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RESUMEN
La simulacion PHIL (por sus siglas en inglés, Power Hardware-in-the-Loop)

representa una herramienta versatil, segura y de bajo costo, la cual permite emular
el comportamiento eléctrico de diferentes componentes o sistemas eléctricos con la
finalidad de generar un entorno seguro de pruebas para validacion de dispositivos
de control, desarrollo de prototipos y analisis con fines de investigacion cientifica.
Aunado a esto el andlisis de maquinas eléctricas rotativas representa una
importante &rea de interés para investigadores y el sector industrial ya que gran
parte de la energia generada a nivel mundial es consumida por motores, ademas,
el desarrollo de nuevos dispositivos de control y la propuesta de técnicas novedosas
para la deteccion oportuna de fallas representan areas de oportunidad en las cuales
se requiere de bancos de pruebas con caracteristicas como: precision, repetibilidad
entre pruebas, entornos de prueba seguros, etc. En este sentido, este trabajo
presenta el desarrollo de un sistema PHIL monofasico con la finalidad de emular el
comportamiento en corriente de maquinas eléctricas rotativas. Se proponen
diferentes casos de estudio orientados a circuitos resistivos y resistivos-inductivos
los cuales forman parte fundamental de la representacién del circuito equivalente
de un motor eléctrico, posteriormente se realiza un caso de estudio de emulacién
de comportamiento de un motor de CC junto con un puente rectificador, y finalmente
se propone un caso de estudio basado en un modelo neuronal monofasico de un
motor de induccion bajo diferentes condiciones de operacion que incluyen diferentes
condiciones de carga mecanica y diferentes condiciones de vueltas en devanados
en cortocircuito en el estator. Por lo tanto, por medio de este trabajo se establecen
bases solidas para el desarrollo de un sistema PHIL con la capacidad de emular no
solo maquinas eléctricas rotativas sino ya que el sistema se basa en un control en
base a una corriente de referencia, diversas cargas o fuentes de alimentacion
pueden ser emuladas por medio del desarrollo propuesto ampliando las

aplicaciones del sistema.

Palabras clave: Diagndstico, Maquinas eléctricas, Power Hardware-in-the-

loop, sistema de simulacion, sistema en tiempo-real.
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SUMMARY

Power Hardware-in-the-loop (PHIL) simulation is a useful, reliable and low-
cost tool which allows emulating electrical behavior of different components or
systems offering safe work environments for prototyping, drivers control design, and
scientific research. In addition to this, the analysis of rotating electric machines
represents an important area of interest for researchers and the industrial sector
since most of the generated energy worldwide is consumed by motors, besides, the
development of new control devices and the proposal of innovative techniques for
appropriate fault detection represent some opportunity areas where test bench are
required with different characteristics such as: precision, repeatability between tests,
safe test environments, etc. In this sense, this work presents the development of a
single-phase PHIL system with the capability to emulate the current behavior of
rotating electrical machines. Different study cases are proposed. Firstly, a resistive
load and resistive-inductive load are emulated which are a fundamental part of the
representation of the equivalent circuit of an electric motor. Secondly, a DC motor
along with a rectifier bridge is emulated by means of a theoretical model. Finally, a
single-phase neuronal model of an induction motor under different operating
conditions that include different mechanical load conditions and different winding
conditions (short-circuited faults) in the stator is tested in the PHIL simulator.
Therefore, through this work, solid bases are established for the development of a
PHIL system with the capability to emulate rotating machines electric behavior,
besides, other different loads can be simulated in this scheme since the PHIL
requires a current signal reference signal that could be sourced by models of
different loads being able to expand the applications for the proposed system.

Key words: Diagnosis, Electric Machines, Power Hardware-in-the-loop, simulation

system, real-time system.
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1. INTRODUCCION

Debido a los rapidos aumentos en tecnologias computacionales,
particularmente las técnicas de computo en paralelo y varias herramientas de
simulacion en tiempo real, el concepto de simulacion HIL (por sus siglas en inglés
Hardware-in-the-loop) es utilizado mas ampliamente en aplicaciones electronicas y
en sistemas de potencia (Ren, et al. 2008). La simulacion HIL es un método
avanzado para el disefio y prueba de aparatos o prototipos denominados HuT (por
sus siglas en inglés hardware under test) que a partir de un sistema virtual emula
parte de un sistema mediante un lazo cerrado del sistema a estudiar (HuT). Ademas,
este tipo de simulacion provee diferentes ventajas ya que permite estudiar el HUT
repetidamente y bajo condiciones de prueba reales. Esto minimiza los costos y el
riesgo de examinar varias condiciones extremas, a su vez maximiza la oportunidad
de identificar defectos ocultos en los dispositivos (Ren 2007; Mahdi 2015). La
simulacion HIL ha llegado a ser indispensable en la industria aeroespacial,
automotriz, marina y de defensa ya que juega un papel importante en el desarrollo
de sistemas de control, sistemas de seguridad automotrices, vehiculos submarinos
y sistemas de defensa; incluso en el area de investigacion dentro de las
universidades, este tipo de sistemas ha tenido una rapida integracién debido a
varias de las ventajas que ofrece como el bajo costo, el rapido prototipado,
repetibilidad, seguridad y versatilidad (Fathy 2006). Por otra parte, las simulaciones
HIL tipicas involucran un controlador y la interfaz de sefiales de baja potencia (que
tipicamente oscilan entre los £10V, <50mA) por medio de convertidores analdgico
digital ADC (por sus siglas en inglés analog to digital converter) y digital analdgico
DAC (por sus siglas en inglés digital to analog Converter) comerciales. Sin embargo,
en los casos donde se cuenta con dispositivos de potencia (por ejemplo: un motor
eléctrico, la red eléctrica, dispositivos de generacion de energia), los cuales
absorben o generan energia, se requiere de amplificadores de potencia
especialmente disefiados y aparatos de conversién (actuadores, convertidores de

voltaje). Este tipo de simulacion se distingue entonces como HIL de potencia o PHIL
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(por sus siglas en inglés power hardware-in-the-loop). Por otra parte, el estudio de
equipos eléctricos a menudo es llevada a cabo por medio de software de simulacién
tanto para proponer sistemas de control o una plataforma que permitan diversos
estudios (como la deteccion de condiciones de falla de una maquina eléctrica,
prueba de filtros activos, compensadores de potencia, etc.). En estos casos
generalmente se llevan a cabo varias simplificaciones con el objetivo de reducir los
tiempos de célculo. Por lo que la aplicacion de la simulacion PHIL en sistemas
eléctricos es ideal por las caracteristicas antes mencionadas. En particular, las
maquinas eléctricas rotativas son dispositivos que convierten la energia eléctrica en
energia mecanica (motores) o viceversa (generadores) los cuales se han empleado
por sus caracteristicas de alta eficiencia, velocidad y su rapida respuesta dinamica
(Vukosavic, 2012). En lo que respecta a motores eléctricos han sido empleados y
estudiados en gran medida, siendo el motor de induccion una de las maquinas por
excelencia en aplicaciones industriales los cuales consumen mas de la mitad de la
energia generada a nivel mundial. Ademas de la alta eficiencia que poseen las
maquinas eléctricas rotativas una de las razones por las que siguen siendo las
maquinas por excelencia en el sector industrial, es por los desarrollos tecnologicos
para dispositivos de control de variables como posicion, velocidad y aceleracién. Sin
embargo, una de los mayores inconvenientes es la aparicién de condiciones de falla,
ya que, aunque los motores son magquinas robustas, pueden presentar fallas en sus
principales componentes como son: el rotor, el estator y los baleros, las cuales si no
son detectadas pueden presentar pérdidas econOmicas por mantenimientos
correctivos o comprometer la calidad de los productos en la linea de produccién. En
este sentido, el andlisis de fallas en motores eléctricos no es un tema nuevo, ya que
se han desarrollado una gran cantidad de investigaciones alrededor de las causas
y las posibles técnicas para una deteccion oportuna, que ofrezca herramientas de
analisis con las cuales sea posible detectar fallas inclusive desde su estado
incipiente, programando un mantenimiento adecuado, minimizando los costos y
reduciendo los tiempos ocasionados por mantenimientos correctivos. Mas aun, el

analisis de firmas de corriente en motores MCSA (por sus siglas en ingles motor
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current signature analysis) para el caso de los motores de induccion, es una de las
técnicas mas explorada para la deteccion de las diferentes condiciones de falla, en
la cual se analizan componentes frecuenciales anormales que puedan estar
relacionadas con determinada falla en donde un gran nimero de metodologias han
sido propuestas para determinar la condicion del motor. Sin embargo, estas técnicas
solo son validadas bajo condiciones de operacion especificas y en motores de
determinadas caracteristicas. En este sentido, una aplicacion novedosa para los
sistemas de simulacion PHIL es la emulacion de maquinas eléctricas que cuente
bajo diferentes condiciones de operacién y pueda servir como herramienta de
validacion de técnicas de deteccion, considerando diversas condiciones de falla,
carga, potencia, etc. Ademas, que sirva para el analisis de los efectos de calidad de
la energia que ocasiona una determinada maquina eléctrica, por ejemplo, los
armonicos introducidos a la red eléctrica por las maquinas de CD debido a etapas
de rectificacion, etc. El presente trabajo se enfoca en la puesta en marcha de un
sistema de simulacion PHIL, con aplicacion en la emulacion de maquinas eléctricas
rotativas visto desde un punto de vista de carga eléctrica y considerando

condiciones de operacion.

1.1 Antecedentes

El desarrollo de sistemas de simulacion PHIL de potencia ha tenido una gran
aceptacion en un gran namero de aplicaciones tanto en el sector industrial para
desarrollo o pruebas de nuevos productos como en el sector académico en el area
de investigacion. Por lo tanto, diferentes trabajos se han realizado con diferentes
enfoques como: algoritmos de interfaz, mejoras en la estabilidad, algoritmos de
control, e innovacion en las aplicaciones de la simulacion PHIL. Los algoritmos de
interfaz determinan como se intercambian las sefiales entre la parte virtual y la parte
real del sistema. En este sentido, uno de los principales inconvenientes de los
algoritmos de interfaz es que pueden llegar a causar problemas de estabilidad y/o

13



resultados con baja precision; para esto se han propuesto y realizado estudios de
la naturaleza de estos inconvenientes con diferentes algoritmos de interfaz tales
como: el método del transformador ideal (ITM por sus siglas en ingles ideal
transformer method) el cual es uno de los métodos mas convencionales y sencillos
que cuenta con una alta precision pero baja estabilidad, por el contrario métodos
como el método de linea de transmision y el método de duplicacion parcial de
circuito (PCD por sus siglas en inglés partial circuit duplication) cuentan con una alta
estabilidad, pero la precision depende de los valores de los componentes de enlace,
métodos como aproximacion a sistemas de primer orden (TFA por sus siglas en
ingles time-variant first-order approximation) los cuales presentan estabilidad, sin
embargo son sensibles al ruido y presentan una alta complejidad para su
implementacion, y finalmente, el método de impedancia de amortiguacion (DIM por
sus siglas en inglés damping impedance method) el cual es una variante del ITM,
siendo uno de los métodos altamente recomendados en las aplicaciones PHIL por
su alta precision y estabilidad (Ren et al. 2008). Aunado a estos algoritmos de
interfaz se han propuesto diversos métodos para mejorar la estabilidad en sistemas
de simulacion PHIL, como la retroalimentacion de corriente filtrada, o métodos de
deslizamiento de impedancias (Markou et al. 2017).

Por otra parte, aunque existen diferentes algoritmos de interfaz, a su vez los
sistemas PHIL se pueden clasificar por su modo de control, modo corriente y modo
voltaje en funcion de la variable que se desee emular, estos modos de control
dependen de los componentes usados tipicamente con las etapas de amplificaciéon
en donde se han analizado los circuitos magnéticos para un buen acoplamiento al
HuT (Vodyakho et al. 2012; Schmitt et al. 2016), las variables a retroalimentar y los
tipos de controladores que se emplean por ejemplo: control PID (Benigni et al.
2011), control en espacio de estados (Mahdi 2015), control vectorial (Tzou et al.
1998), control por histéresis (Honglin et al. 2017) o control por modos deslizantes
(de Souza et al. 2017).
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Por otro lado, se ha tenido gran aportacion en las aplicaciones en las cuales
la simulacién PHIL puede ser de utilidad, que van desde simulaciones de maquinas
eléctricas con aplicaciones en el area automotriz, el desarrollo de sistemas de
control para maquinas eléctricas, la emulacion de los diversos componentes de
microrredes eléctricas para diversos analisis de calidad de la energia, entre otras.
Por ejemplo, Bevis et al. (2010) implementaron un sistema de simulacion PHIL para
pruebas de motores de reluctancia conmutados, los cuales presentan una gran
aplicacion en vehiculos eléctricos, en donde se pueden examinar los efectos de la
variacion del bus de CD bajo condiciones estéticas y dinAmicas de velocidad y
carga. Asi también, implementaciones de simulacion PHIL de maquinas eléctricas
como maquinas sincronas de iman permanente (Schmitt et al. 2016; Amitkumar et
al. 2018), maquinas de inducciéon (Vodyakho et al. 2012) y sistemas de generacion
por turbina de gas (Steurer et al. 2010), con la finalidad de probar drivers y sistemas
de control sin el riesgo asociado a las pruebas fisicas y sin la necesidad de usar los
componentes reales. Igualmente, aplicaciones de simulacion PHIL con relacién a
las energias alternativas se ha llevado a cabo con la finalidad de mejorar los
sistemas de control y las estrategias de integracion a la red; por ejemplo, Li et al.
(2006) desarrollaron un sistema unificado para pruebas de sistemas de energia
eollica el cual contiene la simulaciéon de una red eléctrica y un sistema capaz de
emular el comportamiento de un generador eélico. Del mismo modo, la integracion
de modelos dindmicos de paneles fotovoltaicos se ha llevado a cabo considerando
las variaciones de voltaje y las variaciones térmicas de un panel fotovoltaico de
acuerdo a la demanda de corriente, la temperatura y la irradiancia (Jung and Ahmed
2012). Ademas, dado que las microrredes forman parte importante en la calidad y
ahorro de energia junto con una menor dependencia de la red de distribucion,
presenta una gran oportunidad de aplicacion de simulacion PHIL debido a la gran
cantidad de sistemas que la componen tales como: sistemas de generacion
distribuida, sistemas de almacenamiento de energia, sistemas para la gestion de
cargas, sistemas de monitoreo y control de flujos de potencia y técnicas de

mantenimientos preventivos, en donde por medio de simulacion PHIL puede
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fortalecer el desarrollo y la innovacion de las diferentes partes que conforman una
microrred. Por ejemplo: una simulacion PHIL es propuesta para emular diversos
tipos de sistemas de generacion distribuida como paneles fotovoltaicos,
generadores eodlicos, generadores a diésel y sistemas de almacenamiento de
energia por bateria (Jeon et al. 2010; Fox and Gislason 2014; Kolb and Kammerer
2014). Asi también, la simulacion PHIL de diferentes cargas linares y no lineales
con la finalidad de observar fendmenos de calidad de la energia y/o probar la
funcionalidad de filtros activos orientados a mejorar la calidad de la energia (Camila
et al. 2013; Hogan et al. 2014; Heerdt et al. 2014; Kesler et al. 2014). Por dltimo,
ademas de la investigacion, las simulaciones PHIL proporcionan herramientas
didacticas para la ensefianza del de diversos equipos eléctricos disponibles en los
sistemas de potencia modernos, en donde el estudiante puede operar y observar
de manera segura los comportamientos de dispositivos virtuales y su interaccion

con diferentes componentes (Kotsampopoulos et al. 2017).

Finalmente, una de las aplicaciones propuestas en el presente trabajo es la
evaluacion de las condiciones de operacién de maquinas eléctricas rotativas, cuyo
estudio ha sido de interés a nivel mundial e incluso a nivel local en trabajos
realizados dentro de la Universidad Autbnoma de Querétaro. En este sentido una
de las técnicas ampliamente usada es el analisis MCSA en donde se han propuesto
diversas técnicas para la deteccibn en linea incluso considerando estados
transitorios: como por ejemplo: la deteccién de componentes frecuenciales para el
diagnéstico de diferentes niveles de severidad de barra rota (Rivera et al. 2018), asi
también, el analisis de fallas en los rodamientos se ha empleado por medio de
MCSA (Morales et al. 2018), incluso técnicas para el diagndstico considerando,
ademas de la condiciébn de falla, diferentes condiciones de carga han sido
propuestas (Rangel et al. 2014). En este sentido, el uso de simulacién PHIL como
herramienta de validacion de sistemas de diagndstico podria ser de gran ayuda, ya

gue diferentes condiciones o capacidades pueden ser analizadas.
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1.2 Descripcion del problema

La evaluacién de las condiciones de las maquinas eléctricas rotativas ha sido
un caso de estudio de interés debido a la gran cantidad de procesos industriales
gue dependen de este tipo de maquinas, y de acuerdo con la literatura existe una
gran cantidad de técnicas que proponen una deteccion oportuna de una falla con la
finalidad de evitar mantenimientos correctivos. En este sentido, uno de los enfoques
principales de presente trabajo es el desarrollo de un sistema para simulacién PHIL,
gue pueda ser empleado como herramienta de validacion para instrumentos de
diagnoéstico de maquinas eléctricas por medio del monitoreo de corriente eléctrica;
en donde se puedan considerar diversas condiciones como: carga mecanica, 0
severidad de la condicién a estudiar. A su vez, contar con una herramienta que
pueda reproducir el comportamiento en corriente de determinados tipos de cargas
que pueda servir como herramienta didactica o para fines de investigacion
considerando cuestiones de calidad de la energia como la distorsiébn armonica,
generada por cargas no lineales. En Fig. 1 se muestra a manera general la
integracion de los principales componentes que involucran una simulaciéon PHIL, en

donde en primer lugar se tiene un simulador en tiempo real el cual contiene el o los

Simulador en tiempo
real

Amplificador de
potencia

HuT

Fig. 1. Sistema de simulacion PHIL.
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modelos de la parte virtual del sistema o carga a emular, lleva a cabo la el monitoreo,
la retroalimentacion y el control de la etapa de potencia. Posteriormente, se tiene la
etapa de potencia la cual generalmente consta de un inversor fuente de voltaje (VSI
por sus siglas en inglés voltage source inverter), el cual se conecta al HuT que
puede ser la red eléctrica o alguna otra fuente o el sistema de diagndstico de

condiciones a probar.

Aungue existen tres principales componentes en los sistemas de simulacion
PHIL: simulador en tiempo real, amplificador de potencia y HuT, el desarrollo de la
presente investigacion involucra diferentes cuestiones, por un lado, estd en la
implementacion del algoritmo de interfaz que se encargara del intercambio de
sefales entre la parte virtual y la parte real del sistema. Ademas, la propuesta de
una ley de control adecuada que proporcione la estabilidad y precision al sistema.
Igualmente, la seleccion de componentes adecuados y correcta instrumentacion
forma parte fundamental en el desarrollo del proyecto. Otra parte fundamental es la
seleccion de los componentes para la simulacion PHIL ya que se en base a esta
seleccidn se obtendran las posibles limitantes del sistema propuesto. Por dltimo, el
desarrollo e implementacion de los modelos que comprenden la parte virtual de la

simulacion PHIL.

En la parte de la aportacion cientifica, existen diferentes areas de oportunidad
en las cuales se pueden hacer propuestas que van desde los modelos a utilizar en
la parte virtual, el monitoreo de variables de retroalimentacion, mejoras en la
estabilidad y precisién, o innovacién en las aplicaciones de simulacién PHIL.

1.3 Hipotesis y objetivos

1.3.1 Hipotesis

Mediante el desarrollo de un sistema de simulacion PHIL se puede realizar la
validacion de diferentes métodos de deteccion en linea de fallas basados en MCSA,
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ampliando las pruebas de validacion, considerando diferentes condiciones de
operacion. Del mismo modo dado a la amplia gama de aplicaciones de simulacién
PHIL se puede obtener una herramienta con la capacidad de emular una corriente
de determinada carga la cual puede ser empleada para fines de ensefianza o

investigacion de calidad de la energia en un determinado sistema.

1.3.2 Objetivo general

Desarrollar un sistema HIL de potencia que permita emular la corriente
demandada por maquinas eléctricas rotativas para la validacion de diferentes
modelos tedricos y experimentales, asi como el estudio en el impacto de la calidad
de la energia eléctrica ante la accion de estas maquinas en diversas condiciones de
operacion, por medio del estudio empirico y analitico de las cargas propuestas, la
implementacion de dichos modelos en un sistema en tiempo real y el desarrollo de

un sistema basado en electronica de potencia.

1.3.3 Objetivos particulares

1. Construir una plataforma de potencia para la simulacion de cargas eléctricas
genéricas documentando sus especificaciones técnicas, a partir del disefio
inversor de voltaje CA-CC, para poder emular y controlar el consumo en
corriente.

2. Obtener modelos de los motores eléctricos que permitan su implementacion
en tiempo real por medio de una blsqueda bibliografica exhaustiva en cuanto
a modelos tedricos de las cargas eléctricas propuestas y la adquisicién de
sefiales de corriente y voltaje que permitan el modelado experimental.
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3. Implementar los modelos en la plataforma de potencia desarrollada para
validar los diferentes modelos obtenidos mediante la comparativa con del
modelo con el sistema real.

4. Desarrollar estudios del impacto en la calidad de la energia por medio del
sistema HIL desarrollado para validar parametros de calidad de la energia
generados por el sistema HIL propuesto y el sistema real.

5. Publicar tres articulos en revistas indexadas, mediante el estudio y desarrollo
de la arquitectura e instrumentos generados de este proyecto para difusion
de la presente investigacion.

6. Generar tesis de grado mediante la presente investigacion para la formacion
de recursos humanos en esta linea de investigacion.

1.4 Justificacion

La principal motivacion para realizar este trabajo de investigacion es la
necesidad de contar con un sistema que permita emular cargas eléctricas fisicas
reales, especificamente maquinas eléctricas rotativas. En donde, la contribucién
cientifica de este trabajo es el desarrollo de modelos de maquinas rotativas el cual,
por un lado, permitird validar y cuantificar experimentalmente el grado de exactitud
de distintos modelos que se han reportado en la literatura y, por otro lado, permitira
desarrollar y validar los modelos que se propongan en este trabajo desde el punto
de vista consumo de potencia mediante las formas de onda de las sefales de
corriente. Otros aspectos como tipo de modelo, complejidad de modelo para
emulacién en tiempo real, rapidez, exactitud, consideraciones y simplificaciones
para facilitar el modelado, confiabilidad y repetitividad de los resultados, entre
muchos otros aspectos podran ser estudiados y discutidos experimentalmente, es
decir, cuando se someten a condiciones reales de ejecucion y operacion dejando

atras las condiciones y simplificaciones del software.
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Ademas de la contribucién cientifica mencionada en el parrafo anterior, en
este trabajo se propone el desarrollo tecnoldgico de un prototipo de un sistema HIL
de potencia, en donde, algunos de los puntos que justifican la implementacion de
este tipo de sistemas se derivan principalmente de ventajas en costos y tiempos de
desarrollo de pruebas experimentales. Un sistema HIL permitira emular distintas
maquinas en un mismo sistema sin la necesidad de tener todas las maquinas
fisicamente, considerando diversas capacidades, tamafos, marcas, modelos, etc.
Mas aun, no solo las condiciones del equipo pueden ser cambiadas o controladas,
sino que las condiciones del laboratorio de pruebas también se pueden controlar
para generar condiciones especificas o extremas de prueba que en la vida real son
dificiles de alcanzar y por lo tanto dificiles de generar pero que son importantes de
analizar porque representan posibles condiciones limites o de riesgo para el equipo
bajo prueba. Por otro lado, las emulaciones en sistemas de simulacion PHIL no solo
permiten realizar pruebas y validaciones en menor tiempo y con menores costos de
desarrollo, sino que también reducen costos durante las pruebas al eliminar la
necesidad de hardware o equipos reales que se desgastan y/u ocupan
mantenimiento. Esto, a su vez, con fines de cuantificar estadisticamente la
confiabilidad de algun resultado, posibilita la realizacion de un gran numero de
repeticiones de alguna prueba en particular sin alterar o afectar las condiciones

iniciales de prueba.

