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ABSTRACT More photovoltaics are deployed at distribution networks and these noticeably cause
voltage fluctuations in the distribution system. Use of smart inverters (SIs) is investigated as they
enhance grid stability with voltage and frequency support. However, these potentially beneficial oper-
ating modes of SIs and their impact on the power system operation are not well-known. Conven-
tional simulation packages do not have the tools to run simulations with these inverters. In order
to fill this gap and investigate these points, a brand-new simulation platform called Solar Resource
Application Platform for Grid Simulation (Sora-Grid) is being developed. In this paper, Sora-Grid’s addi-
tional capabilities and its unique approach to integrating SIs into the power flow calculations are presented.
Some simulation works have been undertaken to show its operation. Furthermore, the results give an insight
into understanding the behaviors of SIs and how they impact the distribution grid operation. A typical
distribution network with several residential houses is modeled, and the impact of changing operating
conditions and active power output on the system voltage is investigated. Finally, a mathematical model
is developed to optimize the SI capacity. The optimum point ensures that maximum solar energy is captured,

while fair operation is maintained.

INDEX TERMS Smart inverters, distributed control, distribution grid dynamics, power system modeling,

active distribution networks, optimal sizing of smart inverters.

I. INTRODUCTION
Widespread use of Distributed Energy Resources (DERs)
creates novel problems in grid operation and control [1].
Environmentalists and some politicians are exploring new
ways of deploying more DER based generators, and this
requires engineers and system operators to bootstrap new
techniques and operation schemes in the traditional electrical
network [2], [3]. The intermittency of renewable energy based
DERs create supply security issues. Furthermore, inverters
are decreasing the overall inertia of the power system causing
stability issues such as voltage or frequency. In order to reap
the benefits of clean energy while keeping their impact at a
low scale, inverters need to provide auxiliary support to grid
operation, in the same fashion synchronous generators do.
Such devices are called smart inverters (SIs), or inverters with
advanced capabilities, and can provide voltage and frequency
support [4].

Power companies are known to be notoriously in favor of
status quo and refrain from making large-scale changes in

their infrastructure. Considering the capabilities of SIs and
their potential impact on the system, this lack of motivation is
understandable. It is important to run extensive tests with this
equipment under varying conditions to study and learn their
behavior in different conditions [5]. Unlike bulk generation
power plants or control devices such as flexible AC Trans-
mission Systems (FACTS) [6], DER based generators can
be placed in almost everywhere. This increases the number
of scenarios and cases that should be tested before actual
deployment. This can be tackled with software-based simula-
tion platforms, as in this paper, or with hardware in-the-loop
studies that emulate a real-life operation scenario and require
lots of engineering man-hours [7]. Smart inverters are new in
the power system arena and most of the well-established sim-
ulation package programs do not have them in their libraries.
Those who have implemented them, such as OpenDSS, can
support only a few functionalities and not the ones related to
frequency control. With the recent popularity, this is expected
to change but there is a finite learning curve for the industry to
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catch up [8]. Feeling this need and seeing this knowledge gap,
a unique simulation platform called Solar Resource Applica-
tion Platform for Grid Simulation (SoRA-Grid) which inher-
ently models SIs and has the ability to run frequency related
functionalities. The capabilities of this software are explained
in the coming sections while the simulation results presented
in this paper are all obtained from it.

Due to their capabilities, SIs are very popular in research
domain. There are works focusing on comparing their opera-
tion modes and their effectiveness [9], designing new control
modes [10], and their integration with droop functionality to
mitigate intermittency of solar generation [11]. Other works
focus on their performances in different topologies such as in
Hawaii [12], California [13], Japan [14], [15], Costa Rica [16]
and Taiwan [17]. There are also works that look at coordi-
nating several SIs for maximum system stability as in [18].
However, most of these studies consider large scale SIs that
are connected to the high voltage networks. Voltage fluctua-
tion becomes a big problem in distribution networks, due to
cables and high resistances, when there is local generation.
Therefore, it is important to study their operation in low-
voltage systems that are more likely to have over-voltage
issues.

Furthermore, all of these works focus on the immediate
impact of SIs on voltage regulation or frequency control.
There is need for a research that looks at the long-term of
SIs with their functionalities, how they increase the locally
generated power, and the revenue. It is important to under-
stand the nature in which SIs impact the amount of captured
renewable energy over a period of time and how the voltage-
limitation is mitigated so that renewable energy capping is
avoided. These two phenomena should be understood well to
find the optimum point between having a very expensive SI
with a high capacity and a small SI that generates less energy
but costs much less.

Following from above, in order to measure the advantages
and disadvantages of introduction of SIs to power systems,
a thorough investigation is required. Given the differences
between distribution networks utilized all around the world,
different localities may have different experiences [19]. Japan
has made a strategic move from nuclear-dominant power
generation mix to a more evenly distributed mix where
renewables are envisioned to play a bigger role [20]. Due
to historical reasons, power networks in Japan tend to be
run stand-alone with very little power exchange. This has
programmed power companies to be self-sufficient more than
anything else, a reality Japan has to adjust to as well. With
an aim to observe the benefits of SIs in distribution systems
and the challenges they bring along; a typical residential
network has been modeled. Simulations are run with different
operating modes of SIs. Their impacts on grid stability and
meeting voltage/frequency limitations due to grid code are
examined.

