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Abstract: The increasing penetration of distributed generation (DG) sources in low-voltage
grid feeders causes problems concerning voltage regulation. The penetration of DG sources
such as photovoltaics (PVs) in the distribution system can significantly impact the power
flow and voltage conditions on the customer side. As the DG sources are more commonly
connected to low-voltage distribution systems, voltage fluctuations in the distribution
system are experienced because of the DG fluctuation and uncertainty. Therefore, the
penetration of DGs in distribution systems is often limited by the required operating
voltage ranges. By using an energy storage system (ESS), voltage fluctuation can be
compensated for, thus satisfying the voltage regulation requirements. This paper presents
an ESS scheduling algorithm based on the power injection data obtained from a smart
metering system. The proposed ESS scheduling algorithm is designed for use within a
direct current (DC) distribution grid, which comprises customers, each with a PV and an
ESS system. The purpose of this ESS scheduling algorithm is to optimize the ESS
scheduling by considering the complementary operation among all the ESSs.

Keywords: energy storage system (ESS); ESS scheduling; distributed generation (DG);
power flow; DC power flow; decoupled power flow
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1. Introduction

Various renewable energy generation methods have been developed to reduce greenhouse gas
emissions. As renewable energy generation, which is susceptible to changes in the weather and
environmental conditions, is expected to be increasingly connected to distribution systems in the
future, voltage regulation problems in the distribution systems are receiving increased attention. High
penetration of renewable energy generation in a distribution system can cause voltage problems
because of the fluctuation in the active power injection [1].

In the Korea Electric Power Corporation (KEPCO) system, the photovoltaic (PV)-concentrated
areas in low-voltage distribution systems, such as the Cheon-an distribution system, generally
experience overvoltage problems. This suburban area has 36 houses, each with 2.5 kW of PV panels
on one phase (A phase). During high insolation periods, excessive power from the PVs flows along
each branch; this reverse power flow causes a voltage rise. As shown in Figure 1, the A phase voltage
in this KEPCO distribution system experiences a higher voltage when compared with the other phases
during periods of high PV generation, therefore, the PV penetration must be limited in order to

maintain a reliable distribution system voltage.

Figure 1. Voltage profile, including photovoltaic (PV) generation, within KEPCO’s
low-voltage distribution system during a day (A phase connected with many PVs).
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This paper presents a scheduling algorithm for an energy storage system (ESS) system in a direct
current (DC) grid that is installed to regulate the distribution system voltage for optimal operation
despite any fluctuations in the PV generation [2]. This algorithm is based on the power injection
information obtained from smart metering devices. The smart metering devices measure the power
injection at each point of common coupling (PCC) and transmit the information to a data concentrator.
With the presented system, the optimal ESS charging schedule can be determined by satisfying the
voltage regulation requirements. The main objective of this paper is to propose an ESS control
algorithm by considering complementary operation among all the ESSs, and not only the individual
ESS control.
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2. Impact of ESS Scheduling on the Distribution System Voltage
2.1. DC Distribution System

The distribution network at the Cheon-an site is a candidate for DC distribution implementation
because of its high PV penetration. The DC system, which requires only voltage control, can benefit
from system controllability because delivering power in the alternating current (AC) system requires
control on the voltage, frequency and phase angle. Furthermore, the upper-side feeder-header AC/DC
converter, which enables regulation of the distribution line voltage, has another benefit. In terms of
efficiency, the DC distribution system is considered as a prospective system according to the increase
in the DC-based loads. The DC distribution system has many advantages such as feasible connection
of the distributed energy sources and reduction of the conversion losses for DC-based loads; therefore,
it is very suitable for distribution systems, especially for the Cheon-an distribution system case.
Therefore, this paper assumes that the distribution system is a DC distribution environment. As shown
in Figure 2, the DC distribution system is composed of power electronic converters and a DC link.
The ESS systems are applied at every PCC to compensate for the drawbacks of the DG systems, which
affect the distribution system voltage.