Otro factor que motiva este trabajo, desde el punto de vista calidad de la
energia eléctrica, es que este sistemay los modelos implementados de los diversos
casos de estudio permitiran hacer investigaciones sobre el impacto negativo de una
maquina real en el sistema eléctrico al que se conecte, es decir, si al operar genera
desbalance en magnitud y fase, si afecta el factor de potencia y por lo tanto las
componentes de potencia, si aumenta la distorsibn arménica total, si genera
fluctuaciones o variaciones en el valor cuadratico medio (RMS del inglés, root mean
square) de las lineas de voltaje y corriente, entre algunos otros parametros basados
en indices de la calidad de la energia. En este sentido, investigaciones sobre el

dimensionamiento de equipos y buses eléctricos, propuestas de controladores
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eléctricos y disefio de protecciones podran ser realizados y probados gracias a este

equipo.

Finalmente, la orientacidn de este trabajo hacia maquinas eléctricas rotativas
y algunos de sus controladores de potencia se justifican por las siguientes razones:
los motores son los elementos claves de cualquier sistema de automatizacion y
movimiento en los procesos industriales, por lo tanto, un sistema que permita validar
modelos que estudian el comportamiento de estas maquinas con el objetivo de
aumentar su eficiencia y confiabilidad es altamente deseable. Por ultimo, estas
magquinas en conjunto a sus dispositivos de control tienen un gran impacto en la
calidad del suministro eléctrico, lo cual afecta al equipo mismo y a otros equipos
sensibles conectados al bus eléctrico generando pérdidas econémicas por dafios
en los equipos y posibles paros de produccion. Esto, por lo tanto, propicia un interés
especial en el disefio de equipos y protecciones en el cual el sistema propuesto
podria ser utilizado como herramienta para probar los equipos antes mencionados

en condiciones reales de operacion.

1.5 Planteamiento general

La metodologia de manera general propuesta para este trabajo de
investigacion se muestra en la Fig. 2. La cual consiste en un sistema de simulacién
PHIL en donde una plataforma con capacidad de procesamiento de tiempo real sirve
para la implementacion del algoritmo de control el cual se basa en emular una
corriente de referencia a partir de un amplificador de potencia, que es conectado al
sistema a estudiar o HUT. La corriente a emular o corriente de referencia es obtenida
por medio de un modelo que describe un comportamiento de acuerdo a las

caracteristicas del sistema real.
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Ley de
control

Parte de hardware
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Amplificador
de potencia

Simulador en
tiempo real

Parte virtual
HuT

Acondicionamiento
de senales

Fig. 2. Planteamiento general de desarrollo de sistema de simulacion PHIL.

En la parte del desarrollo y puesta en marcha del sistema de simulacion PHIL
se llevara a cabo la seleccion de una plataforma en tiempo real en la cual se pueda
implementar el control y los modelos desarrollados y que a su vez permita el
monitoreo para la validacion del sistema. Ademas, se debe llevar a cabo la seleccion
de los componentes adecuados del amplificador de potencia que incluye un VSI
junto con una etapa de filtrado, y por ultimo el acondicionamiento y adquisicion de

la o las sefiales de retroalimentacion para el control y la validacion del sistema.
Los bloques que componen la estructura del Sistema HIL son los siguientes:

e Simulador en tiempo real: Plataforma encargada de la implementacion de la

parte virtual del sistema a estudiar, incluye la ley de control para emular la
corriente de referencia por medio del amplificador de potencia.

e Acondicionamiento de sefiales: Este bloque contiene los circuitos necesarios

para la adecuacién de las sefiales de corriente y/o voltaje a ser

retroalimentadas para el sistema de simulacién PHIL.
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e Ley de control: Se encarga de controlar la etapa de potencia en base a una

corriente de referencia, dar estabilidad y precision al sistema.

e Modelo: Este modulo contiene los modelos matematicos discretizados de las

maquinas eléctricas.

o Amplificador de potencia: Este mdédulo se encarga de controlar el consumo

real del dispositivo que se esté emulando, este proceso se realizara a traves
de un VSI.
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2. ESTADO DEL ARTE

Un simulador en tiempo real en interfaz con un sistema fisico forma una
simulacion PHIL. Este tipo de test tiene un gran namero de ventajas y al mismo
tiempo requiere de consideraciones especiales. Donde uno de los principales retos
de la simulacién PHIL es la operacion estable del sistema. Mas aun, la estabilidad
debe de estar acompafiada de resultados precisos. Como se mencion6 en el
capitulo anterior ambos tanto la estabilidad como la precision dependen del
algoritmo de interfaz (Mahdi 2015); aunque existen diferentes algoritmos como el
ITM, el método de la linea de transmision, el método de duplicacion parcial de
circuitos, o el método de impedancia de amortiguacion en este trabajo se propone
emplear el método de transformador ideal debido a su simplicidad y a las

posibilidades que tiene para mejorar su estabilidad por medio de etapas de filtrado.

2.1 Método del transformador ideal ITM

Uno de los algoritmos mas clasicos de algoritmo de interfaz es el método de
ITM. Debido a su estructura simple y si sencillo principio de operacién, ha sido usado
ampliamente (Ren et al. 2008). Como se observa en la Fig. 3(a) el algoritmo parte
de un circuito divisor de voltaje el cual en teoria es estable sin embargo el hecho de
llevar a cabo la implementacién introduce al sistema inestabilidad y baja precision.
Ademas, en la Fig. 3(b) y 3(c) se muestran los dos tipos de configuracion los cuales
se definen como de tipo voltaje y tipo corriente respectivamente, dependiendo la
variable que se desee controlar. Entonces, si se analiza la interfaz de voltaje que se
muestra en la Fig. 3(b) el amplificador de potencia genera un voltaje vyt por medio

del voltaje virtual vy el cual se puede expresar de la siguiente manera:
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Fig. 3(a) Circuito original de ITM; (b) Interfaz ITM de tipo voltaje; (b) Interfaz ITM
de tipo corriente.

ViuT (K) =vy (K) +¢ (1)

Donde ¢ es el error que ocurre en la etapa de amplificacion de la simulacion PHIL.
En consecuencia, un error en la componente de corriente de retroalimentacion inur
ocurre y este puede ser determinado por:

&

HuT

At (K) ==

()
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Por lo tanto, ya que el voltaje virtual se obtiene por la retroalimentacion de la

corriente como vv(k)=Vs(k)-Zvlv(k), un error en vy en el tiempo k+1 es obtenido por:

A (k +1)=—[ZZV Je (3)

HuT
ZHut > 2y

Esta variacion en el voltaje virtual amplifica el error en tiempos futuros en un factor
de —(Zv/Znut) introduciendo inestabilidad cuando Zy>Znyt. Este mismo efecto se ve
presente en la interfaz de tipo corriente ya que ahora la corriente en el HUT (iHuT) €S
controlada por el voltaje de retroalimentacion de voltaje vhut. En este caso, la
corriente emulada inyt €s igual a la corriente virtual mas una componente de error €

introducida por la etapa de amplificacion.
it (K) =iy (k) +¢ (4)

Este valor puede introducir errores en el voltaje retroalimentado el cual se puede

estimar por medio de:
AVt (K) = Zpyt & (5)

Por lo tanto, la corriente virtual iv(K)=(vv(k)-Vs(k)) /Zv puede introducir errores a

estados futuros k+1:

Aiy (k+1) = (—Z;'\L/” Js (6)

Entonces problemas de inestabilidad pueden ocurrir cuando Znut>2yv.

2.2 Inversor CC-CA sinusoidal de modo conmutado
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Uno de los amplificadores ampliamente usados en los sistemas de simulacion PHIL
son los convertidores de CC-CA sinusoidal ademas de tener una gran aplicacion en
alimentacion de motores o sistemas de fuentes ininterrumpidas. Ademas, una
caracteristica de los inversores de modo conmutado que lo hace ideal en la
aplicacion de sistemas de simulacién PHIL es que el flujo de potencia es reversible;
es decir que puede funcionar para proporcionar potencia (como inversor) o para
consumir potencia como (rectificador). Estos inversores también se denominan
inversores de fuente de voltaje VSI y se subdividen en tres categorias: Inversores
modulados por ancho de pulso, inversores de onda cuadrada e inversores
monofésicos con cancelacién de voltaje. En la Fig. 4 se muestra la operacion de un
inversor monofasico conmutado y su zona de trabajo, como se ve en la Fig. 4(a), la
entrada del inversor esta acoplada por un capacitor a la entrada con la finalidad de
filtrar la componente de CC y la salida que comunmente tiene una etapa de filtrado.
Dependiendo el tipo de carga conectado o el modo de operacién deseado el inversor
puede operar en los cuatro cuadrantes que se muestran en la Fig. 4(b) en donde se
observan las zonas donde puede operar como inversor gue es cuando el voltaje y
la corriente de salida tienen el mismo signo, y el modo rectificador en el cual la
transferencia de potencia se hace hacia el bus de CC cuando el voltaje y la corriente

de salida tienen signos opuestos.

i A i 4
— : =y s
inversor —0
+ monofasico de + . 2 . 1
modo rectificador inversor
Vi conmutado i _
_ + _ b . Vs
\_ y inversor rectificador

(a) (b)

Fig. 4. (a) Inversor monofasico de modo conmutado; (b) cuadrantes de operacion

de inversor.
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En general todas las topologias de inversores CC a CA se deducen mediante el
convertidor de medio puente (o0 una pata) que se muestra en la Fig. 5. En el cual la
salida est& disponible en el punto medio “0” del voltaje de entrada, sin embargo,

esto no se necesita en la mayoria de los inversores ni esta disponible.

P P
+ o+
Yd o SA+/ A D,
: A |k
¢ 4
% - SA-/ D -

Fig. 5. Inversor de modo conmutado de medio puente.

Respecto a la modulacion de ancho de pulso para la conmutacion del inversor se
debe considerar que la salida esperada es una funcién sinusoidal con magnitud y
frecuencia controlables. Por lo tanto, a fin de producir una forma de onda sinusoidal
de voltaje, se compara una sefial de control sinusoidal con una forma de onda

triangular.

Un factor importante en este tipo de inversor es la seleccion de la técnica PWM, la
cual debe garantizar una forma de onda de voltaje facil de filtrar que permita tener
voltajes con distorsiones armonicas menores al 3%, y poder tener un facil control
sobre la sefal de voltaje de salida, para poder modificar segun las exigencias de las
pruebas tanto la amplitud como la frecuencia. Dentro de las técnicas comunmente
utilizada se tienen: la modulacién de ancho de un solo pulso por semiciclo, la
modulacién de varios pulsos por semiciclo y la modulacion de ancho de pulso
sinusoidal. La modulacion de ancho de pulso sinusoidal presenta varios pulsos por
semiciclo y el ancho de pulso varia en forma proporcional a la amplitud de la onda

sinusoidal. Esta técnica de modulacién puede trabajarse de forma unipolar o bipolar.
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En donde el método de modulacién unipolar presenta la ventaja de que las
frecuencias armédnicas introducida debido a la conmutacién son el doble de las
generada por modulacion SPWM bipolar (Mohan et al. 2009), en la Fig. 6 se muestra

un inversor de puente completo junto con su etapa de filtrado.

L L ]
s, A Fs.d o
vDii [1 + -+
T- B CT~ v, Viur
s, Al Fs,d —~ —
L VSI ) Filtro LCL

Fig. 6. Inversor de puente completo con etapa de filtrado.

2.3 Modelado de maquinas eléctricas

2.3.1 Modelado teorico

El modelado tedrico se trata de un método analitico, en el que se recurre a
leyes basicas de la fisica para describir el comportamiento dinamico de un
fenémeno o proceso. A continuacion, se presentan algunos métodos empleados en
la literatura para el modelado de motores eléctricos de corriente continua (CC),
corriente alterna (CA) y motores sincronos, en donde para este tipo de maquinas
eléctricas existen diversos circuitos equivalentes que sirven para obtener un modelo

eléctrico de la maquina (Haitham, et al., 2012).
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2.3.2 Motores de corriente continua

Existen diferentes topologias de conexion de motores de corriente continua,
ya sea de excitacion independiente, serie o paralelo. En la Fig. 7 se muestra una de
las posibles representaciones de un motor de corriente continua, donde se tiene
como entrada un voltaje de alimentacion ea(t), y a la salida una velocidad angular
w(t) con un determinado torque 7(t), los cuales se encuentran relacionados con la

corriente de alimentacion i(t) por la ecuacion (7).

R
o AW
+ N
i(1)
g L
e, (1) i
o - (1)

Fig. 7. Circuito equivalente de motor CC.

Kz
i(s) L
= 7
e, (S) 52+BS+KVKT ( )
L JL

donde:

R: es la resistencia equivalente del motor de CC.
L: es la inductancia equivalente del motor de CC.
J: es el momento polar de inercia.

K:: es la constante de proporcionalidad de torque.

Kv: es la constante de fuerza electromotriz.
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2.3.3 Motores de corriente alterna

Entre los motores de corriente alterna, los motores de induccion del tipo jaula
de ardilla son los que tienen en la actualidad una mayor presencia en la industria
debido a sus caracteristicas como: bajo costo, versatilidad y robustez. Debido a
esto, se han desarrollado un gran nimero de técnicas para el modelado de este tipo
de maquinas eléctricas. En la Fig. 8 se muestra un circuito equivalente del motor de
induccién de una fase. Este consiste de la resistencia del lado del estator e
inductancia de fuga, mutua inductancia, la resistencia e inductancia rotorica, y

voltaje inducido.

Fig. 8. Circuito equivalente por fase de motor de induccion.

El motor de induccion en un marco arbitrario de referencia K puede ser

presentado en una velocidad angular wgzcomo:

. d .
Usk = Rgplgy + 751{ + jwrPsk (8)

. dbse . .
Usi = Rgplgy + Z}tk +]((‘)k - wr)¢sk (9)
Ysie = Lgig + Liplrg (10)
Yk = Lylpg + Lok (11)
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dwy

o = o [ (Poeisi) — t] (12)

Donde Ty, es una constante de tiempo mecanico; donde uy, i, i,, Y5 Y P, SON
los vectores de voltajes, corrientes, y flujo (estator y rotor); R;, R, son las
resistencias del estator y del rotor; w, es la velocidad angular del rotor; w, es una
velocidad angular del marco de referencia; /] es el momento de inercia; y t; es el

torque de carga.

Las relaciones de corriente son:

. 1 Lim .
ls = L_Slps L (13)
) 1 Lm .

Ly = L_rqu - le (14)

El modelo de motor de induccién por unidad presentado en un marco de

referencia de velocidad arbitrario es dado por:

digxy  RsL?+R,L%, . RyLm . Lm Ly
=TT Y+ wglsy + 0P, + U 15
dt Lywg sx Lywg lprx ktsy T Wo lAljry Wo SX ( )

%=Wisy+%wry_wkisx_wr%¢m +Vl;_:usy (16)
% - _}Z_:lprx — @ ry + %isx a7

dt:% == IZ_:l/er + WPy + % Lsy (18)

% = ]LTmT (l/)rxisy - l/)ryisx) - ;to (29

En donde, uq, i, i,, ¥s Y ¥, son los vectores de voltajes, corrientes y flujos

(del estator y del rotor); R, R, son las resistencias del estator y del rotor; w, es la
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velocidad angular del rotor; w; es una velocidad angular del marco de referencia; |

es el momento de inercia; y t, es el torque de carga.

2.3.4 Magquinas sincronas

Las maquinas sincronas son maquinas eléctricas rotativas de corriente
alterna cuya velocidad de rotacion del eje y frecuencia eléctrica estan sincronizadas
y son mutuamente dependientes, esta maquina puede operar tanto como motor y
generador. Los modelos matematicos de motores sincronos de imanes

permanentes por unidad en un marco de referencia rotativo w; son:

T = Ryl + 2 4 o, (20)
s = Lgls +f (21)
=t~ 1) (22)

= (23)

Donde w, es la velocidad angular del rotor; 8 es la posicién angular del rotor;

y Y, es el flujo del iman permanente.

2.4 Herramientas de modelado de sistemas

Se trata de un método experimental que permite obtener el modelo de un
sistema a partir de datos reales recogidos del sistema bajo estudio. En la literatura
se han empleado algunas técnicas matematicas tradicionales. Estas técnicas van

desde técnicas estadisticas como: regresion lineal, regresion multiple, suavizacion
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exponencial, y técnicas de minimos cuadrados; Técnicas de series de tiempo como:
modelos autorregresivos, modelos autorregresivos de media movil 0 maquinas de
soporte de vectores; métodos de computacion flexible como algoritmos genéticos,

|6gica difusa y redes neuronales (Singh, et al., 2012).

2.4.1 Técnicas estadisticas

Una de las técnicas mas empleadas es la regresion lineal, se define como un
procedimiento mediante el cual se trata de determinar si existe 0 no relacion de
dependencia entre dos o mas variables. Es decir, conociendo los valores de una
variable independiente, se trata de estimar los valores de una o mas variables
dependientes. La regresion en forma grafica, trata de lograr que una dispersion de
las frecuencias sea ajustada a una linea recta o curva. La regresion lineal es una de
las técnicas estadisticas mas empleadas y es a menudo sencilla de implementar.
Los métodos de regresion son usualmente empleados para relacionar un modelo
con el consumo de una carga y otros factores como condiciones ambientales. Este
método asume que la carga se puede dividir en una tendencia estandar y una
tendencia linealmente dependiente de algunos factores que influyen a la carga. El

modelo matematico se puede escribir como:
L(t) = Ln(t) + Y a;x;(t) + e(t) (24)

Donde L(t) es la carga normal o estandar en un tiempo t, a; son los coeficientes de
variacion lenta estimados, x;(t) son los diferentes factores que tienen influencia en
el modelo tales como efectos ambientales, e(t) es una componente de ruido blanco,

n es el nimero de observaciones, usualmente 24 o 168.

La regresioén lineal multiple es un método muy popular y a menudo usado
para el modelado y prediccion afectacion en cargas en funcion de diversos factores
ambientales, crecimiento de capital, precios de la electricidad, crecimiento

econdémico, etc. Este tipo de regresién se presenta cuando dos o mas variables
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independientes influyen sobre una variable dependiente. El analisis de regresion

multiple utiliza la técnica de estimacion de minimos cuadrados.

El método de suavizacion o suavizacion exponencial simple puede
considerarse como una evoluciéon del método de promedio movil ponderado, en este
caso se calcula el promedio de una serie de tiempo con un mecanismo de
autocorreccion que busca ajustar los pronosticos en direccion opuesta a las
desviaciones del pasado. La suavizacidn exponencial es uno de los enfoques
empleados para la estimacion de cargas. En este método, la carga es modelada
con datos previos, y es usado comunmente para hacer predicciones futuras de
carga. Este modelado por suavizado exponencial se ha empleado usando la

siguiente funcion de ajuste

y(&) = BWOTS(t) +e(t) (25)

Donde f(t) es el vector de funcion de ajuste del proceso, B(t) son coeficiente tés

del vector, e(t) es ruido blanco y T la transpuesta del operador.

2.4.2 Técnicas de series de tiempo

Las técnicas de series de tiempo estan entre las mas populares metodologias
aplicadas al modelado. Las técnicas basadas en el supuesto de que los datos tienen
una estructura interna, como autocorrelacion, tendencia, o variacion estacional. El
primer impetu del enfoque es ensamblar los datos disponibles de coincidencia de
patrones y luego obtener el valor previsto con respecto al tiempo utilizando un
modelo establecido. Dentro de estas técnicas de modelado se encuentra el modelo
autorregresivo (AR). El modelo AR puede ser empleado para modelar el perfil de
carga si se asume una combinacion lineal de las cargas previas; la cual es dada por
Liu como (Liu, et al., 1996):

Ly =Y2 ayLi—; + e (26)
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Donde L, es la carga en un tiempo k, a;, i =1..m son coeficientes
desconocidos y sobre la ecuacion dada es el modelo autorregresivo de orden m. En
donde, los coeficientes desconocidos de la ecuacion pueden ser obtenidos usando

el algoritmo de minimos cuadrados.

Por otra parte una variante del modelo AR es el modelo autorregresivo de
media moévil (ARMA), el cual representa el valor actual de la serie de tiempo y(t) de
forma lineal en términos de sus valores en los valores pasados [y(t — 1), y(y — 2) ...]
y en términos de valores previos de ruido blanco [a(t — 1), a(t — 2),...], por ejemplo,

para el modelo ARMA de orden (p,q) el modelo se escribe como:
yO) =yt -1+ -+ @yt —p)+al®) —palt—1) - —@u(t—q) (27)

Den donde se emplea un esquema recursivo para identificar los parametros,

empleando métodos como minimos cuadrados recursivos.

Ademas, otra técnica aplicada al modelado de cargas eléctricas ha sido el
empleo de técnicas basadas en maquinas de soporte de vectores (SVM por sus
siglas en ingles Support Vector Machines), que fue presentada por primera vez por
Vapnik (Vapnik, 1998). Es un método basado en teoria de aprendizaje estadistico,
el cual analiza los datos y reconoce patrones, usado para clasificacion y analisis de

regresion.

2.4.3 Técnicas de computacion flexible

Es un hecho que cada sistema es de manera generalizada imprecisa, incierta
y dificil de modelar con precisidbn. Un enfoque flexible son las técnicas de
computacion flexible (Soft Computing), las cuales se han sugerido para hacer frente
a este tipo de modelos con eficacia y de manera mas eficiente en el escenario de la
investigacion en las dltimas décadas. El Soft Computing es un enfoque emergente

gue es paralelo a la notable capacidad de la mente humana para razonar y aprender
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en un entorno de incertidumbre e imprecision. Estd emergiendo rapidamente como
una herramienta para ayudar a los sistemas inteligentes basados en computadoras
gue imitan la capacidad de la mente humana para emplear modos de razonamiento
gue son aproximados y no exactos. El tema basico de Soft Computing es que la
precision y certeza llevar a un costo y que los sistemas inteligentes deben explotar,
siempre que sea posible, la tolerancia a la imprecisién e incertidumbre. EI Soft
Computing constituye un conjunto de disciplinas que incluyen la logica difusa, redes

neuronales, algoritmos evolutivos como los algoritmos genéticos (AG), etc.

Los sistemas basados en légica difusa con técnicas de defusificacion de
centroide son bien conocidos en la identificacion y aproximacion a cualquier sistema
dinamico a partir de un conjunto compacto para una precisién arbitraria. Se ha
observado que los sistemas basados en l6gica difusa tienen una gran capacidad en

encontrar similitudes en conjuntos de datos de grandes proporciones.

Otra técnica empleada en el modelado son las redes neuronales artificiales,
las cuales tienen una amplia aplicacién gracias a su habilidad de aprendizaje. De
acuerdo a Damborg, las redes neuronales ofrecen el potencial para superar la
dependencia en forma funcional de un modelo (Damborg, et al., 1990). Existen
diferentes tipos de redes neuronales: redes de perceptron multicapa, redes auto-
organizadas, etc. A su vez, existen multiples capas ocultas en la red. En donde, por
cada capa oculta puede haber varias neuronas. Las entradas son multiplicadas por
pesos w; y son agregadas a un umbral 8 para formar un nimero de producto interno

llamado funcién de red.

