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Three-dimensionahaps of power quality loss based in the power
tensor theory

Mapas tridimensionales de pérdida de la calidagadencia basados en la teoria
tensorial de la potencia

A.J. Ustariz-Farfah E.A. Cano-Plata and H.E. Tacca

Abstract— This paper presents the results of a project which
was aimed at developing a flexible visualisation t to be used
mainly by power system operators. The project concgrated on
a technique for assessing the deterioration of poweransfer
quality in electrical networks based on the powerdnsor theory.
One of the envisioned tool's essential goals was #&id system
operators by providing images of the system with ey
identifiable characteristics related to loss or ovell deterioration
of power quality. The result was a user-friendly, hree-
dimensional graphic interface. The tool's effectiveess has been
illustrated via different scenarios created using te IEEE 13-bus
test feeder as an example.

Keyworsds— power quality assessment, power quality map,
power quality measurement, tensor analysis

Resumen— Este articulo presenta los resultados de una
investigacion relacionada con el desarrollo de unherramienta
de visualizacion flexible, para ser usado principahente por los
operadores del sistema eléctrico. La investigacidse centrd en
una técnica para evaluar el deterioro de la calidade la potencia
transmitida en redes eléctricas, basada en la tearidel tensor de
potencia. Uno de los objetivos esenciales de la fenienta es de
ayudar a los operadores del sistema, proporcionandnagenes
con caracteristicas facilmente identificables, lasuales, estan
relacionadas con el deterioro global de la calidade la energia. El
resultado es una interfaz amigable tridimensionalLa eficacia de
la herramienta se ilustra mediante diferentes escanios que se
recrearon con el sistema de prueba IEEE de 13-barsa

Palabras claves— Evaluacion de la calidad de la potencia, mapas
de calidad de la potencias, mediciones de calida@ da potencia,
analisis tensorial.
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1. INTRODUCTION

Effective power system operation means that power system
engineers and operators must analyse vast amounts of
information. A key challenge in systems containing thousand
of buses is to present this data in a form allowingser wo
intuitively and quickly assess the state of the system ¢Sant

et al 2000; Gu and Bollen, 2000).

This is particularly true when trying to analyse electrical
network power quality. Therefore, constructing maps
regarding power quality loss or deterioration due to steady
state and non-stationary events is of great importance for
controlling, protecting and analysing power systems.
Typically, efforts at drafting maps are focused on analysing
the voltage signal. This is done by simulation programarel
electrical events using sophisticated measuring and monitoring
the voltage (instantaneous values or RMS) at specific rafdes
the particular system being studied. This information is
analysed by systems’ experts for detecting and classifying
disturbances present in the voltage waveform (GaebdH,
2002; Wangget al, 2004; Duquest al, 2006; Cerqueirat al.,
2006; Mosoumet al, 2010). The results are subsequently
displayed by using in two- and three-dimensional visuabisat
techniques (Weber, and Overbye, 2000; Ovesdyal, 2003;
Overbye, and Weber, 2001; Klump and Weber, 2002; Sun and
Overbye, 2004; Xuet al, 2006; Overbyeet al, 2007;
Evrenosogltet al, 2007; Milano, 2009).

This form of presenting the state of an electrical system’s
variables to the network operator can be helpful whenmgaki
decisions, but it can become a very tedious task which is
difficult to interpret if many indicators must be analysed
simultaneously. It should also be borne in mind that #ms b
may represent many power systems.