The rest of the paper is organized as follows: Section II
gives an overview of SIs and their different operating modes.
Section III outlines the operating principles of SoRA-Grid
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simulation platform while Section IV details the typical
distribution network utilized in these simulation studies.
Section V shows power output and voltage profile when SIs
are operating in different modes. Section VI discusses the
impact of these results on grid planning and deployment of
SIs in residential distribution networks where house-owners
are directly impacted by the operation of the system.

Il. OVERVIEW OF SMART INVERTERS AND

THEIR CAPABILITIES

SI can be defined as inverters with advanced control functions
that can be used to help the grid operation such as voltage
and frequency support [4]. These devices have the ability to
operate in all four quadrants of P-Q plane, and can source and
sink P as well as Q, independent from each other. SIs control
their power output with respect to local voltage and frequency
measurements, thus providing support to the grid.

To decrease the burden on inverter-interfaced generators
on the power network, SIs with advanced capabilities are
being deployed. These capabilities are not the same across
all countries and jurisdictions; and many regions do not have
a defined certification procedure to validate the function-
ality of these devices. As a result, DER system vendors
create different versions of the software to be compliant
with regional requirements. This adds cost and complexity
to the design and certification processes. It also generates
disparate testing methods and there is no common set of
parameters that can be communicated to the DERs. If a single
procedure was created that accounted for all the jurisdictional
variations (e.g., a superset of the grid code discrepancies),
a single document and procedure could validate all grid code
requirements [S].

Initially, IEC/TR 61850-90-7 [4] has defined a list of
standardized interoperability functions for DERs. As shown
in Table 1, these functions are grouped under nine modes.
First seven groups focus on power-related functions that are
expected from power converters with advanced capabilities.
These functions aim at supporting grid by supplying reactive
power (VAR), reactive current or managing real power and
supporting frequency. It is documented in the literature that
these capabilities will decrease the burden of solar based
DERs on the distribution grid, both financially and from
operations point of view [21].

As far as Var support is concerned, IEC 61850-90-7 have
defined four types of var base when applying %Q to calculate
the final output:

e VVI - Available var output with no impact on watts

e VV2 - Maximum var support based on Wmax

o VV3 - Static Mode with fixed Q output

e VV4 —No Q support
VVI1 means that available VAR support will be provided
with no impact on watts. The amount of Q that should be
exchanged, i.e. injected or absorbed depending on the sit-
uation, and the corresponding voltage levels are defined as
shown in Figure 1, below. When the voltage is below 97% of
its rated value, 50 % of available vars should be injected to
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TABLE 1. Smart inverter capabilities listed in IEC61850-90-7.

Modes Functions

INV1: grid connect/disconnect

INV2: adjust max. generation level up/down

Immediate Control INV3: adjust power factor

INV4: request active power
INVS: Pricing signal (charge/disch.)
VV1: Available Var support, no P impact

Volt-Var VV2: Max. Var support based on Wmax
Management VV3: Static Power Converter
VV4: Passive Mode (No Var support)
FW21: High freq. reduces P
Frequency Related

FW22: Limiting generation with f

Dynamic Reactive . .
TV31: Support during abnormally high or low voltage
Current Support

“Must disconnect” (MD)

“Must remain connected” (MRC)

Low-high voltage
ride-through

‘WP41: Watt power factor

Watt triggered
WP42: Alternative watt power factor

Volt-watt VWS51: Volt-Watt management (generation)
management VWS52: Volt-Watt management (charging)
Non-power TMP: temperature

parameters PS: pricing signal

DS91: Modify DER settings (power conv.)

Setting and DS92: Log alarms and events

Reporting DS93: Selecting status points

DS94: Time synchronization requirements

Example settings for
providing % of available vars

A P1 (V =97 %VRef, Q= 50 % VArAval) —— VeltageRising/Falling
= \
L
g Overexcited P3 (V=101 % VRef, Q = 0 % VArAval)
5 +“—> _ N
o A g Ll
» System Voltage
b4 P2 (V = 99 %VRef, Q = 0 % VArAval)
>

Underexcited \
«—>
\/

P4 (V=103 % VRef, Q =-50 % VArAval)

IEC 427113

FIGURE 1. VV11 var support mode control curve without hysteresis.

into the system, thus increasing the voltage. When the voltage
is between 97 and 99 % of its rated value, Q support follows a
linear relationship. For voltage values between 99 and 101 %,
the system is stable enough and no support is required. If the
voltage exceeds 101% of its nominal value, then SI starts
absorbing vars from the system and increases the amount with
voltage value until it saturates at 103 %.

Maximum var support based on Wmax follows a simi-
lar idea. However, when there is a voltage dip the amount
of exported Q is calculated as a percentage of maximum
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watts the inverter can generate. This ensure that var support
provided by an SI is proportional to its ability to generate
real power. All the other modes such as frequency-watt
(FW21) or voltage-watt (VW51) follow patterns similar to
Figure 1, as defined by the standard. More information
regarding these modes and their characteristic curves can be
found in IEC 61850-90-7 [4].