Los algoritmos genéticos o programacion evolutiva son usados para
identificar los modelos autorregresivos de media mévil con variable exdgena
(ARMAX del inglés Autoregressive Moving Average with Exogenous Variable) para
modelado de cargas. A través de la simulacion del proceso evolutivo, el algoritmo
ofrece una capacidad de converger hacia la extrema global de una superficie de
error compleja. Estos son una técnica de busqueda global que simula el proceso de

la evolucién natural y constituye un algoritmo de optimizacion estocastica. Dado que
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los algoritmos genéticos evallan simultaneamente muchos puntos en el espacio de
basqueda y no necesitan asumir el espacio de busqueda son capaces de
asintéticamente converger hacia una solucion optima global, por lo tanto, puede

mejorar la precision de ajuste del modelo.

Finalmente se han propuesto sistemas expertos basados en conocimiento
los cuales son técnicas que han emergido como resultado de los avances en el
campo de la inteligencia artificial. Un sistema experto es un programa de
computadora que tiene la habilidad de razonar, explicar y tener una base de
conocimiento para expandir como nueva informacion. Para la construccion de
modelos, el “conocimiento técnico” extrae conocimiento para la prediccion por lo que
se llama el componente base de conocimientos para el sistema experto. Este
conocimiento se representa como hechos y reglas si-entonces, y esta formado por

el conjunto de las relaciones.
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3. METODOLOGIA

Acorde con las necesidades descritas anteriormente, en la Fig. 9 se muestra
la metodologia propuesta para el siguiente trabajo de investigacion. En la Fig. 9(a)
se muestran los componentes principales que conforman el sistema de simulacion
PHIL. En primer lugar, se cuenta con el algoritmo de interfaz, el cual es el encargado
de controlar como se intercambian las sefiales entre la interfaz virtual y la etapa de
potencia del sistema de potencia; en base a este algoritmo se deben considerar
cuestiones como la estabilidad y la precision del sistema PHIL. En el algoritmo de
interfaz se incluyen las partes del sistema en tiempo real y la etapa de potencia a
utilizar. Respecto al sistema en tiempo real, este se encarga de producir una sefal
de corriente que emula a la sefal de referencia la cual es generada a partir de un
modelo por medio de un sistema de control en lazo cerrado. Mientras la etapa de
potencia se conforma de un convertidor conmutado VSI junto con un filtro de
potencia. Con la finalidad de obtener las sefiales de retroalimentacion para el control
en lazo cerrado se propone una etapa de acondicionamiento de sefiales de corriente
y de voltaje. En la Fig. 9(b) se muestra el diagrama de bloques de las principales
etapas para el desarrollo del sistema de simulacién PHIL en donde una de las
etapas principales para el desarrollo es del sistema de simulacién es la seleccién o
propuesta de un algoritmo de interfaz ya que de este depende la ley de control
propuesta y el filtrado en la etapa de potencia. Ademas, parte importante del
desarrollo del presente trabajo de investigacion es la validacion por medio de
modelos matematicos que permitan servir de referencia, por lo que se proponen tres
casos de estudio en donde se tiene como primer objetivo validar la simulacién PHIL

mediante sefiales sintéticas con diferentes caracteristicas, posteriormente usar
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modelos tedricos de cargas y por ultimo proponer modelos basados en andlisis

experimental de maquinas eléctricas.

Modelo control
//\ > aemular

Vs Filtro

> o

PC
Simulador en tiempo real Acondicionamiento
de sefales
Algoritmo de interfaz
(a)
Seleccion de algoritmo Propuesta de HuT Modelos basados
de interfaz interfaz de potencia en corriente
l’ ‘ Red electrica Serfiales sintéticas
Propuesta de ley Propuesta de
de control etapa de filtrado Inversor AC Cargas teéricas

Modelos
experimentales

(b)
Fig. 9. (a) Diagrama general del sistema PHIL; (b) Metodologia propuesta para la

simulacion PHIL.

3.1 Algoritmo de interfaz y ley de control

Uno de los algoritmos de interfaz mas usados y simples de implementar es
el modelo del transformador ideal como se menciona en la seccion anterior. Por lo
tanto, este algoritmo de interfaz es propuesto para el desarrollo del sistema PHIL

propuesto en su configuracion tipo corriente. Por lo tanto, en la Fig. 10 se muestra
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un esquema de las partes a implementar en el sistema virtual y los componentes en
hardware necesarios para la emulacion de corriente. En donde se implementa en el
simulador en tiempo real la parte de retroalimentacion filtrada con la finalidad de

mejorar la estabilidad como lo sugiere (Mahdi, 2015), ademas del control del VSI el

Parte virtual

Simulador en tiempo real filtrado Puesta de hardware
_______________ N
v H . e
b Ryme Lyt oma 55
A virtual v;gua!: bl
i :
E :
- = L | vsi
56’ Vs‘virfual E Viitua Voo
E E Controlador
' - l Vsl
] 1

Fig. 10. Esquema de implementacién practica de simulacion PHIL

cual depende de la retroalimentacion y la referencia del modelo, la parte del sistema
virtual se ejemplifica con una fuente y una impedancia virtual la cual sera el modelo
del sistema o carga a emular. En la parte de hardware para sistemas de control tipo
corriente se sugiere con el objetivo de hacer iyt I0 méas cercano posible a ivirtual. En
este caso se propone para un simulador PHIL monofésico se emplea un convertidor
de puente completo como se muestra en la Fig. 11, junto con un filtro LCL (L1-C+-

Lr2) para suprimir la alta frecuencia de los dispositivos de conmutacion.

=) i
81 S4 les
Voc == C ==V, Viur

S0 ST B
l

VSI filtro

Fig. 11. Inversor de voltaje VSI con filtro LCL.
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En este caso el lazo de control propuesto se basa en simulador que propone
Mahdi (2015), el cual se basa en dos estrategias principales. En primer lugar, se
propone que la frecuencia portadora vp del control de los dispositivos de
conmutacion sea el doble de la frecuencia de muestreo Fs. Ademas, la
retroalimentacion para la ley de control propuesta se basa en espacio de estados,
por lo tanto, como se muestra en la Fig. 12, X representa el vector de estados
retroalimentados y Xrer €S el vector de referencia, con los cuales se obtiene el vector
de error el cual es multiplicado por la matriz -K para obtener uc, la cual es
comparada con la sefial portadora vp, para obtener una conmutacion SPWM de
modo unipolar, en donde las salidas ua y ub son usadas para conmutar los

dispositivos de potencia del VSI usando la siguiente l6gica:

Si ua > 0 entonces S1: ENCENDIDO, S4: APAGADO
Mas si ua < 0 entonces S1: APAGADO, S4: ENCENDIDO

Si up > 0 entonces S2: APAGADO, S3: ENCENDIDO
Mas si up < 0 entonces S2: ENCENDIDO, S3: APAGADO

Yo

icx I_>>—U
-K T a
5 Fs »
Xref I_. >
I_,>_‘Ub

Vo

Fig. 12. Esquema de control del VSI
Entonces sabiendo que ir1 es la corriente que fluye por el inductor L, que el
voltaje en el capacitor Ct esta denotado por ver, Y que la corriente it fluye por el
inductor L. Se define el vector de estados Xc como [i1 Vet inut]" Y asumiendo que la
salida del inversor de voltaje es VdcXue, la ecuacion de espacio de estados se puede

definir como:
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X = AX + Bug (28)

donde
0~ 0| [Vg]
1 f1 1 Loy
A=|— 0 —|[B=| 0 (29)
Cs Ct
0
o X o
i ) | -

Como se nota el modelo del circuito solo usa los componentes del filtro sin
embargo en este caso se considera L, como la impedancia equivalente debida al
HuT, y no solo la inductancia del filtro. Entonces, el modelo en discreto se puede

obtener para este sistema a una frecuencia de muestreo Fs el cual esta dado por:
x(k +1) = Fx(k) +Gug (k) (30)
donde:
F=eATS,G = [TseATs g, (31)

En este sentido, se puede proponer un regulador cuadratico lineal en tiempo

discreto como ley de control como se muestra a continuacion:
U (k) = —KDx(K) = Xper (K)]=—Tky ko ka]x[x(k) = Xref (K)] (32)

Donde Xt €s el vector de referencia para is, Vet Y iHut, €n donde la Unica referencia
disponible es iy, la cual es ivia. En este caso es dificil definir las referencias in y
Vet las cuales requeririan estimaciones adicionales. Mas aun, ya que el seguimiento
de corriente se debe realizar en base a iviual, las otras dos variables deben contener
su componente fundamental forzando las componentes de alta frecuencia a cero.
En este sentido, una etapa de filtros pasa altas son incluidos en el lazo de corriente

COMo se muestra:
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i
f.lHP __S —1— a (33)
ifp  S+a s+a

V,
cfHP _ S 1 o (34)
Vef S+« S+a

La referencia de estados en este caso se formaria por xTre= [0 O ivinual] y los estados

estarian dados por x'c= [itHp Verrp iHuT]. Donde la ley de control se expresa como:
ug (K) = —KIxe (k) = Xper (K)]=—Tkg Kz kalx[xc (k)= Xref (K)] (35)

Para investigar la estabilidad en la modificacién de la ley de control se puede
rescribir las equivalencias de los filtros pasa altas como la resta entre la sefal

original y las componentes de baja frecuencia isiLp Y VerLp:

ifiHP =if1—if1Lp (36)
VefHP = Vef —VefLP (37)
donde:
. a .
e =i (38)
(04
VefLp = Ssta Vef (39)

Por lo tanto, se incluyen irip Yy Verp al vector de estados Xe = [if1 Vet iHuT ifiLp VefLr], €n

donde las ecuaciones en espacio de estados estan dadas por:
Xe = AeXe + Belc (40)

donde
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0 —Li 0 0 0 o
1o, 1y o |t
f f 0
A= . ,B = 0 41
0 1 Feq 0 0
g e 0
0 0 -a O L 0 ]
0 a« 0 0 -af

Donde Req Y Leq representan los parametros equivalentes del HuT, en este caso la

ley de control queda dada por:
Ue = —kq[i f11p (K) — 01 — ko [Verp (k) — 01 —Ka[i, 3 ;7 (K) = virtual (K)] (42)
Sustituyendo por las equivalencias del filtro pasa altas:

Uc =—kai 1 (k) —kave (K) —ksi .+ (K)+kiif1 p (K) +kaverLp (K) +K3ivirtual (K) (43)
= —KeXe (K) + k3lvirtual (K)

donde K. = [k1 k2 ks -k1 -k2]. En donde la tarea principal es obtener los valores de las

ganancias Ke.

3.2 Filtro LCL

Con referencia al filtro LCL empleado en el sistema PHIL su funcion principal
es eliminar las componentes de alta frecuencia debidas a la conmutacién del VSI,
también, a partir de los componentes utilizados depende la estabilidad del sistema
PHIL. Sin embargo, en aplicaciones de lazo cerrado de corriente de filtros LCL se
tienen algunas recomendaciones ya que, a diferencia de los filtros LC, este filtro
cuenta con una frecuencia de resonancia, la cual si no se toma en consideracion
puede afectar el desempefio del PHIL amplificando componentes frecuenciales no
deseadas, en la Fig. 13 se muestra el circuito del filtro LCL junto con la respuesta
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en frecuencia del filtro. Esta respuesta en frecuencia se obtiene a partir del modelo

continuo del filtro que se muestra a continuacion:

G(s)= HUT = (44)
Ve XUc LfiLs2Css” +s(Lg1+Ls2o)

Diagrama de Bode

50

Ly Lo ipr S of
YYY\ ]
2 -501
m ¥ 2
n E -100}
0
VeaXU, Cf —r— Vs Viur

Fase [°]

10 10° 10° 10°
Frecuencia [Hz]

(a) (b)

Fig. 13 (a) Filtro LCL; (b) Diagrama de Bode de filtro LCL.

Existen diversas recomendaciones para la propuesta de un filtro LCL que tienen
como objetivo la atenuacién de armonicos de altas frecuencias. En este sentido se
han presentado algunas consideraciones para la propuesta de filtros LCL enfocados
al seguimiento de frecuencia (Li, 2011). En primer lugar, el valor general de
inductancia Ls=Ln1+L> se puede elegir en base a la frecuencia de conmutacion fc, la
corriente pico inuT, p, la corriente de rizado, ir, la cual se establece a un 20% de la

corriente pico. Entonces se sugiere:

2 . 2
Ve o NVde “Em (45)

: = =8 =
4\/§|r f(; ol HuT,p

En segundo lugar, el valor de la capacitancia se elige en base a la potencia reactiva

gue genera, con el objetivo de evitar valores de factor de potencia bajos, en este
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sentido la potencia reactiva del capacitor Qc debe ser menor que el 5% de la

potencia nominal del sistema.

. 005R, (46)

e <
3-27- fp-Ep?

Donde fn es la frecuencia nominal, En el valor RMS de voltaje y Pn es la potencia del
sistema. Finalmente, se sugiere una relacion de los valores de inductancias Lfl, y
Lf2. La cual se selecciona de acuerdo a la frecuencia de atenuacion que se desea
obtener fa, obteniendo un factor r el cual se define como Lf1l/Lf2. Entonces se
propone la siguiente ecuacion en donde se consideran las soluciones positivas para

r:
2 2 2 _
faf + (2% +1- faa"LsCe)r+ fa +1=0 47)

Donde wc es 2fc, entonces obteniendo r se puede estimar Lfl y Lf2:

L
Lij=—>—
=1, (48)
Lip=rLs (49)

En este caso es necesario revisar la frecuencia de resonancia la cual debe

satisfacer el siguiente criterio:
10f, < freg <0.5f (50)

3.3 Convertidor VSI

Aunque el comportamiento del inversor VSI es reversible este debe ser
alimentado con una fuente especial, que opere en cuatro cuadrantes, o en su
defecto proponer el uso de un convertidor “back-to-back” el cual transforma la
energia CA-CD-CA, lo cual es de utlidad para generar un comportamiento

completamente reversible del sistema PHIL. En este caso se propone el uso de
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equipo de laboratorio ya que incluye los dispositivos de proteccién adecuados en
caso de generar escenarios de inestabilidad. En el caso de la fuente de cuatro
cuadrantes se emplea un equipo de Lab-Volt 8960-22, que puede proporcionar
alimentacion de CD variable hasta de £150 V a 5 A. El inversor de potencia VSI lo
conforma un equipo de laboratorio marca Lab-Volt 8837-B2 el cual cuenta con tres
ramas de dos elementos de conmutacion IGBT, este inversor soporta un voltaje de
CD de 420 V a 6 A, con un ancho de banda de conmutacion de 0 a 20 kHz, en la
Fig. 14 se muestran los diagramas de la configuracion empleada junto con los

componentes utilizados.
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Cuadrante 2|Cuadrante 1 : /
| Carga Fuente | In
V I | V.
<+ I;
| —
iCuadrante 3|Cuadrante 4:
| Fuente Carga S, J S, J
| 2 ;
Lo - - - - [
v
L L ) . J
Fuente de cuatro cuadrantes VSI

Fig. 14. Fuente de cuatro cuadrantes conectado a VSI.

3.4 Sistema en tiempo real

El sistema en tiempo real para adquisicion de datos y la interfaz de control lo
conforma un controlador de la marca dSPACE RTI1103 cual se el cual es una
plataforma software/hardware basada en un procesador PowerPC 750GX de 32 bits

gue opera a una frecuencia de reloj de 1GHz, el cual opera en conjunto con
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procesador digital de sefiales (DSP por sus siglas en ingles digital signal processor)
de Texas Instruments TM320F240. La plataforma incluye diversos periféricos como:
50 entradas y salidas digitales I/O de alta velocidad, 36 canales de convertidor
analdgico-digital ADC de 16 bits, 8 canales de convertidor digital analdgico DAC de
16 bits de resolucion, salidas PWM, interfases de comunicacion serial RS232,
RS422, SPI, etc. Una de las principales ventajas del sistema dSPACE es que
permite el prototipado rapido de sistemas de control, ya que ofrece una plataforma
compatible con el entorno de desarrollo a blogques de Simulink, donde se puede
configurar graficamente los puertos de entrada y salida por medio de bloques
facilitando la implementacion de diferentes funciones en la plataforma. En la Fig. 15
se muestra en conjunto el sistema en tiempo real junto con la etapa de potencia

anteriormente descrito.

Fuente de
cuatro

cuadrantes

Fig. 15. Plataforma DS1103 dSPACE junto con VSI y fuente de cuatro

cuadrantes.
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3.5 Casos de estudio de simulacion PHIL

Para el caso de la validacion del sistema de simulacién PHIL propuesto se
propones tres escenarios para su posible validacion. En donde se busca a su vez
generar un aporte cientifico en las diferentes areas de aplicaciéon del sistema

propuesto, para lo cual se presentan los siguientes casos de estudio:

e CASO 1: Validacion del sistema PHIL por medio de sefales sintéticas.
e CASO 2: Uso de cargas a partir de modelos tedricos.

e CASO 3: Uso de cargas por medio de modelos experimentales.

351 Sefales sintéticas

En esta etapa se tiene como objetivo la puesta en marcha del sistema de
simulacion PHIL, por lo cual una manera sencilla de validacion es a través de
sefales sintéticas para las cuales se consideran tanto en la simulacion e

implementacion del sistema, en donde se consideran tres casos particulares como

N e gt PLL |«
Sefales
sintenticas
X
(el TR
V,
L | vsl
Controlador
VSI
Simulador en tiempo real Puesta de hardware

Fig. 16 Implementacion de simulacién PHIL mediante sefiales sintéticas.
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se muestra en la Fig. 16, en primer lugar, una sefial senoidal pura, posteriormente
una sefial con variaciones de tipo escalén de magnitud y por dltimo una sefial con
contenido armonico, estas sefales representan la corriente de referencia a emular
y se sincronizaran con el voltaje de alimentacién por medio de un algoritmo de

amarre de fase (PLL, por sus siglas en ingles phase-locked loop) .

3.5.2 Cargas basadas en modelos tedéricos

Una de las potenciales aplicaciones del sistema propuesto es poder emular
el comportamiento eléctrico de una maquina eléctrica rotativa; sin embargo, en
realidad se puede emular algun otro tipo de carga, por lo tanto, se propone utilizar
algunos modelos tedricos como se muestra en la Fig. 17, con la finalidad de validar
el sistema con diferentes condiciones que ofrecen los diferentes tipos de cargas,
tales como desfase entre el voltaje y la corriente o la introduccién de componentes
armoénicas debido a las cargas no lineales. En este caso las cargas no se
sincronizan con el PLL como la simulacion por sefiales sintéticas, sino que se
utilizan mediciones de voltaje en el punto de conexién con el sistema PHIL para que

la alimentacion de las cargas virtuales sea la alimentacion real del HuT.

a7 =

Ly,
@
i V,
'Vt‘rfua.' VDC V S I cf
ar Controlador
€ Vs
Simulador en tiempo real Puesta de hardware

Fig.17. Implementacion de simulacion PHIL mediante cargas teoricas.
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3.5.3 Modelo experimental de motor de induccion

Una de las potenciales aplicaciones del sistema de simulacion PHIL
propuesto es emular el comportamiento eléctrico de una maquina eléctrica rotativa
bajo diferentes condiciones de operacion incluidas diferentes condiciones de falla.
Esto es debido a la importancia con que cuentan los motores de induccién aunado
a la importancia que tienen el diagnostico de condiciones de falla en estas
maquinas. En este sentido se propone el desarrollo de un modelo teérico de un
motor de induccion bajo diferentes condiciones de falla de corto circuito junto con
diferentes condiciones de carga mecanica, lo cual es una condicibn comudn en los
ambientes industriales y apega mas a la realidad la propuesta en la aplicacién de
validacion de sistemas de diagndstico de maquinas eléctricas. En este sentido se
tomo6 en cuenta la integracion del modelo propuesto al sistema PHIL como se

muestra en la Fig. 18. sincronizado al HUT mediante un PLL.

i Modelos con L wt PLL l¢
diferentes
condiciones

______________ ]
Ve
Wirtual - - VSl
e Controlador]
€ ke
Simulador en tiempo real Puesta de hardware

Fig. 18. Implementacion de simulaciéon PHIL mediante modelos experimentales.

El modelo propuesto se llevara a cabo de manera experimental mediante el
monitoreo de corriente bajo las diferentes condiciones de cortocircuito en un motor
de induccién de 2 HP como se muestra en la Fig. 19(a). En donde se cuentan con

diferentes taps conectados a diferentes vueltas del devanado estatorico de una sola
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fase con el objetivo de producir cortocircuitos con diferente nimero de vueltas del
devanado (5, 10, 15, 20 y 30 vueltas). Adicionalmente, diferentes condiciones de
carga mecanica se consideraron por medio de un dinamometro (sin carga, un tercio
de carga, un sexto de carga y carga plena), como se muestra en las sefales de
corrientes obtenidas en la Fig. 19(b). Por lo tanto, sabiendo que la falla de
cortocircuito en devanados no afecta solamente a motores propone el analisis y
modelado de corriente de un transformador eléctrico cuyo circuito equivalente es
muy similar al que se encuentra en un motor de induccion, ademas de la importancia
que tiene en la comunidad cientifica ya sea para el disefio de protecciones o la

discriminacion de la falla.
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tiempo 10
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66% carga AT 100% carga ¢
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Gancho de 5. 487 30 5_10\ A% [ 30
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= '-1/’(/ 152 .“'./(/ 1§
tiempo 51Ovueltas tiempo 519ueltas

Fig. 19(a). Puesta experimental motor de induccién; (b) Sefiales experimentales

de corriente bajo diferentes condiciones de operacion.

3.54 Modelo experimental de motor de transformador

Como un caso adicional a este proyecto se realiza un analisis experimental a un
transformador, esto debido a la importancia de la presencia de las condiciones de
falla tanto en motores de inducciébn como en transformadores, aunado a la
semejanza del circuito equivalente monofasico de un motor de induccidon con un
transformador. En este sentido se propone el monitoreo en un transformador con
diferentes condiciones de cortocircuito (2, 3, 4, 5, 10, 15, 20, 25, 30, 35 y 40) como
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se muestra en la Fig. 20(a), en donde se considera la condicion de magnetizaciéon

del nucleo obteniendo diferentes sefiales de corriente de energizacion como se
muestra en la Fig. 20(b).

0.050 0.050
25
Detector de
cruce por | Transformador —Sano 15 vueltas
. monofésico 20 - - -2 vueltas 20 vueltas
cero ——3vueltas  ——25 vueltas
= -- -g vuel{as -- —gg vue}}as
. < vueltas - - -35 vueltas
> 8 “ Clamp de ] 15 10 vueltas ——40 vueltas
. = Vo e \ corriente &
. s 510
4 - S — (&)
- Osciloscopio Relevador de
B Tektronix & = estado solido
l TDS 20248 = e

) 0.05 0.1 0.15 0.2 0.25
Tiempo [s]

(b)

Fig. 20(a). Puesta experimental motor de transformador; (b) Sefales

experimentales de corriente bajo diferentes condiciones de falla.
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Resultados



4. Resultados

A continuacién, se presentan los resultados obtenidos del trabajo de
investigacion propuesto, en donde, en primera instancia se llevé a cabo la puesta
en marcha del sistema PHIL, el cual se simulé por medio de los parametros en
espacio de estados que se proponen en el modelo del inversor junto con el filtro LCL
en (44). En donde en primer lugar se deben establecer los valores de los pardmetros
a utilizar en el sistema, asi como las ganancias de la ley de control propuesta; para
esto se implementé en Matlab una interfaz gréafica de usuario (GUI, por sus siglas
en inglés Graphic User Interface) como se muestra en la Fig. 20(a), en donde el
criterio principal tomado en cuenta para la sintonizacion se basa en la estabilidad
del sistema por medio de la posicion de los eigenvalores los cuales deben
encontrarse dentro del area de estabilidad indicada con un circulo unitario. Ademas,
se observa la respuesta escaldén en lazo cerrado en donde se puede observar el
error en estado estable del sistema en donde, las ganancias de la ley de control se
varian hasta obtener una respuesta deseada. Adicionalmente se muestra la
respuesta en frecuencia del filtro LCL en base a los parametros de entrada, esto
con la finalidad de que el usuario este consiente de la frecuencia de resonancia del
filtro y en base a esto proponer los valores de frecuencia de muestreo y la frecuencia
de conmutacion del inversor. Por otra parte, se llevé a cabo la implementacion del
sistema de simulacion PHIL en el entorno Simulink de Matlab en donde se incluye
la simulacién de la etapa de potencia por medio de un inversor de puente completo
y el filtro LCL junto con un HuT el cual estd conformado por una fuente de
alimentacion sinusoidal junto con una resistencia, asi como la ley de control con las
ganancias obtenidas a través de la GUI como se muestra en la Fig. 21(b). Entonces,
se obtiene una comparativa entre la sefial de referencia que representa la corriente
a emular por el PHIL y la sefial de corriente medida en el punto de conexion entre
el PHIL y el HUT en la Fig. 21(c) se muestran ambas sefiales en donde se obtiene

un factor de ajuste aproximado del 97%. Adicionalmente los parametros utilizados
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Fig. 21. (a) GUI para sintonizacion de ley de control; (b) Implementacion en

Simulink de sistema PHIL; (c) Corriente de referencia y corriente obtenida del
PHIL.

para la simulacion se resumen en la Tabla |, en donde se muestran los valores de

los componentes del filtro LCL empleado junto con la impedancia del HuT, la
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frecuencia de corte del filtro digital empleado, las frecuencias de muestreo y

conmutacién, asi como las ganancias de la ley de control seleccionadas.

