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Abstract

This paper presents the electrical impact of connecting a photovoltaic (PV) system without storage to the electric distribution network 13-
bus IEEE test case, integrating MATLAB and OpenDSS using a fluctuated vector of irradiance as an input for the PV system. The capacity
of the primary source is reduced to a value where the system requires to add PV modules to provide a reliable source of power. PV modules
are placed in both source bus and buses affected by voltage drops. Then, PV source is progressively increased to evaluate the voltage
variations when combining PV and conventional sources. The results showed how a reduction in the generation affects the voltage levels
of the system and how the inclusion of PV modules located in specific nodes tend to recover the system.
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Impacto del cambio de la ubicacion y la potencia de un sistema FV
en redes de distribucion eléctrica, integrando MATLAB y OpenDSS

Resumen

Este articulo presenta el impacto eléctrico de conectar un sistema fotovoltaico (FV) sin almacenamiento a la red de distribucion IEEE de
13 nodos, mediante la integracion de MATLAB y OpenDSS utilizando un vector de irradiancia fluctuante como entrada para el sistema
fotovoltaico. La capacidad de la fuente primaria se reduce a un valor en el que el sistema requiere agregar médulos fotovoltaicos para
proporcionar una fuente confiable de electricidad. Los modulos fotovoltaicos se colocan tanto en el nodo fuente como en los nodos
afectados por caidas de tension. Luego, la fuente fotovoltaica se incrementa progresivamente para evaluar las variaciones de tension al
combinar fuentes fotovoltaicas y convencionales. Los resultados mostraron como una reduccion en la generacion afecta los niveles de
tension del sistema y como la inclusion de médulos fotovoltaicos ubicados en nodos especificos tiende a recuperar el sistema.

Palabras clave: generacion de energia solar; simulacion de sistemas de potencia; OpenDSS; médulos fotovoltaicos; caso de prueba IEEE;
irradiancia.

1. Introduction geographical area where they are located, the season of the
year, cloudiness, among other climatic and environmental

Solar radiation is defined as the energy coming from the factors, in addition to the technical and constructive

sun as electromagnetic waves; incident solar power over a
surface is known as solar irradiance, measured in [W/m?] and
the solar energy corresponds to incident solar power over a
surface on a period of time in [Wh/m?] [1].

The generation of electricity from solar radiation, namely
photovoltaics, is directly proportional to the incident
radiation on the photovoltaic panels and depends on the

characteristics of the panels [2].

Solar irradiance fluctuates throughout the day and its
impact on the distribution grid is an important issue regarding
the effect of variable irradiance on large-scale application of
photovoltaic systems [3]. The growth of the energy demand
leads to the use of photovoltaic (PV) modules as an
alternative to conventional sources. The use of this non-
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conventional type of renewable energy must fulfill the
requirements established by the Colombian Mining and
Energy Planning Unit (UPME for its acronym in Spanish) in
law 1715 of 2014 [4], regarding the rational use of energy
and renewable resources.

Under Resolution 121 of 2017 from the Energy and Gas
Regulatory Commission (CREG for its acronym in Spanish)
[5], the activities concerned to small scale self-generation (up
to 1 MW) and large-scale distributed generation (up to 5
MW) are regulated. It was established that the installed
power capacity must be equal or below 5 % of the distribution
circuit nominal capacity. With CREG’s Resolution 030 of
2018 [6], the capacity of the distributed generators was
increased up to 15%, promoting the use of renewable
energies.

However, the use of photovoltaic systems to supply the
growing demand may create some electrical issues because it
is a DC source; it is converted to an AC signal; it needs to be
synchronized to the grid; and, even most importantly, it does
not provide a steady energy source. Therefore, the technical
issues of replacing generators in the IEEE 13 node test
system with a photovoltaic system are analyzed, working
with a variable irradiance provided by the Institute of
Hydrology, Meteorology, and Environmental Studies of
Colombia (IDEAM for its acronym in Spanish) [7]. The
power from both sources, renewable and conventional
energy, are gradually changed to supply the system loads, in
accordance to the power quality requirements regarding
voltage sags and swells for PV systems included in standards
IEEE STD 1547-1,2003 [8], ANSI C84.1-2006 [9], and
CREG 024-2005 [10], for voltage variations allowed in
Colombia. This study has been done using the EPRI open
source software OpenDSS through a MATLAB interface that
allows working with time-variable irradiance which is
processed by OpenDSS to provide the required outputs.