One of the biggest strengths of SI is the ability to operate
in all four quadrants of the P-Q plane. In this fashion, it can
be set to operate at a fixed power factor, instructed to change
its VAR output according to voltage variation on the point
of common coupling or cap its active power generation in
conjunction with the allowable voltage levels set forth in the
local grid code.

Ill. SIZING OF SMART INVERTERS FOR FAIR OPERATION
It is possible to model mathematically, the maximum size of
a Sl in a simple distribution network as shown in Figure 2.

T LT L LT

FIGURE 2. A simple distribution network.

In this system, the voltage that should be set to Viimit
(allowed maximum) is V, (the last, n”* node in the system),
as it is the most vulnerable. If that is sustained, the other nodes
will always be lower. Assume that all SIs are the same and
they generate same P and Q. In this case, they will cause the
same voltage increase at each node, due to:

(Vincrease = Ioutput + Zline) (D

Following the typical linear structure of the network in Fig-
ure 27, voltage rise at a given node i can be written as:

= Vincrease * ((}’l + 1) - i) (2)

where n is the number of nodes in the system, e.g. 10 for this
case. The resultant voltage at a given node is equal to Vypominal
plus the sum of increases until that node:

Increase; pqe i

i
Viesuttant i = Viominal + Vincrease * Zl(n +D)—-i (3
Since the highest increase is at node n, it can be expressed as;

nx(n+1)
2

Grid codes express Viimi; as a percentage of Vyominal

Viominal + ( ) * Vinerease = Viimir (4)

Viimit = (100 + g)% of Viominal ©)
where g is the percentage increase allowed by the grid code.

Rearranging 4 and 5,

& X Viominal

Vincrease =
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On the other hand, the voltage increase is caused by the power
injected by the SI to the system. In an AC system, this is
expressed as:
RP+XQ  XP+RQ
S +J—=
Vs Vs
where Vi is the sending end voltage phasor. If the angle

between Vi and V., i.e. the receiving end voltage phasor, is too
small (7) can be simplified as:

(N

Vinerease =

RP + XQ
12
Normally, sending end angle is assumed to be zero to convert
the phasor of Vs to a scalar. However, in this case, there are
several sending ends and a single receiving end, feeder. Same
can be done for receiving end voltage, V,, and the voltage at

a given node, i, can be expressed as

®

Vincrease =

Ll
Vi=V,+RP+X0)x Y — 9)
j=1 "I

where the highest voltage value is observed at node n,
i.e. when i = n. Equating the voltage rise portion, addition
to V., with (6), give the relationship between P, Q provided
by an SI and the voltage rise induce:

Voomi "1
g X 1nommal _ (RP+XQ) % Z - (10)
(=G0 x 100 =V

where 7 is the number of nodes, g is the percentage of allowed
voltage rise in the system allowed by the grid code, R and X
line are reactance and resistance, respectively, while P and
Q are real and reactive power outputs of SI. Although it is
possible to rearrange this equation with Z, impedance and S,
apparent power, parameters; it is not possible to simplify it to
an equation that can be solved in a trivial manner. Phasors of
each nodes along the way, both their magnitudes and angles,
should be taken into account. More importantly, in Volt-var
mode, e.g. Figure 1, var output is a function of voltage, Q(V),
and this makes iterations more difficult.

Therefore, using a simulation platform that works out these
values through power flow iterations is much easier. It is pos-
sible to set P and Q values, by setting power factor, in which
case a fixed relationship between them will be established.
Once the equation is solved through iterations, the maximum
permissible capacity, S, of a SI in the system can be worked
out from

S? = p? + Q2 (11)

IV. A NOVEL SIMULATION PLATFORM

FOR SMART INVERTERS

As explained in the previous section, planning and sizing
of SI require a tool that can model their impact on the
voltage rise with respect to their real and reactive power
outputs. To fill this gap a power system simulation tool,
SoRA-Grid, is specifically developed to accommodate SI
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in power networks. The motivation is to investigate impact
of Photovoltaic (PV) penetration in distribution networks
under varying solar radiation, loading or network conditions.
Depending on the focus being short or long-term impact,
the studies can be run for a few minutes or a few days [8].

Network Model

{P(PV output) Output
*PCS Control methods
Ratings SoRA *node P,Q,V,0
‘load P, Q -Grid ‘ *branch P, Q
Tap (simulation
*Trans ~[ Impedance ! box) Fe A
Ratings
* Distribution line
Impedance

FIGURE 3. SoRA-grid operation.

SoRA-Grid is developed in MATLAB, uses Simulink
components to model the network while simulations are
run in MATLAB’s console. Inputs given and results of
power calculations into by CSV files. As conceptualized
in Figure 3 below, PV generation patterns for each SI, power
demand profile (P, Q) for each load can be inputted with
resolutions down to a minute. Different operation modes
(Volt-Var Control, and Volt-Watt Control and Power Factor
Control etc.) can be set for different SI. It is also possible to
set operation of transformer taps and their schedules.

