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Abstract: Electrical variable visualization has been widely applied to report the performance
and effectiveness of novel devices and strategies in utility power distribution systems. Many graphical
alternatives are useful to demonstrate critical characteristics of distribution systems such as voltage
regulation or power flow. This visualization of electrical variables can also be an effective approach
to analyze, compare and evaluate large-scale systems. However, there is a lack of generalized
visualization strategies oriented to perform electrical validations of smart grid strategies in large
distribution systems. In this paper, we show that the proposed probabilistic density evolution
is a powerful resource for long-term time-sequential simulations. Examinations with an IEEE 8500
node test feeder shows that the proposed approach increases the circuit situational awareness and
reduces the validation time. To illustrate this methodology, the dynamic voltage condition was
simulated and analyzed to recognize the global effect of voltage regulating equipment. The results
show an accurate and convenient support that can be interpreted at first glance. The proper use of
long-term field measurements and short time-step simulations is a robust method for future grid
research, such as designing an optimum operation of intelligent devices or diagnosing electrical
interoperability issues in complex grids.

Keywords: power distribution; power system analysis computing; power system simulation;
visualization; statistical inference

1. Introduction

The inclusion of renewable energies, renewed goals for efficiency and reliability, and the
technological change in the grid lead to a significant complexity in utility power distribution systems.
This evolution has been reflected as a challenge for traditional approaches of simulation, validation,
and design, where a plethora of scenarios and technologies demand highly efficient tools of analysis
and research [1,2]. This phenomenon has increased the interest in flexible validation of strategies
and equipment, but, at the same time, has led to an increment in the time and skills required to achieve
an accurate interpretation of results in scenarios of interest.

For future distribution systems, it is expected that many control dynamics will be coexisting
with the traditional electrical dynamic of the grid. Since most of the aggregated complexity is related
to the dynamics of automatic devices [3], the analysis has been widely approached with simulations
on the frequency and temporal reference frames. In particular, the time-sequential simulation is
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highlighted as a resource that mimics the real performance of multiple control dynamics in the system,
while the results provide powerful evidence to obtain an optimum application of intelligent devices.

However, analyzing results of large-scale power distribution systems is a complex exercise,
and many visualization techniques have been designed for demonstration purposes rather than
a systematic analysis of data results. There are two traditional kinds of graphical visualization
for distribution automation systems [4]. One category consists of one-line diagrams, while another
includes geographical plots of electrical variables. Both cases display the grid status with success,
but it is rarely possible to properly support the analysis of time-sequential validations.

Numerous validation strategies for large utility power distribution systems have been analyzed,
where the main applications and research challenges have been identified to address the most
significant visualization needs. This enlightening overview shows that the new generation of validation
requirements can be substantively improved by graphical techniques. The power system operation
has been historically aware of this fact, with many developments to provide visualizations that
increase the data interpretation at the control center. As most of the control center visualizations focus
on the instantaneous status of the system, they are not capable of representing the technical differences
unleashed by a long-term consideration over a set of alternatives. However, visualization techniques
for validation based on time-sequential simulations can be inspired by long-term requirements in other
knowledge fields, such as meteorology, medicine, and finances. The literature review shows that there
is a lack of visual techniques to analyze the temporal evolution of abundant electrical variables in large
distribution systems, thus there is a fascinating research opportunity that can be focused on the finding
of methodological tools to deal with the particular physical conditions of this problem.

In this paper, a detailed review of validation strategies is presented to identify current challenges
for validation of future distribution systems. Focusing on graphical resources, this paper proposes
a meaningful visualization technique for validation based on time-sequential simulation and statistical
inference. The approach has been developed based on the nonparametric modeling of electrical
results obtained by simulation. In this way, millions of simulation results are statistically processed
to obtain a quantitative and succinct representation in an innovative figure, and the global perspective
of long-term simulations is successfully represented.

