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Abstract: Intermittent power generated from renewable distributed energy resource (DER) can create
voltage stability problems in the system during peak power production in the low demand period.
Thus, the existing standard for operation and management of the distribution system limits the
penetration level of the DER and the amount of load in a power system. In this standard, the hosting
capacity of the DER is limited to each feeder at a level where the voltage problem does not occur.
South Korea applied this standard, thereby making it hard to achieve its DER target. However, by
analyzing the voltage stability of an integrated system, the hosting capacity of DER can be increased.
Therefore, in this study, the maximum hosting capacity of DER is determined by analyzing an
integrated transmission and distribution system. Moreover, the fast voltage stability index (FVSI) is
used to verify the determined hosting capacity of DER. For this, the existing interconnection standard
of DER at a feeder, distribution system, and transmission system level is investigated. Subsequently,
a Monte Carlo simulation is performed to determine the maximum penetration of the DER at a feeder
level, while varying the load according to the standard test system in South Korea. The actual load
generation profile is used to simulate system conditions in order to determine the maximum DER
hosting capacity.

Keywords: distributed energy resource (DER); fast voltage stability index (FVSI); Monte Carlo
Simulation (MCS)

1. Introduction

The introduction of distributed energy resource (DER) into the power system comes with many
challenges. DER use renewable energy, which has intermittent characteristics in its production process.
Therefore, problems arise with the integration of DER into the power system. Voltage instability is one
of the major roadblocks faced while integrating DER into the conventional power system. The DER
may deter voltage stability because its intermittent power generation may cause a mismatch between
the load and the generation. As the main factor causing the voltage instability is the inability of the
power system to meet demand [1], voltage stability becomes one of the main concerns in increasing the
penetration of the DER. Moreover, the DER could cause a reverse power flow [2], which can cause an
overvoltage problem. The DER capacity must be limited to prevent voltage collapse in the system.

The limitation of DER hosting capacity does not align with the energy goal of South Korea.
Currently, the total interconnected DER capacity in the distribution system is 12,869 MW. In addition,
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2800 MW of DER cannot be interconnected in the distribution system because of limited hosting
capacity [3,4]. This limitation is enforced to ensure that the power system complies with the rapid
voltage change standard, which is limited to 3% (0.03 p.u.) of its nominal voltage [5]. Therefore,
the effect of the intermittent DER power generation is limited. The government of South Korea is
currently planning to increase the penetration level of renewable energy [6]. The lack of hosting
capacity is a major obstacle to their plan.

To increase the DER hosting capacity, certain aspects of the power system must be considered. The
work of [7] installed DER in the bus with the weakest voltage profile, and then, used a stochastic analysis
to determine the maximum hosting capacity for the system. Other methods to increase the hosting
capacity include adapting the control mode of the DER [8,9]. The creation of an adaptable DER control,
based on the load in the system, was proposed to increase DER hosting capacity. In reference [10],
active power from the DER was controlled in real time to limit over voltages by predicting the dynamic
Thevenin equivalent of the system.

The increase in DER hosting capacity can benefit both the utility companies and the future DER
owners [10,11]. For utility companies, they can reduce capital expenditures (CAPEX) by decreasing
the necessity for new distribution facilities. On the other hand, the DER owners can avoid the event in
which the DER cannot be integrated into the distribution line by a lack of hosting capacity. Therefore,
the DER owner can prevent delays in profit realization.

The previous studies focused on increasing DER hosting capacity by modeling the DER as an
aggregated value in a bus. Moreover, these studies considered the capacity limit in order to prevent
reverse power flow, which is the main cause of a voltage rise problem in the distribution system [12].
However, they did not consider how the DER can affect each individual feeder in the power system.
The smallest system considered in these studies to increase the DER hosting capacity is a distribution
system [3,4,7]. However, when using a more accurate but bigger model, a reverse power flow in one
of the distribution feeders is permissible if another feeder in the distribution system has insufficient
supply. Moreover, in the transmission system, the reverse power flow can be permitted because the
distribution can be treated as a PV bus. Therefore, the reverse power flow from the distribution system
is used to supply other parts of the transmission system with voltage stability as the control variable.

