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Abstract: Problems with overvoltage and reverse energy flow arise as the percentage of distribution
energy resources (DERs) in distribution system rises. This paper implements a MATLAB/Simulink
linked model that communicates with the OpenDSS engine. The point of common coupling (PCC)
voltage typically mitigates using the inverter outputs control. However, case overvoltage issues
occur in distribution networks and the influence of the volt–var control effect is insufficient to reduce
PCC voltage to a stable range. To improve the reactive control effect, this paper proposes active
power control and voltage error compensation methods that maximize the reactive power control
effect. The DER management system (DERMS) platform was constructed to analyze the effect of
changing DER output values. The DERMS data are organized based on real distribution line (D/L)
system data where overvoltage occurred in Korea and the control effect of the real system is analyzed.
This control method analysis can be used to develop an inverter control scheme for the over voltage
issues described in this paper.

Keywords: distributed energy resources (DER); smart inverter; distributed system stability; distribu-
tion energy resource management (DERMS); voltage error compensation

1. Introduction

Energy strategies are currently promoted with the increase in the amount of natural
gas and renewable energy sources, as well as with the increase in energy efficiency. More-
over, government initiatives have recently promoted innovative and sustainable energy
sources. The domestic “renewable energy 3020 implementation plan” plans to increase
the proportion of renewable energy production to about 20% by 2030. Since the proportion
of renewable energy production is currently lower than the large countries, the government
intends to achieve its goal by supplying clean energy, such as solar and wind power, to
more than 95% of new facilities [1]. Additionally, distribution energy resources (DERs)
connected to small distribution systems are becoming increasingly popular due to their
rapid construction and low-cost benefits [2].

However, photovoltaic (PV) generation active power output depends on solar ra-
diation and unexpected solar radiation power output causes unstable power outages.
Furthermore, low-voltage and over-voltage problems may occur in a power distribution
system [2]. Several techniques have been proposed to alleviate the voltage problem caused
by the DER located in a power distribution system. A common technique for mitigation is
to use an on-load tap changer and a step voltage regulator to resolve overvoltage issues.
These voltage control assets are efficient in conventional general distribution networks.
However, voltage has recently increased at the end of distribution networks due to PV
generation and the voltage control effect cannot be expected on the line with changing
characteristics. In the conventional distribution network voltage profile, the measured
voltage is low since the voltage measurement point is far from the voltage source. Currently,
the voltage rises at the end of the distribution line. Therefore, the DER connection leads
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to overvoltage problems, such as reverse power flow (RPF), in the distribution network.
As a result, it is important to consider the voltage problem for bidirectional power flow and
to improve the stability of the distribution network for situations with many variables [3].

A smart inverter is an inverter capable of autonomously controlling and supporting
DER output. Smart inverters work to make the distribution network stable and their fea-
tures include fixed-power factor control, voltage–var control, volt–watt control, frequency–
watt control, voltage ride-through, frequency ride-through, and manual active and reactive
power control. The autonomous operational functions required for system stabilization
were derived in IEEE 1547-2018. The operation of test techniques and inspection criteria
were presented to create a way to use a communication interface based on IEC 61850-7-520
with key input parameters of volt–var control (VVC) and volt–watt control (VWC) [4,5].
The VVC control method adjusts the point of common coupling (PCC) voltage of the PV
inverter. According to the VVC curve set in advance, the inverter controls the reactive
power to absorb or supply itself. Moreover, the VWC method uses the PCC of the PV
inverter. It determines the active power output depending on the voltage of the inverter
based on the VWC curve and whether the converged PCC voltage is in a stable range.

The inverter control method using VVC was studied in [6–8]. In the case of PCC
voltage, VVC is effective for lowering the voltage. The VWC control effect was confirmed
in [9,10]. The PCC voltage is in an unacceptable range. The reduction in PV system active
power then mitigates the voltage rise. In particular, VVC and VWC have been shown to
be reasonable approaches to mitigate the voltage rise in terms of effectiveness. In practice,
however, reducing the active power output with VWC can lead to financial problems for
PV system holders and the reactive power output curve may also be conservatively set to
fail to track the maximum power output [11].

