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ABSTRACT

This paper investigates the impacts of solar irradiance, ambient temperature, and solar inverter efficiency on the performance of a photovoltaic system. The
analysis of the system has been performed on the unbalanced IEEE 13-node test feeder. The loads connected to the feeder are modeled as constant imped-
ance, constant current, constant power (ZIP) loads, and the daily load profiles of three customers (commercial, industrial, and residential) are employed. A
daily power flow simulation at 1-minute intervals has been carried out using Open Distribution System Simulator (OpenDSS). The PV system performance has
been evaluated using numerical simulations under three weather conditions, namely sunny, semi-cloudy, and overcast. The results show that the PV system
generates more power on sunny and semi-cloudy days while the PV output power is very low on an overcast day due to the extremely low solar irradiance.
In addition, the energy demand from the substation and the power loss has been reduced with the deployment of the photovoltaic system into the distribu-
tion system. Moreover, when the ambient temperature and inverter efficiency are considered, the PV system produced more power in sunny and overcast
conditions compared to when these factors are not taken into consideration or assumed the temperature is constant throughout the day. This result shows
the effect of the temperature of the selected region on the performance of the PV system. The losses due to the inverter and temperature can be reduced by

appropriately sizing the inverter and choosing a proper location with high solar irradiance and low temperature, respectively.

Index Terms—Ambient temperature, inverter efficiency, photovoltaic, power loss, unbalanced distribution systems

I.INTRODUCTION

The impacts of climate change have been increasingly witnessed all
over the world. Rising temperatures and drought frequency are affect-
ing millions of people around the world. Regarding this, renewable
energy sources such as solar are increasingly being used to meet
energy needs and are seen as potential solutions to tackle serious
energy crises and environmental concerns [1]. One of the most abun-
dant renewable resources is solar energy, which is projected to be the
fundamental basis for a sustainable energy economy. The power pro-
duced by a photovoltaic (PV) cell relies on several factors and these
are categorized in [2] as follows: PV system, cost, installation, envi-
ronmental, and miscellaneous factors. Several environmental factors
such as shadows, dust, temperature, and solar radiation impact the
PV system’s output power. A significant factor of uncertainty that can
complicate energy planning and jeopardize investment opportuni-
ties in the power industry is the vulnerability of PV systems to future
climate patterns. The impacts of extreme weather and climatic con-
ditions on PV power outputs have been studied in [3]. Higher tem-
peratures and persistent cloud cover reduce the output power of the
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PV system. Power electronics are also a crucial part of PV production.
Several power converter topologies and power tracking methods have
been proposed in [4]. The efficiency of PV inverters has increased over
time and achieved values over 97% [5]. The thermal behavior of PV
systems has been studied recently in [6, 7]. The open circuit voltage
is significantly impacted by the rise in cell temperature; it decreases
linearly with rising cell temperature. The PV output power relies on
solar insolation that can fluctuate significantly as clouds pass over-
head. Unless appropriate measures are taken, this can result in signifi-
cant negative power quality at high-level penetrations [8]. Historically,
the distribution system was planned based on peak demand. With
the proliferation of distributed resources such as PV, it has become
crucial for grid planners to analyze and design for dynamic conditions
[9]. Therefore, it is essential to accurately predict PV power output
under real weather conditions. The impact of voltage fluctuations due
to the moving cloud shadows on the distribution system with high PV
penetration is assessed in [10]. The impact of temperature and irradi-
ance on key parameters of various PV cell types was investigated in
[11]. Furthermore, several studies on the impact of PV penetration on
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the distribution network have been carried out. Mohanty et al. inves-
tigated the impact of PV penetration on an unbalanced distribution
network with dynamic load conditions [12]. Results reveal that loss
occurs comparatively less in buses with capacitors and more in buses
without capacitors. Additionally, the voltage profile remained within
the desired range and the PV injection has not resulted in an abrupt
increase or decrease in bus voltages. Moreover, Radatz et al. assessed
various distributed generation penetration levels in a real distribution
feeder [9]. These studies, however, have not examined the impact
of PV systems on distribution networks when ambient temperature
and inverter efficiency are taken into account. This is why this study
has been carried out. The contribution of this paper is to analyze the
impact of PV systems on distribution networks considering the tem-
perature and inverter efficiency using three load profiles and three
solar irradiance data with 1-minute resolution.

