation (2),
and the line for OLTC operation is selected based on the direction of the power flow in
the MT.

Based on the MT, the line with the largest and smallest ∆V are selected for the forward
and reverse power flow, respectively. Similar to the LDC, the OLTC operates based on a
virtual load center of the selected line. The tap position descends if the measured voltage
is higher than that of the reference voltage; otherwise, it ascends. To suppress voltage
fluctuations, the tap is changed by one step every 60 s; previous steps are repeated until
the reference voltage is the same as that before the measurement. The tap position is zero
at the nominal voltage; the voltage increases and decreases at the positive and negative
positions, respectively. In conclusion, the positive position is applied to prevent low-voltage
in the forward section, and the negative position is applied to prevent over-voltage in the
reverse section.
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4. Simulations to Establish the Effects of the Proposed Method
4.1. Distribution System Modeling with OLTC

As shown in Figure 6 and Table 2, a test model was constructed to verify the pro-
posed method. The effect of the suggested algorithm was analyzed in various features
by connecting six feeders to the MT. Reverse power flow should occur owing to the PV
output because the proposed algorithm operates the OLTC based on the direction of the
power flow. Therefore, considering the maximum static thermal capacity of the line, the PV
capacity per feeder was set to 14 MWp, as listed in Table 2. The effect of the load was set
to light (3 MW) and heavy (7 MW) loads. The influence based on the PV location was set
to be equally connected and concentrated to the last node. In addition, a solar-only and
load-only feeder were added. The simulation was analyzed for one day, and the load and
PV were operated in the pattern shown in Figure 7.
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Table 2. Parameters of the test model.

Component Information Parameter

Main transformer

Rated voltage 154/22.9 kV

Rated capacity 45/60 MVA

Total tap 16 (±8)

Dead band ±1.25%

Voltage change per tap 1.25% of rated voltage

Waiting time 60 s

Load
Peak load per node Feeder 1, 2, 6 = 1.5 MW

Feeder 3, 4 = 0.6 MW

Power factor 0.9 (lagging)

PV
Capacity Feeder 1~5 = 14 MWp

Power factor 1

Feeder

Type of line ACSR-160 mm2

Static thermal capacity 14 MVA

Length 40 km
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Figure 7. One-day pattern of the load (b) and PV (a).

4.2. Case Studies to Verify the Proposed Method

As listed in Table 3, cases were constructed to analyze the voltage problem depending
on the OLTC operation method. Case 1 represents a method that applies the traditional
LDC method. The OLTC was operated based on the feeder with the largest load, and it is
set to use a neutral tap (tap position = 0) when reverse power flow occurs. In the neutral
tap, the secondary voltage of the MT is 1.0 p.u. Cases 2–5 represent the problem when the
reference point was not selected in the proposed method. In these cases, the problem was
analyzed when the reference voltage was reset in the reverse power flow without setting
the reference point. Finally, Case 6 represents the proposed method, in which the reference
point and voltage are reset.

Table 3. Case studies information.

Case Information

1 Existing method (LDC & neutral tap in case of reverse power flow)

2 Existing method (DVM & the reference point to feeder 5)

3 Existing method (DVM & the reference point to feeder 6)

4 Existing method (DVM & the reference point to feeder 3)

5 Existing method (DVM & the reference point to feeder 1)

6 Proposed method (the reference voltage and reference point are changed)

Figure 8 shows the (a) tap position and (b) voltage of the feeders for Case 1. In the
forward power flow, the OLTC operates as a feeder with the largest voltage drop due to
the load and line impedance; it operates as a positive tap position to compensate for the
voltage. When reverse power flow occurs owing to the PV, the OLTC is operated as a
neutral tap, which causes a voltage problem. In the case of feeders connected to the PV,
Feeders 1–2 do not have an over-voltage problem owing to a voltage drop due to heavy
load; however, in Feeders 4–5, an over-voltage occurs at the end of the line owing to a light
load. In addition, in Feeder 6, which is only connected to the load, the voltage drop cannot
be compensated owing to the neutral tap; therefore, a low-voltage problem occurs from the
middle to the last line.
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Figure 8. Simulation results of Case 1: (a) tap position and (b) feeder voltages. 
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middle node of Feeder 5. The tap position on the forward power flow was set lower than 

that of Case 1 because the voltage drop in Feeder 5 occurs only with the line impedance. 

As a result, Feeders 1, 2, and 6 connected to heavy loads generated low-voltages. In addi-

tion, in the reverse power flow situation, as the reference voltage increases, the tap posi-

tion increases in some periods; but as the PV output increases, the tap position decreases 

to suppress the voltage increase. Owing to this, it is possible to prevent the over-voltage 

of the PV-connected line; however, the low-voltage of Feeder 6 is larger. 

Figure 8. Simulation results of Case 1: (a) tap position and (b) feeder voltages.