An integrated transmission and distribution system has been simulated in reference [13].
The results show that studying the integrated transmission and distribution system can yield different
voltage profiles than merely studying the transmission system. It was shown that by studying
an integrated system, the effect of DER penetration can be better captured. Therefore, this study
investigates an approach to increase the DER capacity by considering the integrated transmission and
distribution system. First, the existing DER interconnection standards are considered. Then, Monte
Carlo simulation (MCS) is performed to determine the maximum penetration of DER in a feeder while
the load is varied. Furthermore, a distribution system is analyzed to find the maximum penetration
of the DER at a feeder level that will not violate the fast voltage stability index (FVSI) limit. Finally,
both distribution and transmission are analyzed to determine the maximum capacity of the DER at the
transmission level that does not violate the voltage stability requirement. The actual load generation
profiles of the power system in South Korea are used to simulate one month of operation using the
integrated system.

2. South Korea’s Standard for DER in the Power System

In South Korea, the interconnection of the DER in the distribution system and the operational
rules of the distribution system are controlled by Korea Electric Power Corporation (KEPCO).

The overall scheme of the power system in South Korea is depicted in Figure 1. Referring to
Figure 1, the DER in South Korea is in the distribution system except for cases where the capacity of
the DER is greater than 20 MW.
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Figure 1. Overall power system scheme in South Korea.

When the DER is integrated into the power system, the technical specification of the DER at
the integration point should be satisfied during the planning process. The standard of technical
specification for interconnection states that the synchronization variables, including the frequency,
voltage, and angle, at the point of common coupling, should be maintained within the stipulated
ranges [14].

However, the hosting capacity of the DER is not determined based on the standard for the
interconnection of the DER. The hosting capacity is based on the standard for operation of the
distribution system. According to the current standard for operation of a distribution system, the
maximum capacity of the DER that can be integrated into the distribution system is limited to
10 MW per distribution line. The current hosting capacity of a feeder is determined by the technical
characteristics of the distribution line. In South Korea, the distribution line in which the DER can be
integrated uses a line structure with three divisions and three ties. In addition, the distribution system
can be segregated based on the voltage level, as illustrated in Table 1. The type of distribution line
which the DER is linked to depends on the its capacity. If the capacity is lower than 500 kW, the DER
can be integrated into the low or high voltage line. In this case, the type of distribution is determined
by considering the physical constraints of the DER location. On the other hand, if the DER capacity
is between 500 and 10,000 kW, then it can be integrated only into the high voltage distribution line.
Therefore, most of the DER is integrated into the high voltage distribution line.

Table 1. The nominal voltage of distribution line.

Voltage by Distribution Type (V)

Type Nominal Voltage Single-Phase Three-Phase Three-Phase Maximum Voltage
Two-Wire Three-Wire Four-Wire
Low voltage 220 220 B ’ B
8 380 - - 220/380 -
High voltage 22,900 13,200 - 13,200/22,900 25,800

The maintenance range of the voltages for each type of distribution line are presented in Table 2.
For the high voltage, where most of the DER is integrated, the value of the nominal voltage is 22,900 V
and the upper and lower limit values are 20,800 and 23,800 V, respectively.

The maximum allowable capacity for each type of distribution line is listed in Table 3. The allowable
capacity of distribution lines is calculated by using the technical specifications of distribution lines.
For the normal distribution line, three divisions with three tie types based on the ACSR-OC
160 mm? are applied. The allowable current for this type is 395 A, which can be converted into
15.7 MVA. Subsequently, the allowable capacity for the emergency state and steady state are 14 and
10 MVA, respectively.
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Table 2. The nominal voltage of distribution line.

Maintenance Range (V)

Nominal Voltage (V)

Min Max
Low voltase 220 207 233
& 380 342 418
. 13,200 12,000 13,800
High voltage ) 'o 20,800 23,800

Table 3. The allowable integration capacity for DER into the distribution line.