A previous study economically investigated how to configure a distributed energy
resource management system (DERMS) with actual North American distribution feeder
data while minimizing curtailment [12]. Moreover, these researchers made predictions
through analyzed studies on curtailment uncertainties arising from renewable energy [13].
Most conventional studies focus on the economic perspective of reduction and research is
mainly aimed at improving economic feasibility by minimizing curtailment [14–16].

In this paper, we implement DERMS while applying a control technique to improve
distribution line stability from the system stability perspective. Recently, distributed en-
ergy resources installed in Korea have been connected on a large scale and have faced
difficulty in maintaining system stability and electrical quality. Therefore, it is most ef-
ficient to spread hierarchically controllable smart inverters to solve the problem of high
variability in distributed energy resources [3]. The DERMS control aims to maximize
the stability of the DERs. Therefore, voltage error correction is implemented to maximize
the reactive power output that outputs the control method. The voltage error compensa-
tion controller proposed in this paper calculates the moving-average voltage to generate
a reactive power value. If overvoltage persists afterwards, VWC is implemented. During
VWC, the DERMS calculates the optimal active power output for each DER through PCC
voltage and power changes.

To evaluate the implementation of the proposed DERMS and the voltage stabilization
effect using real system data, the OpenDSS [17] engine is used. OpenDSS is an electric
power distribution system simulator based on an open-source software developed by
the Power Research Institute (EPRI). OpenDSS is suitable for quasi-static time series analy-
sis using real systems and precise system data design. The DERMS model was implemented
in MATLAB/Simulink, and the input and output of the smart inverter model communi-
cates with the OpenDSS engine component object model. As a result of implementing
an algorithm that performs active power control and reactive power hybrid control, it was
confirmed that the overvoltage phenomenon of power distribution lines was effectively
alleviated and the stability of the system was improved [4]. Finally, the DERMS can curtail
the active power of a smart inverter. The upper layer determines and commands the output
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for the optimal active power output of a smart inverter in accordance with South Korea’s
Distribution Network Voltage Management Regulations [18].

The remainder of this paper is organized as follows. Section 2 shows the control func-
tion of the smart inverter. Conventional voltage control methods for inverters are described
in Section 3, while Section 4 proposes a method to maximize reactive power control per-
formance through voltage error compensation. Section 5 describes the concept of DERMS
and how to generate active power output limits in the modeling of voltage control systems.
Section 6 analyzes the performance of the proposed algorithm and the DERMS control
algorithm, and a summary of this paper and its contributions is provided in Section 7.

2. Voltage Control Method of a Smart Inverter

Depending on the PCC voltage of the smart inverter, the volt–var function regulates
the supply and absorbs the reactive power. When overvoltage occurs and the voltage is
lowered, the reactive power control monitors the PCC voltage and gradually increases
the induced reactive power to raise the voltage. If the PCC voltage is an overvoltage,
the capacitive reactive power is released, reducing the voltage [19,20].

The VWC controls the active power according to voltage fluctuations. This tech-
nique uses the measured PCC voltage. If the voltage exceeds the stable voltage range,
the VWC adjusts the active power output to reduce the voltage. The VWC function is used
simultaneously with the VVC function or when an overvoltage occurs after VVC.

The voltage stabilization process of the distribution network is mainly achieved
through the control of the reactive power. Where the VVC is used, it is possible to au-
tonomously adjust the reactive power output based on the PCC voltage of the DER. The re-
active power of the inverter is automatically determined according to the definition of Q–V
droop control. In addition, the inverter PCC voltage measurement and reactive power
control are performed. The voltage of the DER is stabilized by the generated reaction power
and this procedure is continuously repeated in the smart inverter.