This paper is organized as follows: the second section
presents the integration of MATLAB and OpenDSS tools for
modeling of distribution networks with PV systems. The third
section shows the results of simulating an IEEE 13-bus test case
system, including a PV generation embedded in the OpenDSS
model. In the fourth section, obtained results and their analyses
are presented. Finally, the conclusions are shown.

2. Modelling PV systems under variable irradiance

Earlier studies [11,12] have shown the influence of
variable irradiance and temperature on the Maximum Power
Point Tracking (MPPT) on PV systems, leading to a change,
usually a decrease of the energy output, which impacts the
operation of the entire grid.

2.1. Modelling PV systems
APV array consists of PV cells connected in either series

or parallel and its mathematical model can be expressed as
follows [13,14]:

Peciny = Cc,fov(1 — Leap) 1)

E
Pcc,fov = PoRto,var [1 - g(TC - 25)] 1000 (2)

Te = Tamp + (TONC — 20) = ©)

Where P v is the DC power output from the PV panels;
Lean is the power losses at the DC wiring between the PV
panels and the inverter input (including fuse losses, switches,
wirings, antiparallel diodes if any, etc.); E is the solar
irradiance; g is the temperature coefficient of power in 1/°C;
T. is the temperature of solar cells; Tamn is the room
temperature in the shade; TONC is the nominal operating
temperature of the module, P, is the nominal power of the
generator; and Ryar is the performance which includes the
percentages of losses due to the photovoltaic modules
operating at normal condition.

PV modules can be mathematically modeled as follows [13]:

Iy = nplyp — Nyl <exp (ko n%)) 4)

Where, |, is the PV array output current; V is the PV
output voltage; In is the cell photocurrent, proportional to
solar irradiation; lys is the cell reverse saturation current that
depends on the temperature; ko, is related to Boltzmann
constant; n, is the numbers of parallel strings in the PV array
and ns is the numbers of series strings in the PV array.

Using Equations (1) - (4), the output power versus output
voltage curve can be obtained (Fig. 1) [11].

2.2. PV Systems under Variable Irradiance

Previous works, based on the fluctuation of irradiance and
temperature, have shown that such variability modifies the
maximum power point (MPP) making the flux of energy
unstable [15].

Solar irradiance depends on several meteorological
parameters such as air temperature (T), relative humidity
(RH), wind speed (Ws), wind direction (Wd), cloudiness
(CI), sunshine duration (S), clearness index (Kt), pressure
(P), etc., and geographical coordinates such as latitude and
longitude. Another study [16] illustrates that irradiance can
be predicted; but its results comes from measured data in a
specific weather station located at EI Dorado International
Airport in Bogota, Colombia [7].

One of the main issues of PV systems without stable
irradiance is the reliability of the data, considering that this
kind of analysis requires a minimum amount of data for a 24-
hour period as previous work shows [15].
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Figure 1. Power vs voltage curve of a photovoltaic system
Source: Adapted from [11].
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The exponential growth of renewable resources has
created the requirement of more accurate PV system models.
There are several studies proposing and validating MPPT
techniques such as perturb and observe, incremental
conductance, current sweep, and constant voltage [11]. Since
this paper does not focus on the MPPT, MPP placement is
not considered, even though irradiance will be a variable.

According to standards IEEE STD 1547-2003 [8] and ANSI
C84.1-2006 [9], which establish parameters for distribution
systems working under a 60Hz frequency, this study considered
the fact that irradiance and temperature lead to changes in voltage
levels. Such changes are within the acceptable voltage variations
found in the abovementioned standards.

2.3. Modelling variable irradiance using OpenDSS

OpenDSS can simulate power systems with the key
advantage of modeling different types of variable conditions
such as irradiance and loads. The frequency of the input data
determines the time range of the simulation; for instance, if
the input data is acquired every half an hour, the results shall
be displayed as a function of this interval. Considering the
active power, either supplied or absorbed by a specific bus
bar, the results will be shown using the same rate of the input
data. It is important to mention that all the data could be
acquired from physical metering devices such as a pyrometer
for irradiance. These data are normally obtained and
displayed as a vector, which contains the required
information that allows the software to run the simulations.
To guarantee power flow convergence, there must be
consistency among the quantity of data used and vector size.