Figure 2. Configuration of the DC distribution system.
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2.1.1. Efficiency Analysis for the DC Distribution System

In order to verify the efficiency of the DC distribution system, the efficiency comparison analysis
between the AC and the DC distribution configuration, which is composed of residential loads, is
performed. As summarized in Table 1, the composition of a residential load is assumed to be divided
into three types: purely DC, DC conversion requiring AC, and purely AC loads. The composition ratio
of each type of load is assumed to be 30%, 40% and 30%, respectively. In addition, the conversion
step of each type of load is different according to the distribution system configuration, whether it is
AC or DC. With regard to the converter efficiency, two types of efficiency are considered. One is the
efficiency regarding the type of converter. As shown in Figure 3, the higher the capacity of a
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converter, the higher the efficiency is, and the AC/DC converter has the lower efficiency when
compared with the DC/DC and DC/AC converters. The other efficiency is based on the loading
conditions of a converter, as shown in Figure 4. By considering these factors to calculate the
distribution system efficiency, it is verified that the DC distribution system can have benefits in terms

of system efficiency.

6572

Table 1. Power conversion efficiency for each type of distribution configuration.

. . Conversion step Efficiency
Load type Composition ratio
AC system DC system AC system DC system
DC 30% AC/DC and DC/DC  DC/DC 67.49% 89.38%
DC converted to AC 40% AC/DC and DC/AC  DC/AC 69.60% 90.77%
AC 30% - DC/AC - 90.54%
PV DC/AC DC/DC 90.93% 89.69%
AC/DC feeder-header converter - AC/DC - 88.54%
Total distribution system efficiency 81.51% 83.63%

Figure 3. Converter efficiency for each converter type.

100

95

§i 920
oy

= 85
O
S

£ 80
c
o

w 75
4
c

S 70

65

60

o
* ‘ [y I o ‘: { :‘- Rﬂ:’ - = y“”
> L‘.‘i”fd-' =1 1] ‘::!“A & Lo
o M LT
o p o, - - N - 1
RS bir
e alEh % Y 7
- I AT
- v LIl - /
& an “/
1] » (DC-DC)
i » (AC-DC)
T + (DC-AC)
»
P
L
L]
10 100 1,000 10,000 100,000 1,000,000

power ratings (W)

Figure 4. Converter efficiency according to the loading condition.
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2.2. Impact of Distributed Generation on the Distribution System Voltage

The increasing diffusion of DGs such as PVs introduces voltage regulation problems in distribution
systems. When the penetration of DGs is high in a distribution system, the system has the possibility of
the distribution line voltage increasing and exceeding the allowable voltage limit because of the
reverse power flow. DG based on renewable energy sources is susceptible to changes in the weather
and environmental conditions, therefore, the amount of power generated depends strongly on those
conditions. For this reason, the amount of voltage fluctuation is difficult to predict.

In the KEPCO system, the PV-concentrated areas in the low-voltage distribution systems, such as
the Cheon-an distribution system, generally experience high-voltage phenomena. During periods of
high insolation, excessive power from the PV sources flows along each branch; this reverse power
flow causes a rise in voltage. The voltage at the A phase, which has many PVs in the distribution line,
experiences a higher voltage when compared with the other phases during periods of high PV
generation. As the KEPCO operating voltage range is restricted, the PV penetration is limited by the
voltage regulation problems.

The extent of voltage fluctuation depends on the power system condition such as the distribution
line parameters, distribution pattern of the DG, and output generation of the DG devices. Equation (1)
shows the interrelation between the voltage fluctuation and the power inflow in a radial distribution
power system. On the basis of Equation (1), when the power injection is concentrated on the lower side
of distribution line, the extent of voltage fluctuation is more severe [3]:
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2.3. Effect of the Energy Storage System on Voltage Regulation

High generation within DGs and low load conditions lead to inversion of the power flow, which
results in voltage rises. In order to solve this issue, this paper suggests the use of an ESS system for
voltage regulation. The simulated system data are based on the Cheon-an distribution system, which
frequently experiences voltage rise problems. The ESS can be used to store part of the energy
produced during peak-generation periods by the PV and re-dispatch it during the evening or overnight.

This paper presents an algorithm for the ESS scheduling of power required for voltage support. This
scheduling algorithm is based on the power injection data measured at the PCCs. These data are
measured by a smart metering system and transmitted to a data concentrator, which estimates the
optimal ESS scheduling condition while performing distribution line voltage regulation. By using the
accurate system data from a smart meter, the current condition of the distribution system can be more
precisely estimated. The main objective of the presented ESS scheduling algorithm is to control all the
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ESSs complementally, and not individually. Therefore, the optimized capacity of each ESS for voltage
regulation can be derived [4,5].