Tabla |. ParAmetros de simulacién

Parametro Valor
L1 4 mH
C 5uF
Lo 8 mH
Req 15Q
Leq 8 mH
a 5000 rad/s (800 Hz)
Fs 12 kHz

Fpwm 6 kHz
Ve 60 V
k1 15
k2 0.1
k3 3.8

4.1 Puesta en marcha de PHIL

La puesta en marcha del simulador PHIL se llevd a cabo mediante los
componentes descritos en la seccion anterior, en la Fig. 22 se muestra el sistema
integrado junto con los componentes HuT utilizados para la validacion los cuales
constan de la red eléctrica de las instalaciones del laboratorio de eléctrica del
Instituto Tecnoldgico Superior de Irapuato, la cual es aislada y reducida por medio
de un autotransformador y aislada mediante un transformador monofésico a niveles
de tensiébn RMS de 35V, con el objetivo de tener un sistema a escala. Por otra parte,
un inversor aislado conectado a una bateria de ciclo profundo fue empleado de igual
forma como HuT, con la finalidad de observar el efecto de la emulacion ante
diferentes fuentes de alimentacion. Algunas consideraciones realizadas para la
implementacion practica fue adicionar impedancia en serie, por medio de una
resistencia de 15 Q, lo cual se usa como estrategia de mejorar la estabilidad del

sistema ya que se aumenta la impedancia del HuT, sin embargo, agregar este tipo
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de impedancias limita la capacidad maxima de corriente. En la Tabla Il se muestran

los parametros empleados para la implementacion practica del simulador PHIL.

\

HuT, red
electrica

_ Fuente de
Inversor voltaje

Fig. 22. Puesta experimental del sistema PHIL para emulacion de cargas.

Tabla Il. Pardmetros de puesta experimental

Parametro Valor
Ly 4 mH
C 5uF
Lo 8 mH
R> 15Q
a 5000 rad/s (800 Hz)
Fs 18 kHz

Fowm 9 kHz
Ve 60 V
k1l 1.1
k2 0.046
k3 1.6

4.2 Simulacion PHIL mediante sefales sintéticas

En el caso de la simulacion por medio de sefales sintéticas se implemento
una sefal sinusoidal pura y un caso de sefial sinusoidal con contenido arménico
como se muestra en la Fig. 23. Como se observa en la Fig. 23(a) la sefial sinusoidal

pura tiene un ajuste del 94% respecto a la sefal de referencia, sin embargo, el
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espectro obtenido muestra la presencia de contenido arménico en la sefial de
corriente emulada que, aunque es de magnitud pequefia como se muestra en la Fig.
23(b). Entonces, aunque la sefal de referencia se considera una sefal pura por
medio de la sincronizacion mediante el PLL, el contenido arménico del voltaje
proporcionado por el HUT afecta a la sefal a emular del simulador PHIL. Por otra
parte, una sefial rica en contenido armonico fue evaluada mediante el sistema PHIL
de igual forma se observa que aunque se obtienen ajustes superiores al 80%, la
magnitud de los armonicos se ve de alguna forma afectada, esto se puede deber al
igual que en el caso anterior que aunque se proponen diferentes amplitudes de

armonicos, la amplitud y fase de los arménicos propios de la fuente de voltaje del
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Fig. 23. Validacion por medio de sefales sintéticas de sistema PHIL: (a) Sefal
sinusoidal sintética; (b) Espectro sefial sintética sinusoidal; (c) Sefal con

armonicos; (d) Espectro de sefal con armoénicos.

63



HuT puede afectar el desempefio del simulador PHIL, en este tipo de conexion. En
la Tabla Ill se resumen los errores porcentuales entre las componentes de amplitud
en las pruebas de las sefales sintéticas, como se observa las componentes
fundamentales presentan un error bastante bajo, sin embargo, en el caso de las

componentes armoénicas el error esta por debajo del 31.7%

Tabla Ill. Error porcentual de amplitud por arménico para sefiales sintéticas.

Armonico 1 3 5 7 9
Senoidal sintética 2.9 - - _ _
E 0/ ~ . 7.
rror [%] | Sefial sintéticacon | ) o | oo o5 | 317 | 227
armonicos

4.3  Simulaciéon PHIL mediante cargas tedricas

Se implemento la simulacion PHIL de modelos de cargas tedéricas por medio
de tres diferentes cargas que ofrecen diferentes tipos de comportamiento en fase y
armonicos, por medio de tres diferentes cargas virtuales: una carga resistiva de 45Q,
una carga RL con una resistencia de 20Q y una inductancia de 50mH, asi como una
carga no lineal conformada por una fuente lineal de CD junto con un motor de
corriente directa con corriente nominal de 0.8 A. Estas cargas fueron evaluadas
mediante dos HUT como se muestra en las Fig. 24 y Fig. 25. En primer lugar, se
obtienen los resultados para el HuT1, el cual consiste como se menciona
anteriormente en la red eléctrica junto con un transformador de aislamiento y un
autotransformador en modo reductor, como se muestra en la Fig. 24(a) el
comportamiento de la carga resistiva esta en fase con el voltaje de la fuente como
se espera obteniendo un ajuste por encima del 95%, adicionalmente se puede
observar el comportamiento armonico, en donde dado que el voltaje de alimentacion
contiene componentes armonicas estas se ven reflejadas en la sefal de referencia,
sin embargo como se muestra en la Fig. 24(b), existe un mayor error en las
componentes armonices; de igual forma al realizar la simulacion de una carga RL
virtual se observa que se obtiene el desfase esperado respecto al voltaje como se

observa en la Fig. 24(c), igualmente las componentes armonices se ven afectadas
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aun que se obtiene un ajuste del 96% como se ve en la Fig. 24(d); En el caso de la
carga representada por un motor de DC se obtiene un ajuste del 71% como se
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Fig. 24. Simulacion cargas tedricas HuT1: (a) Carga resistiva; (b) Espectro de
carga resistiva; (c) Carga RL; (d) Espectro de carga RL; (e) Motor de CD; (f)
Espectro de Motor de CD.

muestra en la Fig. 23(e), sin embargo al presentar alto contenido armonico, los
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errores presentados en las componentes armonicas son mas bajas que los casos

de las cargas anteriores. En segundo lugar, se realiza la simulacion PHIL por medio
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Fig. 25. Simulacion cargas tedricas HuT2: (a) Carga resistiva; (b) Espectro de

carga resistiva; (c) Carga RL; (d) Espectro de carga RL; (e) Motor de DC; (f)
Espectro de Motor de DC.

de un inversor junto con una bateria de ciclo profundo que genera un voltaje nominal
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a la salida de 127V y al igual que la conexién a la red, es conectado a un
transformador de asilamiento y a un autotransformador para reducir el voltaje de
alimentacion a 35Vrms, en este caso los resultados son simulares en cuestion de
ajuste de la sefal del PHIL con la sefial de referencia, presentando errores de 95%,
96% y 72% para las sefiales de carga resistiva, RL y motor de CD, como se muestra
en las Fig. 25(a), (c) y (e), aunque en este caso las componentes armoénicas en el
voltaje son mayores respecto al HUT1, como se muestra en las Fig. 25(b), (d) y (f),
en la Tabla IV se muestran los porcentajes de error para las diferentes cargas para
el HUT 1y 2, en este caso se presenta errores simulares en el comportamiento

armonico sin embargo en la componente fundamental el error es bajo.

Tabla IV. Error porcentual de amplitud por armdénico para modelos tedricos.

Armonico 1 3 5 7 9
Carga Resistiva | 0.02 |454.8|17.2 | 10.3 | 88.4
HuT. | Error [%] | Carga RL 2.2 | 701 | 164 |490.7| 244

Carga Motor DC 75| 20.1] 0.2] 52.6] 27.5
Carga Resistiva 0.2] 123| 214 271100.5
HuT | Error [%] | Carga RL 26| 403| 366| 175| 5.6
Carga Motor DC 5.7 20 7 60 47

4.4  Simulacién PHIL mediante modelos experimentales

Una propuesta del presente trabajo de investigacion es el desarrollo de un
modelo genérico para la emulacion de un motor de induccién bajo diferentes
condiciones de operacion, por medio de diferentes niveles de carga, asi como
diferentes condiciones de falla de corto circuito, en donde como se muestra en la
Fig. 26 se obtiene un modelo neuronal monofasico de la corriente el cual tiene como
entrada el numero de vueltas de cortocircuito asi como el nivel de carga mecanica
el cual genera las salidas de amplitud, fase y frecuencia de contenido armonico e
inter-armoénico. En la Fig. 27 se muestran los resultados obtenidos de la simulacion

PHIL para todas las condiciones propuestas de nivel de carga (en vacio, 33% de
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Fig. 26. Implementacion de modelo experimental de motor de induccion con falla
de cortocircuito.

carga nominal, 66% de carga nominal y plena carga) asi como las diferentes
condiciones de corto circuito (0, 5, 10, 15, 20, 25, 30), como se observa en las Fig.
27(a), (c), (e) y (g) la mayoria de las sefales tienen un ajuste adecuado a la sefial,
asi como las componentes armonicas e inter-armoénicas mostradas en la Fig. 27 (b),
(d), (f) y (h), en donde como se observa en los zooms hechos a cada armonico la
componente inter-arménica debida a la falla también puede ser generada mediante
la simulacion PHIL; sin embargo, el modelo propuesto no toma en cuenta el voltaje
de alimentacién lo que da algunos inconvenientes como se observé en las prueba
de sefales sintéticas. En la tabla V se muestran los errores obtenidos para cada
uno de los arménicos los cuales son bajos para las componentes fundamentales a
excepcion de la condicién de 15 vueltas en cortocircuito la cual es una condicion
que no se usO para el proceso de modelado, sin embargo con la finalidad de
observar si el modelo neuronal era capaz de interpolar entre condiciones de

cortocircuito se incluyd en los resultados finales obteniendo errores por debajo del
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Fig. 27. Simulacion cargas de modelos experimentales, sin carga: (a) Sefiales de
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espectro en frecuencia, 66% de carga: (e) Sefales de corriente, (f) Espectro en
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armonicas presentan en general buenos resultados a excepcion del caso antes
mencionado con lo cual se valida el sistema y la simulacién PHIL con una novedosa
aplicacion en la emulacion de comportamientos eléctricos asociados a una

condicion de falla.

Tabla V. Error porcentual de amplitud por arménico para modelos experimentales.

Frecuencia 60 180 300 420 540
[HZ]

Carga
mecénica 0 | 33.3]66.7| 100 0 |33.3]66.7| 100 0 |[33.3]66.7| 100 0 |33.3]|66.7| 100 0 |33.3]66.7| 100
[%]

0 vueltas
CC, error | 0.8 0 086 | 1.3 {019 | 08 |11.8| 39 |589|292|636(|7.92|155|181|3.05| 4 434|376 | 18.1| 18
[%]

5 vueltas
CC, error 0.1 0 0.18 119|433 |0.03( 24 |8.09|279|213|566|393|483(3.69|0.39|149 | 2.7 [29.9]|245]|56.3
[%]

10 vueltas
CC, error 151175057 |055|255|17.2)|0.08 125|156 191 111171 |308|11.5(536|0.72 |9.79 |42.7 | 3.4 |19.2
[%]

15 vueltas
CC,error (165|235 | 23 |8.26 (348|764 (543|186 |41.8| 27 |56.6|289| 95 |[57.6|80.7|85.6 |93.8|94.5|89.7|57.3
[%]

20 vueltas
CC,error | 0.9 | 0.19 (269 |1.65| 174|149 |16.2| 11 |231|589 |0.04|0.64 | 3.2 [3.42|355|3.27 | 34 | 83 |223]|37.9
[%]

30 vueltas
CC, error 19 1078029 (0.77 | 6.77|0.05| 04 [138|345|041(203(0.75|11.8 (097 |4.19| 4.17 | 153 |11.8 |3.08| 4.6
[%]

Finalmente debido a la importancia de las fallas de cortocircuito en maquinas
eléctricas no solo rotativas sino también en transformadores se analiz6 el modelado
de un caso particular de gran relevancia en la comunidad cientifica, el cual es el
caso de corriente de magnetizacion de un transformador, la cual ocurre cuando este
es conectado a la red, en este caso es posible producir grandes corrientes que
activen las protecciones diferenciales de cortocircuito sin que en realidad exista esta
condicién, adicionalmente, una condicién de cortocircuito en los devanados puede
producir diferentes condiciones armonicas, en las cuales se basan las protecciones
diferenciales, esto puede afectar el correcto funcionamiento de las protecciones a
su vez que el transformador cuente con una falla que pueda evolucionar de manera
rapida convirtiéendose en una condicion de corto circuito a tierra por ejemplo. En este
caso se propone un modelo genérico en base a la corriente de magnetizaciéon y
diferentes condiciones de cortocircuito basado en series de Fourier y funciones
gaussianas debido a las caracteristicas especiales que se generan en la

magnetizacion de un transformador, en la Fig. 28 se muestra el proceso propuesto
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Fig. 28. Implementacion de modelo experimental de transformador monofasico

con falla de cortocircuito.

para el modelado a partir de sefales experimentales. Por consiguiente, se realiza la
implementacion del modelo propuesto en el simulador PHIL en el cual, aunque
buenos resultados son obtenidos en el modelo propuesto, se observan que en la
simulaciéon se tienen bajos niveles de ajuste, en particular se emulan dos
condiciones de cortocircuito de 0 vueltas y 20 vueltas cortocircuitadas; en la Fig.
29(a) se observa el ajuste a la condicion de 0 vueltas en cortocircuito sin embargo
se obtiene un ajuste muy bajo lo cual se debe problemas de sintonizacion de control,
sin embargo la condicion de 20 vueltas en corto circuito presenta un ajuste del 70%
como se observa en la figura 29(b), el cual puede ser mejorado a partir de mejoras
en la sintonizacién de control del PHIL o la propuesta de nuevos algoritmos de
interfaz, mejorando la herramienta de simulaciéon PHIL con una potencial aplicacion
en pruebas de dispositivos de proteccion o metodologias para la deteccion de fallas

de cortocircuito
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5. CONCLUSIONES

Por medio de este trabajo de investigacion se obtuvo la integraciéon de un
sistema PHIL de corriente el cual esta enfocado en poder emular el comportamiento
eléctrico de una determinada carga virtual. Aunque el principal enfoque de este
trabajo est4 orientado a la propuesta de un sistema para emular maquinas eléctricas
rotativas con una novedosa aplicacion que incluye el comportamiento bajo
condiciones de falla, se realizaron validaciones mediante diferentes cargas que
incluyen cargas resistivas, RL, no lineales por medio de un motor de CD y un
transformador con diferentes condiciones de falla, donde se observa una amplia
gama de aplicaciones dentro del area de eléctrica, ya sea como herramienta de
validacion de instrumentos o metodologias de analisis, pruebas de diferentes

fuentes de alimentacién o HUT, compensadores de potencia entre otras.

Dentro de los casos de estudio analizados se propone el uso de modelos a partir
del comportamiento tedrico de diferentes cargas los cuales se alimentan de manera
virtual mediante el monitoreo de voltaje en el punto de conexion entre el sistema de
simulacion PHIL y el HuT, lo cual presenta una condicion mas real en cuanto a la
corriente virtual que se debe obtener, dando un control no solo de amplitud sino de
la fase real que debe obtener la carga respecto al voltaje. Por lo contrario, en los
modelos experimentales propuestos se propone la sincronizaciéon de la sefal
mediante un PLL ya que los modelos propuestos no incluyen la relacion de fase
entre el voltaje y la corriente, lo que es de utilidad para simplificar los modelos
propuestos cuyo objetivo principal es generar las firmas eléctricas de acuerdo a una
condicion de operacion. En este caso se analizo una de las condiciones con gran
porcentaje de recurrencia en motores de induccion, la cual se basa en condiciones
de cortocircuito entre vueltas de los devanados del estator, tomando en cuenta
diferentes condiciones de carga mecanica lo cual da a la simulacion PHIL un
acercamiento a condiciones presentes en ambientes industriales. Asimismo, dado

a la importancia de la condicion de falla de cortocircuito en devanado no solo en
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motores eléctricos sino también en transformadores, se propone un modelo basado
en diversas condiciones de cortocircuito junto con la corriente de magnetizacion, en
donde, aunque el simulador PHIL es capaz de reproducir condiciones de vueltas
cortocircuitadas en condiciones de bajo nimero de vueltas se cuenta con poco

ajuste el cual se puede mejorar por medio de lo descrito en el parrafo anterior.

Finalmente, el desarrollo de este proyecto representa un precedente para el
inicio de una linea de investigacion dentro de la universidad orientada a
simulaciones PHIL las cuales son requeridas tanto en la industria para el desarrollo
o0 pruebas de diferentes prototipos orientados al area eléctrica, como en las
universidades como herramienta didactica o de investigacion; la cual con el
incremento de las nuevas tecnologias en las redes eléctricas, tanto de generacion,
proteccion y distribucion, representa una invaluable herramienta debido a las
ventajas que conlleva tener un sistema de simulacién PHIL, como bajo costo en
puestas experimentales, repetitividad en pruebas, bajo riesgo, etc. Como trabajo a
futuro existen diferentes contribuciones tanto cientificas como tecnologias que
pueden ser aplicadas como el desarrollo y la innovacion en nuevas formas de
control 0 mejoras que ayuden a la precision y estabilidad del sistema, o en las

aplicaciones gue se le puede dar al sistema.
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allows the study of harmonic content because of its direct time-frequency representation. The model is
deweloped using experimental signals measured from a single-phase transformer, which i validated by
means of error criteria that assesses experimental and modeled signals. Its capability to reproduce non-
madeled signals with different inter-twrn fault cases is also evaluated. The modeling of these signals can
be a useful tool for simulation-based applications where a reliable waveform reproduction is needed. On
thi other hand, indices such as total harmonic distortson, energy spectral density and second harmonsc
ratio are obtained from the proposed model to study its behavior, depending on the severity of the
inter-turn faulis. Results demonsirate its usefulmess to characterize the level of faukt severity.

© 2017 Elsevier BV, All righits reserved.

1. Introduction

Components, causing severe outage problems [2]. Inter-turn wind-
ing faults appear because of the insulation breakdown between

Transformers play a key role in the electric system, as they
connect generation stations with the points of use and provide
proper voltage levels for different applications [1.2]. The grow-
ing demand of energy, proliferation of complex loads, inadeguate
maintenance and environmental issues such as lightning or mois-
ture make transformers prone to failures since they are subjected to
mechanical, electrical or thermal stresses which may damage their
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contiguous turns of the winding. This breakdown is commaonly
associated to high levels of current and voltage as result of atmo-
spheric overvoltages, ground faults, and ageing or deterioration of
the cellulosic insulation due to chemical influence of the trans-
former ol |3]. High current levels inside of short-circuited tumns
are often strong enough to damage the winding. The current ampli-
tude is associated with both fault severity and location, which
can be several times higher than the winding rated curremt [4].
Although, a small inter-turn winding fault presents imperceptible
effects on transformers in the initial stages, they can guickly lead
to more serious faults such as low impedance, phase-to-ground,
lowe woltage winding to high voltage winding, or phase-to-phase
faults [5]. One of the main protection schemes is the differential
protection which has been applied successfully on transmission
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lines and generators. However, a key problem for fault detection
is to distinguish between a fault current and an inmesh current due
to the energization of transformers [6), which can ocour in high-
and low-power transformers. In this regard, methodologies that
provide fault indices related to fault severity using inrush current
are sought to operate the transformer under safer conditions.
Several methods for the analysis of transformer faults have been
reported in the literature |6~ 14] in order to prevent catastrophic
conditions, avoid further damages, reduce repair costs and out-
age times. For instance, the analysis of electromagnetic transients
has been carried out to understand and estimate internal faults,
where methodologies such as symmetric components analysis [5],
harmonic analysis |&], curve fitting methods | 7], equivalent instan-
taneous inductance [#), differential current method |9, Hidden
Markov model [10], Park transform | 11], frequency response anal-
ysis [12,13] and higher-order statistics [14] have been explored.
These methods usually use a threshold value in accordance with
some reference parameters to detect a fault condition. For example,
different numerical values obtained using kurtosis-based indices
are used to distinguish an inmush current from an internal fault our-
rent [ 14]. However, the severity of the fault is not quantified. On
the other hand, model-based approaches have also been studied
to represent the power transformer behavior. For instance, equiva-
lent electric circuit representations in combination with magnetic
equivalent circuit and finite element models have been proposed
to represent the nonlinearities cawsed by the magnetizing charac-
teristics of the transformer silicon steel core | 15- 18], Also, studies
of internal faults have been carried out [19-24] and accompa-
nied by the development of topology-based models. A three-phase
transformer madel for winding fault studies using the process-
ing of inductances matrix is introduced in Ref. [19]. It allows the
simulation of any kind of internal fault such as turn-to-earth ar
turm-to-turn fault. A permeance-based transformer model is pro-
posed to investigate the behavior of power transformers under
permanent or intermittent winding insulation faults [20], where a
methodology based on the Park’s vector is used for fault detection.
Variations of the transfer function of inter-turn faults are studied
through an improved lumped circuit model, where the resonance
frequency is proposed as a parameter to detect an early inter-
turn fault [21]. In addition, lumped circuit parameters, obtained
by frequency response interpretation, are analyzed for mechanical
failure diagnosis [ 1 2]. Also, the frequency response analysis is used
for locating inter-turn faults [13]. The inter-turn fault is studied
with anautotransformer circuit represented with state-space equa-
tions for different types of magnetically coupled circuits, such as
transformers and rotating machines |22 ). Topology-based methods
can provide an acouracy and reliable approximation to investigate
inter-turn faults. Although the vast majority of the proposed meth-
ods are validated through experimentation, the accuracy of these
methodologies depends upon transformer parameter estimation,
as different types of transformers with different power ratings,
insulation types, cooling systems, etc. are considered. In general,
topology-based technigues are excellent design tools which can
provide a very accurate response for simulation purposes. How-
ever, they have a high complexity during their implementation.
Curve-fitting techniques have been carried out to reduce complex-
ity of topology-based models, where nonlinearities are constructed
using diverse mathematical functions [8]. These functions adjust
their parameters in order to model different types of transformers
and different fault conditions. Although, there are several model-
based works that study inter-turn faults in transformers using the
inrush current phenomenan, isswes such as model complexity and
the assumptions taken for simulation purposes may COMPTOMise
their usage as tools for transformer fault diagnostics in real practice.
Therefore, the development of methods and models that provide
more efficient and reliable results in terms of simplicity and per-

formance for the analysis and diagnostics of inter-turn faults =
still an important topic of research, if different severity levels and
experimental signals are considered.