The proposed method is intended to significantly improve the validation approach
of technological development on the grid. This method allows researchers and designers to analyze
the general impact on the distribution system considering an amount of information that is not
feasible to depict by traditional methods. In this perspective, research on the integration of renewable
energy systems and other new generation challenges can be approached with a comprehensive
consideration of abundant dynamic electrical variables instead of constrained analysis over a data
subset. Since the proposed method is conceived to use the temporal reference frame, offline
and real-time simulations can provide detailed evidence for validation of large distribution systems.
In offline simulation, this visualization technique enhances the statistical interpretation by means
of the proposed formulation of non-parametric density functions. In this context, challenging
conditions as the effects of high impedance faults or minor adjustments on regulating equipment
can be perceived and analyzed even in long-term simulations [5,6]. On the other hand, the real-time
scenario is significantly improved with the provision of specific temporal frames in which the electrical
phenomena are relevant to perform electrical studies with timeliness and accuracy.

The paper is organized as follows. Section 2 presents a review as background on validation
and visualization strategies for large distribution systems. Section 3 includes an original approach
to visualize and support large-scale validations based on probabilistic estimation. Section 4 provides
an exemplification and discussion of the density evolution applied to a few operational conditions
on a large test feeder. Finally, Section 5 presents conclusions of this approach.
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2. Analysis and Validation in Multi-Agent Smart Grids

The smart grid concept has been rapidly evolving to support a wide variety of goals. Interestingly,
there are at least two constant components visualized by most roadmaps and current researchers.
First, multiple controlled agents will be included in the traditional infrastructure; and, second,
the interoperability of those devices is a significant source of risk that should be tackled. Although this
is a common interest in many standardization efforts, there exists no unique methodology to validate
and detect possible interoperability flaws in large-scale smart grids.

Table 1 summarizes a review of common simulation strategies applied to validate large-scale
distribution systems. This compendium illustrates some successful uses of computer-aided simulations
and the emergent trend to examine graphical results on large system studies. In the table, the second
column refers to the maximum number of voltage nodes calculated in each study. The review shows
that the complexity of models with more than 5000 nodes is usually representative to draw conclusions
about the effectiveness of larger systems. For simulations with electrical interfaces (i.e., real-time),
this number is usually restricted by the computational power required by large models; however,
a simplified model with a low number of electrical nodes can be useful to explore the main phenomena
in certain studies.

Table 1. Review of validation strategies.

Electrical Simulation Validation Variable Visualization
Reference  Nodes

Snapshot Time-Sequential Real-Time V I P Other Figure Table

7] 123 v v v oY v
8] 123 v vV v v
[9] 37 v v VR v v v
[10] 8500 v v v v v
[11] 8500 v v v v v
[12] 8500 v VR v v
[13] 8500 v NV VAV v v
[14] 7000 @ v v v v oY v v
[15] 2002 v v v v v
[16] 8500 v v v
[17] 8500 v v v v v
[18] 8500 v NV v v
[19] 8500 v v v v v v
[20] 738 v v Vv v v
[21] 9a v v v v v v

[22] 8500 v v v v oY v v
[23] 13 v v v < oY v v
[24] 400 v v v v v

[25] >2002 v v v v

[26] 15 v v N VN v

[27] 6999 v v VR v v v
[28] 60 v v v v oY v v
[29] 8500 v v v oY v
[30] 60 v v < oY v

8 Approximate count of calculated node voltages.

The classification of electrical simulation strategies is contained in columns three to five.
Most simulations can be classified in terms of temporal characteristics as snapshot or time-sequential.
Nevertheless, the real-time simulation is gaining relevance in this topic and the list has an independent
column to differentiate this particular case of time-sequential simulations.

Determining the right validation variable can only be decided in the context of each particular
study, as can be seen from columns six to nine, which contain independent classifications for voltage,
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current, power and other variables. The latest combines complementary variables such as temperature,
computational time, control device’s settings, and iterations. In this perspective, the analysis of voltage
conditions remains the most frequent strategy of validation, since it is a valuable quality of service
indicator. Current and power variables tend to be applied for specific studies, but the analysis
and visualization of voltages are the most common components of validation.