This method converges to a stable operating point, which is valuable for stable opera-
tion. Reactive power control through the VVC curve is characterized by tracking the stable
reactive power output and the final convergent voltage value is determined by the charac-
teristics of the system connection point of the smart inverter, i.e., the Thevenin equivalent
impedance, active power values, and reactive power values.

3. Conventional Voltage Control Method
3.1. Volt–Var Control (VVC)
3.1.1. Definition of Volt–Var Control

VVC is a function of autonomously generating reactive power control for absorption or
supply based on PCC voltage. If the PCC voltage is in the high voltage range, the inverter
generates inductive reactive power. If the PCC voltage is in the low voltage range, the inverter
generates capacitive active power. A typical volt–var curve is illustrated in Figure 1.
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Figure 1. Schematic illustrating the volt–var control (VVC) function. V1, V2, V3, and V4 are the boundary
of the minimum PCC voltage (P1), the start of the low voltage set point (P2), the start of the high voltage
set point (P3), and the boundary of the maximum PCC voltage (P4), respectively; Q1 and Q2 are
the maximum capacitive and induced power generation of the inverter, respectively; the reactive power
output is the dead zone where outputs of Q2 and Q3 are zero in the voltage range from V2 to V3.
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Furthermore, reactive power is generated based on the PCC voltage for each unit
period while reactive power output is determined based on a preset VVC curve. In Figure 1,
V1 is the boundary of the minimum PCC voltage (P1), V2 is the start of the low voltage
set point (P2), V3 is the start of the high voltage set point (P3), and V4 is the boundary of
the maximum PCC voltage (P4). The invalid power output setting should also consider
inverter specifications; Q1 is the maximum capacitive power generation of the inverter and
Q4 is the maximum induced power generation. The reactive power output is the dead zone
where the outputs of Q2 and Q3 are zero in the voltage range from V2 to V3.

3.1.2. Stability Converging with VVC

Figure 2 illustrates the progress of stable operation point tracking. The grid character-
istic curve (blue line in the figure) is the influence of inverter control at the PCC. Initial PCC
voltages (V0, Q0) are determined by the Qc1 (V0) value of t1, which represents the reactive
power output of the VVC for the voltage value of the system characteristic curve. In the
next cycle, T2 = t1 + ∆T, the volt–var reaction power output value according to the grid
characteristic curve is represented as Qc2 (V1), and the volt–var command value according
to the grid characteristic curve is continuously generated with every cycle of ∆T. The VVC
function continues to run until the volt–var characteristic curve converges [11,18–20].
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According to the relationship between the slope of the VVC curve and the voltage
characteristic curve, the requirements for convergence to a stable operating point are
as follows:

|SlopeVolt−Var| < |SlopeGrideCharacteristicCurve|. (1)

However, if the slope of the VVC curve is adjusted steeply, voltage oscillation may
occur in accordance with the conditions in Equation (2) and as illustrated in Figure 3.

|SlopeVolt−Var| > |SlopeGrideCharacteristicCurve| (2)

Figure 3 shows the case of unstable VVC operation. Due to the slope relationship
between the volt–var curve and the grid characteristic curve, the reactive power output
does not converge. It is important to select a volt–var curve gradient in which the voltage
of the connection point converges for distributed power generation in order that a stable
condition is achieved.
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3.2. Volt–Watt Control (VWC)

VWC reduces active power autonomously based on PCC voltage. If the PCC voltage
is in the high voltage range, the inverter reduces the active power output. PCC voltage and
VWC curves are shown in Figure 4.
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The active power output is generated based on a preset VWC curve. In Figure 4, V2 is
the start of the high voltage set point (P2) and V3 is the boundary of the maximum PCC
voltage (P3). Active power output is not reduced when the PCC voltage is in the stable
range (P1). However, the active power output is completely cut off if there is a point above
the maximum PCC voltage (P4). VWC is applied by limiting the maximum output in smart
inverters and can directly and successfully reduce the PCC voltage [17,18].