In this paper, a new methodology for the obtaining of
transient-stationary current time-models using experimental data
is proposed. The proposal is applied to innesh current signals with
different severe cases of inter-turn fault, where the in-test trans-
former is a low-power single-phase transformer of 120VA with
epoxy resin insulation, operating at 127 V as input and 24V as out-
put. As a result, a new transient-stationary inmush current model
is obtained, which allows the study and development of indices
to diagnose inter-turn faults. These indices are an important tool
for correct diagnostics of transformers. The propesed model for the
transformer inmush current is obtained by means of mathemati-
cal functions. Firstly, the inrush current is divided into two parts:
steady-state and residual transient. The steady-state signal is mod-
eled using harmonic sinusoidal functions, which is considered as
part of the inrush phenomenon of the entire signal. Secondly, the
residual transient signal is modeled using a sum of Gaussian func-
tions. Then, the aforementioned models are combined to obtain
a transient-stationary time model. The model also considers the
inter-turn fault severity which depends on the number of short-
circuited turns, where 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, and 40
short-circuited turns are considered in the proposal. In this regard,
the proposed model allows constructing inmush current waveforms
with different inter-turn fault severity levels. The study of trans-
former energization is important for design purposes and fault
analysis. Hence, the proposed model can be used to provide inrush
current waveforms with different inter-turn fault severity levels.
Finally, the indices of energy spectral density of harmonic compo-
nents, total harmonic distortion ([ THD) and rate between the second
harmonic and the fundamental compoanent are presented as tools
for dizgnosing the severity of faults using the information provided
by the proposed model. It is worth noting that these indices allow
the determination of the fault severity, which is a deciding factor
to perform maintenance operations. In addition, they can diagnose
inter-turn faults from the first cycle of the inrush current and during
the steady-state. The severity level from two short-cirouited turns
cam also be assessed. Results demonstrate the usefulness and effec-
tiveness of both the proposed models and the diagnostic indices.

2. Theoretical backgrownd
2.1, Transformer inrush curment

Inmesh current refers to a transient phenomenon ocourmed when
a transformer is switched-on, where high levels of current, even
greater than the nominal current, can be produced for a few cycles.
In addition, a partial decay on the current magnitude is experienced
depending on the transformer design [11.23]. Simulation of this
phenomenon represents an important and complex issue due to
the nonlinear behavior of the transformer core. As a matter of fact,
the transformer should be modeled with a great detail in order to
correctly reproduce the behavior associated to the core saturation
[15-1&]. Analytical formulas of inrush peak and rate of decay can
be derived from single phase transformer theory [24), but they are
not valid for the entire waveform. In general, it is fair to say that
theoretical models offer satisfactory results when compared to the
behavior of actual transformers. However, their accuracy depends
on truthfulness of the chosen design parameters which are usually
subjected to assumptions and simplifications.

2.2 Stendy-state model besed on harmonic components

Harmonic models have been proposed for power transformers
to understand the influence of harmonic content on other compo-
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Fig. 1. Proposed methodology: (a) flowchart for acguisition of inrush currents and (b) methodology for cbdaining the proposed model

nents of the grid [25]. Fourier series is a mathematical tool that
allows modeling an arbitrary periedic signal by means of an infi-
nite series of harmonic components [26]. Each of these components
is composed of a sine wave and a cosine wave of equal integer
frequency is given by:

i{t}—;—uu+z::.ﬁ,,m[nqr}+E:lB,,sin{m,tj (1)

where the last two terms can be combined into a single term for
each harmonic component, ie., a cosine with an amplitude cx and
a phase angle ¢,. Therefore, the above equation can be expressed
as:

i{t}-cn+zzlc..cus{rm;t—¢..} (2)

where n represents the harmonic component order, o is defined to
be (Y] @y, ris the time and wy represents the fundamental angular

frequency.

2.3, Transient model based on Gaussion model

Gaussian models have been applied to obtain expressions that
describe the magnetic flux density and permeability in power
transformers [I7]. Given a sequence of uniformly spaced points
{j=1,....J} it is possible to approximate a time series using a sum
of Gaussians. In this sense, an inrush current can be expressed as a
train of Gaussian pulses. In other words, it is the sum of Gaussian

functions with different center times, amplitudes, and standard
deviations as follows:

E“]'Zdr'e_[;jl} @

where d; denotes the amplitude, t; represents the center time, o; is
the shape parameter, and [ is the number or order of the sum of thie
Gaussian functions. | depends on the transient state duration, e,
the number of lobes that the transient state has.

3. Proposed transient-stationary current model

3.1. Transient-stationary current Hme-model with inter- ern
Fault

The proposed methadology to obtain a transient-stationary cur-
rent time-model is shown in Fig. 1. Inrush current measurements,
iy (t), under different fault conditions (%, 10, 15, 20, 25, 30, 35 and 40
short-circuited turns) and healthy state, are considered in the pro-
posal, where k represents the number of short-circuited turns. The
inmesh current signals are generated by switching on the voltage
source as shown in Fig. 1{a), where the trigger angle is controlled to
get a voltage z ero-crossing, Then, the data acquisition system { DAS)
along with a current sensor perform the current signal measure-
meents. To obtain the inrush current time-model, the flowchart of
Fig. 1{b}is proposed. Firstly, the steady-state model of each current
signal is extracted in a limited period of time. Secondly, a curve-
fitting model based on a sum of harmonic cosine waves is carried
out for each signal using Eq. (2), where nine harmonics are consid-
ered for the cosine function. A straight-line function is proposed
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to represent the amplitude behavior, depending on the inter-turn
fault condition, as follows:

:igi[t.k]--:.;.{I:}+E:=1fn{k]cu5{nw,t—¢l"]| (4}

where ol k)= g + kc'p and ¢, (k)= ¢, + kC'y represent a linear behawv-
ior in the amplitede parameters of the steady-state model that
change in function of the number of short-cirowited turns, k. This
behavior is experimentally obtained. The fundamental angular fre-
Quency parameter, ay, is set to 2wkl rad)s.

Subsequently, the obtained steady-state model is used to con-
struct a residual transient current signal through the difference
between the original inrush current signals and the steady state
miodel which is evaluated using its respective fault condition. In
a similar way, the residual transient signals are fitted to a sum
of Gaussian functions given by Eg. (3], where a segmentation of
the signal using time windows is proposed to approximate each
lobe of the transient state. [t results in a single waveform function
of the transient model, ir(t); in this regard, a constant behavior
between inter-turn faults is assumed and validated for the transient
model. Fig. 2 shows a residual transient signal and its relationship
with a sum of Gaussian functions. Finally, the complete transient-
stationary model in time domain is represented as the sum of the
previcusly estimated time models, (t, k)= isg{£E) +ip (8], as follows:

]

i, ky— "'D[k]"'Z::f"{*:'m (mayt — ga) "'Zjdi"-{ I) (5)

In total, six Gaussian functions are wsed, as six periods in the
residual transient signal are considered. Additionally, frequency
domain indices such as THD, energy spectral density of harmonic
components and the second harmonic ratio with the fundamental
frequency are estimated from the proposed model to evaluate the
fault condition and provide information about the fault severity.

32 Freguency domain model and fouwlt diggnostic indices

Fault diagnosis indices are evaluated directly from the pro-
posed model in the frequency domain through the amplibede and
phase of the harmonic frequencies. The harmonic amplitude is
directly extracted by the cosine amplitude using ca{k) in Eg. (%]. The
Gaussian function must be transformed into its frequency domain
expression, where the whole expression of the model in frequency
domain is given by:

il w) - calIB@) + Y call)d (nay —a) e +d/ (/20

where cy(k), cul k), g, d;, t;, and o; represent the steady-state and
residual transient model parameters presented in Eg. (5), § repre-
sents the Dirac delta functions as a result of the steady-state model,
and e is the frequency inwhich the function is evaluated. It is worth

noticing that j represents a time window that encloses each of the
Gaussian functions. [n total, six Gauwssian functions are considered
since six periods are only considered inthe residual transient signal.
Therefore, for j= 6, the amplitude values of the Gaussian functions
are egual to zero while the nine harmonics for the steady-state
part of the model persist during all periods of the signal. Thus, a
time-freguency function is obtained by the proposed transforma-
tion. In this regard, the function can be evaluated at the desired
harmonic frequencies, obtaining their corresponding amplitudes.
Therefore, the frequency domain-based fault diagnostic indices can
be analyzed from Eq. (6
The THI is given by:

i
THD = ¥ Sn=2 ¥ vd)
h,
where N is the number of harmonic components, by represents
the nth harmonic amplitede and by denotes the fundamental fre-
gquency. The energy spectral density, 5, for the harmonic content is
computed by:

H'
s-X ®

Likewise, the ratio between harmonics and the fundamental fre-
gquency is evaluated. In particular, the ratio between the second
harmonic and the fundamental frequency, which has been studied
in previows works for fault detection | 12], is considered. Therefore,
the second harmonic ratio, 3HE, can be computed as:

SHR = —= (@)

4. Experimental setup

The overall experimental setup wsed in this work is shown in
Fig. 3{a) The inmuesh current signal is generated by a low-power
single-phase transformer of 120VA with epoxy resin insulation,
operating at 127 V as input and 24V as output. The primary and sec-
ondary windings have 474 and 91 turns, respectively. Although the
construction and materials of the transformer analyzed differ from
power transformers, the inrush ourrent signal waveform is simi-
lar, meaning that the proposed methodology can also be applied to
larger transformers. Additionally, twelve terminals at the primary
winding can be accessed, this is for k=2, 3,4, 5, 10, 15, 20, 25, 30,
35, and 40 turns from the third layer of winding. These terminals
are short-circuited to produce different inter-turn fault severity
levels. Although there are different insulating mediums, such as
oil-immersed, dry type, 5Fg Gas, and resin type [ 1]. and the sources
and mechanisms of fault, eg., sources of overheating, mechanisms
oflightning and switching [ 4], can be different, similar effects on the
inrush current signal are generated. The transformer is switched-
on using a microcontroller-based system model FROM-EG4, which
dnives a solid-state relay by means of a zero-crossing detector that
controls the trigger angle. In this work, a trigger angle of 0F is used
for all tests. The trigger control is powered by the primary voltage
source. The DAS is implemented wsing an oscilloscope Tektronix
TDE 2024 with a sampling frequency of 5 kHz. The curmrent sensor
is a Tektronix AG22 with a range from S0mA to 100 A The mea-
surements for different fault conditions and healthy state have a
dugatign of 0.25 =, which is large enough to acquire transient and

gireatystases. The acquired current signals are shown in Fig (b,

where the evolution of both the transient state and steady-state
parts with different fault severity conditions can be observed in
the marked zones by Z1 and Z2. It can be observed that there are
notable different behaviors depending upon the fault severity. In
£1, the amplitede variation is not too large but £2 shows a linear
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Fig. 3. (3) Experimental setup and (b) Current measurements under different inter-turn fauk conditions.

increment in the amplitude accompanied with an evident change
in the current waveform.

5. Simulation and results
5.1. Experimental inrush model

The transient-stationary time-model is obtained with the test
conditions of k=5, 10, 15,20, 25, 30, 35 and 40 short-circuited turns
and healthy state as shown in Fig. 4(a). The remaining tests 2, 3 and
4 short-circuited turns are used later in the model validation. As
mentioned in the previous sections, the model consists of two parts:
the steady-state and residual transient; where a linearization of
each selected condition is proposed to obtain a transient-stationary
model depending on the fault severity, k. The obtained model is
validated by error criteria such as mean absolute error (MAE), root-
mean-square error (RMSE), and by evaluating the goodness of fit
(FIT) between the experimental signal and the signal obtained for
the proposed model. The overall analysis is performed using MAT-
LAB software.

The steady-state is extracted from the experimental signals as
shown in Fig. 4(b), where a linear behavior in the increment of

amplitude can be observed. The steady-state is considered from
1.33sto 25s. In this case, nine harmonic components are consid-
ered for each inrush current signal since it is observed that higher
components of harmonics do not show an improvement on the
curve fitting. Then, a three-dimensional curve fitting is proposed
to express Eq. {4). A least square method is employed to obtain
a complete time expression as shown in Fig. 4(c). The numerical
values for the steady state model are shown in Table 1. Subse-
quently, the residual transient model is determined using the signal
resulting from the difference between the initial inrush current and
steady-state signals generated through the steady-state model for
the entire time of the experimental signal as shown in Fig. 4(d),
where a similar behavior can be noticed among fault conditions.
Then, the approximation is carried out by means of the curve fit-
ting of Gaussian functions for each lobe, where an average residual
transient current is obtained first from the residual signals with
different inter-turn fault conditions. In this case, a sixth-order sum
of Gaussian functions is proposed as shown in Fig. 4(e). It is worth
noticing that higher variations of current are again presented in
steady-state as shown in Fig. 4(b}. Table 1 shows the numenical
values for the proposed model The overall responses are shown in
Fig. 4(f).
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5.1.1. Model validation
To assess the robustness of the proposed model absolute error

signals and error criteria are computed. Fig 4{g) shows the results
for2, 3, and 4 short-circuited tumns. These signals are not considered
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Fig.4. (a) Experimental inrush current signals, (b) steady-state signals, (c) steady-state model responses, (d) residual transient signals, () residual transient model responses,

ed signals, and (h) error signals.

during the modeling stage. In Fig. 4g), the signals in black color
are the experimental signals. The signals in red color are signals
obtained using the proposed model. The signals in blue color repre-
sent the absolute error values between experimental and simulated
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signals. As can be observed, small differences are obtained, indicat- Table 2
ing that the proposed model has a high capability to simulate inrush Validation parameters.
current signals with interpolabed numbers of short-ciroeited turns. Mumber of short-circwited tums TRMSE EMAE XAT
I'm a similar way, Fig. -t]{h}_sh-:n:vs simulated signals 1_'-:rr5_, 10, 15, 20, 0 (heakthy) 07T 0T E7.0R3
25, 20, 35, and 40 short-circuited turns. It also depicts in red color Ja 2541 1145 B35
the absolute errar values obtained between the real inrush ouwr- ¥ 3460 175 BSB4E
rent signals with inter-turn faults and the simulated signals using & EES; EJLE} gi.rgﬁ
the proposed model. These values have an average absolute error _1F|] 2857 . 89758
of 0.1972A. In order to compare the closeness of the model with 15 2777 0757 ERO73
experimental tests, the percentage root mean sguare error, XEMSE, 20 (1748 1144 B 341
and the percentage mean absolute error, ¥MAE, are evaluated using 25 34928 0753 81.173
the following relations: 0 amia b= e
35 525 0ea7 o202
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where i, represents the samples of the experimental signals, i,
denotes the samples obtained by the proposed model, and M indi-
cates the signal length. Additionally, the goodness of fit is evaluated
by means of;

] M 5 -
IMAE - HE...=1 o — ol & (11}

TFIT =1 - = 1Hm —J||||-| (12)
Im — Mean i|||:|'||

The numerical values obtained from Egs. (10-({12] are listed
in Takle 2, where the results for the inter-turn fault signals which
are not used to obtain the model are also included. A percentage of
RSME nogreater than 10.737 X is obtained. This value corresponds to
the signal of healthy condition, which is somehow congruent since
the current signal in steady-state contains a different harmonic
content, leading to errors in the harmonic-based model. Therefore,
a greater error in conditions of lower fault severity is expected due
ta the linearization process. However, the emmor is low enough to
provide a very good waveform representation for each condition.
Regarding MAE values, errors no greater than 1.191% are obtained.
For the goodness of fit, evaluated as the percentage of AT, values
greater than 83.628% are caloulated, being 100% a perfect fit. The
abowe criteria indicate that the proposed model provides a reliable
miodeling for inrush waveforms associated to short-circuited faults,
even for non-modeled signals, ie., 2, 3, and 4 short-cirouited turns.

5.2, Evaluation of foult diamnostic indices

The indices to diagnose the fault condition are based on har-
monic amplibedes which can be obtained directly from the model
in Eq. (6). The model is represented in the frequency domain by
considering windows of a period of time large enough to enclose
an entire Gaussian function, eg., in Fig. 3{b], one peried is the zone
depicted by Z1. The results for THI, 5 and 5HR are shown in Fig. 5.
The THD indices are obtained wsing time windows which enclose
a cycle of signal as shown in Fig. 5{al An exponential decay can
be observed in the function of the fault severity level. Also, the
behavior of THD per cycle is depicted in Fig. 5{b), where it can be
observed that the THI value remains constant throughowt the sig-
nal duration, The results for 5 are shown in Fig. 5{c). This index
presents an exponential increment in funciion of the inter-turm
fault severity. It also remains constant during the signal perniods as
shown in Fig. 5{d}. The second harmaonic ratioshown in Fig. 5(e) also
presents an exponential decay as the THID. In a similar way, the sec-
ond harmonic ratio remains relatively constant over time as shown
in Fig. 5{f). Therefore, it can be noticed that the proposed indices
estimated using the transient-stationary model remain constant for
almost all the periods, which means that the inresh phenomenon
has a negligible effect over the diagnostic indices. Consequently,
the used indices provide a reliable way to identify inter-turn fault
conditions. Hence, transformer condition and the fault severity can
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be evaluated during all the cycles of the inrush current using the
proposed model.

5.3. Discussion

A comparison with different modeling technigues is shown in
Table 3. Models based on harmonic components [25], state space
circuit representation [22], transfer functions [21], and state space
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system based on numerical methods [18], have been reported in
literature. However, they do not provide parameters or method-
ologies for diagnostics of inter-turn faults. Park vector [20] and the
negative sequence current [4] approaches have been presented for
diagnosing inter-turn faults. In this work, the proposed model in
both time domain and frequency domain allows obtaining indices
such as THD, §, and SHR for diagnosing inter-turn faults. These
indices allow the inter-turn fault detection from the first cycles
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of the inrush current signal. 5imilar to the proposal, the transient
state of an inmush current is also considered in Refs. [4,18]. Inthe lat-
ter, experimental data are mot considered. Unlike these works, the
proposal is based on experimental signals in time domain, which
leads to a low complexity for its computation and implementa-
tion, only requiring a basic knowledge for its interpretation. These
features can be exploited for the development of simple and reli-
able methodologies for automatic diagnostics of inter-turmn faults in
transformers. Finally, different levels of severity of inter-turn fault
have been considered in previous works [4,20-22], where differ-
ent power ratings are used. [n the proposed work, several cases are
also considered, such as: 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, and 40
short-circuited turns.

Discrete values od resistor hetw een 20000 0

2 mid 4 humis
A4, 0, 10,15, 20,25 30,35, 40 0rms

Secondany windirg 1,505, 3,84 % 576X, 7,605

30,40, 60,88, 108, 118, 144, 196, 22 6, 2 36,

240, 2, 296 turms
Frimary wi nicli ng LAV 4E GEE Q0EL

Inter=marm fauli cases

& Conclusions

A methodology for modeling transient-stationary current sig-
nals using experimental data is proposed. The obtained model
considers inter-turn winding fault conditions, where 2, 3, 4, 5, 10,
15, 20, 25, 30, 35, and 40 short-circuited turns are employed to
study the transformer performance for different fault levels. The
proposed model is based on two curve Atting functions. The pro-
posed model is linearized to obtain a transient-stationary model
that considers the number of short-circuited turns as an indepen-
dent variable, The transient-stationary model is validated using
bath the error criteria and robustness to interpolate non-modeled
inmush current signals. Small differences between experimental and
modeled signals are found and guantified: values below 107 37E
and 1.191% are obtained for TRMSE and ZIMAE, respectively. The
goodness of the fit, AT, = also obtained with a minimum value
of B3.628%. The highest error rabes are present for conditions of
low fault conditions due to both the level of harmonic content in
the steady-state of the current signal and the linearization process
to obtain the transient-stationary model. Mevertheless, the wave-
form representation obtained from the transient-stationary model
is quite good even for interpolated cases (k= 2, 3, and 4. Moreover,
although a low-power transformer is used to obtain the proposed
model, the methodology can be applied to power transformers, as
they hawve similar inrush current signal waveforms, Le., transient
and stationary parts; however, the resulting model will have dif-
ferent coefficients, as the model will fit for a specific transformer.
On the other hand, the proposed model in frequency domain allows
studying inter-turn winding faults by means of the analysis of har-
monic components and frequency domain-based indices. Indices
such as THD, 5, and SHE are analyzed as a function of fault severity,
where time-windows of one period are considered. [t is worth not-
ing that other indices can be researched from the proposed model.
In general, the analyzed indices present a constant behavior over
time, giving the opportunity to visualize fault conditions from the
first cycles of the inrush current signal, regardless of the inrush
phenomenon. This behavior is an imporiant characteristic for pro-
tection schemes since it allowrs the differentiation between inrush
current and internal faults even at the first signal cycles of the
inmush current event, minimizing the negative impact associated to
the fault. In addition, the indices are sensitive to fault severity, ie.,
their values change according to the sevenity lewel. This informa-
tion can be used to carry out either maintenance for prolonging the
life-of service of power transformers or, in the case of low-power
transformers{e.g., epoxy resin transformers), the replacement with
anew one. Moreover, although a low-power transformer is used to
obtain the proposed model, the methodology can be applied in large
power transformers, as their inmush current signal waveforms are
similar. Finally, due to the simplicity and reliakility of the proposed
mdel, it can be used for different applications in a simulation envi-
ronment where an infush current waveform with inter-turn fault
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influence at different levels of severity is required. These applica-
tions can be the design and study of protections, sizing and study
of both transformer parts and measurement sensors under fault
conditions, among others.

In a future work, dry-type transformers with epoxy resin of high
capacity will be studied in order to look for a general model, ie, a
maodel that allows the diagnostics of inter-turn faults from inmush
current regardless the power rating. Also, inrush currents of power
transformers with different topologies and features will be stud-
ied in order to obtain proper models for each transformer type.
Changes in the current waveforms, associated to the differences
in the constitution and type of power transformers, could require
the use and application of new propasals with the aim of obtaining
high fit percentages in the resulting transient-stationary current
models.
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ARTICLEINEOD ABSTRACT

Fpwanis The appliztion of signal processing echmiques is 2 fundamental step for fault dizgnosctic methadologies. The
Fampldal ameede Saanpasllin applition of empirical mode demmposition (EMD)based methods such a5 classic FMD, ensemble EMD
Famlt diagecai (EEMD), and aymplete EEMD (CEEMD) & presenied in this wark for the analysis of inmsh curent signals. This

Tecresh o] Sy
Shenr-cSnemitGd merEd
Sy SN Curnel
Tiraasd orsses 5
Trascie sl curesl

amalysis leads to the detertion of shontcinmited tums in treansformers. Results show that CEFRMD provides the
best performance, 2 it readily exiracts the nfrmation related to the fault, requiring of acceptabls computs-
tional resowrces. Actual inmsh current signak of a ransformer with short-circnfted tumns are aleo considened.
The mumber of short circuited tumns ranges from 5 to 4. Useful indices, such 25 the Shammon Entropy, Energy,
and ront meen square vale, areabtained from the information provided by the CEEMD approach. These indices
are analysed for both the ransient state and the steady state of the cument sigmals, providing the proper

quantification of the ful severity.