In general, the visualization of electrical variables is simultaneously evolving with the number
of agents in the grid. As can be observed in the latest two columns, figures and tables have a balanced
presence in validation studies. Traditionally, the employment of figures for electrical variables
is a powerful tool to exemplify important phenomena, while tables are applied to synthesize abundant
data. Nonetheless, multi-agent validations usually include analysis of graphical results to create
awareness of effectiveness or detect flawed operations. References included in this review show
that the visualization of numerous agents in large systems is a common issue. As can be observed
in the following sections, solving this challenge offers big benefits in a wide range of applications.

2.1. Time-Sequential Simulation

There are many studies that employ simulation platforms to obtain a snapshot of electrical
variables at a certain system’s condition. Studies [7,8,10-15,17,18,24,25,27,29] show the application
of this approach to validate proposed strategies or devices. In summary, the following are examples
of typical applications for snapshot analysis and validation:

Alternative solution methods;
Fault location;

Network reconfiguration;
Power quality;

Short-circuit analysis;

State estimation;

Steady state power flow;
System’s planning;

System’s reliability;

Voltage regulation.

However, time-sequential simulations are essential for interoperability validation and other
time dynamic phenomena. For instance, studies [7,9,14-16,19-24,26-28,30] show that the information
obtained from this approach is compelling evidence for design and corroboration in many applications.
In summary, the following are growing uses of time-sequential simulations in smart grid studies:

Advanced voltage control technologies;
Controller’s interoperability;
Custom power devices;
Cyber-physical analysis;

Distributed control schemes;
Distributed generation;

Distribution management strategies;
Electric transportation analysis;
Energy efficiency improvements;
Energy storage;

Maintenance scheduling;

Microgrid operation;

Power systems communications;
Resiliency and protection;

Smart metering applications.
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It is possible to classify several time-sequential simulation approaches in terms of the ratio
of computation time over simulated time. Coefficients greater than one imply that the computational
platform requires more time to solve the model than the simulated time for the power system
(e.g., traditional transitory simulations). Other approaches have coefficients lower than one,
and provide results of months or years of analysis in short computational times (e.g., steady state or
continuous power flow); and finally, the real-time (RT) alternatives are synchronized in terms of time
frames, providing a different perspective of results that could even include real equipment or users’
responses (hardware in the loop—HIL, and human in the loop—HITL). Inevitably, each category
implies diverse theoretical methods that lead to interesting computational challenges.

Some studies require a high resolution in simulation’s time-step. In this case, a small time-step
represents not only a computational challenge at solving models but also a big amount of data
to analyze. The resulting amount of data from time-sequential simulations of large distribution systems
challenges the efficiency of most analysis and simulation techniques [1]. The scale of this problem
can be easily exemplified by the continuous power flow solution of the IEEE 8500 node test system.
If this 2354-loads test case is simulated with one-second resolution, the power flow provides 17.6 x 10°
voltage computation results in one hour of operation, 421.3 x 10° for one day, and 153.8 x 10° for
one year. The comparative analysis of multiple operative conditions usually requires independent
simulations; therefore, the validation based on long-term simulation is restricted by the capability
to generate, process and analyze big amounts of data. This characteristic of time-sequential simulations
constitutes a major challenge for validations on future distribution systems.

2.2. Real-Time Simulation

The time-sequential simulation has been successfully employed by real-time simulators as a tool
to support the design, analysis, and validation processes in power systems [31]. In this approach,
powerful computational platforms can be employed as dedicated simulation devices to enhance
the simulator’s flexibility. Therefore, the validation core relies on a computational platform with
advanced signal processing capabilities to reproduce the electrical signals provided by continuous
computational simulations. The number of validation developments based on real-time simulation
has been increasing as a result of the potential capability in many research topics of power systems.
Some research centers have successfully deployed this method [9,19,21-23,26,28,30], and powerful
power systems laboratories are obtaining a growing role as the next generation of validation for smart
grids. The increasing development of powerful computational platforms increases the potential
application of studies with large distribution systems, where the solving process has challenging scales.