In this paper, an accurate simulation of the effect of PV on the dis-
tribution network is investigated by considering temperature, solar
irradiance, and inverter efficiency parameters. For that purpose, a
1-minute step size simulation is carried out on Institute of Electrical and
Electronics Engineers (IEEE) 13-node system using Open Distribution
System Simulator (OpenDSS) [13]. Three weather conditions which are
sunny, semi-cloudy, and overcast have been used to analyze the PV
system. Moreover, the analysis of the PV system has been conducted
by considering ambient temperature and inverter efficiency as these
affect the output of the PV system. Then, the effect of ambient tem-
perature and inverter efficiency on the PV system’s output has also
been demonstrated by comparing it with the PV system case which
considers only the solar irradiance. Following this introductory part,
the distribution network and the voltage-dependent load model (ZIP)
used in this study are explained in Section Il. In section lll, the study
location and the data of irradiance, temperature, and inverter effi-
ciency, as well as the modeling of the PV array and the inverter element
in OpenDSS are presented. Finally, case studies and simulation results
are presented in Section IV and the conclusion is given in Section V.

1. DISTRIBUTION NETWORK DESIGN

A. IEEE 13-Node Radial Distribution Feeder

The IEEE 13-node test feeder has been used in this study to evaluate
the PV system’s impact on an unbalanced distribution system. The

Main Points

e The effect of solar irradiance, ambient temperature, and
inverter efficiency on the photovoltaic (PV) system in unbal-
anced distribution systems has been investigated by using
OpenDSS.

e A daily power flow simulation with a 1-minute step size has
been performed to evaluate the effect of short-term PV fluc-
tuation on the distribution system.

e Three irradiance curves representing sunny, semi-cloudy,
and overcast weather conditions have been considered.

e  Three case studies have been conducted to assess the impact
of PV integration into the distribution network.

e By integrating PV into the network, the power loss and the
power drawn by the substation have been reduced.

IEEE 13-node test feeder is characterized by the type of load (spot
and distributed loads), line types (single-/three-phase overhead and
underground lines), voltage regulators, shunt capacitors, and trans-
formers. The voltage regulator operates based on line drop compen-
sation. The data about the system are explained in [14]. This system
has total active and reactive power loads of 3466 kW and 2102 kVAr,
respectively. The single-line diagram for the modified test feeder is
represented in Fig. 1.

B. Load Modeling

Two main approaches have been traditionally used to develop load
models: the component-based approach and the measured-based
approach [15]. The component-based approach relies on knowledge
of the individual components that make up the load while the mea-
sured-based approach is based on how the load behaves when sub-
jected to voltage variations [15]. The load selection criteria depend
on the type of analysis performed and the load’s characteristics. In
the steady state power flow studies, loads can be modeled as static.
One of the most common static load models is the second-order
polynomial load model, composed of constant impedance, current,
and power characteristics. The static model is also known as the ZIP
model [16].

Table | shows the ZIP coefficients [17] for commercial, residential,
and industrial customer classes and the nodes at which the loads
are connected. The active and reactive power of the ZIP coefficients
model is given in (1) and (2).

(1)

(2)

e 650
646 645 632 633 634
- - »- l—% é—ﬁ
611 684 692 675

671
. » \0 »
652 680

Fig. 1. The modified IEEE 13-node test feeder [13].
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TABLE I.
ZIP COEFFICIENTS AND THE NODES OF DIFFERENT LOAD TYPES [4]

Class V4 ] P

[} P Load Nodes

P P P q q
Residential 0.85 -1.12 127 10.96 -18.73 8.77 671-634-652-611
Commercial 0.43 —-0.06 0.63 4.06 —6.65 3.59 692-645-646
Industrial 0 0 1 0 1 670-675
1 eff.
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Fig. 2. Load shapes for different customers [17].

The load shapes presented in Fig. 2 show 24-hour normalized load
shapes for residential, commercial, and industrial customers and are
taken from [17]. One can deduce that the peak power demand varies
depending on the type of customers.

I1l. PHOTOVOLTAIC SYSTEM MODELING

The model of the PV system in OpenDSS is a combination of the
PV array and the PV inverter which is useful for distribution system
studies [18]. The block diagram of the model has been depicted
in Fig. 3.