Allowable Capacity (kVA)

T
ype Voltage (kV) Steady State Emergency State
Normal distribution line 2.9 10,000 14,000
Large-capacity distribution line ’ 15,000 20,000

Moreover, the power company decided to increase the hosting capacity of feeder to prepare for
the diffusion of utilization of DER [15]. In that plan, the allowable capacity for a normal distribution
line in the steady state is increased from 10,000 to 12,000 kW. For large-capacity distribution lines,
the allowable capacity is increased from 15,000 to 18,000 kW.

3. Fast Voltage Stability Index

Voltage stability is the ability of a power system to maintain acceptable steady voltages at all the
buses in the system after being subjected to a disturbance [1]. A system is stated to be voltage instable
if a disturbance, e.g., a load increase, causes a progressive and uncontrollable drop in voltage. The FVSI
is an index that is developed from the current equation through a branch in a two-bus system [16].

In Figure 2, the sending bus is denoted as ‘i’ and the receiving bus as ‘j’. Considering the sending
bus (bus i) as the reference, by assuming that the voltage angle in bus i, 0, is 0, the general current
equation can be stated as:

Viz0— V]'Z(S[
T RAX @
where R represents the branch resistance and X denotes branch reactance. A further derivation of (1)
can produce:

V2 —(E sin6+cosé)V~V~+(X+ R—Z)Q =0 (2)
X tr] X 7=

As (2) is a quadratic equation of V, its roots can be summarized as follows:

v, (% sin 6 + cos 6)V1 + \/[(§ sin & + cos 6)Vi]2 - 4(X + RYZ)Q]-
2

®)

FVSl is defined as the real root of (3). Therefore, the discriminant must be greater than or equal to
0,1i.e.,

R 2 R?
[(E sind + cos 6)Vi] —4(X+ Y)Qj >0 @)
By manipulating the variable in (4), we obtain the following relation:

4720,X
s ;<1 (5)
(V1)°(Rsind + X cos 6)
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When the system is balanced, the angle difference can be assumed to be very small. Thus,
0~ 0,Rsind ~ 0, X cosd ~ X. Therefore, the FVSI can be defined as:

472Q;
VX ©

i

FVSL;; =

Analyzing (5), we conclude that the maximum value of FVSI that does not cause voltage instability
is 1. The branch containing the FVSI closest to 1 implies that it is nearing the voltage collapse point,
as the root of Equation (3) becomes imaginary.

v, £0 V,£S
18.0.5, 1705,
bus i . bus j
R+ jX
B —
I

Figure 2. Two-bus model representation.

4. Maximizing the Hosting Capacity with Monte Carlo Simulation

4.1. Monte Carlo Simulation

A Monte Carlo Simulation (MCS) is used to calculate the value of a desired function by using
randomly extracted numbers. This random number generator can follow any kind of distribution. It is
widely used for problems with high a degree of freedom, but it has a characteristic that should account
for some errors. In this study, a uniform distribution is used to generate the simulation scenario.

In addition, a single result from an MCS cannot represent the overall trend of the results; it cannot
be the sole parameter considered for decision making. Because the MCS includes a distribution of
results, statistical methodology can be accepted to obtain parameters for decision making. In this
mannet, the interquartile range (IQR) and confidence interval (CI) are used to judge the stability of the
system for various capacities of integrated DER. The IQR is a measure of data variability, and it can be
calculated by obtaining the difference between the largest and smallest values in the middle 50% of a
data set. The mathematical formation of the IQR is presented below:

IQR=QQ3- @)

where Q3 is the 75th percentile and Q) is the 25th percentile.

The CI is a method for interval estimation, and it is defined as a section in which the actual
parameter is expected to exist. Various interval estimations, such as 90%, 95%, and 99% CI are possible.
Among those, the most extensively used is 95% CI, and it means that there is a 95% possibility that
there is an actual average within the predicted section. The 95% CI can be calculated as shown below:

— S
Clys = X+1.96%x — 8
95 Nz (8)

where X is the average of sample, s is the standard deviation of sample, and 1 is the size of the sample.