2.3. Visualization of Large Utility Power Distribution Systems

The visual analysis of electrical variables is one powerful approach usually applied to recognize
patterns, to validate assumptions, and to perceive the evolutive effects of a system’s dynamics that
could be difficult to abstract from mathematical representations. However, the visualization of electrical
variables in large distribution systems is characterized by the physical restriction of a figure’s space,
leading to summarization of data in tables or selecting only the most significant data to visualize.
Since most of the validation process in future strategies for smart grids is focused on innovative
schemes, it is convenient to use the basic principle of visualization to explore unexpected events
in large systems.

This section shows some traditional alternatives of visualization based on the IEEE 8500 nodes
distribution system. This test feeder was simulated to obtain the voltage magnitude of the 2354 loads
with the purpose of recognizing the voltage condition with traditional volt/var regulating equipment.
Other details of the simulation are omitted for the purpose of this exemplification.

Figures 1 and 2 show two geographical representations of voltage magnitude in the test system.
Both visualizations are based on the same snapshot condition in the system. In Figure 1, the voltage
magnitude range is associated with a color scale, and the geographical topology is used to show
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a colorful interpolation of the simulated data. An alternative visualization (Figure 2) uses the Cartesian
reference to show the voltage magnitude in the vertical axes and the distance from the substation
to each location in the horizontal axes (commonly known as voltage profile). The geographical
component of these figures is useful to associate the events with equipment allocation and diverse
conditions. Nevertheless, Figures 1 and 2 include data of one circuit condition, and representation

of the temporal performance is highly restricted with these approaches.
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Figure 1. Example of geographical visualization for voltage magnitude.
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Figure 2. Voltage profile for IEEE 8500 nodes test feeder. One phase per color, where continuous lines

represent primary voltages and dashed lines represent secondary voltages.
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Data from time-sequential simulations can be represented with two-dimensional (2D)
and three-dimensional (3D) visualizations. As can be seen in Figure 3, the three-dimensional
representation of load voltages can be used to observe the temporal evolution of the system, but the
amount of results in large simulations is a major restriction to analyze events, to draw conclusions, or to
locate singularities. In a broader perspective, the use of 3D supplies a general overview of the system,
where the color scale suggests the major trends in results. This methodology can be applied to compare
and detect relatively significant changes in large simulations, or as a resource to detect the existence
of results highly deviated from the main trend. In this particular example, it is possible to conclude
that the system’s operation does not show any events of critical change, although some nodes are
improperly subject to low voltage magnitude (i.e., less than 0.95 Vpu) on certain time instants.

1.1 <

1.05 4

Voltage [pu]

2000

1500 50

40

1000 30

500 0
Load Node 0 Time [minutes]

Figure 3. Three-dimensional visualization for time-sequential simulation. Warmer colors represent
higher voltage magnitudes.

The flat or 2D visualization of the same large simulation only provides information about
maximum and minimum limits in the variable of interest. Figure 4 shows an example of the 2D
representation for the previously discussed simulation. In this case, the amount of lines associated with
each variable harms the identification of trends inside the limits. On the other hand, the minimum and
maximum boundaries are clearly depicted and main conclusions can be extracted from this information.
In this example, the simulation shows that some loads were supplied with high voltage magnitudes,
exceeding the regulatory limit of 1.05 Vpu. Similarly, the lower voltage limit is certainly defined,
where the improperly low magnitude is evident for most of the simulated frame. Other details about
the internal tendency or amount of loads with certain magnitudes remain uncertain with this approach.

The selection of representative data is one natural alternative to this methodology, although the
detection of significant data in large distribution systems is one of the initial motivations to use data
visualization. One possible approach consists of a previous processing of simulation results, with the
purpose of identifying a subset of variables that meets certain conditions of interest. In the example
of voltage visualization, it is possible to select and plot only the loads with minimum and maximum
voltage; however, the extreme voltage conditions are not always associated with the same loads
in a time-sequential simulation. The following section describes this particular phenomenon
to highlight the influence of circuit’s variability in the visualization of large distribution systems.
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Voltage [pu]

Time [minutes]

Figure 4. Time-sequential simulation of 2354 loads. Each load line is associated with a different color.