OpenDSS models variable irradiance by working with
vectors that can be introduced directly as a variable (vector
type) or called from an Excel file, saved as a comma-
separated values (CSV) file.

Once the requirements for vectors are fulfilled, the vector is
called to OpenDSS using a simple line code which has five parts:
the irradiance vector with any desirable name (Mylrrad for
example); the number of points used and the time frame between
each point specified; the command to call the vector with the
actual name found in the CSV; and finally, the useActual
command which represents the data entered as a per unit value.

To run the simulation, the user must ensure that all CVS
files used and the OpenDSS script are in the same folder with
the data vector either introduced as a line vector code or
written as numbers separated by a single space.

3. Modelling distribution networks in OpenDSS

In this study, the 13-bus IEEE test case included in
OpenDSS is used, the code was developed by students from
Tennessee Technological University [17].

The general single-line diagram is shown in Fig. 2, and it
is given by the IEEE-PES, divided in voltages nodes [18] to
represent the general system. Initially, bus 632 is connected
to a voltage regulator and from this to the source or node 650
which OpenDSS adopts it as a slack node.

According to the official test case from IEEE [19], a
validation was required to ensure that power flow results in
terms of voltage and currents evaluated in the nodes of the

system were accurate. This revision led to a correction on the
library code in element 603 which represents a line that
connects nodes 632-645 and 645-646, as shown below.

Figs. 3 to 5 show that such correction has a relevant effect
in the line impedances. Fig. 3 indicates the initial code for
line 603 and Fig. 4 shows the information given by IEEE
regarding the same power line. Comparing those two figures,
a typographical error is observed due to the first and last
value from both resistance and reactance are shifted. The
correction is shown in Fig. 5.
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Figure 2. Modified IEEE 13 Node test feeder
Source: Adapted from [19]

New linecode mtx603 nphases=2
~ rmatrix = (1.3238 | 0.2066 1.3294 )
~ xmatrix = (1.3569 | 0.4591 1.3471)
~ 1Hiits=tmi
Figure 3. Original code line at the Tennessee Tech students’ script
Source: [17]

Configuration 603:
Z (R HX) in ohms per mile
0.0000 0.0000 00000 0.0000 0.0000 0.0000
1.32894 13471 0.2066 04591
1.3238 13369

Figure 4. Impedance matrix configuration for line 603 given by IEEE
Source: The authors

New linecode mtx603 nphases=2
~ rmatrix = (1.3294 | 0.2066 1.3238)
~ xmatrix = (1.3471 | 0.4591 1.3569)
~ Tmits=rmi
Figure 5. Corrected line code used for the original script
Source: The authors
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4. Integration of MATLAB and OpenDSS for the
modelling

4.1. Linking together MATLAB and OpenDSS

To improve the results’ user-friendliness obtained by
OpenDSS, it is possible to establish a link between OpenDSS
and MATLAB following the flowchart shown in Fig. 6. It is
important to clarify that all power flows are carried out by
OpenDSS calling Excel files. These files contain the
environmental resources such as irradiance or temperature
while MATLAB displays the results and gives the users the

opportunity to modify those parameters in real time.

MATLAB — OpenDSs

Link between MATLAR —OpenDss

U

START

1

STEP1

Enzure that allfilesthat are being used are
in the same default folder ss OpenD3Es files

T

STEP 2 — NEWSCRIPT

In MATLAB, a newscriptisgenerated, with
the code tostart OpenDSs from MATLAB

s

STEP3 - ADDTOMATLAB

Indexing files using MATLAR — OpenD&s
|add to path)

<}

STEP4 — HEADER AND ENDCODE

Consziderthe headerand end coda. Inthe
body of the code arewritten functions
OpenDss

s

STEP 5 — OpenDSs CODE

Start the code as if itwerawritten in
OpenDES, putting the indicated command
first

7

Table 1.
Utilization voltage limits according to ANSI C84.1-1 of 2006
Utilization voltage limits
Optimal voltage range Acceptable voltage range

function [Start, Obj, Text] = D5SStartup
Obj = actxzerver["OpenDESEngine DES );

:> Start = Obj.St=ar0);

Text = Obj.Text;

if 555tartOK
D&SText.Command = "#file locations
DE&Circuit = D550bj ActiveCircuit;

% DE5Text. Command = "#0penDss Code®d

Elze

3 ="DsS did notstart;
disp(a)

end

[DS3StartOK, DSS0b], DSSTaxt] = DSSSmrtup;

Figure 6. Flowchart to connect OpenDSS with MATLAB

Source: The authors
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Figure 7. Irradiance using MATLAB and OpenDSS

Source: The authors

128

Minimum 90% 86.7%
Maximum 105% 105.8%
Source: [9]

Following the previous flowchart, OpenDSS can be
linked using any C-based programming language software
such as Python or LabVIEW.