This paper describes a technique for three-dimensional
visualisation and animation of the deterioration of power
quality in electrical networks based on power tensor theory.
The technique’s objective is to provide electrical network
images having easily identifiable characteristics by
constructing graphical schemes or maps of power qualisy los
The tool's effectiveness is illustrated via different sciersar
which were created using the 13 bus distribution system
reported by the nstitute of Electrical and Electronics
Engineers’ (IEEE) subcommittee on distribution system
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analysis (Distribution Planning Working Group Repo@Q2). dimensional surface. For example, if a power network’s power
quality deviator factor is considered than the number of

2. THREE-DIMENSIONAL VISUALIZATION AND available deviator factor values is equal to the number of
ANIMATION connected meters, typically not being sufficiently high enough

to adequately fill up the surface. To overcome this issgegda
a) Background Review was created having a high number of points through

The importance of an intuitive and detailed visualisation dfolynomial interpolation. Next, the height of each pointhef
results produced by a disturbed power system has bedifl was determined by using Delaunay triangulation (Skiena,
discussed since late in the past century. Two-dimensiodd198). The resulting surface was finally coloured using
visualisations based on one-line diagrams have been relative@ntour map and the one-line diagram of the network was
popular due to power system operators’ familiarity witteo Superposed.
line diagrams and the importance of geographical information MATLAB was used to compute the Delaunay triangulation
in power system operation and control. and plot results. The main functions used for displaying

Examples of this can be found in work where twographics schemes are polynomial interpolation (griddata.m),
dimensional contour plot are proposed for visualisingagel convex  hull  (convhull.m),  Delaunay triangulation
levels in each power system bus (Weber, and Overbye, 20(dglaunay.m) and contour maps (colormap.m).

Overbyeet al, 2003; Overbye, and Weber, 2001). Similarly,

the contour plot technique has been further developed for 3.POWER TENSOR THEORY

visualising a variety of data such as power flows, marginal

prices, available transfer capability, contingency analysis, etc &) Instantaneous Power Tensor Definition

(Klump and Weber, 2002; Sun and Overbye, 2004gKXal, The proposed technique was based on the definition of an

2006; Overbyeet al, 2007). All these references focus orevolutionary expression of instantaneous power called
static data visualisation and are basically two-dimensionahstantaneous power tensorfor geometrically interpreting
plots. By contrast with the two-dimensional visualisatio electric phenomena behaviour, analogous to deformation
techniques listed, three-dimensional visualisation arstudies in the mechanics of solids. Ustastzal, using the
animation has also been proposed (Evrenoseghi., 2007; tensor product, defined the instantaneous power tensor as
Milano, 2009). follows (Ustarizet al, 2010A):

b) Proposed Visualization Technique Dy =4 0} @
The basic functioning of the proposed visualisation and Where,0; was the instantaneous power tenspwas the
animation tool is shows in Figure 1. A three-dimenalon Phase voltage tensor amdwas the line current tensor. The
visualisation and animation tool needs two source fibes, instantaneous power tensor was expressed in-@rase and
for topological data (Simulink) and another for numeraata  m-wire system as:
(EMTP-ATP).

U i1 ulil u1i2 u:jn
Single-line network diagram Power system simulation i i i . i
“Simulink” “EMTP-ATP” D - u2 D |2 - U2|1 l‘IZIZ uén (2)
St 1 u Lol lug ugd, e,
40 KR . . .
s : Here, the main diagonal termsiif) referred to the
-+ instantaneous energy flow. Moreover, the differences between
' _ the transposed termauif-uji; with i # j) referred to the
instantaneous energy ex_change between phases j whose
Vv average was zero (Ustaer al, 2010B). Therefore] ; was a
single expression which involved the two conventional
Er— = components of instantaneous power (active and reactive).
3D Visualization 3D Animation b) Power Quallty Deviation Factor
The measurement and evaluation of nonconformities in a
I disturbed power system could be quantified by defimimgw

overall power quality index called instantaneous powerityual
deviation indicator (IDI). It would be evaluated using the
following expression:

The three-dimensional plots in this work have been
obtained by computing the convex hull enveloping the values
obtained from simulations onto a high-resolution three-

Figure 1. Basic functioning of the proposed vissgtion and animation tool
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tensor. Calculating an ideal power tensor involves defiaimg ‘P %
ideal electrical system as being a circuit consisting oprR: S-'R @
sinusoidal, balanced voltage source (ideal voltage tensor) +Sf

feeding a resistive, balanced linear load (ideal current fensor

Moreover, the root mean squarelbi ,, has been called the EXpressions (5) to (7) were based on (IEEE Std-1459
power quality deviation factor (DF)F,, SO that: 2000), where sub indexes 1 addndicated fundamental and

harmonic frequency components. Super indexes +reefdo

1 .
T 1 eymza 2 the direct sequence compone8tandP referred to apparent
DFy, = |:(t2'tl) .Ll IDI qut} ) and active power.