2.4. The Problem of Worst Voltage Condition Allocation

The variability of voltage conditions in secondary circuits (i.e., 120 V or 240 V) is an illustrative
example of the complexity of voltage analysis for time-sequential simulations.

The selection of locations of interest is a frequent approach to reducing the number of signals
in large distribution systems; however, the consumption variability induces an important effect
in the secondary circuit, inducing a misleading identification of singular locations. As can be seen
in Figure 5a, the lower voltage in the simulated distribution system is not statically associated with one
particular location. In this scenario, four loads with low voltage magnitude were selected to perform
eight minutes of simulation and to illustrate the effect of voltage variability in secondary circuits.
The minimum voltage occurs at minute one, when Load A is supplied with 0.911 Vpu. At this
point, it is possible to conclude that the voltage magnitude of Load A is representative, as it exhibits
the minimum voltage in the simulated time frame, but the detailed examination of other voltages
shows that Load B has the lower voltage in the circuit for the remaining time instants. In this example,
the analysis based on one location that exhibits the minimum voltage in the simulated frame omits the
fact that other locations have regulating problems when Load A is properly supplied (e.g., Load B at
minute 3).

The geographical location is another option to define the load of interest. Figure 5b shows
the location for the same four selected loads. Load A and Load D are located in the same primary
section of the simulated circuit. For this pair, it seems reasonable to conclude that Load A will be
supplied with lower voltages” magnitudes due to the location at the end of the primary section,
and the absence of other regulating equipment in this area. Surprisingly, the simulation shows that
there are circumstances where Load D has lower magnitude than Load A (see minute 3). The origin
of this phenomenon resides in the variability of voltage drops in secondary circuits as a result of variable
consumptions and balance conditions, among others.

This electrical condition obstructs a clear validation when figures are based on visualization of
selected locations of interest. Other sources of variability are frequently included in smart grid
validations; for instance, controlled equipment, nonlinear loads, protection devices, distributed
generation, and energy storage, among others. Therefore, it is useful to apply the basic principles
of data analytics to discover useful information in a large amount of data from time-sequential
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simulations. The following section describes a proposed approach for visualization of significant
tendencies in voltage magnitude for large distribution systems.

0.97 T T T T T T T
] ® Load A
Load A ® Load B
: Load C
® Load D

0.92

o
©
[

o <)
© ©
I o

Voltage [pu]
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0.9

Time [minutes]

(@)

Figure 5. Voltage magnitude (a) and geographical locations (b) for loads of interest in time-
sequential simulation.

3. Meaningful Visualization for Voltage Analysis

Validation of distribution systems’ operation usually includes the analysis of quality of service
in terms of voltage magnitude for final users. One of the most frequent references of validation
consists of a direct comparison between simulated voltages and ANSI C84.1 limits for service voltages.
This validation is not only relevant to detect possible harmful situations for final users
(e.g., over-voltages in steady-state condition), but also to compare the perceived performance of the grid
in front of base scenarios or alternatives.

In this section, the application of statistical inference and a proposed visualization
of time-sequential simulations are described. Traditional sources of uncertainty in the model imply
the need for a statistical interpretation of simulation results; therefore, the visualization of probabilistic
density functions obtained from simulated data provides an estimation of the circuit’s performance.
This estimation aims to depict the evolution of the system’s dynamic as a validation tool that could
be used to locate singular conditions or analyze detailed simulations. However, the probabilistic
distribution resulting from the grid’s components is not static in time, and the parameter estimation
of traditional probabilistic distributions conduces to significant flaws in the validation process.