Since SI is a component that actively contributes to power
exchange in the system, it disrupts natural flow of power
flow iterations. SORA-Grid implements the following itera-
tion approach:

1. Solve the system with normal Power Flow Iterations

2. Solve for V, P and Q values for all nodes

3. For nodes where a Transformer, SI or a battery is
connected, use these initial V, P, Q values to detect its
reaction (e.g. a SI may inject P, or a transformer may
change its tap etc.)

4. With new values of nodes due to changes in 3, re-run
step 1 and 2.

5. Repeat above process until the power flow calculations
accommodate all SI reactions and a steady-state is
reached.

It goes without saying that it is possible to run these Sls as
traditional inverters and such cases can be used as bench-
mark cases to compare with other scenarios where advanced
inverter capabilities are activated.

V. DISTRIBUTION NETWORK MODELING

In order to investigate impacts of novel capabilities incorpo-
rated into SIs, extensive studies have been run. The benefits,
such as frequency or VAR support, as well as drawbacks,
such as excessive voltage rise are examined. To achieve this,
a typical distribution network, shown in Figure 4, is modeled.
It is aradial network with 12 branches that feed 4 houses each.
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FIGURE 4. Distribution system model for residential area.
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FIGURE 5. System modeling in SoRA-grid (with Matlab/Simulink GUI.

The infinite bus is connected to the network over a
66kV:6.6kV transformer while individual branches further
reduce this to 210 V. These distribution networks use center
tapped secondary, so that the input voltage to a household is
105 V and no ground connection is needed. The parameters
of large step-down transformer (66:6.6 kV) and smaller pole
transformers (6.6kV:210V) are given in Table 2.

TABLE 2. Feeder transformer parameters.

Pole
Feeder Transformer
Transformer

Rated capacity [kVA] 600 50
Primary voltage [V] 66000 6600
Secondary Voltage [V] 6600 210
tap voltage [V] 66000 6600

Z[Q] 3.08 +j21.56 0.005+j0.0082

Line impedances, including the back impedance, are also
modeled for each distribution line and drop-line connection.
It is a practice to use a larger distribution cable for the
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first half of the network and a smaller cable on the second
half, as the previous one carries the energy for all connec-
tions. In this model the length of these cables is 400m and
500 m between two nodes, respectively. In each node, looking
downstream, there is a pole transformer followed by another
distribution cable, this time a low voltage one. Finally, drop
cables are used to connect households to the lines. These line
impedances are given in Table 3.

TABLE 3. Line impedances.

Cable Type Impedance Length
Back impedance j1.211Q] N/A
HV AL 325 mm2 |0.0945+j0.1103 [Y/km] | 400 m

HV AL 120 mm2 | 0.4000+j0.3480 [Q/km] | 500 m
LV AL 120 mm2 | 0.3550+j0.2680 [Q@/km] | 50 m
LV 3.2 mm2 (drop) | 2.005+j0.0940 [Q/km] | 20m

The final drop line connection represents connection to
three individual households each of which has PV modules,
a Sl and a load, as shown in Figure 5. Considering the typical
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size of houses, and their roofs, a 3 kW PV system is modeled.
Houses are assumed to have same load profiles, P and Q,
which are modeled based on a local utility’s measurements
as shown in Figure 6.

1.4

[y
ra

[

— P K]

(=]
oo

—

[kVar]

w/—/,\

(=]
(=2}

Lgad kW /kVAR
-

(=]
%]

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [Hour]

FIGURE 6. Load Profile of an individual household.

Each of the SIs has the capability to run in one of the

following modes:

o Q control Mode, where the reactive power output of the
inverter is set, real power, P, can assume any value as
long as it is within the capacity of the SI

« Power factor mode, where the power factor is set to a
desired value

« Volt-Var mode, where the reactive power output of the
inverter is controlled with respect to the system voltage.

Several simulations have been run where different SI are
running in different modes. Furthermore, solar curtailment
to limit voltage rise in the distribution system has been
implemented. In this fashion, these cases can be compared
with baseline case where no such limitation is imposed.
Figure 7 shows the real power output of each node (represents
lumped behavior of 4 SIs) where no voltage limitation is
imposed. Only one curve is visible as all nodes have the
same real power output and a reactive power output of zero.
Figure 8 shows the voltage values for each node, and it is
evident that voltage levels at some downstream nodes exceed
the maximum permissible value set by the grid code.

10
9 =—8=—Nodel
2 === Node2
Node3
7
. Noded
Z 6
=3 —e—Node5
&~ 5
—a—Nodet
4 —8—Node7
3 e N OdES
2 —e—Node9d
1 —e—Node 10|
0
0:00:00 6:00:00 12:00:00 18:00:00 0:00:00

FIGURE 7. Real power output without voltage limitation.