4.2. Evaluating OpenDSS results using MATLAB

According to the data provided by IDEAM [7], an Excel
file was called to OpenDSS as explained in section Modelling
variable irradiance using OpenDSS. The raw data were used
as input for the model and the information is presented in this
study as a daily irradiance curve generated by MATLAB, as
shown in Fig. 7.

There are other advantages for using a connection
between OpenDSS and MATLAB, mainly the visualization
of results, since MATLAB allows to display the charts with
a range variety of options.

5. Case study

The study is divided into four stages. In the first one, the
total power from the source bus is gradually decreased to assess
the effect of voltage drops in different buses according to the
power flow. A reduction of 16.68% in the total power system
led to voltage levels in several nodes to drop below the
acceptable voltage range (0.867 pu, according to Table 1).

In the second stage, a PV array is added in the source bus
to compensate the changes in the system using 680 kVA.
Then, in the third stage of the study, the response of the
system adding a greater PV capacity of 1360 kVA in the
source bus is analyzed. A fourth stage of the study is
considered shifting the location from source bus to a distant
node of the network to assess the effect in voltage levels.

Since a PV system is added, the information used must be
real and accurate; therefore, a KC85TS High Efficiency
Multicrystal Photovoltaic Module has been selected [20] and the
array has been calculated using Egs. (1) - (4) to fit the needs of
the different stages of the study. Considering that the irradiance
of January 2014 is the highest and most unwavering registered in
[7], it is used as an input to evaluate the behavior of the system.

All stages for this study are done with a variable measured
irradiance, therefore the variation in voltage levels of the
system is affected.

Originally, the critical buses were found while decreasing
the power generated by the main source; the IEEE 13 node
test feeder is connected to the grid, which virtually acts as an
“infinite source”. This source needs to be changed to a
regular generator or a synchronous machine to be able to
control its power capacity. To make this happen, both
generator and grid must be modeled under the same
conditions. Same initial results are guaranteed.

With the synchronous machine installed in the model a
power flow was conducted and a selection of the altered
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Table 2.
Service voltage limits according to ANSI C84.1-1 of 2006

Table 4.
Bus voltages with a PV array of 680 kVA in the source bus

Service voltage limits Bus/Node Phase VLN Angle VLN Base
Optimal voltage range  Acceptable voltage range [kV] [degrees] [pu] [kV]
Minimum 97.5% 95% 1 2.0831 14.1 0.86731 4.16
. 675 2 2.407 -101.6 1.0022 4,16
Maximum 105% 105.8% 3 2032 1358 0.84629  4.16
Source: [9] 611 3 2.0274 1355 084411 4.6
684 1 2.0939 14.3 0.87183 4.16
3 2.032 135.7 0.84602 4,16
Table 3. Source: The authors
Bus voltages for 16.68% of total power reduction
VLN Angle VLN Base
Bus/Node Phase [kV] [deg?ees] [bu] [kV] Table 5.
1 2.0216 15 0.8417 416 Bus voltages with a PV array of 1360 kVA in the source bus
675 2 2.3144 -101.1 0.96361 4.16 VLN Angle VLN Base
3 1.9761 1365 082278 4.6 BusiNode Phase  [kv [degrees] [ou] [kv]
611 3 1.9711 136.2 0.82068  4.16 1 2.0831 141 086731  4.16
1 2.0319 15.2 0.84602 4.16 675 2 2.407 -101.6 1.0022 4.16
684 3 1.9756 136.4 0.82254 4.16 3 2.0326 135.8 0.84629 4.16
Source: The authors 611 3 2.0274 135.5 0.84411 4,16
684 1 2.0939 14.3 0.87183 4.16
8 2.032 135.7 0.84602 4.16

buses is made based on those that were below 90% of its
nominal value or over 110% as CREG 024-2005 [10]
stablishes, and those that go under the values allowed by
ANSI C84.1-2006 for service and utilization voltage levels,
as shown in Table 1 and Table 2 [9].