1. Introduetion

Trandommers are among (he mal important elements in pover
gystems [1-3]. In general, a trnsformer & a mbus eeciric machine,
however il B susceptlible o different faulis due 1o inhernt opemating
comditions [4.5)]. Henee, the development and application of eondition
i bring Sysbems, disgnostics systeme, and prolection schemes are
particulady important [6-9] for minimizing the negative effecs that
tranaommer faults have on utiities and users. These systems are gen-
erally based on signal procesing techniques which are used bo detect or
exlrac featurms smaocialed 1o specific faulie In pricular, the proper
detection of shor-circwit fauls in transformer windings has attmcted
the interest of many researchers around the world [10], a8 the comect
digerimination betwesn inrush curmmts and intemal faull cirments & a
challenging task

Many sigmal processing techniques in the time, frequency, and time-
frequency domaing, @ well @ methoddogies thal use adificial in-
telligenes algorithms have been reported in liemiure over the past few
years b deal with the problem of fault detection [11-2%]. In [11,12],

* Corgeipeiaaling o leia

the Fourer transform (FT) has been used (o extmel harmonic in-
formation related to the faul nature. A modification, called Empirieal
Fourier trangdomm, has been presented in [13] to enlance the pedor
manee of FT, whers the waveom characteristics of the cument sigmalk
foer internal fault, inrush, and current-trandiomer saturation eonditions
are oomdidersd. Although promising resulis have been olviained, some
dhartommings of FT have o be taken into congideralion for ingtance, FT
congdens that the signal into the analyeed timewindow i statiomry
which is nol trwe for trangient phenomena [14], compromising the
avcuracy of the resulis. As a parial solution, the wavelsl transkom
(WT) has been explored [14-22]. In [14-17], the WT & il e ented
using high- and low pags filters and different mother wavelets such as
the Symilet and Daubechies; in addition, indicss baged on summation
[15] and median absolute devistion [16] of wavelet cosfficients, a8 well
s pemk valees [17] for faull dseimination have been propossd. Wa
velel analysis has been ako combined with dlassification techniques
such as suppon veclor machines [18,19] and artificial neural etworks
[20] for diseriminating different operating conditions. Other wayels-
e approaches such as wavelet packet transform [21] and wavelet
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comrelation modes [22] have been ako mecently presented In the
aforementonsd works, the effectivenss and usehilnes of the WT a5 a
signal procesging bee hnique have beon demongirated; howeyer, special
attention musl be given 1o the chodce of the mother wavelsl incs (e
resilis hesvily depend on this selection [19]. Other schemes have ex-
plored autoregressive model [27], Sransirm [24], principal oome
poment analysis [25), Qarkes tansform [26], nommalised grille curves
[27], gradient method [Z8], and higher onder statisties [29]. With the
aim al overcoming some of the shorteomings of reported fault detection
methads, the application of new and novel signal procssing techniques
is desimble. In the past yesrs, 8 method called empircal mode de
compostion (EMD) it bean presented in the literature for the analysis
of dgmls with trangient, nm-linear, and non-sationany properties
[30-32]. In addition, thi technique doss nol reqiire 3 parameler
configiration as other signal procesting technigues, egp, the WT
quires o choose both the decomposition level and wavelel mother.
Maresiver, 4 comparative siudy hag demonstrated that the EMD methad
grtperforms the performance of WT for vavelorm meomstruction [ 32].
Finally, ather works have succesfully proposed novel methodologios
for specific applications, eg, extrmaction of harmonics [33] and pover
quality analysis [34)], exploding the inherent capabilities of EMD. It is
waorlh noting that other EMD-baged methods such as ensemble EMD
(EEMD) [35] and complete EEMD ((EEMD) [36] have been ako pee
sented in the literature for Efferent applications. However, the appli-
cation of EMD-based methods o e amlysi of inrugh cirments with te
precence of interml faulls b nol been eported yel 5o, it would e
desirable bo bridge this open research gap.

In this work, the application of EMD-based methods, ie, EMD,
EEMD, and (EEMI, for the amiysi of inmush cument signals with the
presence of inter-trn faulis is presented. These methods have not been
exphored on this particular topic i the best of the suthos” nowledge.
The performance and computational burden of EMD, EEMD, and
(EEMD methods using synthetic dgnals are firsly analyzed. These si
mitlabed sigmls cometpond bo an innsh current signal with nter-ium
failt effects The goal is o quantify the capacity of the presentesd
methads for exracting information related 1o the faull Secondly, the
analysis is applied 1o real inrush cwment signals. These signals am ac-
quired from a transformer adapted for having either a healthy conadition
or inter4urn faulis Different faull severity levels thal range fom 5 1o
A4l short-cinewited turns ame comsidersd. Shannon entmpy [SE), Energy,
and rool-mean-square (RMS) indices are obtained fom the procesing
analysit 1o aisess the severity of interium fauts diring both the
trangent and steady stabes of the ewrrent signal. Results demonstrabe
basth the advantages of CEEMD for the analysis of inrugh currents and
the effectivenss of the analyeed indices for stseming the faull severty.

L Theoretical backgroumnd

2.1. Empirical mode demmpos ition

EMD iz an adaptive method developed for analysiz of signals with
transient, nomlinear, and non-staliomry properties [30-32]. h gen-
eral, this method decom poses a signal, o), into a s of funclion called
intringic made funclions (IMF2). An TMF is a function that salisfes two
conditions (1) the numbser of extrema and numbser of 2em cmossings in
the signal must be either equal or different 3t most by one, and (2) the
mean valee of the envelope defined by the lcal maxima and the en-
velope defined by the local minima i zero [30]. In arder o extract each
IMF, a process called sifling process has 1o be carded out. Frsily, the
extrema of the signal o{t), Le, the local maxima and minima points of x
{t), are identified. Then, they are connected using cubicspline inter
polation to obtain both an upper envelope [maxima points) and a lover
enyvelope [minims poinig). The mean of the anvelopes & designated as
fity. The first oscillation mode is obtained using o as follows [30]:

xitl-m, = k, i)
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If by is not an IMF, ie, il doess not stishy the two conditions stated
abave, a new oscillation mode kas o be eamputed using (1) but b, iz
treated 2 off), Le, B~y = Ay The proces can be repeated until the
oacillaton mode becomes an MF. The iterative procedier is given by
[0

Moy =ty = By 2]

The msulting signal is the first IMF, ¢, = hy. The following step eal
culates the residue 5 = x(f)—c; and checks il 5y is 2 monetonie funetion
from which no more ITMFs can be exdracted. B r is nol 8 monotonic
funetion, the procedurs is repeated but /& now o(t) in (1L On the
comnlrany, if /15 3 monobonie funetion, Uee process is nighed . The inpat
gigmal can be recovensd Fom both the TFs and the las1 residue a5 [ 0]

X = ; o+
E’ @

22 FEmmenthle EMD

A noise-amisted method ealled EEMD is presented in [35) The
follmwing steps deseribe the EEMD algorithm Fimstly, new simak have
1oy b generated using bodh the input signal o8 and differsnt white
riite series el i, X000 = x(0) + n (D fori = 1, 2 ..., o, where mis
the number of trials. Then, the EMD method has to be applied o each
trial. Finally, a tnwe TMF, indexed with j, is computed as follows [36}

1 m
EEMDg [ty = — 2, gyl
J mE ! 4
where ¢t is the IMF indexed with jfor the tral L The mumberof trials
should be 2t large a0 posible for a reliable resull

2.3 Complete FEMD

The (EEMD method & a vadaltion of EEMD [%]. In EEMD methaod,
each trial gt & decomposed independently; themirs, one resdios r is
obtined for each wial. On the contrary, (EEMD method provides a
ionigive first reside a5 follows:

n = x{t-1IME (5]

where IMF, i a true TMF obiained in the sme way & in EEMD methad
[36]. Then, an ensemble of ry plus differsnt realizations & camied out in
omler 1o obtain the tnee TMFz. The nest residue & given by i = R—IME,.
This procediere i5 repeated wntil all the tne TMFs ame obiained.

I Application of EMD-based method s

Mew lechniques and methodologies for signal procesting in many
research fields are uwsually tested and validaied wsing symbetic dgnalk
[37-40]. Their use allows both the eftablishment of refersnce values
and the deletion of unknown events in the data. If the reference vahes
are known, differeness or emors obiained using the in-tegt method ean
bt mengured. In this regand, 8 synthetic signal i employed in this waork
ty obmerve the perirmance of EMD-based methods The proposed
signal i eompoded of Ures dgnals The fral signal isa tain of Gausian
funetions multiplied by an exponential function, leading 1o an inrush
current wavelomm (see Fig. lal

The synthetic signal is analytically given by:

I T
==y
G=ro( 75

where A B the amplitude of the signal, ¢ is the exponential decay
constant, § i the number of Gaussian functions, ¢ is the tme, py e
presents the time pailion indexed with i of the center of each Gasmian
function, and o i% the fandard deviation (width of the “bell™) The
follmwing valives ame sei: 4 =2, ¢ = 70, G = 6,0 = (U1, ¢ rangs from
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0 i 02 swith asampling freqoency of & 000 samples s, and py ralkes the
following valoes 17080, 5,044, 9704 130440, 177046, and 21 744
for degoal to 1, 2, .., &, respecovely. fis the nominal freqoency, ie
60 He. The second signal & a harmonic component © reprsent e
effers of an ireer-mm fanb (s== Fig. 1h) This signal & gheen by-

He = AgsiniZf; 0 7

where Ay and fy are the amplimode and fragoency of e signal, re-
sperdvely. Ay and fy ane st to 0005 A and 120Hz, respeatively. ¢ fol-
lonws the definirion given above Fimally, the tird signal & a 3048
Gamesian white nodes 1o Tepresens the onavodd ahle noise thar is pressnr
inreal signals (se= Fig. 1cl Fig- 1d shows the resolring signal, ie | the
som of all the componens_ I is worth nodng thar this sigral & nor
infended o represers a real innosh oomerns since the goal & only o
olmarve the mpahilivies of BAD:hassd methods bo deonm poss the sy
thetic signal into the Sree ariginal components. Nonetheless, the pro-
prosed sigmal follows somehow the behavior of areal one (13,176,258 249)
Fig. 2 shows the obtained resol s They are argandzed in hree colomne.
The first colemn presents the seven IMFs obtadned neing FMD method,
whereas the second and third colomms presens dhe resaols obradined
nging EEMI and CEEMD methn ds, respectively. I is observed in Fig. 2
that meet of the nodee signal appears in SieIMF 1 for the three meghiods.
The harmonic oomponent s=ams somehow to be in the IMF 3, IMF 4,
and IMF & for EMD, EEMD, and CEEMD methods, respeatvely. The
signal that repressnrs the som of Ganesian fonotons may be seen in e
IMF 7 of the CEEMD meahod, whidh & not avidenr fir dhe ofher
methods.
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In arder @ guoansify the deonmpesigon accaracy, the Pearson cor-
relation ooeffident is compmed This ooefficienr indicars the linear
camrelad on bameeen rwo variahles, ¥ and y [40). 1rcan mie valoes from
— 1 {perfartnegative comelation, 1e |, y decreses a5 ¥ inoneases) o + 1
(perfect posithve correlation, e, y increses as ¥ increasss), where 0
indimies that there i not bnear comrelation. I ds oo pored wigc

J'u'-ll_:I =% O (&)
whiene N s the: mom ber o f sammples, ¥y ds the sam ple ind ewed with d, T and
0y are the mean and stan dard deviation of the signal x, respertvely. The
same definitions apply for the y parameters. Tahle 1 presenms the cors
relation resols. All the IMFs are oomelated with the thnee nefeneno
signals, i e, the ones shown in Fig. 1 anecomeluesd with thoee shown in
Fig. 2.

Nuomerical resols indicare thar the noise componant presans e
highest oorrelation valoes with the IMF 1, Le, 034323 for EMI, 08055
for EEMD, and 08051 for CEEWIN. For ghe hasmond ¢ oomponent, ghe
highest oormelad on valoes ane with DAF 3 (EML, (L3866), IMF 4 (EFEML,
05467 0), and IMF 5 {CEEMID, (L2458 ) For the laner, a high correladon
with IMF & {CEEMD, 0237 3) is also observed, indimting the presenoe
af the harmon fe components. Finally, the signal thar repressnes siesom
of Ganssian funcdons has the highes comredadons valoes with DMF 4
{EMD, 0L.8650), IMF 4 (EEMD, (L6 743), and IMF 7 [CEEMD, US53 7). 1T
is worth noting thar for the FEMD method bosh the harmonic compoe
nent and the Gamesan fonetions pressnt the bl ghest oommelarion valoes
with the IMF 4. This condition can compromise the discrio nedon
hareesn components; per, IMF 5 presenis a high comrelation with ghe
Gansslan fonetions, which can be meed o discriminate befwesn omm-
ponerds 1T i imporant © menton that several coges pressnt negatve
vahoes, &g, the B valoes for He with IMF 3 and Nede with 1MF 7 nsing
CEEMD are — 00160 and —0_00 1, resperrively; as soned above, thess
valnes indicar a poor negative comelation. On the other hand, e
compuaricnal regoinemen’s are alen imponarns aspeos doring the aps
plicaton of signal prosessing methods In this regard, the momber of
ieradons of EEMD and CEEMD are obtained in arder @ assess the
compuarional borden. For the resols shown in Fig. 2, FEMD and
CEREMD regoire 280194 and &2 999 ereembl es, respeaively. 17 is ad-
denit from all the ob@ined resols that the CEMD method & the most
gsofrahle mal for this gpe of analysis, as #t pressns an accepmbile
compuarional borden and high comelaton valoes. Aloogh the EEAT
method also gives acceprable comreladon resoks, the momber of en-
sembhles i almost foor rimes bigger than the one reqoired by e
CEEMD echnd qoe. The EMD method presenrs the bowesr oom porasd onal
borden {a desirah e feamre for online d iagnos s sysems], as it doss not
requine an ensemble rmmber; hwever, frs deonm position pressnrs e
lowest comrelation valoes. Henee, rend inmosh comrent signals with iner-
tom fanks are only amalyzed with the CEEMD method in the nexr
SECOOn

4. CEEMD method for diagnosis of inter-tum Gults

The appliaton of e CEFMD method i gheanal veis of real fnnosh
cmrent signak with ineraomn fanks & presened in rhis seotion Some
indices are alen presenfed to goandfy Sie fol severity from the in-
formarion provd ded by CEEMII.

4.1. Fxperimusenl o

The experimental setop oesd in this work & shown in Fig. 32 A
singleqphase mandrmer is oesd 1o prodoce the immsh comenr phe-
nomenan wnder healthy and differens intersom fanl conditiors. The
iransfonmer for the resrs i 2 resin impregnaed dry-ogpe with a thnes-
limb core, a powrer raring of 130 VA, a rared comrens of (094 A, a razd

imgeor voltage of 137 W, a primary winding o f 474 moms, and a sscondary
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CEEMI results
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winding of 91 mums. Eight taps are available at the primary winding ©
achieve several tam to ram Hakt condidons. These conditions are: 5,
10, 15, 20, 25, 30, 35, and 40 shortdrcuied tums. The snargization
process i camied out wsing a solideta relay congolled with 2 zero0-
crossing dewcwor in arder to mantan the switching angle as zero inall
the w515, obtaining a madmum peak carrent of 20 A The sansformer &
always opaated & rard condidons The flowchart of the signal
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acquisidon process & shown in Fig. 3b A Tearonix cscilloscope TDS
2024 & used for soring the signals with 2 sampling freguency of 5 kHz.
Cuarrent signals are measured by means of a Tektronix A6 22 sensor with
a rmge of 50mA © 100 A The tansfrmer switchingon is contralled
by means of Sie FRDM- k64 microcon zol ler-based pladorm, driving e
salid-smte relay through the zerocrossing detecar drauit Finally, S
inrash awrent signals of the sansformer have 2 duraion of 0. 255 in
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arde to acgoire both dhe entire inmosh corens phenomencn and a

steady sate omrent signal All the analysis & implemented on Marlah
o frwvare.

4.2 CEFRMD remlrs

Resalrs obrained ozing the CEHMD methiod are deapioded in Fig. 4
Fig. 4a shows the real inrosh correrns signals, where nine signals canbe
obsarved They comespond no the ol kowing condigors 0 (headty), 5,
10,15 20, 25, 30, 35, and 40 shortcircoined tomes. Fig. dh-h show e
1MFs obrainsd for each inrosh ocoment signal Similar oo the symrhetdc
sigmal cage, resnls of IMF 1 in Fig. &b show thenodee of the signals. The
maet of die harmonie conenr appears in sigrals of e IMF & (se=
Fig. 4 g} where asmall inorement in amp limde i obssrved aoronding m
the fok severity level ie the higher e saveriny of e Gult e
higher the amplimd e Infonmation relared o the inmsh corrent is obs
served in the sigrals of the IMF 7 (s== Fig. ShL In general, irids de-
monsiraed that the CFEMD method is a soied echniqoe for the ana-
lysis of { nosh cormens =i gratks with the presence o f inreroom fan s since
i rmasd on related @ the fank can besplic op. This information an be

advanmgeonsly oeed for diagnosis porpoees

4.3 ndires for il damnpic

Indices for fanlt diagnosis @mn be compored from e information
provided by the CEEMD method. Firstly, informaton of IMFs & and 7
has o be cormidered These 1MFs present changes in their wavefonms
which can be asencianed ro the ol (se= Fig Sa) In this work, the SE,
RME, and Frergy valoes are amalyeed as porendal indices oo dagnese
the ineraom fiok and charaoherize irs sevenny. It shomld be poinesd
o that thess indices are chogen bezanse they have proven 1o be offi-
clent and reliahle in other eleomic applimoon [39,41-43); for in-
stance, the RAMY indexy has provided valmble mformaton o

Tektromi
TS 024

a

characerize valage and comrent signals within a power qoaliny congexr
[#9], the 5F index has been snoressfolly nsed fo diagnose indocdon
momr fanks [41], and the Esergy index has allowed the assesomenr of
hoth power ransiormers osing vibrathon s signaks [42] and voltage sags
[43); however, many orher indices can be applied and ressmnched,
leaaving e apen doars o new proposals. The aformendoned inddces
are compoted as foll cws

"]
s =~ ¥, piadiogs ()

i=l b))
where B represents the valoes of a signal ¥ that ;an be @ien, ie
Frfab—Fag with M poesihle omonmes, pig) & the probahiliry of 8 in
the sigmal ¥, and | ogaf-) represens e binary logarithm [41) . The RS
[#4) and Energy [43] valoes are given by-

N P
RS = M S (1)

.
Hnergy = ¥ x
E (1)

where N is the rmmber of samples and ¥; represenss the samples of a
& i

gllulhrdmmu;:hbdmmnaﬂumﬁurmdmd}'m
The goal is o show thar the CEFEMD method i capahle of providing
nssfol informaton to dagnoes dhe ineroom Baolt doring both the
imansiers and seady sates throogh the applicadon of mmenial in-
dices. Firetly, comens signals of MF 7 are cormidered o amalyze the
mramsiens srare. This srae ranges from 0s mo 0135 (se= Fig. 5a) The
obmined resols are preserged in Fig. Sc, where the firs now oomme
spands 1o SE valoes, ghe sacond one i for RMS valos and Sie gdrd ane
is for Fmergy valoes Om the other hand, comrent signaks of DAF & ae
corel dered 1o analyze the steady sate This sate ranges fram L1350

)
T F 10 i 358N a 1
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oL lI ["JJE.?-']—I'.EI-‘I-l
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Inrsssh current signals
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0.25 5 (see Fig. 5b). The obtained indices are depicted in Fig. 5d It can
be observed from resuls of Fig. 5c that all & indices are sensitive ©
the fanlt severity Jevd since Shey change their amplimde according o
the finlt The highest change is observed in She Energy index. The in-
dices in Fig. 5d indicas that is also possible ro discriminate the fule
severity, even with a larger rate of change. For instance, She valoes of

76

SE in the transient stase range from 8 o 6, whereas in the sweady stase
they range from 4 1o & The largest change & obsarved in the Bnargy
index. This index shows 2 proportional increment accarding to the Gl
severity, which makes &t a suimble ©ol for caracerizing the ok se-

verity in a fiok diagnosis sysem.
Fig. & presents She results for the ratio of indices, Le, the division
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beawem e indies for IMF 6 and e indices for IMF 7 by considering
either the gansient stase signal (155) or the seady stae signal (SS5)
(see Fig. fa). Therefore, the transient saate rado (T3R) and seady sate
ratio (SSK) indices are given by:

ISRex = Ssnen)

m'ﬁi% (12)
TSRues - Do

m'%‘:}.—m (13)

T

M)
= a9
where SH), RMS(), and Eaag(-) are computed using (9)-(11), re.
specdvely.

1t should be poineed out that the rado of indices for fauk dagnosis
of inr.-zmn faks in gansfrmers & presented and analyzed in this
work since it follows Sheessence of other reported indices, g, rago of
higher.order stagsdes and second harmanic ratio {29 ), besides that, e
ratio of indices provides normalized values which allow esmblishing a
fauk orizrion mgardless of :iemagnitude or other feamres of Sheinpat
signak In this regard, the results chown In Fig. 6b indicae that she
ratio of indies aan provide normal teed valoes for fauk dlagnosis, e 3.,
the SE ratio with a valoe of 1 (dozed red line) indicass a heakthy
conditon whereas valoes greaer than 1 indicate finlt conditions. This
behavior can be ussful in antomatic dlagnosis nisks. The reference va-
loes for healhy condigons in $he Tansient smte regions are 05 and
0.25 (dotd red lines) for the RMS and Enemgy ratios, respeczively;
however, these valoes are smsigve © severity leveds greater gan 10
shortdransed tams, .o fuls of 5 10, and 15 shortdrculted tams
can be misled wih a healthy condition. The reference valoes for healthy
condidons using RMS and Enargy values in the seady snite regions as
0.7 and 0.5, respecrively. Unlike other indices, it & observed in Fig. 6b
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that the ratio of £F valoes in the iransient stae regions provides a
normalized valne of 1, a propontonal inoement acord ing o e folr
severity, and a dbsoriminadon from 5 shon-cdroned mme Thos, S5
demorestraes to be the most solgble index, if the ratio of indices &
e dered

5. Conclusions

Application of signal processing technigqoes & of paramoont ime-
porance for faok dagnosis since it allows the proper dessoon of
fearores assodated fo the GBuolt in a mesored signal. Applicadon of

EMD, EEMI, and CFFEMD methods for the analysis of immsh coment
signak & preserded in this work To the besrof the anfhor's mowledge,
these methods hae not been previoosly applied in this mpic The
anal ysis i fomsed on the snmaction of information reasd to ineroom
famlrs in trazedn mmers wing 1MFs. Firsdy, the methods are neshed nsing
synifhaic signals. Resals indicate ghar the CFEMD methed provides the
best decomposition resols sinee the MFs exmaced by this meshod
present the bdghest comrelad on valoes. The EEMD method pressnrs alen
acceptable correlation resols, however the nomber of fterations for this
analysis & almeost foor times bigger than the ones regoired by she
CEEMD approach. The EMD method reqmnes rhe kowesr onmporad onal
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resoorces, & it dots not regoire an ersemble romber; however, i=
deroom positions display the lowest oo melation valoes.

Hinee the CEEMD method provides the best resolts in erms of
performance and complexity, it i chosen to amalyze real irosh corrent
signal These signals comespond o different severiny levels of inmer-
torn fanks, e, 5, 10, 15, 20, 25, 30, 35, and &0 shortcinanied o
Far these signals, nssful informaton o carry oot fao bt diagneesi s ap pears
im both MF & and MF 7, demonsirating that the CEEMD method isa
snirah b ool for amatysk of this ppeof signals. Aldhoogh the CEEMD i
anly applisd m the amalysks of intersom fols, this signal
mechrdgqoe can be apphed to the dagnosis of other fanks; in G, in-
formation of sodh fanls may appear in other DMFs, fcilimting the di
agnosis of moldpls fnls SF, AME and Bewgy indices are compmesd
fraum the information ob@dned in IMF & and IMF 7 for bath the garsient
stare {IMF 7) and dhe steady stare (MF &) o Hdagnose the faok and
characerize il severity. The resols obmined indimre thar a soimhle
and reiahle garsformer dagnosis mn be assessed from shese indices.
In partoolar, the Eaergy index presmns the best rembis for both the
imansiens stane ((MF 7) and the stead y smre (IMF 6) Nonethelsss, the
ratio of SF valoes gives the best resols if a normalized index & con-
sidered . Althomgh his weork has tested spedific indices, many others oan
e imvesrigassd o find mone sensitve ones.