3.1. Statistical Inference

In statistical terms, simulation results for load voltages are a population or complete set
of elements, where the statistical inference has no apparent purpose; however, each electrical simulation
is performed with multiple uncertainty factors, and analysis of solutions aims to draw conclusions
about the real electrical scenario. Sources of uncertainty are related to the availability of information
to properly model conductors and other grid’s elements, but they are also related to the lack of
details to reproduce the random consumption of each load in large systems. In this perspective,
the complete set of results from each simulation is a statistical sample of the system, and multiple
methods of statistical inference can be applied.

In this proposed approach, the estimation of the probability density function (PDF) is performed
by means of the kernel density estimation (KDE). This non-parametric method is used to support
the inference process in simulated data with multimodality or uncertain distributions. In this way;,
the estimation produces a probabilistic distribution function based on the finite sample data without
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the presumption that the system can be modeled with parametric distributions as Weibull, normal,
exponential, etc.

The univariate kernel estimator of f is defined as (1), where Xi, X», ..., Xy are points in the finite
sample, K is the kernel function, and # is the bandwidth:

N _ Y.
flum =57 LK (557, ek )
i=1

It is possible to apply multiple symmetric distributions as the K function; however, this is known
as a factor with low impact in the estimation. Based on tests and validations with the mean integrated
squared error, it is possible to conclude that the Gaussian kernel density estimator (2) provides
an adequate estimation in the application to large distribution systems:

. 1N 1 - (x;h};l)z
f(x;h) = Nh;me , xeR. )

On the other hand, the bandwidth selection has a significant influence on the asymptotic
properties of the estimation. Selection of & could be driven by the minimization of the mean integrated
squared error, with the popular approximation (3), where & is the standard deviation of the samples.
Effectiveness of the approximation is related to the outliers’ characteristics. The analysis of normalized
voltage magnitudes in large distribution systems suggests that the approximation is adequate for
this application. This conclusion was also validated by experimental comparisons with alternative
methods for bandwidth selection [32], where the results show that the approximation is accurate for
estimation of the voltage magnitude distributions:

5/ 407
h= ”W' 3)

Figure 6 shows the application of this method to estimate the density function that describes
load’s voltage magnitude in the IEEE 8500 test feeder for certain load conditions. The histogram of the
normalized amplitudes exhibits three local groups of density, with approximate centers in 0.99 Vpu,
1.1 Vpu, and 1.055 Vpu. The green line shows the estimation of this sample with the normal probability
function, and the red line shows the result of the kernel estimation. As can be seen, the kernel
distribution has a proper fitting to the sampled data, and it is possible to draw appropriate conclusions
of voltage conditions. In contrast, the normal approximation has a significant error and the consequent
inference is not reliable.

The kernel estimation of electrical variables in large distribution systems is useful to detect
conditions of interest. As a result, the information provided by the estimated density function can
be used to trace possible causes of undesired conditions and validate the effect of posterior changes.
In the case of voltage magnitude (e.g., Figure 6), the presence of local density peaks could be used
to identify common voltage conditions in the system; next, the simulation results can be filtered
to locate the loads and geographical areas with those particular conditions; then, mitigation actions
can be applied for locations with undesired conditions, and finally, the simulation with mitigation
alternatives provide additional samples that can be estimated with the kernel function to compare with
the original density function. This comparison of density functions provides information to validate
the effectiveness of each alternative in one particular system’s condition (e.g., time instant, load
condition, regulator taps, among others).
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Figure 6. Probabilistic distributions of load voltages.

3.2. Time Sequential Visualization

An efficient visualization of the system’s evolution leads to a proper drawing of conclusions
in design or validation processes. The proposed approach is simple to reproduce with a variety
of electrical variables, yet it is powerful as an analysis tool to synthesize the system’s evolution.
Here, the approach is documented as a particular application for analysis of voltage magnitude;
however, the methodology can be applied for analysis of other variables of interest in each particular
validation study.

Kernel density functions show the system’s condition at a particular condition or time instant.
The estimation ft (xt; ht) for multiple steps t = {to, t1,...,t, } shows the evolution of those conditions
in the desired temporal frame. 3D representations of the density evolution use the t-axes to plot each
estimation and depict the graphical pattern of changes.