4.2. Proposed Algorithm to Increase DER Hosting Capacity

A new algorithm is proposed to find the penetration level of the DER. This algorithm begins by
searching for the maximum DER capacity that can be added to a feeder. Using the maximum load in
the feeder, the capacity of the DER is increased gradually until either a voltage violation, FVSI violation,
or a reverse power flow is detected in the system. Subsequently, a feeder of the distribution system is
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analyzed using the MCS. The MCS generates the value of the load and the capacity of the DER in the
feeder. The inclusion of the DER must comply with the operating constraint of the system and must be
able to produce the FVSI with a value less than one at all branches of the feeder. Moreover, any reverse
power flow at the start of the feeder is not allowed. Statistical methods are applied to determine the
appropriateness of the feeder voltage in the MCS results. The upper values of the IQR and CI from the
MCS results are used. Therefore, the objective function of the feeder level simulation can be stated as:

maxf = max{Spgr}
s.t.
Vmin < VIQR < Vimax
Vinin < Vic £ Vinax (9)
Iij < I;rnax
]
FVSI <1
Pgjack > 0

In the feeder level simulation, the slack bus is the point of common coupling of the feeder with
the distribution system. Therefore, Py, represents the power flowing in from the distribution bank to
the feeder. Consequently, a negative value indicates that there is a reverse power flow in the feeder.
For the transmission system, the assumptions for (6) can be used. However, for the distribution system,
the voltage angle differences between the sending and receiving bus may not be small. Therefore,
for the feeder and distribution system, the FVSI is calculated by using (5).

First, the maximum capacity of the DER in the feeder level is determined by simulating a feeder
with a DER. Then, the capacity of the DER is increased incrementally by 100 kVA until there is a violation
of the constraints (9). When the maximum capacity of DER for each feeder has been determined,
a distribution system containing several standard test feeders is used to determine the amount of
DER that can be included in the system. The DER will be installed in each feeder according to the
feeder level simulation. Then, the MCS is used to allocate the load and the DER capacity in the system.
However, in the distribution system simulation, a reverse power flow in one of the feeders will be
allowed as long as there is no reverse power flow to the substation. Therefore, in the distribution level
simulation, Pgj,x denotes the power flowing from the substation of the distribution system. The FVSI
value is checked on every branch of the system. In accordance to (5), the FVSI must be kept as low as
possible in order to ensure the voltage stability of the system. Therefore, for each simulation, the branch
with maximum FVSI will be chosen as the observation point.

When the capacity of the DER in the distribution level has been determined, the same process is
repeated for the transmission level. MCS is used to allocate the load in each bus and the DER capacity
in the system. To ensure an acceptable operating condition, no reverse power flow is allowed in the
slack bus of the transmission system. The algorithm for determining the maximum DER hosting
capacity is presented in Figure 3.

Start

Feeder Find max. DER for a
Data feeder

Feeder MCS Mas. DER in
feeder level
Distribution System Max. DER in
MCS distribution level
Transmission System Max. DER in
MCS transmission level

End

Figure 3. Proposed algorithm to increase the hosting capacity of the DER in the power system.
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5. Case Study

The proposed framework is verified using a standard test system in South Korea. The analysis
begins at the feeder of the distribution system. The system is analyzed using the Distributed Engineering
Workstation (DEW). Each feeder contains three load buses and a DER bus [17]. Each load or generation
bus represents the aggregation of small size DER or load. The structure of each feeder is depicted in
Figure 4. Figure 4a illustrates the structure of each feeder. Figure 4b shows the DEW schematic of
the feeder. The feeder is supplied by the substation transformer and operates at the voltage level of
229 kV. The feeder contains three load buses and a single DER. The DER produces power at a voltage
level of 220 V. Therefore, the DER is connected to the feeder by using the inverter transformer.

@ Branch,

Branch, | Branch, | Branch, @

Substation ’ Inverter ’
Transformer Transformer
L& DER
Load 1 Load 2 Load 3 o
(a)
Load 1 Load 2 Load 3
B I ’%‘ Branch, %. Bi b, % B 'h,
)M
) Substation Inverter Z.
(\\;) Transformer Transformer DER
(b)

Figure 4. Structure of the feeder for simulation (a); Feeder circuit in the DEW (b).