3. Optimized ESS Scheduling to Compensate the Fluctuation in the Distribution System Voltage
3.1. Power Flow Calculation for the DC Distribution System

As the DGs are more commonly connected to low-voltage distribution systems, voltage stability has
become a critical issue for power system operation. Voltage regulation can be disrupted by the
fluctuations in the power inflow from the DGs. The assessment of voltage supported by ESS to ensure
adequate distribution system voltage profile must be conducted with a power system analysis. Most
power system analyses are based on power flow calculations. Therefore, to estimate a complementary
charging schedule for the ESSs required for voltage regulation, system analysis based on the voltage
and power loading conditions is required in advance. This section presents a methodology for the DC
distribution system power flow estimation in order to acquire accurate information on the
distribution system condition. The DC power flow analysis is a method to determine the optimal ESS
operation schedule for all the ESSs in the distribution system to operate complementally for voltage
regulation [6,7].

As shown in Figure 5, the power flow calculation is based on Kirchhoff’s circuit law in electric
power networks and comprises a set of nonlinear algebraic equations representing real, reactive power
injection flow at each node. The nonlinear equations can be solved with an iterative algorithm such as
the Newton-Raphson method. Equation (2) represents the AC power flow calculation, which is
formulated with four variables at each bus: voltage magnitude, angle, and real and reactive power
injection. The power flow calculation equation is a complex equation; therefore, it is necessary to
separate the real and imaginary parts in order to apply the Newton-Raphson method:

N
P =V Z Vi[Gy; cos(8 — 0;) + By, sin(6, — 6;)]
o @

N
Qr = Vi Z Vi[Gy; sin(0x — 0;) — By; cos(0, — 6,)]
=1

Figure 5. Power flow in a multi-bus system (based on Kirchhoff’s law).
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Like the AC power flow calculation, the power flow in DC system can be expressed as Equation (3).
Only two variables, voltage and real power injection data, are required to calculate the DC power flow
because the DC system has no components related to reactive power and inductance. Therefore, the
reactive power term () and inductance term (By;) are excluded from Equation (2). The voltage angle
difference (0; — 0;) is zero:

N
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The Newton- Raphson method is implemented using Equation (4) to solve the DC power flow
equation. The DC power flow Jacobian matrix is only composed of conductance components, and the
Newton- Raphson iteration for DC power flow is performed as a function of the correlation between
the voltage and the real power injection.

The objective of this paper is to estimate the optimal ESS charging schedule in order to maintain the
voltage stability within the regulation range. Therefore, it is necessary to induce the formulation
regarding the correlation between the voltage and the power injection at each PCC. From the DC
power flow Equations (3) and (4), the voltage and power injection correlation equation are derived in a
matrix form as in Equations (5)—(7). This correlation matrix represents control of the power injection
to adjust the distribution line voltages:
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3.2. Complementary Optimal ESS Scheduling for Voltage Regulation

3.2.1. Representation of the Complementary ESS Scheduling on the Basis of the Smart Metering Data

This paper presents an algorithm for the optimal operation of the ESS to regulate the distribution
line voltage. The main contribution of this algorithm is the complementary operation between the
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ESSs. In order to complementally schedule all the ESSs in a distribution system, the power injection
data at each PCC are required, and these data can be obtained by a smart metering system.
The measured power injection data obtained by the smart meters at each PCC are transferred to a
concentrator, which collects the entire distribution system information and estimates the current
condition of the distribution system. From the power injection data, the distribution voltage can be
derived as explained in the DC power flow calculation method. Therefore, the concentrator estimates
the distribution voltage condition and provides an instruction on the control of the ESSs for the
complementary operation between the ESSs [8]. Figure 6 represents the configuration of this
distribution system, which is equipped with a smart meter system at each bus and a data concentrator.

Figure 6. Configuration of the distribution system equipped with a smart metering system.
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Case studies have been conducted with the real KEPCO distribution system data to demonstrate the
ESS control algorithm. The Cheon-an distribution network in the KEPCO system comprises a roof-top
PV generation at each house. In addition, six houses are lumped into one connection point, which is
defined as the point of common coupling (PCC). This paper applies the OW-60 mm?” single-phase pi (1)
line parameter, which has a resistance, an inductance and a capacitance per unit length of 0.313 (2/km),
0.266 (mH/km), and 0.0013 (uF/km), respectively.

Each smart meter measures the loading condition at each PCC, and the voltage condition of the
whole distribution system is estimated. By calculating the DC power flow on the basis of the measured
information from the smart meter system, the distribution line voltage condition can be determined,
whether the current voltage condition deviates from the normal range or not. When the estimated voltage
condition is out of range, ESS charging is performed as instructed by the concentrator. The capacity of
charging for each ESS is calculated by considering the mutual influence between the PCCs [9].