Figure 9 shows the simulation results of Case 2. Unlike Case 1, the reference voltage is
reset based on the direction of the power flow, but the reference point is fixed in the middle
node of Feeder 5. The tap position on the forward power flow was set lower than that of
Case 1 because the voltage drop in Feeder 5 occurs only with the line impedance. As a
result, Feeders 1, 2, and 6 connected to heavy loads generated low-voltages. In addition,
in the reverse power flow situation, as the reference voltage increases, the tap position
increases in some periods; but as the PV output increases, the tap position decreases to
suppress the voltage increase. Owing to this, it is possible to prevent the over-voltage of
the PV-connected line; however, the low-voltage of Feeder 6 is larger.
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mains the same. When the reverse power flow occurs due to the PV influence, the refer-

ence voltage is changed, and the tap position is lowered accordingly. In addition, the PV 
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than that of Case 2. As a result, over-voltage occurs in the light load lines (Feeders 3 and 
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forward power flow. 

In Case 5, the voltage drop is small because the light load and tap position do not 

change owing to the dead band. In the reverse power flow, the tap position is increased 

Figure 9. Simulation results of Case 2: (a) tap position and (b) feeder voltages.

Figure 10 shows the simulation results of Case 3. Because Case 3 only operates with
the load line (Feeder 6), only the voltage of the Feeder 6 is compensated even if a reverse
power flow occurs. Therefore, the positive tap position is maintained even in the reverse
power flow situation. This can solve the low-voltage problem of all lines in the forward
power flow; however, over-voltage occurs in the PV-connected line in the reverse power
flow situation.
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Figure 10. Simulation results of Case 3: (a) tap position and (b) feeder voltages.

Figures 11 and 12 show the simulation results of Cases 4 and 5. Because Case 4 has the
same load capacity as that of Case 3, the tap position in the forward power flow remains the
same. When the reverse power flow occurs due to the PV influence, the reference voltage
is changed, and the tap position is lowered accordingly. In addition, the PV influence is
reduced owing to the heavy load; therefore, it is set to a tap position higher than that of
Case 2. As a result, over-voltage occurs in the light load lines (Feeders 3 and 4) in the reverse
power flow, and low-voltage occurs in the load line (Feeder 6) in the forward power flow.
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Figure 12. Simulation results of Case 5: (a) tap position and (b) feeder voltages. 

Based on the results, setting the reference voltage and point is required to solve the 

voltage problem. Figure 13 shows the voltage of the PV-connected line (Feeders 1–5) based 

on the proposed method (Case 6). In the forward power flow, the OLTC was operated 

based on the heavy load line with the largest voltage difference to solve the low-voltage 

problem. In the reverse power flow, the OLTC was operated as a PV-only connected line 

to solve the over-voltage problem. However, due to the delay time of OLTC, an over-

voltage occurs in Feeder 5, which is only connected to PVs. 

Figure 11. Simulation results of Case 4: (a) tap position and (b) feeder voltages.

In Case 5, the voltage drop is small because the light load and tap position do not
change owing to the dead band. In the reverse power flow, the tap position is increased
with the increase in the reference voltage; however, in some sections where the PV output is
at maximum, the negative tap position appears. As a result, a low-voltage problem occurs
in the heavy load (Feeders 1, 2, and 5) during forward power flow, and over-voltage occurs
in the line with large PV influence (Feeders 4, 5).
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Figure 12. Simulation results of Case 5: (a) tap position and (b) feeder voltages.

Based on the results, setting the reference voltage and point is required to solve the
voltage problem. Figure 13 shows the voltage of the PV-connected line (Feeders 1–5) based
on the proposed method (Case 6). In the forward power flow, the OLTC was operated
based on the heavy load line with the largest voltage difference to solve the low-voltage
problem. In the reverse power flow, the OLTC was operated as a PV-only connected line to
solve the over-voltage problem. However, due to the delay time of OLTC, an over-voltage
occurs in Feeder 5, which is only connected to PVs.
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Figure 13. Simulation results of Case 6: (a) tap position and (b) voltages of the feeders. 

Table 4 lists the case analysis results. When the OLTC is operated as a heavy load 

line, the low-voltage problem is solved, but the over-voltage problem worsens. Con-

versely, when it is operated as a PV line, a low-voltage problem occurs. The proposed 

method is a suitable combination of the two methods depending on the direction of the 

power flow, thereby solving the voltage problem most effectively. However, the low-volt-

age problem in Feeder 6 remained unresolved when a negative tap was applied in the 

reverse power flow. 

Table 4. Voltage problem according to the case studies. 

Case 
Voltage Problem 

Feeder 1 Feeder 2 Feeder 3  Feeder 4 Feeder 5 Feeder 6  

1 - - - Over-voltage Over-voltage Low-voltage 

2 Low-voltage Low-voltage - - - Low-voltage 

3 Over-voltage Over-voltage Over-voltage Over-voltage Over-voltage - 

4 - - Over-voltage Over-voltage Over-voltage Low-voltage 

5 Low-voltage Low-voltage - Over-voltage Over-voltage Low-voltage 

6 - - - - Over-voltage Low-voltage 
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Figure 13. Simulation results of Case 6: (a) tap position and (b) voltages of the feeders.