Here, the inter\{al de}‘ined betvyedalnand to matchgd the' 4. SIMULATIONS
temporal observation window’s width. A 12-cycle windaw i . ) . . o
recommended when working frequency is 60 Hz (IEC Std. Different scenarios have bee_n created in this cmctlsm_g
61000-4-30, 2003). In (4), zero indicated a null deviatiofEEE 13-bus test feeder (see Figure 2) to illusttae benefits
regarding an ideal power system. of using proper visualisation methods in monitoripgwer

The notable features of definition (4) are the following: ~ du&lity in electrical networks based on power teniseory.

It provides quick assessment of power transfer quality 7650

deterioration from the ideal in terms of maximum power
transfer; 646 645 632 633 634

« It is regardless of whether the disturbance arises from the

load or the source; and

e It does not use controversial or misleading quantities

such as traditional indexes’ average, maximum or 611 684 671, N 692 675
weighting values.

Additionally, the power quality deviator factor can have
several useful applications: o

 Sites having poor power quality could be easily ranked to 652 680

determine priority for power quality improvements; Figure. 2. IEEE 13-bus test feeder [17]
* It can be easy to represent by constructing graphical .

schemes or maps of power quality loss in large electrical &) Scenario No. 1: (base case)

networks; and
« System operators will have a single index which they can The IEEE-13-bus test feeder presents some veryesttag
correlate with planning, protection or maintenancgharacteristics, such as being short and relativebhly

practice. loaded for a 4.16 kV feeder, having one substatioltage
regulator consisting of three single-phase unitsnected in
c) Comparison Criteria wye, overhead and underground lines having a varét

Power quality deterioration assessment is traditionalf'@sing. ~shunt —capacitor banks, in-line transformer
based on individual indicators, such as total harmoninPalanced spotand distributed loads.
distortion (THDy), unbalance factotUFy) and reactive power
factor PFg) (Milanez and Emanuel, 2003; Emanuel, 2004;
Sharoret al, 2008). The conventional definitions are:

» Total harmonic distortion of the voltage and current

THD, =\\//i'; THD, =l (5)

el el

< Unbalance factor of the voltage and current
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Figure 3. IEEE 13-bus test feeder implemented MTE-ATP”
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Figure 4. Map of quality loss and one-line diagmafrthe IEEE 13-bus test

The IEEE 13-bus test feeder was implemented in EMTP- feeder for scenario 1

ATP (see Figure 3).

On the other hand, the IEE_E 13-bus test feede_r presente(,tigure 4 simultaneously shows a map of quality loss and a
three types of steady-state disturbance: voltage imbalancgggiogical scheme. Here, the colour indicator shown on the
load unbalance and reactive power flows. These d|sturbanq:pg$]t_hand side of the map presents the levels as a pereentag

of power quality deviation factoSF,, Dark blue represents
non-deterioration of power quality while dark red means

were measured and the results are summarised in Table I.