The basic measure taken to avoid this phenomenon is to
limit real power output, P, when the node voltage reaches the
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FIGURE 8. Node voltages without voltage limitation.
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1 =g Node10
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0:00:00 6:00:00 12:00:00 18:00:00 0:00:00

FIGURE 9. Real power output with voltage limitation.

maximum permissible value as per the grid code. This feature
is also implemented in all conventional inverters. In this case,
as shown in Figure 9, since the voltage rise is directly related
to the relative location of the inverter with respect to grid
connection, an unfair situation appears. Inverters that are
further away from the feeder connection, i.e. downstream,
need to limit their output much sooner, as shown in Figure 10.

215

—e—Nodel

—a— Node2
Node3
Noded

—e—Node5

—e— Node6

Voltage [V]

—e—Node7
—e— Noded
—a—Node9

== Node10

203

0:00:00 6:00:00 12:00:00 18:00:00 0:00:00

FIGURE 10. Node voltages with voltage limitation.

This creates a difficult problem for policy-makers and
household owners. Houses located in the same distribution
network enjoy different levels of energy export capacity,
merely depending on their proximity to the feeder connection
point. In other words, for the same amount of investment,
house owners will get different return on investment. This
creates a big hurdle in convincing public into purchasing PV
modules with SIs, unless a fair solution is found.
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FIGURE 11. Real power output with Volt-Var control.
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FIGURE 12. Reactive power output with Volt-Var control.
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FIGURE 13. Node voltages with Volt-Var control.

One of the ways to tackle this issue is to run Sls in
Volt-Var mode where their VAR output changes with node
voltage, see [4] for details. Rising node voltage triggers
SIs to absorb more VARSs to help reduce the local voltage.
As shown in Figure 11, in this mode, every node contributes
to reducing the local voltage rise and curtailment amount
is reduced, though not eliminated. Still, a fair operation is
not achieved, due to the fact that Volt-Var control is based
on the local node voltages. Therefore, downstream inverters
dedicate their capacity to VAR absorption, much sooner than
their upstream counterparts. For an unlimited capacity, this
may not prove to be problematic. However, for limited capac-
ities, this means downstream inverters saturate their capacity
with VAR absorption and cannot output same amount of
real power. In such situations, extra capacity for downstream
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inverters must be subsidized by government or other agen-
cies, so that with the extra capacity, they can output the same
real power. Another approach is to compensate downstream
inverters for their Q support, instead of only making payments
for amount of exported P.

An alternative approach suggests that all inverters should
use same amount of their capacity for Q support in the grid.
In such a case, the burden of voltage control will be equally
distributed among inverters. PF mode of Smart Inverters can
be utilized to set a fixed amount of Q output (or absorption)
for a certain amount of P generation. In the test scenario,
when all the inverters are set to run in 0.85 power factor mode,
a fair operation is achieved as shown in Figures 14 and 15.
Simulations run with different PF setpoints yielded differ-
ent results. Choosing appropriate PF setpoint for systems
with different inverter sizes, load profiles and solar radiation
(i.e. PV output) is an open research field and a future work
item. Another parameter that can be changed is the capacity
of the SI. In this fashion, a fair operation can be achieved with
much smaller investment on the equipment.
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FIGURE 14. Real power output with PF = 0.85.
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FIGURE 15. Reactive power output with PF = 0.85.

Figures 16, 17 and 18 show P, Q and voltage profiles when
the capacity of SIs is reduced from 3 kVA to 2 kVA (12 kVA
to 8 kVA per node). Unlike the previous case, i.e. capacity =
12 kVA, real power P generation saturates, and Q output
follows along. Local voltage profile shows that maximum
levels are not reached, even at the peak power generation
point. This shows that there is an optimum capacity where the
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investment is not as large, voltage rises are more manageable,
and a fair operation is achieved. A thorough algorithm that
yields the most optimum sizing and/or power factor set point
for a given inverter size needs to be investigated.

VI. OPTIMAL SIZING CONSIDERATIONS
Use of SI'in PV systems introduces novel research questions
such as fair-use of the public electric grid, different pricing
schemes to maximize the overall output and to minimize the
difference between different households. In this section, a fair
operation is assumed where all SIs connected to the same dis-
tribution network generate the same amount of energy. Then,
the voltage rise in a particular network and the corresponding
cap on generation are studied for different SI/PV panel ratios
with the motivation of finding the most optimum one.
During these studies, five representative irradiation pat-
terns of Koriyama City are utilized to reflect the impact of
real-life variation of available solar power. As compared to
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static annual or monthly average patterns, this approach has
the benefit of quantifying the days where the overloading
has an actual impact on the generation. A novel simulation
software, SORA-Grid, developed by FREA is utilized to run
power flow studies on a distribution network and over-voltage
protection limitations have been enforced. The results are
compared in terms of the revenue generated from power
injected to the grid, utilization of the installed SI and how
much of the available solar energy is harvested by the system.

A. CATEGORIZED WEATHER DATA USED IN SIMULATIONS
Irradiation pattern which is fed to SoRA-Grid is the
most important input data since the resultant PV output
power is calculated from it. It is more common to use
monthly or annual averages of solar radiation patterns. How-
ever, such averaging causes loss of resolution and extreme
high, as well as low, points where PV generation limitation
may occur are not taken into account. Therefore, effective
average of solar radiation from PV plant’s generation point
of view would be lower. While using the measured data of
every day for an entire year is the most accurate approach,
it is not feasible due to volume of the data that needs to be
processed. In order to include the impact of varying radiation
in a reasonable fashion a classification approach has been
utilized in this research.