Table 4 lists the case analysis results. When the OLTC is operated as a heavy load
line, the low-voltage problem is solved, but the over-voltage problem worsens. Conversely,
when it is operated as a PV line, a low-voltage problem occurs. The proposed method is a
suitable combination of the two methods depending on the direction of the power flow,
thereby solving the voltage problem most effectively. However, the low-voltage problem in
Feeder 6 remained unresolved when a negative tap was applied in the reverse power flow.
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Table 4. Voltage problem according to the case studies.

Case
Voltage Problem

Feeder 1 Feeder 2 Feeder 3 Feeder 4 Feeder 5 Feeder 6

1 - - - Over-voltage Over-voltage Low-voltage

2 Low-voltage Low-voltage - - - Low-voltage

3 Over-voltage Over-voltage Over-voltage Over-voltage Over-voltage -

4 - - Over-voltage Over-voltage Over-voltage Low-voltage

5 Low-voltage Low-voltage - Over-voltage Over-voltage Low-voltage

6 - - - - Over-voltage Low-voltage

4.3. Analysis of the Required Compensation Facilities

To verify the economical effectiveness of the proposed method, the cost of required
compensation equipment to solve the voltage problems was calculated. The necessary
compensation equipment is assumed to be a smart inverter and SVR. The smart inverter
is considered first. It is assumed that SVR is installed when the smart inverter at 100%
penetration rate cannot resolve the voltage problems. Figure 14 shows the penetration
rate of smart inverters to solve the low-voltage problem in Cases 2 and 5. Smart inverter
penetration rates of 63% and 32% are required for Cases 2 and 5, respectively. In addition,
because Feeder 6 is not connected to the PV, SVR installation is required in all cases except
in Case 3. To solve the over-voltage problem, Figure 15 shows the penetration rate of smart
inverters. Over-voltage occurs in Cases 1, 3, 4, and 5, and a high penetration rate of smart
inverters is required because the excess of the threshold (upper limit) is greater than the
low-voltage. In addition, in Cases 3 and 4, the over-voltage problem remains unresolved
even for 100% penetration rate; therefore; SVR installation is required.
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Table 5 lists the cost of the additional equipment required to solve the voltage problem.
Countries with a high penetration rate of distributed energy resources must install smart
inverters to connect PVs. However, smart inverters are more expensive than normal
inverters by 150 US$/kW [38]. The cost of installing these smart inverters is a burden
on PV operators. Hence, time and policies are needed to achieve the desired penetration
rate and solve the voltage problem. Accordingly, the proposed method can solve the
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voltage problem with a few compensation facilities, providing time for the adoption of
smart inverters.
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Table 5. Required compensation facilities and costs to solve the voltage problem.

Case
Required Smart Inverter Penetration Rate [%] Total Smart Inverter

Capacity [MWp] Number of SVRs
Feeder 1 Feeder 2 Feeder 3 Feeder 4 Feeder 5 Feeder 6

1 - - - 23 99 SVR 17.08 1

2 40 23 - - - SVR 8.82 1

3 48 53 SVR SVR SVR - 14.14 3

4 - - 78 69 SVR SVR 20.58 2

5 23 40 - 3 47 SVR 15.82 1

6 - - - - 3 SVR 1.26 1

5. Conclusions

Unlike traditional distribution systems, as the penetration rate of PV increases, the
existing OLTC operation method cannot solve the voltage problem in the reverse power
flow. In particular, when the load feeder without PV and the feeder with a high PV
penetration rate are connected to the MT, the voltage deviation between the feeders is large.
In this case, since the existing method minimizes the sum of voltage deviations, many
compensation facilities are required to solve the voltage problem.

In addition, existing research suggests a method to solve problems such as power
loss and number of taps by considering the situation in which voltage problems have
been solved with compensation facilities such as smart inverter penetration and traditional
OLTC control. However, in countries where policies on PV connections are not established,
these compensation facilities may adversely affect PV penetration rates due to the economic
burden on the DSOs and PV companies.
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In this study, to solve the voltage problem in multi-feeder systems, we proposed a
reference point selection method for OLTC operation using the difference between the
reference and measured voltages.

The existing method uses a reference point setting method using an average value or a
preset reference point, but the proposed method changes the line with the greatest voltage
problem to the reference point in real time. In addition, a reference voltage setting method
based on the current direction is presented. Existing OLTC control uses one reference
voltage, but this paper presents two reference voltage setting methods, considering the
voltage characteristics according to the direction of the current.

The proposed method effectively reduced the number of compensation facilities by
operating the OLTC based on the feeder with the largest voltage problem. Therefore, it can
reduce the economic burden of DSO and PV companies. Further, in countries where PV
adoption rates are at a standstill, the proposed method will buy the time necessary for the
widespread adoption of smart inverters. Moreover, there is the advantage of increasing the
penetration rate of the PV in problematic load lines.

However, there is a problem that the number of tap changes increases because OLTC
operates on the line with the biggest voltage problem. In the future, it is necessary to
analyze the OLTC operation using the prediction results, change the system configuration,
develop methods to minimize voltage fluctuations, and analyze the effect of the OLTC
according to the penetration rate of smart inverters.
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