3.2.2. Complementally Optimized Scheduling for ESSs in a Distribution System

The distribution line voltage can be calculated by using the DC power flow calculation as explained
in Section 3.1. In the case that the distribution system is radial, the power flow at bus i can be
simplified as shown in Equation (8). The distribution line voltage is closely related to the power
injection, and the individual power injection at each PCC affects not only the voltage of the connected
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PCC, but also the entire distribution line voltage. In this paper, in order to estimate the optimal ESS
capacity for voltage regulation, the optimization function based on the genetic algorithm (GA) is used
through MATLAB simulation [10,11]. In addition, the result of the algorithm is demonstrated through
PSCAD/EMTDC simulation:

P; = Vi(VicaG—nyi + ViGii + Vi1 Gigiv)) ®)

During the periods of high DG generation, the voltage at a given PCC fluctuates above the
permitted voltage regulation range. The amount of overvoltage can be calculated by performing the
DC power flow calculation with the power injection data from obtained the smart meters, and the ESS
can absorb an adequate power in order to maintain the voltage within the limits. As expressed in
Equation (8), the voltage at a given PCC depends not only on the power usage at the connected PCC,
but also on the condition of the adjacent bus with mutual influence. Therefore, when the ESS operation
scheduling is estimated, the mutual influence between the PCCs must be considered.

By using the data from the smart metering system, this paper introduces a complementally
optimized ESS scheduling algorithm for voltage regulation for all the ESSs, and not only for the
individual ESS control independently. The required power, which can be generated or absorbed by the
ESSs, is calculated for the voltage regulation (388 V < V;. <412 V).

The presented ESS scheduling algorithm considers all the available ESSs in the distribution system
to regulate the distribution line voltage; therefore, the objective function of optimization is to minimize
the capacity of all the ESSs with satisfaction under the normal voltage operating condition as
expressed in Equations (9)—(11):

basic function : PP¢C = (Pp, — P,)Scheduled 4 p. . )
N

objective function : Z(Pk(Vk_1, Vi Vier1) — PEChEduled)z (10)
k=2

with voltage regulation constraints:
388V <V, <412V (k =1~N) (11)

By performing an iterative GA process, the best result is stochastically selected. The optimized P
for each ESS is calculated while monitoring whether the distribution line voltages at every PCC satisfy
the voltage regulation requirements. Through this process, the P*" value required for voltage
regulation is updated as expressed in Equation (12). In addition, from this result, the capacity of each
ESS is determined. Figure 7 shows the flow chart of this entire process:

AP
pRew = ppld (1 + o ) (12)

L

The algorithm is divided into three sections. The first section is the part where the system
configuration is entered, and the power injection data of each PCC are collected from the smart
metering system. In the second section the DC power flow calculation is performed on the basis of the
collected power injection data. Through the DC power flow calculation, it can be estimated whether
the distribution line voltage at each PCC is within the normal operation range or not. The third section
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involves the ESS scheduling process. In this part, the optimization using the GA is performed to

determine the optimal operation condition for each ESS.

Figure 7. ESS charge scheduling algorithm for voltage regulation.
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3.2.3. Methodologies for the Discharging Schedule of ESSs in a Distribution System

In order to regulate the voltage during the periods of high PV generation by using the ESSs, the
state of charging (SOC) of the ESSs should be considered to ensure an adequate capacity of the ESSs.

In order to ensure the capacity of an ESS for voltage regulation, the SOC of the ESSs must be lowered
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by adequately discharging the power during the relatively low DG generation and high load periods.
The discharge power from the ESSs can cause the distribution line voltage fluctuation. This paper
suggests two different methods in order to adequately discharge the ESS power. The main objective of
this discharging algorithm is to enable the distribution line voltage operate closer to the normal voltage.

The first method is based on the historical power flow tendency. In this case, the charged power
during the periods of high PV generation is discharged during historically low DG generation and high
load periods. In this paper, it is assumed that the discharging periods are between 7 and 11 pm, and the
charged energy is equally discharged during those periods. When the ESS SOC reaches the lowest
level, the discharge operation is stopped.

The second method optimally discharges the available ESS power to increase the distribution line
voltage for it to be closer to the normal voltage. This is performed through simulation by increasing the
lower voltage limit during the optimization process. In this simulation, the lower voltage limit for the
optimization is set as 393 V. Therefore, when the distribution line voltage reaches below 393 V, ESS
discharging is complementally performed to compensate the voltage with optimal use of the ESS power.