Oher elozrial faols soch as phase o phase and phase to groand,
as well as other rypes of signak soch as volages and magnetic finxess
can be aralyzed with the propossd nechmigoe, a task thar e anrhors
will perform in ghe near forore. Besides, long time mansfrmer excra-
tion onder shontecironited Gl cond in o will be soodied o analyreis
behavior bedone a camsmophdc event in the mansformer ocoors. Inad-
ditlan, the hadware implementadon of e CEMD method will be

porformed in order oo provide online dlagnosis systems
Ackmow] eed pemsents
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Abstrack The indwction meotor (IM) is one of the most important elements in industry. Although IMs
ane robust machines, they ame susceptible to faults, whene the stator winding short-crewit fault s one
of the most comuemon ones. In this work, the Shansonentiopy (SE) index and a fuzzy logic (FL) sy stem
ane proposed to diagnese short-circuit faults, considering both different severity levels and different
load conditions. In the proposed methodaology, a Gliering stage based on brick-w all band-pass flbers
is firstly carried out After this stage, the SE index is computed to quantify the fault severity and a FL
sysbem is applied to diagnose the IM condition in an automatic way. Unlike other works that propose
some types of space transformations, the propoesal is only based on a filtering stage and a e domain
e, sequiring low computational resources. The obtained results demonstrate the efectiveness of
the proposal, ie., the SE index quantifies the fault severity, regardless of the mechanical load, and the
proposed FL system achieves a positive classification rake of 987

Keywords: brick-wall filker; fuzzy logic; induction motor; Shannon entropy ; shorl-cireuit fault

1L Introeduction

[n recent years, the development of monitoring sy stems o assess the phiysical condition of rotatory
machinery has been vital to guaranteeing the selability of industrial processes [1-3]. Among the
rotatory machineny, the three-phase indwction motor (IM), fepresenting -85% of the consumed power
in the industry, is a default implementation in industrial processes [4] because it offers geat benefits,
such as low maintenance, kow cost, high robustness to agpressive environments and easy control
under different load conditions [5,6]. Despite these great benefits, IMs ane susceptible to present
electrical and mechanical faults during their service-life, which ane produced mainly by power quality
problems, prolonged activity fimes and harsh operating conditions, among other factors [1-3,5,6]
Regarding electrical faults, stator winding faults (SWFs) ar one of the most dangerous and common
faults in IMs [7], representing about a 36-38% of faults that can take place [8,9]. This fault, even in its
incipientearly state, can produce alterations and mcrements in curfent consumption, Emperature and
vibrations, putting at risk the personmel, the production, the machine itself and other machines in the
same line of production.
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During the last 15 years, an impoitant number of techniques and methodologies for SWE delection
using the analysis of acoustic, current and vibration signals have been proposed [10-14]. Metor cursent
signatuse analysis (MCSA) is one of the most used methods because of its advantages, such as pessessing
a non-invasive capacity, possible remoble sensing, easy implementation and low implementation
costs [2,9]. MOSA iz mainly wsed to identify faulls in the IM acoording to the analysis of frequency
components found in the measured signal. Particularly, MCSA for SWF detection is employed to
identify frequencies arcund the fundamental frequency or harmonic components [15]. 1n the Literature,
diverse signal processing algorithms for stator winding short-circuit (SYW5C) fault detection using
MCSA have been introduced; for instance, fast Fourier transform (FFT) [14,16,17)], wavelet transform
(WT) [18-20], empirical mode decomposition-based methods (EMD) [21,22], Wigner-Ville distribation
WD) [22), Hilbert transform (HT) [23], statistical time series model (STSM) [24], and statistical
analysis (SA) [25]. Despite obtaining promising results, diverse limitations sl semain. For instance,
the FFT is a proficient tool to analyze time signals with stationary properties; vel, curent applications
in industry requine continuows changes of the load applied to IMs, which can generate fluctuations in
the voltage and cureent signals, producing non-stationary properties, the sefore making the FFT method
unsuitable [26]. WT is a suitable tool for analyzing sipnals of non-stabonany natwme; regrettably, it
requises a fine election of the decomposition level and the wavelet mother in arder bo estimate adequate
features that allow for corect evaluation of the IM's condition [27]. Tnthis sense, EMD-based algosithms
ane used to analyze or decompose ime signals of non-stationary nature according to their frequency
components; yeb, they are susceplible to present a phenomenon called mode mixing, which produces
waves with different flequency components that ane assigned to the same frequency band, complicating
the identification of frequencies associated to the SW5C fault. Furthermors, the computational sesounces
can increase depending on the EMD method used, e, when the ensembla-EMD methed is used [28].
HT is employed for obtaining the instantaneous feequency and the instantanecus amplitude of a time
signal; but its sesults can be afected by the noise and the namber of frequency components found in the
analyzed signal [29]. WVD iz a methoed capable of providing a time-frequency representation of lme
sigmals; vet, its fesulis can be contaminated with spurious frequencies, frequency conyponents that do
not exist in the measured signal due to a problem called eroas-term [30], compromising the ability for
adequate location of the frequencies associabed o the SWSC fault STSM: are employed for modelling
sigmals with a linear or time-invariant behavion; bul, they can present problems for modelling nonlinear
behaviors [31], which are greatly produced in an IM because of the dynamic loading, Further, their
results are susceplible to errors due b the quantity of nodse contained in the measuned signal. The
2A methods are employed for calculating statistical parameters of the Bme-domain signals, such as
median, variance, standard deviation and ameng others, but their resulis can fail due to the moise and
nonlinearities found in the time signal [32].

Although diverse methods for SWSC fault detection have been introduced in the LEeratune,
most of them are negatively aflected by the non-stationary properties of the measured signal. These
properties ane penerated by different factors, e.g., the variations in current consumplion associabed
to changes in the mechanical load. In this regard, the proposal and development of efficent and
reliable methodologies in terms of processing and performance are still required, mainly if they ane not
susceplible to the motor load, e.g, they have o be independent of the motor mechanical lead in order
bo provide a consistent diagnosis for a large variety of industrial processes wheme the mechanical load
can be different and time-variant.

In this paper, a new methodology to diagnose and quantify the severity of SYW5C faults, where
an independent fault indicator of the mechanical load is presented. The proposed methodology is
based on MCSA, using the monitorned curfent during the IM skeady-state as input. It is based on
three steps. Firstly, a filtering stage based on brick-wall band-pass fliers is carried out This type of
filber is used as it presents geat advantages, such as a mectangular frequency response and an abrupt
transition betwesn the pass and stop bands. Secondly, the Shannon entropy (SE) index is applied to
the filkened signal in arder to identify the short-circuit faults, conside ring, both different severity levels
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and diffesent load conditions. Other indices, such as the signal energy and the root mean squase (RMS)
value are tested and compared with the results obtained by the SE index. Finally, a fuzzy logic (FL)
system is developed in order to classify the IM condition in an automatic way. The usefulness and
effectiveness of the proposal is validated through ex perimentation, where a healthy (HLT) IM and an
IM with short-circuited tums using four different levels of load are considened. The obtained results
show that the proposal is an effective and consistent tool for diagnosing SWSC faults independently of
load conditions, making it a promising solution for a large vatety of industrial applications.

2 Theoretical Background
2.1 Motor Current Signal Analysis (MCSA)

MCSA is a widely used methed for online condition monitoring in IMs, where the current spectra
is used to obtain information associated to the motor fault This fault information is obtained through
abnormal harmonics in the stator current produced by the magnetomotive force distribution and the
permeance-wave representation of the air gap [15,33]

Regarding the SWSC fault, signature pattems in different frequency components have been
associated to the following equation [9,15,33}:

fa =_ﬁ{%(1-s)*k} E=135. n=12%8... 1

whene the values forf, are the frequency components due to the SWSC fault, f1 is the supply frequency,
p is the pole-pairs and s is the slip. Different values for k and n can be tested in order to obtain the
frequencies of interest, whes promising fesults have been cbtained fork = 1 withn =3 and n=5[15].

22 Bnck-Wall Fillers

Brick-wall filters or sinc fillers are idealized digital FIR (finite impulse response) flters with a
rectangular frequency response, which provides an ideally flat amplitude fesponse in the passband
and an abrupt transition in the cutoff frequency [34]. Besides, a FIR filter is featuned by its stability and
linear phase. Then, an ideal brick-wall low-pass filter with bandwidth ayp and zero phase provides the
impulse msponse, as per Referenae [35)

wp sin wpl
gl = T (2)

As the filter impulse fesponse has an infinite length, making the structure implementation
impossible [35], a window function w{l) of length 1 is applied to g(f) to cbtain a practical filter, which
can be expressed as per Reference [35)

-
h{t) =w(t)- o (3)

By using two brick-wall low-pass filters, a brick-wall band-pass filter is obtained as follows:
hit)gp = hit), —h(t), (4)
where hit )y and h{t); are the upper and lower band edges, respectively.

2.3 Faull Indices

In the literature, several indices have been presented for fault diagnosis. In this work, the SE,
energy and RMS indices, which have proven to be effiGent in other electric applications related to the
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diagnosis of fauls in induction motors and transformers [36-39], are analyzed as potential indicators
to diagnose SWEC faults.

[n the information theory, 5E is used to describe the uncertainty of information content provided
by an event of a signal [36]; as the SWET fault generates different frequency components, the amount
of information can change, making the SE index a promising fault indicator bo quantify this change.
It is given by:

SE(X) = —Zp{:ﬂ log, |pixi)] (5)

whete 1y, I3, X3, ..., Ty are the possible cultcomes of an event or signal given by X, whete px;) is the
corfesponding probability vector
On the other hand, the energy and BEMS indices are obtained by mwans of the following
equations [37]:
T

N
Energy = Z ()] (5)

| 5 1 H
RMS = | —Y [xi}[* 7l
\N&

where i) is the sipnal value at the sample § and N is the total number of samples. As can be noticed,
these indices somehow mcmease their value according to the increments in the signal amplitude oif);
thenefore, they can be sensitive to SWSC faults, considering that the presence of fault and its severity
increase the signal amplitude from the increment of different frequency components,

24 Fuzzy Logic Syslems

In general, FL systems can be used as control strategies based exclusively on FL or in
combinationw ith other methods, such as neural nebworks (neuro-fuzzy systems) [$0-24) or classification
algarithmes [5,26], whene features such as simplicity and flexibility of design, handling of imprecise
data and the capability to model nonlinear systems, ameng others, can be explaited. In particular,
a classification task can be carvied ool if the information be havior is described using "if-then’ classification
rules for when information about the input data is known, These rules describe the dass of an object
according to its atunes; for instance, if an object s high then its class is big,

FL systems consist of four stages Puzrification, rules, mfesence mechanizm and defuzzification [5,44],
as showwmin Figure 1. In the fuzzification, the inpuls age mapped into linguistic variables and quantified
through memberahip funclions. These fhunctions can have Gaussian, triangular, trapezoidal or other
shapes. As mentioned previcously, the “if-then” rules describe linguistically how an object has to be
assigned to a specific class according to its featunes. These rules ane set by an expert that knows
the featums and classes. In the inference mechanism, the decision-making process is carried out,
giving a conclusion for a specific set of inputs. Finally, the conclusion is converfed to understand able
information for the user using the defuzsification stage. In this stage, there are several defhuezification
methods, whene the center-of-gravity method is one of the most populac
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Crutputs
Figure 1. General diagram of a fuzz y logic (FL) system.

3. Proposed Methodology

The proposed methedology to detect SWSC faults in IMs is shown in Figure 2. In general,
the methodology is divided into bvo stages: Design and implementation In the design stage, the
curfent signals of an IM, ranging from steady stabe to different fault severities, along with different
load conditions ame frstly scquired. Then, from the frequency domain analysis, and by following
Equation (1), information related to the SWEC condition can be found infp (k= 1andr = 3) and fg
ik =1 and n = 5). In particular, an IM with bwo pairs of poles (p = 2) operating in an electric sysbem
wherne f = 60 He at no load condition (slip of 5= 0) presents information felated to the SWSC fault,
where fi = 150 and fg = 210. In this regard, bvo brick-wall band-pass filkers {using Equation {4))
ane constructed o extract that information. Figune 3 shows their design. In Figune 3a, the region of
inberest in the Brequency domain {fL and fg) can be observed. As 5 in the IM can shift the fI and

Fr components, the brick-wall band-pass filkers consider the bandwidths dencted by {f_1,f1_2) and

W 15 20 respectively. By considering a wide range for 5 according to the nominal motor speed, the
valuesoffy 1 =160, fi - =170, fg 1= 200, and fg_5 = 210 are wsed. Figure 3b shows that the band-pass
filter, Ffy, is designed using the difference of by o brick-w all low-pass Glbers withfp 1 and fi 5 as cutoff
frequencies. In a similar way, the band-pass fltes, Ff g, is designed using Fg 1 andfg_ ;. The order of
the filkers is set to 1024 in order to achieve a high atlenuation in the stop band. Figure 3¢ shows the
frequency responses for the two brick-wall band-pass filters. FFL is the Glter that is construcied to
extract the fi component and Ffg is the filker that is constructed toextract the fy component. Once the
filbers ane designed, the analysis of fault indices is carried oul (see Figue 2); in order to do so, the 5E,
energy and EMS indices {using BEquations (5-7) ane applied to the filleed signals to dete roine which
index presents the most discrindnant information in kerms of the fault severity and its susoe plibility to
the mechanical load. When the mest appropriabe index to diagnose the SWSC has been obtained, a FL
gy stem is designed to automatically determine the IM condition from the information provided by the
selected index. The designed FL system consists of the stages presented in Figure 1, ie, uezification,
fules, inference mechanism and defuzzification. As the elements that compoeund each stage depend on
the experimental fesults, they amne descrbed i detail in Section 4.3,

In the implementation stage, the designed Blters, Ff and Ffg, are applied to the input current
gignal (see Figure 7). Then, the selected index is compubed for each frequency compenent, namely
SEp, for f1 and SEg for fg. Finally, on the one hand, the indices are averaged to provide an indicator
that quantifies the fault severity, and on the other hand, the indices are analyzed by the FL system to
determine the IM condition in an aubomaltic way.
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4. Experimentation and Results

4.1 Experimenial Setup

In Figure 4, the ex perimental setup used to test and validate the proposal is depicted. In general,
it consists of: A personal computer (PC) to implement the analysis using MATLAB software, an IM
in which the stator-winding has been modified with several taps, a motor starteg, a data acquisition
system (DAS) to acquire the current signals and a dynamometer to generate the mechanical load in
a controlled way. The model of the used 3-phase IM was WEG 218ET3EM145TW, featuring 2 poles,
2hp, 220VAC and 60 Hz. The SWSC conditions we s artificially produced with the insertion of taps in
phase A. The analyzed taps corsespond to 10, 20, 30 and 40 short-circuited tums (SCTs). The current
signal was acquired using a model i200 curnent clamp from Fluke, a 16-bit analog-to-digital converter
model which was incorporated in the NIFUSB 6211 beard from National Instruments, and a sampling
frequency of 6000 samples/s during a time window of 1 5. For the analysis, twenty kests for each motor
condition (0, 10, 20, 30 and 40 SCTs) were carried out; therefore, 100 tests were analyzed. Regarding
the mechanical load, it was provided by a four-quadrant model 8540 dynamome ter from Lab-Volt,
whene 0.00, 204, 409 and 6.13 Nm were used as the load torques. These values ranged from no-load to

nominal load.

Figure 4 Experimental setup.

Figure 5 shows an example of the acquired current signals, where it was observed that the
magnitude of the current signal increased with both the mechanical load and the fault severity. This
is very important, as the proposed methodology has to be capable of detecting the SCTs regardless
of the mechanical load. For instance, a methodology based on the magnitude of the current signal is
inappropriate as the fault can be confused with an increment in the load.

- ONNe J08 N AN Ative _}_‘
n' i

§ -—-mm A
:E oL |

- Jd3

W s

2GS '

e R
'! oy Illn
29!

§1 _—MM'

z NURs
arwiiA)

(11
'( 1]

|||,’

(AR

M Aas e als
T,

oK =

P

.I-( B als T
|

204 600 10 AMAL QTS 10 l'\tj(‘{‘
Tt Temat

Figure 5. Current signals for (a) 0 SCTs, (b) 10 SCT5, () 20 SCTs, (d) 30 SCTs and (e) 40 SCTs at differnt
loads (.00, 204, 4.09 and .13 Nm)
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4.2 Results for Real Signals

Following the propesed methodology, the cursent signals in steady stabe wene fltened using FFL
and Ffg. Affer the Gltering stage, the SE, EMS and energy indices were computed For the oubpul signals
given by fi and fg (see Figuse 2} In crder to have a common fefemence to quantify the faulk severity,
the sesults of the indices were normalized vsing the numerical value as a normalization factor for the
healthy comdition {0 5CTs); thus, these indices will have a value of 1 for 05CTs, indicating a healthy
condition. Figue 6 depicts the obfained sesults for the analyzed indices. Al the left side of this Hgure,
the results for f under both different fault severities and different load conditions ane shown, whensas
the results for fR ase shown at the cght side.
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Figure & Results for the Shannon entropy (SE), root mean square (BMS), and energy indices at
() 00 Wm, (b} 204 Nm, () 4.09 Nm and {d) 6.13 Nm (left side for fi and right side for fg).

The tesults presented in Figune 6 show that the values of the mdices inceased with the fault
severity, which was useful for quantification purpeses; however, the change rate in some indices was
different for difierent load conditions, which can compromise the diagnosis. For imstance, the energy
infy For 30 5CTs under a load of 204 Nmow as approcimately 3, which can be confused with the energy
in fi for 40 5CTs under a load of 6.13 Nm, since it was also approximately 3. In the BEMS index, a
similar behavior was observed; for instance, the EMS in fg for 20 SCTs under a load of 0000 Mo was
approximaiely 2 which can be confused with the RMS in g for 30 50Ts under a load of 4.09 Nm, since
it was also approximately 2. From these observations and by analy zing the 5E behavior, it was found
that the SE index provides the most uniform rate of change e gardless of the load conditions, making
it the most appropriabe index to diagnese and quantify the severity of the SWSC fault For clarity
purposes, Figure 7 shows a three-dimensional bar chart of the SE values (SEp value for f and SEg
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value for fg), whene a behavior almest constant for diffenent loads levels and a constant incredment
according to the fault severity ane both observed. This behavior demonstrates that the SE index can
diagmose the fault severity in a proper way, regardless of the mechanical load. In order to provide
a gingle fault index, SE1L. and SER wee averaged, where the fesult, SEA, was used as indicator for
quantifying the fault severiby (see Figuse 7e.

]

T i i
Lol (g 113y 10 gper corcanad ares LoadiHm) 811 e 10 Shen ¢ rcatad wam

k1]

p A
Lowd i &15 ’ | LU P ey

Figure 7. SE values for {a) fi, (k) fg. and (c) SEp at both different loads and different fult ssverities.

Table 1 presents the mean (g) and the standard deviation (o) for the SE values of the byventy tests
of each IM condition (0, 10, 20, 30 aned 40 SCTs). Figure 8 shows the nesults of Table 1 as Gaussian
distributicn functions, whese g and  ae considened. From this figure, it is evident that, in all the cases,
the higher the fault severity, the higher the index value, which applies to both 5By and 5Eg. Although
the 5E index allows for quantification of the fault severity, the classification of the IM condition (0,
10, 20, 30 and 40 SCTs) cannot be directly achieved, since there are small overlaps between some
conditicns; for instance, thene is an overlap bebween the 0 3CTs condition (dark blue) and the 10 5CTs
conditicn (light Blue) in Figue Sa at the different loads. In this regard, a FL system with 5B and SEg
as inpuls was used to provide the automatic classification. It is important to mention that a FL system
was used as classifier in this work, since the mformation presented in Figure 2 (Gaussian distribution
functions) can be seized to generate the Gawssian membership funcions.

Tabde 1. p and o for SE values.
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Figuare & Gaussian distribution functions for (a) 5B and (b) SEg at both difierent loads and differs=nt
falt severities.

4.3 Fuzzy Logic Syslem Resulls

The proposed FL system is a Mamdani-ty pe fuzzy inkerence system with bwo inputs, one output
and 25 rules. As mentioned previcusly, the inpuls were SEp and SEg, while the output was the IM
condition. For the fuzzification stage, both inputs wee porboned into fve Gaussian membership
functions, as shown in Figure %a. These funclions were labeled as follows: Very small value (W5V),
gmall value (SV), nodmal valee (NV), high valee (HV) and very high value (VHV). The crisp oubput of
the proposed FL syskem assumes values bebtween 0.5 and 5.5, as shown in Figune 9b; in this figune,
05 Ts ane 1, 10 5CTs ane 2 20 5CTs ane 3, 30 5CTs are 4 and 40 5CTs are 5. On the other hand, the
25 functions ae pesented in Table 2, whese one rule can be sead as follows: If 5Ep is V5V and 5Eg is
W5V, then the IM comdition is 0 SCTs. The minimium composition was used for quantifying the output
of the rules and the cenber-of-gravity method was wsed for defuzzification [44]. Table 3 shows the
classification results for the performed fests. As can be observed, most cases present an effectiveness of
1007%; honwev ef, baro Ccases present an effeciveness of 95%, implying a general eflectiveness of 98%
These cases cormespond o 0 5CTs and 10 5CTa. This sesult can be somehow expected, since the existing
overlaps in the Gaussian distribution funcions shown in Figue 8 indicate that, in probabilistic berms,
thene is not a complefe separation betwean cases,
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Figure 9. Membership functicns for (a) SE and (b) 5Eg and {c) FL outputs.

Table 1. Rules for the proposed FL system.

Irl.puh SEgr
SEL YVEY SV MY HY YHY
WEY DECTs 05T= 10SCTs 0 ST HNECT=
1 DECTs 10 5Ts MECTs 0 ST HNECT=
NY 105 T 208Ts MECTs N ST i
HY AT 208Ts MECTs IS 405CT=
YVHY b 2058Ts F05CTs A0 5T 405T=

Table 3 Classification results [confusion matrix).

IM Condition 0 S5CTs 105CTs M 5CT= 30 5CTs 40 5CTs EF (%)
0 5CTs 19 1 0 0 o 95
10 5CTs 1 15 0 0 o a5
2 ECTs o o Hl 0 o 100
30 5CTs o o 0 Al o 100
40 5CTs o o 0 0 20 100

Efie chivere=s G

HI* Effectiveneas pefoonbage

4.4 Dhscussion

Table 4 summarizes a comparison between the propesal and other pecent methodologies presented
in the lilerature, whene the methods or algorithms applied to diagnose the SW5C fault in the IM and
the features or operating conditions that ae consideed in the experimentation ase shown

From Table 4, it can be observed that the proposed methodology presents an effechiveness
perentage of 98% for detecting the SWSC faull, considering both diffensnt severity levels (10, 20, 30
and 40 short-cdrcuited tums) and different mechanical load levels (0%, 33%, 66% and 100%), unlile
other works teviswed in the Beratue [12,19,24], which present mainly the analysis of either a level
of damage and different operating conditions or different levels of damage and a constant load
operating condition

In the proposal, the obtained o fectivensss (98%) is mainly due to the SE index, which allows for
both quantify ing the severity of damage regardless of the torque load applied to the IM and classifying
the S5 fault using the proposed FL system for an automatic diagnesis. In qualitative kerms, it 8
important to mention that a low computational burden is achieved by the proposal, since a space
transformation of the measured signal is not equired, allowing for a low complesity implementation,
unlike the other introduced proposals, whene a signal transformation and several nonlinear indices is
requised, along with an expert to interpret the obtained results [12,19,23]. It should be pointed out that
the expert role is to inkerpret the resulls cbtaimed by the analysis of several characteristics, such as:
The location of peaks, the spectrum, amaong other characteristics; in this segard, the aforementioned
analyses are performed qualitatively. Yet, the automatic detection of the motor condition can drastically
reduce Hme taken and allow for contiruous and oaline monitoring, In Refenence [8], similar features
and operating conditions with the proposal can be obse rved; however, results about the fault indictor
as an independent parameter of the mechanical load ame not presented. On the contrary, the proposed
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SE index demonstrates to be an efficient and insensitive fault indicator to the mechanical load, allowing
for consistent diagnosis in different industry applications.