The bivariate kernel distribution used in the proposed visualization is described by (4),
where X; 1, X;»,..., X; N, are results at time ¢, ii; is the bandwidth for samples at time t, and d; is
the standard deviation at the same time-step t:

N (x — Xt,i)2
. 1 N1 Ty
fe(xp;hy) = —— ) ——e t
Nihi 0 V2 (4)

46,°
hy = || == R,t c RY.
t 3N, Xt € K, t e

This calculation is performed for each time-step in a time-sequential simulation. With the resulting
set of PDFs for the desired time frame, a three-dimensional figure of probabilistic characteristics
is produced (Figure 7). Different details of the process are abstracted from the generated surface
by rotation of the 3D representation.

Some details are not evident in certain perspectives, as the time-sequential simulation provides
data of the complex system’s dynamics. In a broader context, the two-dimensional projection
of the density evolution plot reports comparable information with a convenient presentation.
The contour projection is obtained from f; (x¢; ;) and color scales can be used to associate diverse
density levels in the plot. The 2D visualization is also convenient to include additional and
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complementary curves. In the voltage visualization case, the ANSI C84.1 magnitude limits
are overlapped to facilitate the abstraction of interesting phenomena. Unlike the 3D view, this 2D
representation shows the system’s conditions for each time step at first sight. The following section
shows the 2D evolution applied on the test case.

o]
o
/

D
o
/

»
o
i

N
(=]
Vi

Density (load voltages)

0.95 10

Voltage [pu] 09 o Time [hours]
Figure 7. Density evolution of load voltages. Warmer colors represent higher statistical density.

4. Test Case on Large Feeder and Discussion

The analysis is based on the IEEE 8500 node test feeder. This radial feeder considers
the medium and low voltage levels in the model, with 2354 unbalanced loads, three voltage regulators,
four capacitor banks and one load tap changer at the substation’s transformer. The realistic features
of this moderately large system are intended to prove the ability of system analysis algorithms with
large scale problems [33]. For this analysis, the 8500 node circuit was configured in accordance
with the normal operation condition. Therefore, the line drop compensators (LDC) and capacitor
controllers are in service with the settings provided by the Test Feeders Working Group (WG)
of the Distribution System Analysis Subcommittee of the Power Systems Analysis, Computing,
and Economics (PSACE) Committee.

The test system definition does not include information about the temporal behavior of the loads;
therefore, external load shapes were normalized and applied to the model to obtain a realistic change
of power consumption for one year of operation with one-minute resolution. The applied load shapes
are independent for phases A and B, reproducing a wide range of load conditions for different seasons
in one year. This set of scale factors is based on the information provided in [34].

Time-sequential simulations were performed with the OpenDSS platform (Version 7.6.5.18, Electric
Power Research Institute—EPRI, Palo Alto, CA , USA) [35]. OpenDSS includes a wide gallery of device
models aimed to analyze the automation operation in distribution systems. The following results were
obtained from the software implementation of the proposed approach with MATLAB® (Version 8.6.0,
The MathWorks, Natick, MA, USA) in co-simulation with OpenDSS.

Figure 8 shows the density evolution of load’s voltage magnitudes from a 24 h simulation
in the IEEE 8500 nodes test feeder. The color bar on the right side of the figure is associated with
the contour visualization of ft (xt;ht), where Vi, = {X;1, X;2, ..., X; N, } are the load voltage results
from the time-sequential simulation; additionally, the minimum and maximum voltages of each
time-step (min(V7), max(Vy)) are plotted in red and green lines. The blue-dashed line corresponds
to the average of the sample (mean(V7)) over time.
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As can be seen in this example, the highest densities in voltage magnitude (i.e., the most frequent
voltage magnitudes estimated by the PDF) are in the range from 0.97 Vpu to 1.05 Vpu, but the voltage
condition is not constant through the simulated period. The visual strip delimited by the minimum and
maximum voltages describes the range min(Vy) < x; < max(Vy). It is important to notice that some
internal areas near the limits are white colored to represent low probabilistic density, but there is at
least one simulated voltage with a value equal to the visual boundary (red and green lines). The figure
shows that the over voltage is the main voltage violation in the system, as the density strip has
maximum voltages over 1.05 Vpu most of the time, and the under voltages are only evident between
the 14 and 18 h. Moreover, the density evolution shows that there are concentrated voltages with
an approximate magnitude of 1.03 Vpu for the first 10h, and the increased dispersion in subsequent
hours is also evident. Sudden changes in density are evident in the figure leading to fast detection of
conditions of interest (e.g., rise of high-density magnitude at hour 18, and high dispersion at hour 16).