4. Simulation Results

In order to estimate the optimal ESS capacity at each PCC for voltage regulation, MATLAB
simulation is performed with the real KEPCO distribution data. The MATLAB simulation result is
implemented through a PSCAD/EMTDC simulation for demonstration. In this paper, it is assumed that
the PV penetration can be increased from the current 2.5-kW capacity in order to verify the ESS effect
under the overvoltage condition. Furthermore, in order to verify the influence of the PV distribution
state in a distribution system, four case studies are conducted: equal distribution and clumped
distribution on the upper side, middle side, and lower side of the distribution line. Figure 8 shows the
profile of the input data for the load demands at six PCCs, and Figure 9 represents the PV output
generation for one day.

Figure 8. Load profiles for one day at six PCCs (each PCC consists of six houses).
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Figure 9. Output generation of a PV on a house (2.5-kW PV).
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4.1. Complementally Optimized ESS Operation Scheduling for Voltage Regulation

As shown in Figure 10, when the PV generation is greater than 4.0 kW, some of the PCCs on the
distribution line experience overvoltage problems. In order to verify the performance of the ESS
scheduling algorithm for voltage regulation, this algorithm is applied to the Cheon-an distribution
system that is composed of 36 houses, each having an increased PV capacity 4.0-kW peak. The DC
power flow calculation is performed to estimate the ESS capacity for voltage regulation, and the
calculation result is summarized in Table 2.

Figure 10. Voltage profile for one day (PV =4 kW).
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Table 2. ESS charging schedule and capacity for voltage regulation (4.0-kW PV is
equally distributed).

Time PCC1 PCC2 PCC3 PCC4 PCCS5 PCC6 Total
11:00-12:00 124 W 202 W 296 W 390 W 501 W 614 W
12:00-13:00 987 W 1609 W 2362 W 3115W 4011 W 4920 W 31 kW-h
13:00-14:00 666 W 1086 W 1594 W 2102 W 2706 W 3318 W
Capacity 1777 W-h 2897 W-h 4254 W-h 5608 W-h 7219 W-h 8853 W-h

As shown in Figure 11, by using this ESS control algorithm, the distribution line voltage can satisfy
the voltage regulation requirement. The main objective of this paper is to propose an ESS control
algorithm by considering the complementary operation among all the ESSs, and not the individual ESS
control. With the presented algorithm, the optimal ESS charging schedule which satisfies the voltage
regulation requirement is determined. As depicted in Figure 12, the ESSs at PCCs 1-3, which do not
experience overvoltage problems, are also charged to regulate the voltage of the other PCCs. With the
presented algorithm, it is verified that the ESSs are charged to operate complementarily even when the

adjacent PCC does not experience the voltage problem.

Figure 11. Voltage profile compensated by the ESSs.
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Figure 12. Complementary ESS operation for voltage regulation.
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4.2. Comparison of the ESS Scheduling with Different PV Distributions in the Distribution Line

For the analysis of the influence of the PV distribution state on the ESS capacity, three case studies
are conducted in different PV distribution states. Table 3 summarizes the charging schedule for the
case that most of the PVs are connected on the upper side of the distribution line, PCCs 1-3. Table 4
summarizes the case that most of the PVs are connected on the lower side of the distribution line,
PCCs 4-6, and Table 5 summarizes the case that most of the PVs are connected on the middle side.
The total sum of the PV capacities is the same for all the cases.

From this result, it is verified that all the ESSs in the distribution line operate complementally to
minimize the total ESS capacity. As can be observed from the simulation result, a high ESS capacity is
required on the lower side of the distribution line. Furthermore, a high-capacity PV connected on the
lower side of the distribution line requires a high ESS capacity. Therefore, when the ESS installation is
considered in a distribution line, it is necessary to consider efficient distribution of the ESSs in advance.

Table 3. ESSs charging schedule and capacity (case 2: most of the PVs are distributed on

the upper side).
Time PCC1 PCC2 PCC3 PCC 4 PCCS5 PCC6 Total
11:00-12:00 637 W 1,038 W 1,525 W 2,013 W 2,594 W 3,182 W
12:00-13:00 1,550 W 2,528 W 3,716 W 4,909 W 6,330 W 7,768 W

13:0011400  1204W  1962W  2884W  3810W  4912W 6027w <

Capacity 3,392 W-h 5,529 W-h §,126 W-h 10,734 W-h 13,837 W-h 16,978 W-h

Table 4. ESSs charging schedule and capacity (case 3: most of the PVs are distributed on
the lower side).