4. Improved Voltage Control Methods
4.1. Voltage Error Compensation (VEC)
4.1.1. Definition of VEC

In general, a method using VVC has limitations in invalid output and causes a problem
of insufficient control. VVC curve generation value is related to the characteristics of
the distribution network. Therefore, Section 3 demonstrated that there are limitations to
obtaining high voltage control performance. This study proposes a VEC method using
the moving-average PCC voltage and the voltage–var reference voltage of an inverter.

The moving-average voltage is used to connect the average values of functions before
and after each term in the time series and to calculate the average voltage of the PCC.
Figure 5 illustrates the process of calculating the moving average. The operator can select
a unit time for the moving-average voltage, such as 30 s, 1 min, or 5 min. The VEC controller
collects moving-average voltage values and collects volt–var curve control reference voltage
values to calculate voltage errors. A reactive power command value is generated for
voltage error correction using a voltage error. The transmitted command value is limited to
the generated reactive power command value in order not to exceed the maximum value
of the reactive power output of the smart inverter.
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4.1.2. VEC Curve Parameter Settings

The VEC model determines the reactive power output of the inverter based on the voltage
error. The moving-average voltage of the PCC voltage is calculated to generate a voltage error
between the moving-average voltage value and the VVC voltage reference point. The VVC
voltage reference point indicates a point at which the overvoltage range starts. The voltage
error is transmitted to the VEC curve and the reactive power output is determined.

Figure 6 shows the VEC curve, which is the difference between using a delta voltage
and a VVC. A delta voltage is continuously generated by receiving PCC voltage and
VVC curve information to the control block. The delta PCC voltage passing through
the calculation block is transmitted to the VEC curve and the reactive power generated by
the VEC curve is defined as follows:

QVEC =



Q1, (∆VPCC ≤ V1)
Q1−Q2
V1−V2

(VPCC −V2) + Q1, (V1 ≤ ∆VPCC ≤ V2)

0, (V2 ≤ ∆VPCC ≤ V3)
Q3−Q4
V3−V4

(VPCC −V3) + Q3, (V3 ≤ ∆VPCC ≤ V4)

Q4, (V4 ≤ ∆VPCC)

. (3)
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In Equation (3), V1 is the boundary of the minimum delta PCC voltage (P1), V2 is
the start of the low voltage set point (P2), V3 is the start of the high voltage set point (P3),
and V4 is the boundary of the maximum PCC voltage (P4). In addition, the reactive power
output setting is based on the inverter specification, where Q1 is the maximum capacitive
power generation and Q4 is the maximum induced power generation. The reactive power
output is zero in the voltage range of V2 to V3, and the dead zones are Q2 and Q3. In contrast
to VVCs, a dead zone setting is not mandatory for VECs. The process of moving-average
operations generated based on unit time is not very volatile.

Table 1 shows the detailed VEC curve parameters applied in this paper. The VEC
control curve sets the voltage range to effectively control overvoltage. Qmax and Qmin
in Table 1 refer to the maximum supply and maximum absorption capacity of the inverter,
respectively. In addition, the dead zone was set at ±0.01 p.u. in order that the reactive
power output value could quickly converge. Ultimately, these parameter settings have
the advantage of minimizing power fluctuations in low and overvoltage situations. In ad-
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dition, it is possible to stably increase the output within the reactive power output range of
the inverter.

Table 1. VEC curve parameter settings.