For each distribution system, either three or four feeders can be included. Each feeder is connected
to the substation through a disconnecting switch (DC), which is a normally closed switch. The structure
of the distribution system is shown in Figure 5a. Moreover, the distribution system with three feeders
in the DEW can be seen in Figure 5b. Each feeder in Figure 5 contains the components of the feeder in
Figure 4.

DC1
_. Feeder 1
DC2
D= -
Distribution N .
Substation DCN - .
_-_ Feeder N
(@
- - —
e W w %
) Feeder 1 2

~/DC2
DC3

i —® —® —®
Mp M Mp
Feeder 2 &
—B ~-® —B
o ) =
Feeder 3 Z

(b)

Figure 5. Structure of the distribution system for simulation (a) and the feeder circuit in the DEW (b).
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The transmission system has 11 substations and 34 feeders. The overall structure of the system
is shown in Figure 6a, where SS indicates the substation of the distribution system. Each substation
comprises a distribution system, which is composed of a few feeders, as shown in Figure 5. The slack
bus is located in SS9. Figure 6b shows the transmission system in the DEW.

Distribution | Distribution I Distribution I

System System System
SS1 SS2 I SS3
l il | ss4
Branchy
Branchy, » Branchy » Distribution
Distribution <
System SS5
- Branchy,».; Branchy, ., B Dutibotion
SS10 ranchy, 0.1 System
= Branchy <
stribution
System sseé
Branchy o4
ranchr . Distribution
Branchy 7., System

l l Branchy, 55 l l Branchy -5 Branchy, o7
SS9 SS8 I SS7
| Distribution Distribution
System System

Distribution

System
(@
sst Duinentyien | §52y—N_ Dorinson’ysen 553/[—r Dhviminsysen
Distribution System
ssil || e, S84 |
- Distrioution System
55 Tt _
Distribution System e
. Distribution System
ss1ol e
= SS6 1
TFro Diatetion Sy
Rl VO sse [ Tioios, | ss7 Lo,
Distribution System e L
Distribution System Distribution System
(b)
Figure 6. (a) Structure of the transmission system for simulation and (b) the transmission circuit in

the DEW.

ASCR-OC was used as a type of distribution line in the simulation, and its technical characteristics
are outlined in Table 4.

Table 4. Technical specifications of the distribution line.

Type Application Standard Allowable Current (A) Condition
ASCR_O2C Continuous allowable current 395 90 °C
160 mm

For the MCS, the distribution of variables for each feeder is listed in Table 5. The load for each
value is between 3000 and 3500 kW. The capacity of DER is between 0 and 14,000 kW.

Table 5. Environment for simulation.

Object Range Distribution Type
Load [3000-3500] kVA Unit
DER [0-14] kVA form

Feeder length 10 km [Fixed] -
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5.1. Result for Momentary Situation

The voltage of the distribution line, in relation to the DER capacity, is shown in Figure 7a. It is
measured at the end of the feeder where the DER is integrated. This is done because the voltage
that is most likely to violate the operating limit is at the bus closest to the DER. As outlined in
Section 2, the maximum and minimum allowable voltages of the distribution line are 23.8 and 20.8 kV,
respectively. The total number of simulations considered for the feeder, distribution, and transmission
is 6000. This is done to ensure the test case includes a diverse load and generation profile. For each
simulation of the momentary situation, the load and generation profile for each feeder are produced by
the MCS using the range in Table 5. The red-dashed line represents the upper range of line voltage,
while the black-dashed line denotes the nominal voltage of the line. Since all of the results in the
figure exhibit higher voltages than the stipulated lower range limit, the lower range limit is neglected.
As the DER capacity increases, the voltage variation increases and the position of the notch in the
boxplot appears to shift upwards. In addition, the upper part of the interquartile range does not exceed
the upper range in these results until the DER capacity is 12.5 MW. Although the maximum value
of voltage exceeds the upper voltage range, this result can be considered a proper hosting capacity
because an over voltage with 12.5 MW of hosting capacity does not occur frequently in the MCS results.
In addition, the maximum voltage level at 12.5 MW is lower than the hosting capacity in the emergency
distribution line. Moreover, it is possible that the results shown in this study could be considered in
the planned amendment.