Time PCC1 PCC2 PCC3 PCC 4 PCC5 PCC 6 Total

11:00-12:00 1,377 W 2,245 W 3,205 W 4,340 W 5,586 W 6852 W

12:00-13:00 2,375 W 3,873 W 5,686 W 7,491 W 9,646 W 11,834 W

13:00-14:00 1,987 W 3,240 W 4,756 W 6,265 W 8,066 W 9,895 W
Capacity 5,740 W-h 9358 W-h 13,738 W-h 18,098 W-h 23,299 W-h 28,581 W-h

99 kW-h

Table 5. ESSs charging schedule and capacity (case 4: most of the PVs are distributed on
the middle side).

Time PCC1 PCC2 PCC3 PCC 4 PCC5 PCC6 Total

11:00-12:00 976 W 1,590 W 2,332 W 3,076 W 3,969 W 4,872 W

12:00-13:00 1,928 W 3,140 W 4,607 W 6,081 W 7,853 W 9,645 W

13:00-14:00 1,562 W 2,544 W 3,733 W 4,927 W 6,361 W 7,812 W
Capacity 4466 W-h  7275W-h 10,673 W-h 14,085 W-h 18,185 W-h 22,330 W-h

77 kW-h

4.3. ESS Discharging Schedule Simulation

As shown in Figure 13, discharging the ESS power can change the voltage profile. By discharging
the power at an appropriate time when the load is high and DG generation is low, the voltage can be
compensated to be closer to the normal voltage. In this paper, two different algorithms are proposed to
appropriately discharge the ESS power. The proposed discharging algorithms enable the distribution
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line voltage operate closer to the normal voltage. The simulated case is based on the system data which
is defined as equally distributed case in Section 4.1.

Figure 13. Voltage compensation by using the ESSs.
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Table 6 summarizes the result when the available ESS power is equally discharged from 7 to 11 pm.
In this case, it is assumed that this time period corresponds to the time when the load demand is low
and DG generation is high. This discharging period must be set before the discharging is performed.
In addition, this time period can be varied according to the distribution system load and
generation configuration.

Table 6. ESS equally discharging schedule between 7 and 11 pm.

Time PCC1 PCC2 PCC3 PCC4 PCCS PCC 6
19:00-20:00 444 W 724 W 1063 W 1402 W 1804 W 2213 W
20:00-21:00 444 W 724 W 1063 W 1402 W 1804 W 2213 W
21:00-22:00 444 W 724 W 1063 W 1402 W 1804 W 2213 W
22:00-23:00 444 W 724 W 1063 W 1402 W 1804 W 2213 W

The other algorithm for discharging the power is based on the optimization technique. Through the
DC power flow calculation, the distribution line voltage can be estimated. The capacity of discharging
power of each ESS can be calculated with the GA method. By setting the voltage lower limit, when the
distribution line voltage reaches below the defined lower voltage limit, the complementary optimized
discharging capacity of each ESS for voltage regulation is calculated. Table 7 summarizes the result of
this optimal discharging algorithm. In addition, this result shows that when the ESS is fully discharged,
the discharging operation is complete.

Table 7. ESS optimally discharging schedule for voltage compensation.

Time PCC 1 PCC2 PCC3 PCC 4 PCC5 PCC 6
19:00-20:00 321W 530 W 786 W 1042 W 1345 W 1646 W
20:00-21:00 276 W 456 W 676 W 897 W 1158 W 1417 W
21:00-22:00 374 W 616 W 914 W 3667 W 4715 W 5788 W

22:00-23:00 804 W 1293 W 1876 W - - -
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5. Conclusions

This paper introduced a voltage regulation concept for low-voltage grids with high PV penetration
that use the ESS as the solution. Using a smart metering system, the algorithm presented in this paper
performs the complementary operation of all the ESSs installed in a distribution line, and it is not a
local control method for individual ESS systems. The power usage/generation data at each PCC is
collected from the smart metering system and from these data, the complementary operation
scheduling for all the ESSs is performed. Through a PSCAD simulation, it is verified that the derived
result of the ESS scheduling is effective for voltage regulation. The required ESS capacity varies
according to the system structure. It is expected that the proposed methodology and formulations will
be useful for grid planning.
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