Parameter Voltage (p.u.) Parameter Reactive Power

V1 −0.06 Q1 Qmax
V2 −0.01 Q2 0
V3 0.01 Q3 0
V4 0.06 Q4 Qmin

4.2. Voltage Control System (VCS) Model

The VCS implemented by MATLAB/Simulink can be largely divided into a smart
inverter model and an OpenDSS analysis engine model. In the smart inverter model,
the properties of the generator are implemented and the PCC voltage is measured after
the calculation is performed through communication with the OpenDSS engine. The voltage
control system model is illustrated in Figure 7.
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Figure 8 shows the active power and reactive power controllers of smart inverter.
The smart inverter controller consists of VVC that performs reactive power control, a VEC
controller, and VWC that performs active power control. PCC voltage is transmitted to each
controller, and a command amount for voltage control is manifested as a controller active
power value and reactive power value. The output power values of the VVC and the VEC
controllers are added and then transmitted, and a saturation filter is used to design values
to match the actual output power range. Thereafter, active and reactive power values are
transmitted to the OpenDSS through the active power–reactive power output control curve.
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There is a system linkage requirement for distributed energy resources located in the dis-
tribution line of South Korea that is used to describe the active power–reactive power output
control curve. In the relationship between the active-power output rate and the reactive-
power output capability, the reactive power output capability range increases from 0% to
100% as the active power output increases from 0% to 20%. Thereafter, if the active power
output is maintained at 20% or more, the reactive power output maintains the 100% and
the output power represents the supply and absorption capacity.
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Table 2 provides a list of the MATLAB/Simulink model functions used in this work.
Part A is a VCS, wherein an output control model of a smart inverter is located. Part
B is an OpenDSS engine for power flow analysis and Part C is the active power output
controller of the smart inverter. Part C includes the volt–watt model and the P–V sensitivity
calculation model. The reactive power output is related to the active power output amount.
According to the connection standard of the smart inverter distribution system the active
output does not interfere with the output of the reactive output if the active output is more
than 20% of the maximum output. Part D is the reactive power controller. The VVC and
the VEC controller, which perform reactive power control by calculations based on the PCC
voltage, are located.

Table 2. MATLAB/Simulink model functions.

Parts Function

A Voltage Control System
B OpenDSS engine
C Active Power Output Controller
D Reactive Power Output Controller

5. DERMS
5.1. Concept of DERMS

A DERMS can be defined as a system that effectively manages various types of DERs
installed in a power distribution system; it is a management means for grouping DERs to
observe key characteristics and command control. Figure 9 shows a form of combining
various devices to create a group. Connectivity is created in DERMS by the functions
and features of each layer. Moreover, a DERMS serves to connect communication means
between multiple distributed power sources and a central distribution management system.
Through this, the distribution company can effectively manage DERs in the distribution
system and individual DERs can receive instructions on effective countermeasures for vari-
ous situations. Finally, a DERMS can stably pursue driving goals and economic feasibility.
The hierarchical features for pursuing goals at the group level is shown in Figure 10 [21–25].
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A flow chart illustrating the DERMS process is shown in Figure 11. The DERMS
monitors the DER-linked inverter to obtain data. Each inverter performs control and com-
municates with DERMS if the control target is not met. The DERMS calculates the optimal
value of an individual inverter and transmits it to the inverter. The inverter operates based
on the commanded value.

Voltage control of the inverter linked to the DER performs voltage control autonomously
in normal situations and the VCS communicates with the DER data with the DERMS.
The VVC and VEC models of the inverter in the VCS perform a reactive power compensa-
tion procedure calculated based on each control curve. This procedure is performed when
the PCC voltage is greater than the stable voltage range and after the reactive power value
is converged. The VWC model performs active power output control and the VCS also
calculates the P–V sensitivity. The P–V sensitivity is calculated from the voltage and output
values before and after the VWC. If the P–V sensitivity has been calculated by this process,
the higher layer can command the DER to curtailment and the DERMS commands are
enforced to improve stability.
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5.2. Decision of Control Values

The effect of active power control is related to the connection point. This indicates
that the sensitivity of active output control is different for each smart inverter. In general,
the active power output using VWC is not a method for reducing the power to a specific PCC
voltage. The active power output autonomously converges to the final operating point and
this point has a voltage mismatch related to the Thevenin impedance of the smart inverter.

Therefore, direct transmission of the DERMS active power operation value is the most
efficient and fastest control effect. The process of calculating the operating point in the DERMS
is as follows. VCS calculates the sensitivity associated with the active power of the smart
inverter and the progression of the PCC voltage point and the active power output point
generated by the VWC.