Based on two different indices, i.e. Variability Index (VI)
and Clear Sky Index (CI), five basic irradiation models have
been used to categorize annual data [22]. As shown in (12),
Vlis the ratio of the length of the measured global horizontal
irradiance (GHI) and the length of the clear sky GHI. On the
other hand, CI is a metric used to quantify the amount if
available solar radiation that reaches the ground and it is
shown in (13).

- \/ (GHIjy1 — GHI})? + (tiy 1 — ti)?

VI = (12)
1= J(CHI = CHIY? + (s — 1)?
I — Yopoy SO () — 1) a3)
Yopd ) S (1 — 1)

where GHI is Global Horizontal Irradiance and CHI is
Clear-sky Horizontal Irradiance, both of which are expressed
in [W/m?] and taken at time tk.

With the help of CI and VI, 5 distinct patterns correspond-
ing to Clear sky, Overcast sky, Moderate variability, Mild
variability and High variability are extracted. Table 4 shows

TABLE 4. VI and ClI criteria for classification.

Pattern Name CI VI
Clear =0.5 <2
Overcast =0.5 2
Moderate X 2=VI<S
Mild X 5=SVI<10
High X >10
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FIGURE 19. Different variability patterns and their annual distributions.

the criteria utilized for these patterns. The data used is the
solar irradiation is measured at FREA’s facilities. It is the
recorded minute-average for an entire year (2017). Normally,
PV modules are installed with a tilt angle to maximize the
captured solar radiation. Therefore, a module tilt angle of 20°
is considered instead of GHI. The results are shown in Fig.19.

After this classification, each pattern is divided into 4 dif-
ferent scales which are equally distributed between maxi-
mum and minimum peaks. In this fashion, differed irradiation
levels corresponding to same variability pattern are distin-
guished from each other. Also, number of days in which a
particular pattern (and one of its 4 sub-scales) is determined.

Equation (14), shows how the maximum possible PV out-
put is calculated from these irradiation patterns, installed
capacity of the PV and a loss factor K. For the ease of
calculation, the generation is calculated in 1-hour time steps
(instead of a minute).

PVout; = PVeqp X Irrad; x K (14)
where Trradt is solar irradiation [W/m?] and PVcap is PV
capacity in kWs, and K is an efficiency factor of 0.85 which
considers losses due to the inverter, wiring and others causes.
Fig.20. shows PV output for each pattern and its sub-scales.

These patterns give valuable information on how
clear or how variable months or seasons in a particular
location. For example, Table 5 shows the distribution of
these patterns among months and seasons. It can be observed
that Moderate and Mild are the most frequent patterns in
Koriyama city while Clear and High are very rarely observed.
Furthermore, as shown in Figure 21, Clear never appears
in Winter months, while Summer months are dominated by
High variation.

Multiplying PV output values with the number of occur-
rences in a year gives the maximum available power from
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TABLE 5. Frequency of irradiance patterns in Koriyama.

Month | Clear | Overcast | Moderate | Mild | High
Jan 0 7 9 14 1
Feb 1 4 10 9 4

March 1 9 11 5 5

April 2 2 15 10 1

May 8 4 6 10 3
June 0 2 10 6 12
July 4 6 9 7 5

August | 0 6 12 8 5

Sept. 1 5 11 8 5
Oct. 1 12 6 11 1
Nov 10 13 0
Dec. 9 6 15 1
Total 18 76 112 116 | 43

PV systems without any limitation from undersizing of the
SI and/or voltage rise in the distribution network. These are
reflected on the results with the simulations that are run on
SoRA-Grid as explained in the next section.

B. SIMULATION RESULTS

Firstly, the modeled distribution system is run with different
SI/PV ratio and the performance is observed. Since this is
meant to serve as a base case scenario, no voltage limitation
is enforced. This also removes the effect of location on the
power output and helps understand its impact on SI output
later. SI/PV ratio is varied from 100 % to 20 %. The lower
ratio corresponds to the threshold where the SI capacity is
only sufficient to feed the local load and there is no extra
power that can be exported. All the other ratios correspond to
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FIGURE 21. Monthly variability conditions vs. % of days.

different amounts of surplus power. Table 6 shows the annual
power output and the surplus that is injected to the grid for
this base case.

The natural flow of the simulation requires that first
upper voltage limitation is enforced as per the national
grid code. In Japan, distribution networks are limited to a
202 =+ 20 Volts. Therefore, in this step, SORA-Grid simulates
the entire network, and enforces a maximum voltage limit
of 222 V on every SI. The total power generation and the
surplus amount decrease as Table 7 shows. As the SI/PV ratio
decreases, the capacity of SI and its ability to export power
become lower. 60 % ratio seems to be the cut-off point since
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higher ratios experience power caps due to voltage rise, while
lower ratios follow the base case.
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FIGURE 22. Effect of voltage limitation on SI outputs.