Voltage variapce by Icapacity Qf DER ch?mges in fgeder FVSI variance by capacity of DER changes in feeders
it 0.8 F
R 24 Upper range_of voltage (23.8kV)
<
Z035¢ 0.6-
(%]
& 2
) 7
> L 0.4
a 22,5 [ i
E 2
0.2+~
§ 215
21 ‘ 0 - L L L L L 1 L L L L L
12 3 4 5 6 7 8 9 10 11 12 13 14 1234567.891011 12 13 14
DER capacity (MW) DER capacity (MW)
(a) (b)

Figure 7. The result for the feeder (a) voltage variance, (b) FVSI variance.

For the FVS], it was observed that in the feeder simulation, the maximum FVSI value is presented
at Branch; which is located between the substation transformer and Load 1 in Figure 4. The result of
FVSI variance is shown in Figure 7b. Unlike the results of voltage variation, the FVSI exhibits relatively
small dispersion in the MCS results. Moreover, in all cases, the value of FVSI is less than 1.

The simulation result for the distribution system is shown in Figure 8. In Figure 8a, the voltage
variance in the distribution system is illustrated. Because the distribution system has three feeders and
based on the results of the feeder level study just presented, the allowable capacity of the distribution
system can be expected to be 37.5 MW. The simulation results of this study show that the allowable
capacity of the distribution system with three banks is 37 MW, which is similar to the expected value.
When calculating the allowable capacity in the distribution system, the maximum value was used
without using the average voltage for the three feeders. Therefore, it appears to show a different value
from the simple observation obtained by using the result from Figure 6.
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Voltage variance in distribution system FVSI variance in distribution system
Upper range of voltage (23.8 kV) Y

e

_ Nominal voltage (22.9 kV,

o

Maximum voltage (kV)

10 15 20 25 30 35 40

. 5 10 15 20 25 30 35 40
DER capacity (MW) DER capacity (MW)
(a) (b)

Figure 8. Results for distribution system: (a) voltage variance, (b) FVSI variance.

In the distribution system, it was observed that the maximum FVSI value is observed at the
Branch; in feeder 2, as shown in Figure 5. In Figure 8b, the distribution of the calculated FVSI value
for the distribution system is shown according to the capacity of the DER. In addition, similar to the
results of feeders, the values of FVSI are less than 1 for all the simulation cases.

Figure 9a shows the results for the voltage variance in the transmission system. In this simulation,
the DERs are evenly distributed in 11 substations (34 feeders). The allowable capacity of the transmission
system is estimated as 425 MW (34 x 12.5) based on the analysis results of the hosting capacity of the
feeder. The maximum FVSI value was observed at the Branchtg g in Figure 6. Although the CI and
IQR range for voltage increase as the integrated DER capacity increases, the level of the upper range of
CI and IQR did not exceed the voltage range. This means that all feeders linked to the transmission
system did not cause voltage violation problems even if they had approximately 12.5 MW of DER.
In addition, the CI and IQR values for FVSI are less than 1 when the DER capacity reaches 425 MW,
so there is no problem of voltage collapse. However, after the DER capacity exceeds 425 MW, the CI
range of FVSI is emitted. The results show that even if the DER capacity exceeds 425 MW and the
value of FVSl is less than 1, the trend of the FVSI value is diverging, indicating that voltage collapse is
imminent for DER above 425 MW.

Voltage variance in transmission system

- FVSI variance in transmission system

0.9

cl IQR cl IQR

up up up up
; By CIdw IQRd\\ /M 0.8 C]dw IQRdw
=2
© 2321
g , _07f
S w2 ' >
] i e \
3 0.6
En9
%
< S
> 318} - ] 03

2317 . . . . 0.4 . . . .
396 401 406 411 416 421 426 431 396 401 406 411 416 421 426 431
DER capacity (MW) DER capacity (MW)
(a) (b)

Figure 9. Result for the transmission system. (a) voltage variance, (b) FVSI variance.