Table 1. Power Quality Index Measurement in Scedari

Individual indexes (%) Overall index (%)
Node THDy THD, UFy UF, PFr DFpq
650 0.00 0.00 041 1980 40.93 47.47
RG60 0.00 0.00 0.50 18.87 40.91 47.20
632 0.00 000 100 1887 37.60 43.26
633 0.00 0.00 102 8.09 59.36 74.35
634 0.00 0.00 1.01 19.03 58.70 73.93
645 0.00 0.00 5238 77.48 51.72 110.67
646 0.00 0.00 5236 70.71 4355 114.42
671 0.00 0.00 2.85 4331 25.83 45.92
680 0.00 N/A 285 N/A N/A N/A
684 0.00 0.00 5232 8156 1241 106.72
611 0.00 0.00 77.46 91.29 8.62 122.69
652 0.00 0.00 77.46 91.29 71.82 143.44
692 0.00 0.00 286 7261 4.01 68.01
675 0.00 0.00 3.03 76.28 13.86 69.54

As expected, nodes 652 and 611 (single-phase sectiahs)
the highest levels of quality loss (143.44% and 122.69|
respectively) followed by nodes 646 and 645 (two-phasir
sections: 114.42% and 110.67%, respectively). These no(
also had the highes&tFy, UF, andPFy indexes, except for the
PFr index in node 611, which was low by the shunt capacitt|

banks.

greater power quality deterioration.

b) Scenario No. 2: (harmonic distortion).
The linear load connected at node 634 was changed for a

six-pulse adjustable-speed drive (ASD-6P) in this scenario.
The main ASD-6P parameters were 480 V nominal line
voltage, nominal 600 kVA rated three-phase power and 0.8
power factor.

The base case was modified to characterise a non-linear
oad connection in the IEEE 13-bus test feeder and cahstru

power quality loss map in steady state.
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Figure 5. IEEE 13-bus test feeder modified for seien2

Figure 5 shows the modified IEEE 13-bus test feederitircu

which has been simulated in EMTP-ATP. This circuit shows
the adjustable-speed drive model used.
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Figure 6 shows voltage and current waveforms at the ASD-
6P entrance (node 634). The remaining nodes in the rddifi
test system had a noticeable influence on harmonic distort
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Figure 6. Voltage and current waveforms at ASD§fut

propagation (Table 2).

From the results summarised in Table 2, as expected, nodes
634 and 633 became the next in importance in terms of yualit
deterioration. These nodes had a 45% increased loss diyquali

compared to the base case.
TABLE 2
POWERQUALITY INDEXESMEASUREMENT INSCENARIO 1

Individual indexes (%)

Overall index (%)

Node THDy THD, UF, UF, PFr DF g

650 2.10 1279 0.38 1871 41.92 50.45
RG60 2.09 12.88 0.49 17.76 41.90 50.22
632 5.34 1287 094 17.76 38.55 46.74
633 6.04 67.24 094 000 6102 117.23
634 14.73 67.240.72 000  60.16 118.86
645 524 510 52.3777.48 5171 111.17
646 524 4.46 52.3470.71 4352 114.85
671 7.27 12.37 2.79 4331 25.83 49.04
680 7.27 NIA 279 N/A N/A N/A

684 6.02 19.5452.33 81.55 12.43 108.39
611 5.15 17.3277.46 91.29  8.62 123.81
652 6.88 4.88 77.4691.29 71.82 144.21
692 7.27 2025279 7259  4.00 73.63
675 7.61 2257 2.97 76.27 13.85 77.07
Figure 7

@

DFpg-factor [%]

(b)

DFpg-factor [%]

Figure 7. Two-dimensional quality loss maps: (@nsriolbase casand (b)
scenario harmonic distortion

Two areas of the map are outlined in dotted lines in Figure
7(b), showing increasddF,-factor values for scenario 2. The
first and most notable case occurred in the distribution
transformer located between nodes 633 and 634. The second
was less noticeable and was given in the section consadting
nodes 692 and 675. These variations were immediately
obvious by observing the colour change compared teahes
location in Figure 7(a).