The P–V sensitivity is defined as follows:

Sensitivity(P,V) =
dV
dP

=
VVW0 −VVW
PVW0 − PVW

. (4)

The P–V sensitivity is calculated by delta active power output (dP) values applying
voltage–watt control before and after. Moreover, the PCC voltage changes as the active
power output changes (dV). VVW0 in Equation (4) is the PCC voltage converged after
reactive power control, VVW is the PCC voltage converged after VWC, PVW0 is the initial
active power output without active power control, and PVW is the active power output
converged using the VWC.

Porder = PVW0 −
VVW0 − 1.038

Sensitivity(P,V)
(5)

Equation (4) can be organized and developed into Equation (5). As a result, Porder
can be calculated by applying 1.039 p.u., which is the line overvoltage standard applied
in Korea.

6. Simulation Results
6.1. Target System

The Jeong-Eup D/L, which is the real distribution line in the Korean power system,
was selected to analyze the voltage control effect of the proposed DERMS. A single-line
diagram of this D/L is provided in Figure 12.
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PV systems are represented by blue squares and the fossil plant is represented by a red square.

Figure 12 shows the location of the G1 and G2 smart inverters, the PV system is
represented by a blue square on a single line diagram, and the fossil plant is represented by
a red square.

Table 3 shows the system data for the Jeong-Eup D/L. The average capacity of the dis-
tributed generator connected at Jeong-Eup D/L is about 123 kVA. Most generators are
similar in average capacity and have a wide range of DERs installed and balanced across
the D/L. The DER generated output causes an overvoltage issue in the distribution network.
This system data is used since it is possible to prove the voltage control effect by analyzing
its impact on the overvoltage state.
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Table 3. System data of the Jeong-Eup D/L distribution networks.

Distributed
Energy Resources

Distributed
Generation Capacity Loads

47 13,832 kVA 1199 kVA

Two inverters located at the end of the D/L were selected for control. The detailed
specifications of the smart inverters are shown in Table 4. The capacities of inverters G1 and
G2 are 1143 and 240 kVA, respectively. DERs located at the end of the D/L have a greater
effect on voltage change than those located at the inlet of the feeder. The PCC voltage was
analyzed by selecting inverters with the largest and next-largest capacities connected to
the end of the power D/L.

Table 4. Detailed specifications for the smart inverters.

Inverter DER Capacity Active Power
Maximum Output

Reactive Power
Output Range

G1 3500 kVA 2915 kW ±1937 kVar
G2 596.4 kVA 497 kW ±329.6 kVar

6.2. Simulation Results and Discussion
6.2.1. Comparison of VVC with VEC

To confirm the improvement of the reactive power control effect through VEC control,
the following simulation was performed.

Reactive power control was performed on the G1 inverter. During this simulation,
Case 1 uses only VVC control while Case 2 simultaneously uses VVC and VEC control
and measures the reactive power value and PCC voltage. For effect analysis according to
the control method, the controller is triggered at 4 s to perform each control and the other
conditions are the same. In summary, VVC is triggered at 5 s in Case 1, and VVC and VEC
are triggered simultaneously at 5 s in Case 2.

The simulation results are shown in Figures 13 and 14. Figure 13 shows the PCC
voltage output power of the G1 inverter and Figure 14 shows the reactive power output of
the G1 inverter. In both cases, reactive power begins to be controlled in 4 s. In the case of
using VEC, reactive power was absorbed up to −1937 kVar. In the case where VVC was
applied, reactive power converged to −1410 kVar.
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An observed difference in time and voltage finally converged, even when VVC and
VEC were used together. When VVC and VEC were applied together, they converged to
1.064 p.u. at 5.4 s while VVC alone was at 1.080 p.u. at 11.7 s.

This simulation proves that voltage control is more effective when simultaneously
maximizing the reactive power output with the VEC control method than when using
the volt–var single control method. In the following simulations, the DERMS reactive
power control algorithm is analyzed using reactive power compensation with both VVC
and VEC.