According to Equation (9), the power flow analysis at the slack bus should be shown. To address
this, Figure 10 shows the level of power flow at bus 9 (slack bus) for the various levels of DER
integration. As the DER capacity increases, there is no significant change in power flow. In addition,
the power flow in the slack bus is positive, even when the integrated DER capacity is 425 MW. However,
when 430 MW of DER exists, a reverse power flow is observed in the slack bus.
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Power flow at slack bus in transmission system

6000
[ IQR
5000 - w w f
2 Ol R, /
=) |
2 4000 -
7 3000 A
< o —
£ 2000 - AAA
= /
2 w00
5 q
-9 \
ol
1000 ‘ ‘ ‘ ‘ ‘ ‘
396 401 406 411 416 421 426 431

DER capacity (MW)

Figure 10. The result for the power flow in the transmission system.

In this simulation system, a transmission system consisting of 11 substations and 34 feeders
was handled. According to the existing standard, approximately 340 MW of DER can be integrated
into this system. However, from the results of this study, the allowable DER capacity is increased to
425 MW. This is a difference of approximately 85 MW, and in order to narrow this gap, an additional
facility investment of about nine additional feeders must be made to this system. In South Korea,
the construction cost for a distribution feeder is estimated at US$447,106 [18]. Therefore, considering
the test system, the economic benefit to the power utility by avoiding the installation of nine new
distribution feeders can be calculated as US$4,023,954.

5.2. Result for Various Power Shares and Power Factors of DER and Estimation Model

The previous simulation results are obtained at a momentary situation using a constant power
output from DER. However, the voltage variance is expected to change according to the rate between
the level of load and the DER power output. In addition, the power factor of the DER can also impact
the level of voltage of the feeder. Therefore, the simulation for voltage variance is performed for
various power shares of the DER and power factors, where the power share of DER is calculated below:

. PDER (kW)

PS = — S (10)

where the Ppgr is the total power output of DER, and L is the total load at that time.

The voltage variance for various power shares and power factors of the DER is shown in Figure 11.
As the power share of the DER is increased, the voltage of the distribution feeder also increases. If the
voltage level exceeds the upper range of voltage, the color is changed to black to indicate that cases
have voltage violation problems. The principle methodology used to calculate voltage variance is the
same as in the previous analysis.

Voltage variance by PS and PF

24.2 -

24 -
23.8 -
23.6 -
23.4 -
23.2 -

23 -

22.8 -

22.6 -1

100

e T g0
g el 60 22.8
0.8 — ey 40

Power Factor 07 g DER Power Share(%)

Figure 11. The overall flow of model development.
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6. Monthly Simulation under Various DER Penetration Levels

As observed in the previous section, various penetration levels and power factors can affect the
system differently. The optimum power factor for the system is observed to be 0.9 for each DER
in the system, as shown in Figure 11. To further highlight the effect of this optimum power factor,
the simulation is performed for one month. In this simulation, for simplicity, PV generation is only
considered because it is the most dominant type of DER in the distribution system. However, the
approach presented here may be extended by including other types of DER in the power flow solution.
The load in each distribution feeder and generation of each DER follows the load and generation curve
for Jeju, South Korea, on July 2017, which is the peak consumption month. Besides, both profiles are
from actual measured data. The hourly profiles of load and generation are shown in Figure 12 as a box
plot. When looking at the size of the box by time, the load profile shows a smaller variance compared
to generation. Using the percentage from the actual data, the power factor and the capacity of the
DER are varied to show the effect of various DER parameters on the voltage stability of the system.
From the previous simulations, it is determined that the Branchtg 9 in Figure 6 is the branch with the
highest FVSI value in the system, and thus, it is selected as the observation point in this simulation.
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Figure 12. The hourly load and DER profile during July 2017.

The penetration level used in this study is calculated by using the amount of electric use and
electric energy generation from DER in the same period as shown below.

_ Eper(kWh)

PL =
ELoad (kWh)

x 100 (11)

where Eprr is the amount of electric energy generated in the specific period and Ej,,y denotes the
amount of electric energy consumed in the same period with Epgg.