6. Results and analysis

An analysis of the power flows considering the stages of the
study were carried out for the different scenarios previously
described. Results of the power flows lead to determine that the
most critical outputs were obtained in the nodes 611 (single-
phase), 684 (two-phase) and 675 (three-phase). The evaluation
of the impact of installing PV arrays on certain buses shows that
the voltage in the system is compensated.

Table 3 shows the results of voltage level in the most
critical nodes with a reduction of 16.68% in the total power
system. Voltage drops below 86.7% in the buses are
highlighted following the criteria allowed by ANSI C84.1-
2006 [9].

[——=550
646 645 632 633 634
. - - gg—e
611 684 671 692 675
. » e s
.
652 680

Figure 8. Modified IEEE 13 Node test feeder
Source: The authors

Source: The authors

In the first case, when the total power of the system is
reduced, all nodes have voltage drops below 86.7%. The most
critical case between three-phase nodes is at bus 675 as showed
in Fig. 8, in which the third phase drops to 0.82278 pu, as seen
in Table 3, despite the largest drop in the voltage occurring in
the single-phase bus 611 with a value of 0.82068 pu.

Table 4 presents the results when a PV array is added in
the source bus trying to compensate the changes in the system
using 680 kVVA. Under these conditions, the inclusion of the
PV array in the source bus shows an increase in the voltage
levels of the system, however these levels are still below the
allowed limits.

A greater PV array capacity of 1360 kVA installed in the
source bus led to results showed in Table 5, which shows how
the system recovers acceptable voltage levels by duplicating
the PV array capacity installed in the source bus.

During the last stage of the analysis, the PV array of
1360k VA is shifted from source bus to a distant three-phase
node of the network (675). Results are showed in Table 6.

Finally, a greater impact is observed when a power PV
capacity of 1360 kVA is installed in the most critical three-
phase node. The difference between installing this PV
capacity in the 675 node, rather than the source bus,
represents an increase from 0.8728 pu to 0.9021 pu for the
voltage in the third phase.

Table 6.
Bus voltages with a PV array of 1360 kVA in bus 675
Bus Phase \[/kli/'\]l [ dlz\grgelgs] \[/FI)_UT Base [kV]
1 2213 19.7 0.92138 4.16
675 2 2516 -95.4 1.0476 4.16
3 2.1667 141.8 0.90213 4.16
611 3 2.1499 141.3 0.89515 4.16
1 2.2119 19.8 0.92094 4.16
684 3 2.1549 1415 0.8972 4.16

Source: The authors
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It is important to highlight that in the second, third and
fourth stages of the study the behavior analyzed in the 611,
684 and 675 nodes can be seen in the rest of the nodes.

As expected, installing more PV capacity in the most
critical node can generate a positive impact, trying to recover
the system as shown in Table 6.

The previous results open the possibility of performing
other simulations in different tools for load flows, to carry
out verifications of the veracity of the simulations of
distribution networks with PV systems in OpenDSS and
MATLAB.

7. Conclusions

The electrical impact of connecting a photovoltaic (PV)
system without storage to an existing electric distribution
network has been described. Modeling power systems in
OpenDSS allows to modify the capacity of generation in
parallel with PV penetration considering variable inputs in a
time basis interval transforming the standard distribution
network into a distributed generation network.

As expected, the synchronous machine installed in the
system affected the voltage levels in the nodes when the
power capacity is reduced. Overexciting occurs when the
power in the generator decreases, because of a higher load
requisition, leading to a voltage decrease in the nodes, which
can be compensated installing PV arrays as seen in Tables 4,
5and 6.

Prior to the installation of PV arrays, it is important to
determine the nodes of the system where a larger impact in
the voltage level is evidenced. As shown in Table 6, installing
PV arrays in the critical node allows to mitigate the voltage
drops increasing from 0.8228 pu to 0.9021 pu for the voltage
in the third phase of node 675.

Historic data regarding irradiance or variable loads can be
used as vector inputs without any hardware in the loop
configuration to run time-varying conditions in power
systems. The integration of OpenDSS and MATLAB allows
not only to visualize results but also to modify and iterate
them under new conditions in the system.
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