6.2.2. Verification of DERMS Effects

Four simulations were compared for each case. The PCC voltage, reactive power
output, and active power output of the G1 and G2 inverters were the data used for analyzing
effects. The scenarios for verifying the effectiveness of DERMS are shown in Table 5.

Table 5. Simulation scenarios.

Case Scenarios

1 Base Case (No Control)
2 VEC
3 VEC and VWC
4 VEC and VWC with DERMS

The VCS tracks an operating point that can stabilize the distribution network and
a VCS that independently adjusts the parameters of active power and reactive power was
established. The results were analyzed using the effects of power value and PCC voltage.

In Case 1, the analysis of the voltage trend, active power output, and reactive power
output of the Jeong-Eup D/L was conducted. In Case 2, the effect of reactive power control
was analyzed while the effect of active power control was analyzed by applying VWC
in Case 3. Case 4 included the observation of voltage trends converging while controlling
the active and reactive power with DERMS.

• G1 Inverter

As shown in Figures 15–17, the PCC voltage is in an overvoltage state in Case 1, which
is the control generator G1 base case. In Figures 16 and 17, the G2 PCC voltage converged
to 1.121 p.u. (Figure 15) and the active power output was 497 kW. In the G2 inverter,
Case 1 has no reactive power output. Cases 2, 3, and 4 confirmed the results according to
the control in the base case.
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Case 2 applies the VEC and VVC scheme in the G1 inverter, and the G1 inverter
triggered the VVC and VEC at 4 s. The reactive power of G1 converged at 5.4 s. The final
converged reactive power is −1937.2 kVar. The PCC voltage of G1 decreased from 1.121 to
1.065 p.u.

Case 3 applied VVC, VEC, and VWC to inverter G1. VVC and VEC were triggered at 4 s
in the G1 inverter for reactive power control. The reactive power converges to−1937.2 kVar
at 5.4 s, the PCC voltage at G1 decreased from 1.121 to 1.065 p.u., and the VWC was
triggered at 10 s to control the overvoltage. The active power output of the G1 inverter was
reduced from 2915 to 2393 kW, as shown in Figure 17. Finally, the converged PCC voltage
of the G1 inverter was 1.059 p.u.

In Case 4, after applying VVC, VEC, and WWC in inverter G2, DERMS delivered
voltage stabilization commands. VVC and VEC were triggered at 4 s in the G1 inverter
for reactive power control. The reactive power converged from −1937.2 kVar at 5.4 s,
the PCC voltage at G1 decreased from 1.121 to 1.065 p.u., and the VWC was triggered at
10 s. The active power output of the G1 inverter was limited to 2393 kW. The PCC voltage
converged to 1.059 p.u. by the reactive and active power control. However, the PCC voltage
was still in the high voltage range. In this situation, the DERMS issues a stabilization
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command at 20 s. The active power command amount was calculated to be 587 kW using
the P–V sensitivity calculated during VWC control. Finally, the PCC voltage was reduced
to 1.038 p.u., which is located in the stable voltage range.

• G2 Inverter

As shown in Figures 18–20, the PCC voltage is in an overvoltage state in Case 1
(control generator G2 base case). In Figures 19 and 20, the G2 PCC voltage converged to
1.0795 p.u. (as shown in Figure 14). The active power output is 497 kW and, in the G2
inverter, Case 1 has no reactive power output. Cases 2, 3, and 4 confirmed the results
according to the control in the base case.
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The results of Case 2, which used the VEC and VVC methods in the G2 inverter, are
as follows. The G2 inverter triggers the VVC and VEC at 4 s. The reactive power of G2
converged at 5.4 s. The final convergence reactive power was−329.7 kVar and, according to
the absorption of reactive power, the PCC voltage of G2 decreased from 1.0795 to 1.692 p.u.,
thereby mitigating the PCC voltage.