A. Irradiation Curves and Temperature

The output power of PV plants is intermittent and heavily relies on
the weather condition and the time of day. Days with clouds or rain
cause significant fluctuations in PV power output [19]. In this study,
the impact of three solar irradiances on the output of PV production
has been analyzed. The datasets used have been retrieved from a
network composed of 24 irradiance sensors measuring solar irradi-
ance (global horizontal irradiance, W/m?) in Alderville (Ontario) [20].
These datasets correspond to three categories: clear-sky(sunny),
overcast, and variable(semi-cloudy) days. The solar irradiance has
been measured on 2015-03-24 for clear sky, 2015-02-08 for over-
cast, and 2015-10-08 for semi-cloudy. Each dataset is defined as a
1-minute step size for 24-hour period making a total of 1440 data.
The selected location for the study has a latitude of 44.190159 (°)
and a longitude of —78.096701(°). The three irradiation curves are
shown in Fig. 4.

Three temperature data for sunny, semi-cloudy, and overcast condi-
tions have been obtained in this study. The data consist of 1-min-
ute intervals for 24 hours corresponding to the same days of the

kV kvar PF Connection

Fig. 3. Photovoltaic system model in OpenDSS [9].

previously mentioned solar irradiance data has been. The tem-
perature data were originally obtained as ambient temperature
(Fig. 5) from the National Aeronautics and Space Administration
(NASA) Langley Research Center Prediction of Worldwide Energy
Resource Project funded through the NASA Earth Science/Applied
Science Program [21]. However, in OpenDSS, the PV element model
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Fig. 4. Irradiation curves for sunny, semi-cloudy, and overcast days.
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Fig. 5. Ambient temperature for sunny, semi-cloudy, and overcast
days.

uses panel temperature (T,). Therefore, the T, has been calculated
using (3) presented in [22]. The wind effect is not considered in the
equation.

Tc :E+[TNOCT_E'NOCF\JGT (3)
GNOCT
where the T is the cell temperature, T, is the ambient temperature,
Tyocr 1S the nominal operating cell temperature (NOCT) (43°C was
taken in this study ), T, 0 is the ambient temperature considered
for NOCT conditions (20°C), G; is the plane module irradiance, and
Gyocr is the solar irradiance for NOCT condition (800 W/m?). The PV
panel temperature at the selected location with the ambient tem-

perature given in Fig. 5 is shown in Fig. 6.

57T "7 T T T T T T T T T T T T T T T T
sunny
overcast

10 b semi-cloudy | -

Temperature (°C)
o [}

'
(&)
T

|

SN RN AR

I T S R S R T TN SN S N O BN A | |

L 1] .
Q SRR RS RS R S RS RN RN RN R N RN R N R N R N RN YT NSERN
S S R e R R S S Ss

Time (Hour)

B. Photovoltaic Array

The PV element is connected to node 680 of the IEEE 13-node test
feeder as shown in Fig. 1. In OpenDSS, for the model to calculate the
output power of the PV array (panelKW), it requires the data of irra-
diance, temperature (T) factor, and rated power of the panel at the
maximum power point (P,,,) defined at 1 kW/m? irradiance and a
constant panel temperature (25°C) [18]. The P, of the PV array has
been chosen to be 1000 kW with a power factor of 1. The maximum

power output of the panel is calculated using (4).

P(panelKW) = P,,,, xirradience x factor(@ actualT) (4)

The temperature coefficient affects the power output of PV panels
and the power output of the PV decreases linearly as the tempera-
ture increases. The panel output is then reduced by a factor based
on the temperature of the panel. The power versus temperature
curve shown in Fig. 7 is defined using (5). The power decreases by
about 18% as the panel temperature rises from 25°C to 85°C. In this
study, the manufacturer datasheet of the AS-MQ7-156 HC solar PV
module has been used. The temperature coefficient from the data-
sheet has been taken into account to calculate the maximum power
produced by the PV at various irradiances and temperatures using
the equation given in (5) [12].