As expected, households that are farther away from the
feeder connection are affected more and their generation
is limited. On the other hand, houses nearer to the feeder
enjoy the voltage stability and can export more energy.
Figure 22 below shows how houses A, B, C and D have
different outputs until the 60 % ratio, after which all house-
holds have the same output (and a fair environment is
achieved). Similarly, Figure 23 shows the amount of power
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TABLE 6. Annual power output and surplus power (no upper voltage
limit).

SI/PV | SI capacity Annual Power Output Annual Surplus
ratio [kVA] (MWh) (MWh)
100 4

95 3.8

90 3.6

85 3.4

80 3.2

75 3

70 2.8 751.362 358.847
65 2.6 737.185 344.669
60 2.4 719.909 327.393
55 22 699.827 307.311
50 2 675.424 282.908
45 1.8 643.521 251.005
40 1.6 604.868 212.352
35 1.4 559.017 166.501
30 12 501.883 109.368
25 1

TABLE 7. Annual power output and surplus power (upper voltage limit
of 222V enforced).

SIPV | SI capacity Annual Power Output Annual Surplus
ratio [kVA] (MWh) (MWh)
100 4
95 3.8
90 3.6
85 3.4
80 3.2
75 3
70 2.8 743.961 351.446
65 2.6 736.644 344.128
60 2.4 719.909 327.393
55 2.2 699.827 307.311
50 2 675.424 282.908
45 1.8 643.521 251.005
40 1.6 604.868 212.352
35 1.4 559.017 166.501
30 1.2 501.883 109.368
25 1
20 0.8

lost (i.e. power which would, otherwise be harvested) due to
voltage limitation.

While selecting a smaller SI/PV ratio seems to be a good
solution from these results, it has a negative impact on
the ability to harvest the available solar energy. It is true
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FIGURE 23. Capped power due to voltage limitation per household.
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FIGURE 24. Amount of unharvested available energy.

that smaller SI capacity means lower capital costs, however,
as Figure 24 shows, the amount of uncaptured available
energy becomes very high for lower ratios.

Looking it individual houses, smaller SI capacity brings
everybody to a level playing field, which means privileged
houses such as A and B will experience larger energy loss
(unharvested energy) as shown in Figure 25. 60 % ratio,
again, seems to be the threshold, where the losses are even,
and the generation is fair.

VIl. DISCUSSIONS ON FINDINGS AND

THEIR IMPLICATIONS

The obtained results are evaluated based on three different
parameters, which are Capacity Factor (CF), Energy Capture
Factor (ECF) and payback time.

A. CFAND ECF CALCULATIONS

As the simulation results show, varying SI size has impact on
the amount of harvested energy (from the available amount)
and the amount of limitation imposed due to voltage rise in
the electrical network. Too large SI size is ultimately limited
by the voltage rise, while too small SI size captures too little
solar energy. The optimum point lies somewhere in between
these two extremes. In order to have a structured evaluation,
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FIGURE 26. CF and ECF values for different SI/PV ratios.

in addition to well-known CF, a new parameter, namely ECF,
has been defined. It indicates what percentage of the solar
energy harvested by the PV module is captured by the SI.
These parameters are given in (15) and (16).

365 23

Z Z SIout

d=1h=0
365 23

2. D Sleap

d=1h=0
365 23

> > Slous

d=1h=0
ECF =
¢ 365 23

> 2 PVou

d=1h=0

CF = (15)

(16)

where Sloy is the actual power output of the SI, Slc,p is the
SI capacity and PV, maximum available power harvested
by the PV module. These values are summed over every hour
of the day and every day of the year. The results for different
SI/PV ratios are plotted in Figure 26.

It is observed that the amount of energy that is captured
is almost constant until 70%, after which is has a deep dive.
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On the other hand, CF increases steadily with smaller SI/PV
ratios. The crossover point is located between 50 and 45%.

B. CAPTURED ENERGY vs. INVESTMENT EVALUATIONS
The most important parameter in evaluation is the payback
time, i.e. the relationship between the initial investment the
revenue generated by the system built with it. The costs
are made up of three major components: initial capital cost,
annual maintenance costs and SI replacement cost which
occurs once in every 10 years [23]. Japan has subsidies in
place for renewable energy projects and this is subtracted
from the initial capital cost. In Fukushima prefecture, this is
40,000 yen/kW and it has an upper limit of 160,000 yens [24].
To calculate the overall cost of the system, local prices have
been gathered as shown in Table 8. The corresponding initial
costs are calculated as in equations below.

Costpy = Costgysikw X PVeap X PViygrate a7
Costsr+0ther = COStsyslkW X SIcap x (100 — PVsysrat) (18)
Costioral = Costpy + CostsitOther (19)

TABLE 8. Costs of system components.