Figure 13 presents the number of overvoltage components in the one month simulation for
various penetration levels, ranging from 10% to 60%, and the various power factors, ranging from
0.7 to 0.9. The number of overvoltage components increases when the power factor is decreased,
or the penetration level is increased. When the DER is installed at approximately 10 or 12.5 MW,
there are no overvoltage components if the power factor of the DER is set to 0.9. On the other hand,
this result indicates that a higher power factor can reduce the probability of an overvoltage problem in
the distribution feeder. It implies that the increase in the DER hosting capacity from 10 to 12.5 MW will
not cause overvoltage problems.
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Figure 13. The number of overvoltage components at different power factors and penetration levels.

The FVSI result indicates that the voltage stability limit in the system is not violated. The result is
presented in Figure 14, wherein no cases produce an FVSI index >1, indicating the lack of a voltage
stability problem during the simulation.

FVSI value

30 P \/ 0.8
20 T — 075

10 o
Penetration Level of DER (%) 0.7 Powcr Factor

Figure 14. The FVSI for various power factors and penetration levels.

The overvoltage cases in the simulation are summarized in Table 6. When the capacity of the
DER is increased to 20 MW and then, 37.5 MW for each feeder, multiple over voltages occur. On the
contrary, the proposed capacity of 12.5 MW engenders a good voltage profile. In this case, the voltage
is maintained between 0.95 and 1.05 p.u., and no overvoltage is found during the simulation. There
are no overvoltages observed in similar cases, which can be obtained by using the current standard
capacity of 10 MW. However, an undervoltage is observed during peak production hour. From the
simulation, it can be concluded that the optimum capacity for each feeder can be increased to 12.5 MW
for each feeder, with a power factor of 0.9.

The objective of the proposed methodology is not to determine the exact hosting capacity in Korea,
but to provide an evaluation framework. Therefore, the proposed framework can be applied to another
system to evaluate the maximum hosting capacity with their interconnection standard. However, it is
difficult to directly compare the determined capacity between the systems and countries. Therefore,
the proposed framework is verified by employing one of the distribution systems in Korea. The result
of the hosting capacity for the selected distribution feeder is 12.5 MW, which is very close to the 12 MW
of hosting capacity recently determined by the Korean utility company.
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Table 6. Number of Overvoltage Cases during July 2017 Simulation.

Capacity (MW) Penetration Level (%) Overvoltage Component Max. Power Share (%)
37.5 53.2651 744 233.38
20 31.0897 248 158.88
12.5 20.1191 0 114.91
10 17.9558 0 97.26

7. Conclusions

The DER standard in South Korea was reviewed. The DER capacity, which is limited to 10 MW
on each distribution feeder, was used as the reference. The FVSI was used to indicate the voltage
stability of the system under various penetration levels. An MCS was performed to illustrate the
possibility of increasing the maximum limit of DER for feeders, distribution systems, and transmission,
and an integrated system. When just feeders are considered, the simulation results for various load
conditions indicate that it is possible to increase the capacity of the DER to 12.5 MW for each feeder
without causing a disturbance in voltage stability. Using the new DER limit, an MCS is performed
at both the distribution and transmission system levels, from which there are no voltage or FVSI
violations found. Finally, a one month simulation is performed using the actual load and generation
profile for various penetration levels. It is concluded that if the DER power factor is maintained at
0.9 lagging, the capacity of the DER can be increased to 12.5 MW in each feeder without causing any
voltage instability in the system. In this study, power flow analysis is used to check voltage violations.
Therefore, it is expected that the proposed methodology can be adopted for all interpretable system
models. The proposed methodology also uses Monte Carlo simulation which takes into account system
diversity. Furthermore, it is expected that the proposed framework can help the utility to obtain
maximum hosting capacity. For DER owners, they can avoid the event in which the DER cannot be
integrated into the distribution line by a lack of hosting capacity.

Moreover, the increase in hosting capacity has economic benefits by reducing the investment
costs for new distribution lines. The economic benefits estimated for the study here are estimated to
US$4,023,954. Although the economic benefits depend on the extent to which distribution lines need to
be expanded by region, as the hosting capacity of distribution lines improves by 25%, the investment
cost of distribution lines for linking the DER decrease by 20%.

In this study, the maximum hosting capacity is evaluated based on voltage stability. However, the
importance of flexibility evaluation is increasing and also necessary to evaluate system stability when
the number of DER is increased.
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