<= Density e MiN(V ) max(V, ) mean(V )
1.1 60

Voltage [pu]
w
o
Density (load voltages)

Time [hours]
Figure 8. Contours for density evolution of load voltages with additional lines for voltage limits.

The visualization of 24 h of electrical results, which represents the dynamic voltage condition
of 2354 loads, has been shown in Figure 8. The reader is not only aware of a set of temporal effects
of the voltage regulating equipment in this large system, but also the massive amount of data can be
easily compared with candidate adjustments or improvements. For instance, it is possible to observe
that the regulating equipment takes corrective actions at hour 16. In this period, the voltage density
evolves to a slightly more disperse pattern in which the maximum voltage has been reduced to 1.06 Vpu.
If the researcher applies some complementary strategies on control for voltage regulators and capacitor
banks, the traditional validation tool will probably be the time series of the voltage at the specific
locations of those devices. The comparison of these voltages is based on a subset of the simulation
results that ignores the massive effect in remote locations, even in remote feeders. On the other
hand, the proposed method provides a graphical representation of the total amount of simulated data,
with a convenient coloring pattern to quantify particular and general effects. This complementary
information allows researchers to interpret a large amount of data without the use of simplified
indicators or local analysis, and it is a significant opportunity to achieve a comprehensive validation
of hypothesis on the system.

In summary, the visual representation of the resulting PDFs shows the frequency of certain
phenomena with a corresponding color. Rare electrical phenomena are represented by a very low
relative density, where the associated color can be adjusted to diminish the relevance of infrequent
cases. In the test case, the white color is associated with very low probability densities. Therefore,
the statistical inference deals with the uncertainty with a proper approach to only highlight relevant
conditions, and unnecessary conservative control derived from this visualization can be avoided.
In other cases, where certain rare conditions result in high-impact effects, the color scale can also
be adjusted to include these conditions as relevant.
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As itis common to find similar electrical conditions on random geographical locations, this method
is not intended to mix statistical and geographical data. However, certain applications require a specific
location of electrical phenomena to perform corrective actions or related analysis. On these cases,
the geographical information should be presented by traditional methods. However, the proposed
method enhances the benefit of geographical visualization on time-sequential analysis because
of the convenient identification of conditions of interest. The traditional geographic visualization
of electrical conditions is constrained to one electrical snapshot of the grid, yet the proposed approach
provides the valuable information of those temporal instants in which the geographical visualization
should be applied. In this way, the proposed visualization can also be employed in applications
with geographical reference requirements.

5. Conclusions

This paper proposes a generalized visualization technique of electrical variables for large-scale
distribution systems. This visualization exploits results from time-sequential simulations to illustrate
the evolution of significant circuit’s conditions, thereby analysis of global results provides meaningful
evidence to perform validations with candidate technologies. The use of statistical inference allows
researchers to observe the expected performance as a result of load and model uncertainties.

The proposed bivariate kernel density estimator considers the uncertainty properties of the power
system and the temporal dynamics of the long-term simulation. As a result, the graphical
representation of this nonparametric model represents large amounts of data in which the statistical
significance is implicit.

As there is a wide range of applications for time-sequential simulations in smart grid research,
proper analysis and visualization schemes are essential for further developments. The probabilistic
density evolution is a flexible approach that can be easily applied to studies in which the number
of electrical variables is a major obstacle of analysis.
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