Case 3 applied VVC, VEC, and VWC to inverter G2. In the G2 inverter, the VVC and
VEC controllers are triggered at 4 s for the reactive power output control. The reactive
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power converged to −329.7 kVar at 5.4 s, the PCC voltage at G2 decreased, and the VWC
was triggered at 10 s to mitigate the overvoltage. The active power output of the G2 inverter
was reduced from 497 to 316.7 kW. The final convergence PCC voltage of the G2 inverter
was 1.0681 p.u.

In Case 4, after applying VVC, VEC, and WWC in inverter G2, DERMS delivers
voltage stabilization commands. VVC and VEC were triggered at 4 s in the G2 inverter
for the reactive power control. The reactive power converged to −329.7 kVar at 5.4 s
and the PCC voltage of G2 decreased to 1.0681 p.u. The VWC was triggered at 10 s to
control the active power and the active power output of the inverter was reduced to
316.7 kW. Through the autonomous reactive power and active power control, the PCC
voltage decreased to 1.0681 p.u. However, in this case, which controls the PCC voltage
of inverter G2, the voltage is still in the high voltage range. In this situation, the DERMS
issued a stabilization command at 20 s and the active value was calculated during the VWC
control. Using P–V sensitivity, the active power target was limited to 99.4 kW and, at 27.6 s,
the PCC voltage was finally reduced to 1.0668 p.u.

By comparing the results of control inverters G1 and G2, the final convergence PCC
voltage was found to depend on the DER capacity. The active power limitation due to
the DERMS command is to limit the active power output to the lowest point. However,
the VCS limits the active power output to a point that does not interrupt the output of
the reactive power according to the P–Q capacity curve. This power limit was 20% of
the active power and the active power was reduced to the lowest point (to the actual
minimum power).

In the sequence of controls, the first reactive power control is relieved by the PCC
voltage and the VWC determines whether or not to trigger. If the PCC voltage is in the high
voltage range, the VWC is triggered and the active power is reduced. Through this
process, VCS calculates and stores the P–V sensitivity in memory. Finally, when DERMS
issues a stabilization command, the active power is limited to the calculated value to
maintain the PCC voltage below 1.0393 p.u. and the inverter follows the operating point.

7. Conclusions

This paper proposed a method to reduce PCC overvoltage caused by the power
generation of DER in a distribution network. A control strategy for reactive and active
power was developed and, consequently, control performance was improved.

The voltage control algorithm of the inverter controls the reactive power by controlling
volt–var and voltage error correction. The maximum reactive power is tracked by the VEC.
If the voltage can no longer be lowered using reactive power compensation, the active
power control is used. The active power output control algorithm generates the active
power output using a preset VWC curve after the reactive power control. If the voltage
exceeds the reference voltage, the VWC curve reduces the active power output. During
VWC, the VCS calculates the P–V sensitivity and stores this value. When the DERMS
(the higher layer of the DER) commands control for greater stability, the VCS uses the P–
V sensitivity to generate the calculated active power output and passes it to the DER.
The voltage control effect was verified based on an actual distribution power system
simulation of the Jeong-Eup D/L (a real distribution power system in Korea), where
overvoltage was generated with the power generation of DER. MATLAB/Simulink was
used to model the VCS, which was simulated with the OpenDSS power flow engine to
obtain the calculation and result analysis.

The result verification analyzed the effect by stabilizing the voltage of the distribution
network in an overvoltage situation. The reactive power control algorithm was used to
control the reactive power to the maximum output. Active power control was applied
if the overvoltage state persisted after reactive power management, and additional voltage
stabilization was possible. Voltage was mitigated by controlling the active and reactive
power outputs.
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Finally, we demonstrated that DERMS implementation had a significant impact on
voltage control. The method of controlling the inverter voltage was compared with the DER
capacity. If the DER capacity is not sufficient, even if DERMS commands the DER to
stabilize, the capacity cannot be reduced to a stable range since there is no room for
capacity, even if it changes to voltage. The proposed control method analysis can be
used to develop an inverter control method for the overvoltage problem described in this
paper. In the future, an algorithm that minimizes the active power curtailment value and
maintains a voltage stabilization range in DERMS will be investigated as a control target
for multiple inverters.
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