C) Scenario No. 3: (propagation of a transient
disturbance).

compares power gquality loss maps and two- A single-phase fault (in phase-b) was caused in the lin
dimensional visualisation for the base case, as in the casecoffinecting nodes 632 and 671. The fault occurred at t=1.1s,
harmonic distortion.

lasting 70ms and fault impedance was@.5
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Figure 8. IEEE 13-bus test feeder modified for scen3
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Figure 10. DFpqg-factormeasured at different nodes in scenario 3

Figure 10 shows theDF,factor detected as a non-
stationary event in the system’s different nodes. Fidifre

Figure 8 shows a fault model developed from a switchlearly shows that nodes 650 and 632 had the highest tevels

connected to phase-b in series with ground resistance.

quality loss during the single-phase fault. Quality slos

The records for voltage and current waveforms upstréam mpared to the values before the fault changed very little i
the rest of the nodes; no changes were seen in nodes®34 a
652.

the fault are shown in Figure 9.
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Figure 9. Waveforms upstream of the fault: (a) agdt and (b) current

As can be seen in Figure 9(b), phase-b current beca
increased upstream of the fault because of with littleteasie
being offered by the fault impedance. Moreover, the singl “
phase fault also occurred in system sag and voltage sw-
nodes, as shown in Figure 9(a). It can be seen thae4ihas T
voltage became decreased by almost 50% while phase-a

phase-c voltage became slightly increased.

EN

" is=1,1244s,

“te=1,1341s,

Figure 1. Frames from the three-dimensional anonatif the quality loss
map in scenario 3

On the other hand, using three-dimensional animationcane
intuitively show how the whole system was affected bglit
loss during the single-phase fault. Figure 11 giges
snapshots showing the propagation of a transient Hestoe
for the IEEE 13-bus test feeder. Unfortunately, the srpsh
did not fully illustrate the propagation of a transient
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disturbance as well as the three-dimensional animation dIBE, Power quality measurements methods, Testing &easurement

animation clearly showed how quality loss was propagate

from one zone to another of the particular system.

5. CONCLUSIONS

d Techniques, IEC Std. 61000-4-30.

IEEE Distribution Planning Working Group Report, dra distribution test
feeders, IEEE Power Engineering Society Winter MegetColumbus,
Ohio, USA, Jan 28-Feb. 1, 2001, pp. 908-912.

IEEE Std. 1459, IEEE Trial-Use Standard Definitidos the Measurement of

This paper has described a software package developed as aglectric Power Quantities under Sinusoidal, Norsaidal, Balanced, or
system operator aid. The tool was based on a technique for Unbalanced Conditions, Jan. 2000.

assessing power quality deterioration in electrical network@ump, R.P., Weber, J.D., Real-ime data retriemal new visualization

based on power tensor theory. It has shown a user-fyiend|

techniques for the energy industry, 35th Hawaiérmational Conference

interface allowing a user to construct a system diagram for a ©n System Sciences, Big Island, Hawai, Jan. 22002, pp. 712-717.
new power system or edit an existing one to make atksirMasoum, M.A.S., Jamali, S., Ghaffarzadeh, N., Digtrcand classification of

modifications.

Three-dimensional animation and colour

evaluation of power transfer quality deterioration in power

systems.
The examples of different cases

transfer quality deterioration.

contouring
techniques have been used for visualising the integra

power quality disturbances using discrete wavetetsform and wavelet
networks, IET Science Measurement & Technology,. MoINo.4, Jul.,
2010, pp. 193-205.

Ml\anez, D.L., Emanuel, AEE., The instantaneouszegzhasor a powerful
diagnosis tool, IEEE Trans. Instrum. Meas., Vol. §2. 1, Feb 2003, pp.
143-148.

L ] B led to ve_rlfylng thglilano F., Three-dimensional visualization and aaion for power systems
proposed indicator's applicability when measuring power

analysis, Electric Power Systems Research, voh@912, pp. 1638-1647,
Dec. 2009.

Future work will concentrate on improving the threeoverbye, T.J., Rantanen, E.M., Judd, S., Electrawegs control center

dimensional visualisation technique. A
as involving a geographical

constructing graphical schemes or maps.
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