Pose =Pmax(5mﬁ[HTC(PmaX,G)(TC -25)] (5)

where P sy is the maximum power of the photovoltaic cell at
Standard Test Condition (600 W), G is the solar irradiance (1000 W/
m?), T, is the temperature of the photovoltaic cells, and 7C (P, ., G)
is the temperature coefficient for the at irradiance G (—0.36%/°C).
The relationship of the P, ~temperature curve for a PV panel rated

power in 1 pu at 25°C is shown in Fig. 7.

C. Inverter Efficiency Curve and Optimum Inverter Sizing

The DC power produced by the PV panel must be converted to AC
power by solar inverters to be injected into the grid. In this work, a
mathematical method presented in [23] has been used to determine
the optimum inverter size. The equation for selecting the optimum
inverter output power is presented in (6):

B
Pige,tN = Prox E (6)
1.2

0.8

0.6

Factor

0.4
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Fig. 6. Panel temperature for sunny, semi-cloudy, and overcast days.

Fig. 7. Power—temperature factor for 1 kW/m? irradiance.
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Fig. 8. The efficiency curves of different solar inverters. (a) Solar
Konzept, 2 kW; (b) Sunways, 3.6 kW; (c) SMA, 5 kW; (d) SMA, 11 kW;
(e) Satcon, 50 kW; (f) Satcon, 100 kW; (g) Siemens, 1000 kVA [22].

TABLE Il.
CASE SCENARIOS

Scenario Connection
Case Generator PV
BASECASE X X
GENCASE Sunny v X
Cloudy v X
Overcast 4 X
PVCASE Sunny X v
Cloudy X v
Overcast X v

v stands for: there is a connection.
X stands for: there is no connection.

where B and C parameters are determined from the efficiency curves
of the inverter shown in Fig. 8, and the P, is the highest produced
power from the panel. In this work, the maximum DC power output
of the PV is 785 kW. As a result, an optimal size of 1330 kVA rated
inverter has been selected using the B and C parameters of Siemens
1000 kVA inverter presented in [23]. In OpenDSS, the inverter model

finds the mpp within the simulation time step. The efficiency curve
of various inverters is shown in Fig. 8.

IV. RESULTS

In this work, the daily mode simulation has been performed using
the OpenDSS software [13]. This mode calculates the power flow for
a period of 24 hours. A total number of 1440 power flow simulations
have been performed considering a 1-minute interval. Three cases
are designed to evaluate the impact of PV penetration into the grid:
the BASECASE, the GENCASE, and the PVCASE. Both GENCASE and
PVCASE have three scenarios namely; sunny, semi-cloudy, and over-
cast. The case scenarios are summarized in Table Il.

The BASECASE is the case in which the simulation is conducted on
the original IEEE 13-node test system with no PV. The results of this
case are then recorded to compare with the other two cases. In the
second case (GENCASE), a 1000 kW generator is connected to node
680 to evaluate the distribution network. The generator element in
OpenDSS can be modeled with the consideration of daily solar irradi-
ation without the temperature effect. In this case, it is assumed that
the generator behaves as a PV system without considering the effect
of the temperature variation (assuming it is constant at 25°C during
the day) and the inverter efficiency. Therefore, three daily irradiance
curves (sunny, semi-cloudy, and overcast) are used to model the gen-
erator. Case 3 is the PVCASE in which the PV is connected to node
680. In this case, the inverter efficiency and the panel temperature
are taken into account to assess the impact of the PV system on the
distribution systems. The three irradiance and temperature curves
are used to model the PV element.

Table Il compares the daily simulation results obtained from the
BASECASE and the three GENCASE scenarios (sunny, semi-cloudy,
and overcast). The total energy generated is equal to the sum of the
energy consumed by the load and the energy loss in both cases, as
illustrated in the table. For GENCASE, the generated power at node
680 is the highest during the GENCASE(sunny) at 5859 kWh followed
by the GENCASE(semi-cloudy) and GENCASE(overcast) at 4155 kWh
and 531 kWh, respectively. The energy losses of the feeder and sub-
station demand have also been reduced for the three GENCASE sce-
narios when compared to the BASECASE. The greatest energy loss
reduction is 19.44% for GENCASE(sunny), followed by 14.31% and
2.01% for GENCASE(semi-cloudy) and GENCASE(overcast), respec-
tively. Figs. 9, 10, 11 and 12 show the daily active power flowing
through the substation for BASECASE and GENCASE scenarios.