Symbol unit value

PV capacity PV cap kW 4

SI capacity SI cap kVA variable

SI/PV ratio SI rate % 20~100

(5%++)

Equipment cost 1kW Cost_sys_1kW yen/ 364,000

kW

PV’s Share in overall cost®”) PV_sys _rate % 52
SI’s share in overall cost **! SI sys rate % 11

Maintenance cost 1kW Cost_mtn_1kW | yen/kW 1,200

/year

SI replacement Cost_pcs_chg yen variable

Based on [23], the annual maintenance cost can be assumed
as 1200 yen/kW. It is required to add the SI replacement cost
which happens once in a decade. The final annual mainte-
nance cost can be expressed as;

Maintannual = 1200 + (COStsyslkW X Slcap X SIsysrate)/lo
(20)
The system has two income streams which are revenue
generated by sales to the grid and the avoided costs with local
generation, i.e. amount of power which would, otherwise,

be purchased from the grid.
Total surplus power is calculated as:

365 23 12

Surplus,e; = Z Z Z SIsurplus,ode 21

d=1 h=0 node=1
Annual revenue generated by a house, on average, is:

Incomeyear = (Surplus,/Homeyum) x Incomexw  (22)

net

9801



IEEE Access

T. S. Ustun, Y. Aoto: Analysis of SI's Impact on the Distribution Network Operation

TABLE 9. Parameters used for income calculations.

Symbol Unit Value
Yearly total surplus power by Surplus_net MWh -
network.
Number of homes at network. Home num home 144
Hourly ST output at each node. SI out n MWh -
Hourly Load at each node Load n MWh -
Hourly Surplus power at each SI surplus_n MWh -
node.
Yearly total surplus power by | Surplus_lhome kWh -
1 house.
Yearly income by power Income_year yen -
selling 1 house.
Power selling cost by 1kW Income lkw yen/kW 28
(for house)

Annual reduction per house | Reduction_house yen -
Monthly fixed price Fee base yen 257
Monthly kWh price Loadsupply mon| kWh -

th

Daily load supply electricity | Loadsupply dail kWh -

per house y
Electricity Price (over 7kWh) Fee over yen/’kWh | 18.24

The annual bill reduction per house, due to local generation
and avoided purchase from the grid, can be worked out as:

12 dmax
Reductionypyse = Z (Feepgse + Z Feeyyer
node=1 d=1

s (Loadyonn — TkWh) — (23)

Finally, an overall cashflow calculation has been performed
for 40 years where a simple net income equation has been
used:

Cash_flow = —(Costira] — Subsidy) — Maintanpyal
+ Incomeye,r + Reductionpoyse  (24)

When the calculations are performed, different payback times
have been obtained for different sizes, since larger systems
require more investment, but can generate more income due
to larger renewable energy generation. The results are plot-
ted in Figure 27 while detailed cashflow data is given in
Appendix. It is observed that the figure reaches minimum
values between 65 and 50 % ratios. Considering this, 65 %
value is the optimum point for this study (with its particular
radiation pattern and network parameters), since it has the
lowest payback time with the highest SI/PV ratio. This means
it will generate more energy than others (i.e. 60, 55 or 50%)
once the payback is reached.

VIIl. CONCLUSIONS

This paper ventures into studying the impacts of SIs, on the
distribution network. Since conventional simulation packages
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FIGURE 27. Payback time vs. SI/PV ratio.

do not have the means to model them, a novel software,
Sora-Grid is developed. With the help of Sora-Grid, SI behav-
ior under different operating conditions is examined to see the
impact on voltage control, power output and fair operation
for all stakeholders. Future work focuses on how to plan
optimum SI sizes considering local constraints of voltage
rise. Furthermore, in this research all of the SIs are run in
the same mode. The optimum mix of SI capabilities run at
a certain point in time is also very important. With these
advanced capabilities, maximum amount of energy can be
harvested while supporting voltage and frequency stability in
the system.

Addition of SI into distribution networks not only pro-
vides auxiliary services but also creates new paradigms which
should be taken into account in planning. This work shows
the impact of P control (limiting P to prevent voltage rise)
on the operation and overall generation. Furthermore, it cat-
egorizes solar radiation in a particular location, Koriyama,
based on their variability and uses them to investigate their
overall impact on the local generation. Combining these
two considerations, an optimal SI/PV ratio study has been
conducted for a typical distribution network. Results show
that too small SI/PV ratios cannot capture major portion of
the locally available radiation while too large SI/PV ratios
have too much capacity which is not mostly used due to
voltage limitations. For this particular study, an overall opti-
mum point is found to be at 65 % where the SI capacity
is large enough to capture most of the local solar energy
while it does not get effected by the voltage limitations,
as its generation does not cause such incidents. These results
are valid for the power system modeled (including ratings
and parameters) as well as the radiation pattern that belong
to Koriyama. For other networks or locations, similar stud-
ies should be run as the results may differ. In any case,
a similar pattern can be expected while optimum point may
vary.
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FIGURE 28. Detailed cash flow chart for different SI/PV ratios over 20 years.

This work is important for energy companies, policy mak- panels, and SIs. The location of a household plays a large role
ers and PV owners, to understand the limitations imposed, in the maximum allowable energy export, and this should be
benefits of having SI capabilities and optimum sizing of PV taken into account in planning and operation.
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APPENDIX
See Fig. 28.
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