TABLE III.
COMPARISON BETWEEN BASECASE AND GENCASE

Energy Measured at

Energy Measured at

Energy Consumed by  Energy Losses of Energy Loss

Various Cases Substation (kWh) Node 680 (kWh) the Loads (kWh) the Network (kWh)  Reduction (%)
BASECASE 52 664 - 51574 1090

GENCASE(sunny) 46 570 5859 51551 878 19.44%
GENCASE(semi-cloudy) 48 378 4155 51599 934 14.31%
GENCASE(overcast) 52117 531 51580 1068 2.01%
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TABLE IV.
COMPARISON BETWEEN BASECASE AND PVCASE

Energy Measured

Energy Measured

Energy Consumed by Energy

CASE at Substation (kWh) at Node 680 the Loads (kWh) Losses (kWh)  Loss Reduction
BASECASE 52 664 - 51574 1090

PVCASE(sunny) 46 501 5926 51552 875 19.72%
PVCASE(semi-cloudy) 48 500 4037 51599 938 13.94%
PVCASE(overcast) 52 059 587 51580 1066 2.2%

The total energy generated, energy consumed, and energy losses for
BASECASE and PVCASE are presented in Table IV. The energy demand
from the substation and the energy losses of the network have
been reduced for all the PVCASE scenarios. The highest energy loss
reduction is achieved in PVCASE(sunny) at 19.72% compared to the
PVCASE(semi-cloudy) at 13.94% and PVCASE(overcast) at 2.2%. The
daily active power flow through the substation for PVCASE is given in
Figs. 13, 14 and 15.
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Fig. 15. Power in each phase at the substation for PVGENCASE
(overcast).

TABLE V.
COMPARISON BETWEEN PVCASE AND GENCASE
Daily PV Energy Energy Energy
Panel Measured Measured at Difference

Energy atNode 680 Node 680 Between PV

Output for PVCASE for GENCASE  Output and
Scenario (kWh) (kWh) (kWh) PVCASE (kWh)
Sunny 6044 5926 5859 118
Semi-cloudy 4118 4037 4155 81
Overcast 600 587 531 13

88

The comparison between the energy measured in PVCASE,
GENCASE, and PV panel output is presented in Table V. When
the effect of inverter efficiency and temperature is not taken into
account in GENCASE, the energy measured is 5859 kWh for sunny,
4155 kWh for semi-cloudy, and 531 kWh for overcast. When the
temperature effect alone is considered, the energy measured at
the PV output has increased for sunny and overcast conditions by
3.06% and 11.5%, respectively, compared to GENCASE. However,
for semi-cloudy weather, the PV energy output has decreased by
0.9%. This is because the temperature in the selected region is
below 25°C on sunny and overcast days, but above 25°C on semi-
cloudy days. This result shows the impact of temperature on PV
power output.

The difference between the energy output of the PV and the energy
measured at node 680 for PVCASE is 118 kWh for sunny weather, 81
kWh for cloudy weather, and 13 kWh for overcast weather. These
energy differences are due to the inverter loss. Because the inverter
used in the study has high efficiency (see Section l1ll), the energy
losses caused by the inverter are relatively low. These losses would
have been greater if a lower efficiency inverter had been chosen.
This result emphasizes the significance of selecting an appropriate
inverter.

V. CONCLUSION

This paper assesses the impact of a PV system on unbalanced dis-
tribution power systems considering temperature, irradiance, and
inverter efficiency. The study has been tested on the IEEE 13-node
test feeder with a ZIP load model and different customer types
using OpenDSS. The daily simulation mode has been conducted on
three different case scenarios. The results indicate that when the
effect of temperature alone is considered, the PV panel produced
more energy by 3.06%, and 11.5% for PVCASE (sunny) and PVCASE
(overcast), respectively, compared to GENCASE scenarios. However,
when the impact of both the inverter and temperature is taken into
account, the injected power to the grid has decreased to 1.95% and
2.16% for PVCASE (sunny) and PVCASE (overcast), respectively. By
connecting the PV to the network, energy losses and energy demand
from the substation are reduced. Moreover, it has been observed
that the efficiency of the selected inverter and the ambient tem-
perature affect the amount of power injected by the PV system.
Therefore, it is concluded that the weather conditions of the PV site
and the inverter selection should be considered during PV system
integration into the distribution systems.
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