Table 4. Cnmpa:“mmu]rb:hmaenﬂe ]:!m]:lmaj I:I'h!‘ﬂ'l.l:ld-D]-Dml' m‘dwmk:mpm‘ti.nﬂ;mrm m.ru:'l.u'l.E
short-circuit (SWSC) fault diagnosis.
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5. Conclusions

Winding faults ane one of the most comanon faults in IM. In this work, a mew method based on
filters, fault indices and a FL gy stem for the assessment of SWSC faults in IMs was presented. The SE,
EMS and energy indices were tested. These indices ev aluaked the information thatwas extracted by
the brick-wall band-pass fliers from the steady-state cursent signal. Our sesults indicated that the SE
wis the most suitable index for the assessment of SWSC faults. For the analyzed cases, ie, 10, 20, 30
and 40 SCTs under different load torque conditions (0, 2.04, 408 and 6.13 Mm), this index has been
demonstrated to be sensitive to fault severity and insensitive to mechanical load, Le., the 5E index can
properly assess the fault severity segardless of the mechanical loead, which is very important, as the
mechanical load can change or be diffenent for different industrial applications. On the other hand, the
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proposed FL system uses the SE valwes to classify the IM condition in an aubomatic way, The obtained
results indicake that the proposed FL system provides a general effechvensess of 98%.

Ina futune work, the propesal will be tested under an unbalanced power supply voltage condition
(a common electrical condiion in industry) in erder lo increase ils robustness and applicabiliby.
Furthermone, as the proposal is based on low complexity algorithms (flters and indices based on
time-domain formulas), it may be implemented into an embedded system in erder to provide an
online condition monitoring system. O the other hand, it is inyportant to mention that at this stage of
research, the proposal is fecused on the disgnesis of SWSC faulls in steady state conditions; however,
adaptive flters and time-frequency Echnigues will be also exploned in order to provide a solution for
transient operating conditions.
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Abstrack Phasor measurement units (FMUs) have become powerful monitoring tools for many
applications in smart grids. In order to address the different issues related to harmaonics in power
ayatems, the undamental phaser estimator ina PMU has been extended to the harmonic phasor
estimator by several researchers arcund the world. Yet, the development of harmaonic phasor
estimators is a challenge because they have to consider time-v arying fequencies since the flequency
deviation in the harmonde componenis is proportional to the harmonic order in a dynamic way. In this
work, a new algorithm for harmonic phasor estimation using an instantaneous single-sideband (S5B)
modulation is presented. Unlike other S5B-based approaches, its implementation in this work is
based on concepts of instantaneous phase and instantanecus frequency. In peneral, the proposed
algorithm is divided into two stages. Firstly, the estimation of the fundamental phasor is carried out
by means of a complex finite imnpulse response (FIR) filer which provides the analytic signal used to
compule the instantanecus magnitude, phase, and frequency. Secondly, a complex FIE filter bank is
proposed for the estimation of the harmonic components, whene the instantanecus S58 modulation
technique is applied in order to center the harmenic components into specific narmow banda for each
complex filter when an off-nominal frequency oceurs. The validabion of the proposed algerithm is
carried cut by means of the current standards of phasor measurement units, Le, Std. C37.118.1-2011
and C37.118.1a-2014, which invelve skeady-state, dynamic, and time performance tests,

Keywords: complex FIR filters; harmonic phasor; IEEE Standard C37. 118.1; instantanecus phase and
frequency; instantaneous single-sideband modulation; phasor measurement unit (FMLU)

1. Introduction

Proliferation of non-linear loads along with the growith of distributed generaton systems ans
some of the main causes of power quality problems nelated to harmonic pollution in modern power
systems [1]. This pollution compromises the system reliability, e.g., producing additional lesses in
transmission or distribution lines, overheating of electrical machines and relays breakdownes [2,3].
Al the same time, the development of new power system topics, such as smart grids and nenewable
eneTgies, incneases the nequirements of methodologies for power quality monitoring [4-7], including,
the analysis of both the fundamental component and the harmonic components [8]. Regarding
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the fundamental component, phasor measurement units (FMUs) are synchronized remote devices
commonly used for wide area monitoring systems with high performance requirements for phasor,
frequency and rate of change of frequency (ROCOF) errors defined in the curment standard, ie., the IEEE
Sed. CA7.118.1-2011 and -2004 [9-11]. Although PRIL standards are set originally for fundamental
component measunements according to the required performance P class or M dass, their benchmark
tests and requiremnents can be e tended to harmonic components for validation purposes [9]. Thene fone,
a PMU with capabilities for harmonic estimation will allow improving the performance in diffenemnt
applications of power systems such as power quality monitoring, adaptive protections, network
reconfiguration under fault conditions, and =0 on [12].

In literature, different algorithms for estimation of both fundamental phasor and harmonic
phasor have been reported. Among the algorithms for the former [13-15], the Fourier ranaform
(FT) has been widely used; however, it presents some drawbacks that compromise its performance,
e.g., the assumption of periodic signals, spectral kakage produced when the fundamental frequency
fluctuates, and that the frequency resolution depends on the time observation window [1517]
Regarding the harmonic synchrophasor implementations, few strategies have been presenbed
For instance, in [2,12], the FT and a zero-crossing technique is used to calculate the fundamental
and harmonic components, in which unmeliable results can be obtained when a frequency fluctuation
appears. In [18], an improved FT version is presented where several windows to reduce the spectral
leakage ane compared; besides that, it uses a curve fitling approach with fundamental frequency
information for estimation of the harmonic phasors. Another work that follows the synchrophasors
guidelines is carried out in [19], which proposes an estimator in off-nominal frequency conditions
based on a frequency tracking process and a harmonic model, solving the model by means of a singular
value decomposiion method. Similarly, im [20], a recursive-least-squares echnique symchronized by
a phase-locked loop (PLL} is propoesed. Also, harmonic dynamic models have been proposed and
solved using approaches based on Taylor and Kalman filters (KF) [21,22] and a rotational invarianoe
technique [23]. Further, in [9], both the KF and a FIR filter with adaptive filter coefficients as a function
of the fundamental frequency for harmonic phasor estimation are presented. From these works, it is
evident that the concept of harmonic synchrophasor has been inv estigated with special attention in the
fundamental frequency since, on the one hand, it is used for the harmonic phasor estimations and,
on the other hand, it is related to the accuracy of the results [18]. However, thesse works are leaving out
important parameters such as the frequency eTror (FE) and the rate of change of frequency ermor (EFE)
along with the benchmark tests required in the current symchrophasor standards, which can be taken
as Teference in order to validate in a mome complete way the performance of a harmonic PMU.

In this paper, a new algorithm for phasor estimation of hammenic components im a PMU corntext is
proposed. This algerithm is based on a complex brick-wall band-pass FIR filter for the estitnation of
both the fundamental phasor and the fundamental frequency. The harmonic phasors are estitnated
using a complex FIR filter bank by centering the harmonic components of the signal according to
its frequency deviation by means of an instantanecus single-sideband (S5B) modulation technique.
This technique allows shifing the spectral content of the signal using a Hilbert filker and a complex
modulation process using the instantanecous frequency deviation In this regard, the proposed
algorithm represents a new scheme for harmonic estimation in a PMU context with a low-complex
technique. The proposed algorithm is evaluated under all the steady-state and dynamic conditions
established in the IEEE Std. C37.118.1-2011 [10] along with its amendment C37.118.1a-2014 [11].
These conditions are amplitode, phase and frequency variations, total harmendc distortion (THLY),
cut-of-band interference, amplitude and phase medulations, frequency ramp, amplitude and phase
stepa. Besides that unlike other proposals, even and odd harmonic components are analyzed for each
condition. Then, the total vector error (TVE), FE, and EFE parameters, which ane extended to the
harmonic components, are analyzed according to the allowable limits for the M class. This class is
chosen since the propoesal is oriented to applications that require higher levels of accuracy and has to
gatisfy the out-of-band interference test which is cne of the mest challenging tests. The results show
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the feasibility of the proposed methed for harmonic synchrophasor applications, when: a complete
fulfillment of the benchmark tests is obtained.

2 Theoretical Background

2. 1. Harmaonic Phasor Model

PMUs provide a synchronized magnitude and phase estimation under a coordinated universal
time (UTC) of an electric signal [24,25]. This signal is determined by:

x(t) = %ms&n'fd + 2:r/Afdl +4) (1

where A is the amplitude, fj is the nominal system frequency (50 Hz/60 Hz), Af is the frequency
deviation, and ¢ is the phase angle. From (1), the synchrophasor representation is defined as [10):

X(1) = %(zxﬂwzw @

In the same way, a sinusoidal signal with harmonic content can be expressed as

H
x(t) = g%m&(h&nfof +2n [ fa) + a) @)

where & is the /i-th component of the sinuscidal signal and H is the number of harmonics; then,
the synchrophasor representation for fundamental and harmonic components is defined by:

X(t)y = %3&*“]& i 9n 4)

Omne of the major challenges to estimate the harmonic phasors in (4) appears when the analyzed
signal presents off nominal frequencies since the frequency deviation for the harmonic components
increases linearly with the harmonic order Ji, ez, a frequency deviation of 1 Hz in the fundamental
component produces a 2 Hz frequency deviation for the 2nd harmonic, 3 Hz for the 3rd harmonic,
and so on.

2.2. Single Sideband Modulation

SSB modulation is an effident amplitude modulation technique commonly used in radio
communications. Yet, this technique is also employed in signal processing, whose purpose is to
shift frequency components using a carrier frequency [26,27]. This modulation is based on an analytic
signal In this regard, the modulated signal x(f)ssp by a frequency shift f is expressed by:

x(t)ssp = x(1) cos(2mfet) — 2(t) sin{2fct) (5)

where x(f) is the non-modulated signal and £(!) is the component in quadrature of x(f). This formulation
is normally used as a time-invariant frequency signal [27] and, in some cases, with windows of
fixed length.

2.3. Complex FIR Filters

The concept of complex band-pass FIR filters for harmonic phasor estimators has been studied
to obtain an analytic signal with neal and imaginary parts [9]. Although good dynamic performance
can be achieved, the scheme presented in [9] requines additional frequency tracking methods to adapt
the filter coefficients when off nominal frequencies are presented, increasing somehow the algorithm
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complexity. Unlike that work, in this work, the proposal is based on adapting the input signal when
a frequency deviation occurs.

Amaong the FIR filters, brick-wall filters are idealized flters with nectangular frequency respomse
and an abrupt ransifon during the cutoff frequencies, which allows a high rejection to harmonic amd
inter-harmenic interference [25]. In practice, the coefficients for a band-pass filter are oblained as the
differenice of bwo low-pass filters as follows:

h(t) gp = hit), —hit) (&)

whene i and bt} are the low-pass filters with upper and lower cutoff frequencies, nespectively.
The brick-wall low-pass filter coefficents are estimated using a shc function as follows:

o
hif) = wil) 2 gt 7

where wp is the reference flequency and wil) is a window function; in this case, the window is
a hamming window. The comple: FIR filters are constructed by means of two quadrature filters
h{figp red amd H{FIEP magingy) With the same attenuation behavior but with a m/2 phase shift;
therefore, the analytic signal with two components is obtained through these fillers for phasor
estimation purposes.

3. Proposed Methodology

The propesed methodolegy for phasor estimation is depicted in Figure 1. The first stage consists of
the estimaticn of both the fundamental component phasor and its frequency, whene the amplitude and
phase are compiuted by means of the analy tic signal (x{f), + ety [27]) obtained through the proposed
complex FIR filler This filter is designed from the frequency response of a neference band-pass filler
as shown in Figure Za. The neference filter given by Equation (6) represents the neal filter, i{f}r. Then,
from the real filler frequency nesponse, a phase shift of 7/ 2 is infreduced by mulbplying the real filter
frequency response by —J in order to have the Frequency tesponse in quadrature. From this responss,
the weighted least square (WLS) algorithm is wsed to obtain the coefficients of the imaginary FIE
filter by means of a fitting stage for the shifted frequency response. In order bo improve the fit in
the passband, a weight function for the fit based on both a rectangular pulse in the passhand and
a set of small Ganssian functions in the valleys of the frequency response ane proposed, obtaining the
imaginary filler (a filter in quadratune with the real filter). As a resull, bwo brick-wall band-pass FIE
filkers (neal: hiflgp e and imaginary: ©fpp imegngy) ate obtained. These proposed steps to design the
filler are needed since the filler performancoe has to satisfy the IEEE Sid. C37.118.1 requirements.

For the estimation of the fundamental phasor, a brick-wall filter with a passband of 53 Hz to
&7 Hz with a filter order of 1024 (similar to the filter of 10 cycles presented at the Std.) is carefully
selected bo obtain an atenuation greater than 530 dB for frequences out of the Nyquist frequency given
by the reporting rake in frames per second (FPS)/ 2. In the same way, complex brick-wall FIR flters for
harmonic components with both a passband of £15 Hz around the nominal harmonic component amd
a filter order of 768 are designed. The amplitude frequency respanses for the proposed filter bank ane
shown in Figure 2b. As can be notice, a lower order is proposed for the harmonic fillers in order to
reduce the latency since the next stage, Le, the 558 modulation, also produces a latency.
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From the cutputs of the complex filer x({f} and x{f}, the instantaneons amplitude can be easily

estimated by:
A= %\,ﬂ () +x(0)F (8)

where x(f b and x(f);, are the in-phase and in-quadrature fillered signals. Additionally, a magnitude
compensation is carried out when a frequency deviation cocurs. This compensation is necessary due to
the magnitude frequency respanse of the filter. In order to reduce the computational burden, a simple
CGaussian function G is proposed for the compensation process. Hemee, the compensated magnitude
Al is given by:
AlR Al
AI:I :I; GL' E_[ma_rn:ll

whene fis the instantaneous flequency and & is a shape parameter of the Ganssian function, which is
adjusted accordimg to the magnitude filler attenuation responss, using a curve fitling technique in the
interest range, this is +5 He around fy.

O the other hand, the instantaneows phase can be obtained as:

8(t) = tan-1 (i—ﬁi-:’i) 10)

However, the instantanecus phase represents the entire argument of the sinuscidal signal shown
in Equation (1], this means that the instantarecus phase is in a rotatory reference frame given by the
nominal frequency 2. Therefore, a phase compensation is presented to obtain an adequate phasor
representation. Ibis given by:

@

Bt ) g = O0E) — 2w fipt (11}

whete 8{f oy is the phase in a stationary refeTence frame. This phase value containg the instantaneous
frequency deviation term along with the stationary phase. The instantaneous phase is used as argurment
for the S58 modulation depicted in Figure 3a. A Hilbert FIR filter with a 7/ 2 phase using an equirriple
limear-phase and an order of 600 is proposed to obtain the analytic signal terms, ie, x(f) and 2
Then, thess terms are maodulated by a cosine and sine funcions (see Figure 3a), nespectively, using the
inverted instantaneous phase and the harmonic order &i; as a result, the frequency shift depicted in
Figure 3b is achieved. From this point of view, it is evident that a unit of S5B modulation is requined
for each harmonic companent (see Figune 1). Additionally, it should be pointed out that Equation (5)
has to be modified in order to consider the frequency deviation as a time-variant frequency signal;
therefore, the instantanecus 558 modulation is cormpuated by:

x(t)sgp = x (1) cos(—2sch f Afdt — ) — £(1) sin( —2eh f Afit — ) (12)

A frer that, the harmonic phasor estimation is computed by means of a bank of complex band-pass
FIK filters, where the magnitude and phase are estimated using Equations (8) and (10). It is important
to note that the magnitede compensation is not required for the harmonic components since the 558
modulation centers all the harmonics to each filter, resulting in a 0 dB gain. Nevertheless, harmonic
phase estimation doees requires both a compensation due to the modulation process and a change of
phase reference frame, which is summarized by the following equation (see also Figure 1):

B8 )y = B0y — RO() g gy — 250 fit (13)

whete 8{f), is the instantaneows phase of h-th harmonic, the term B8, is the phase introduced by
the 558 modulation by considering the harmonic order, and EIEFE,F{H' iz the term due to the rolatory
refereno: frame.
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Figure 3. (a) Instantaneous SSB modulation diagram and (b) the frequency shift for each
harmonic component.

For the fundamental frequency estimation (see Figure 1), a derivative process that considers the
instantaneous phase component (initial phase and frequency deviation) is used as follows:

1 do(t),

[0y = fot 5m—5 (14)

In the same way, the instantaneous frequency for harmonic components is obtained by means of
the fundamental frequency as follows:
f(Or=hf() (15)

The derivative process is based on the proposed algorithm in the IEEE Std. C37.118.1-2011 which
is compoesed by a discrete differential equation [10]. In this regard, the derivative algorithm can be
structured into a FIR filter architecture, simplifying its implementation. This filter has the following
coefficients ly= {12, -6, —4, —2}/(20/Fs) and can be implemented using a well-known FIR filter
structure as follows:

K
yin| = gbxrin — k| (16)

where x[n] is the discrete input signal, y[n] is the output signal and K is the filter order. As can
be noticed in Figure 1, additicnal low-pass FIR filters are proposed to smooth the instantanecus
phase of the fundamental component, which allows improving the accuracy in the SSB medulation
process. Likewise, harmonic frequency components are filtered by a low-pass FIR filler to smooth
the derivative process and improve the frequency accuracy. These filters ane propoesed as triangular
filters with an order of 128. This order is selected by trial and error according to its performance and
by considering the general delay time. A triangular weighted FIR filter is given by:

2
Wik)=1- N_+2|kl (17)
whene k = —N/2:N /2 (integers only) and N is the filter order [10]. Finally, a downsampling process is

carried out for the magnitude, phase, and frequency components. This process represents the eporting
rate or FPS of the PMU. In this work, a 60 fps is used to assess the proposed algorithm,
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4. Results and Discussions

The proposed algorithm is tested using all the benchmark tests proposed by the curment
gynchrophaser IEEE stamdards: C37.118.1-2011 along with C37.118.1a-2014. All the experimentation
iz carried out using MATLAE softwane [The MathWerks, Inc, Matick, MA, USA). Steady-state and
dynamic kests are carried to evaluate the accuracy through ermor parame ters such as: TVE, FE, and EFE
As mentioned above, the error limits are exlended to harmenic components in the most tests exoept In
the modulation tests where the arror boundaries depend on the carrier frequency and some adjustmernts
must be carried out. Additionally, the dynamic behavior is also evaluated using paramebers such
as Tesponse time and delay fime along with the overshoot by means of the step response. As the
PMU standard is designed for a fundamental synehrophasor, additional issues nst be considerad,
e, the gignal sampling frequency Fs is set to 6000 He which allows analyzing up to 50th harmondc.
This condition is also useful for the cut-of-band interference esk

For the tests, a synthetic reference signal with 11 harmonic components is proposed, including
even and odd harmoenics. This number has been dhosen by other authors; however, other harmonic
phasors can be computed in the propaosal by simply adding the cornesponding stages (e.g., the 550
stage for a specific harmonic). The magnitude, phase, and frequency parameters of the synithetic signal
ane listed in Table 1. This table also shows the eatimated parameters using the proposal, whene very
similar values are obtained, indicating a suitable performance. These paramebers are obtained im both
steady-state and nominal conditions.

Table 1. Harmomic parameters for symthetic signals and estimaied parameters by the proposed algorithem,

i Fmpnl:d Parameters Estimated Parameters
Aglpa]l gy lrd]l  Af[Hz] Ay [pu] gy [rad| ki, [Hz]
1 1000 il 60000 1.000 —6 = 101 60000
2 o493 an 120,000 0de3 7 10— 120,000
i 0510 oo 130,000 0510 &« 105 180,000
i 0.1g3 oo 240,000 0184 —8 x 104 240,000
5 0.5 oo 300,000 0375 —1 2 104 00,000
& nind il 340000 0.4 —3 = 1074 60,000
7 0,208 il 420,000 0208 1= 104 420,000
B nim il 430,000 0.1 3. 104 480,000
@ 0.2 oo s40.000 0202 3« 10— 540,000
10 o.1oa oo 00,000 0.1 —2 w1074 00,000
1 [L.2101 oo 40,000 0200 4 105 60,000

After that, the proposal is eated under all the benchmark tests according bo the Sid. C37. 118.1-2011
and C37.118. 1a-2014 using TVE, FE, and EFE. These tests include steady-state conditions (a specific
parameter changes in a moment of me and then maintains its value) and dynamic conditions

(a specific parameter charges overtime).
The TVE is a value which encompasses magnitude and phase accuracy. It is defined as:

'I':I§ — 5 + (- 5)°

TVE = FEFEE

(18)

where x'; and x'; are the estimated values, while x, and x; ane the theoretical values given by the
synthetic signal. Likewise, frequency and ROCOF measurements ane evaluated by means of FE and
RFE defired by:

FE = |f — /| 19)

RFE = |(df /dt) — (df’ /dt)| (20)
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where f and df / df ane the measured values and f* and df"/df are the true values at the same instant
of time. In this work, ROCOF is obtained as the differena: between the curnent values and the past
values by dividing the result by Fs.

4.1. Steady-State Tests

4.1.1. Magnitude and Phase Tests

This test consists of evaluating the synchrophasor algorithm under constant changes of magnitude
and phase. For the magnitude test, values between 0.1 p.u. to 2 p.u. (per unit) have to be tested [10].
Therefore, the signal under analysis with harmonic content is given by:

x(t) = Gf: Ay cos(h{2mfot + Zit/Ajdt) +¢n) 21
A1

when: G is a gain term that scales the entire signal between (.1 and 2 as shown in Figure 4a. The TVE
values for each harmonic component are also shown. A shaded plane is placed on the TVE graph,
denoting the maximum allowable limit by the standard, i.e., 1%. As can be noticed, the TVE values for
all hanmonics remain far below the TVE boundaries.
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Figure 4 Steady-state tests (a) magnitude test, (b) phase test, (¢} frequency test, (d) cut-of-band test,
and (e) total harmonic dstortion test
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For the phase test, the change of phase angle iz carried out as described in [10] with an input
frequency offset |Af — fpl < 0.25 Hz, which produces a slowly varying phase angle of +m The TVE
values for the phase st are below the required limits {see Figure 4b), but an increment in the TVE
values according to the harmonic order is observed  This effect is caused because the frequency
deviation increases linearly according to the harmonic order.

41.2 Frequency Test

This test considers off-nominal frequency values, Le, &f = +5 Hz. The main advantage of the
proposed methodology is that the 558 modulation centers the harmonic frequencies in their nespective
passbands according to the fundamental frequency deviation, allowing an accurate result during the
harmonic phasor estimation. TVE, FE, and EFE values are within the admissible levels of the IEEE
Std. C37.118.1-2011 and C37.118. 1a-2014 as shown in Figure 4c Although allow able error levels ane
obtained, it can be noticed that even harmonic components have greater TVE erTors than the ones
obtained for the odd harmonic components, which is due to changes in the frequency Tesponse of
the filters.

4.1.3. Out-ofBand (O0B) Interference Test

In this test, the inter-harmonic immunity is evaluated, where frequency deviations of
Af = +01FPS/2) = +3 Hz ame considered. The OOB interference is constructed by adding to the
reference signal a set of sinisoidal components with 10% of fundamental magnitude from 10 Hz to
1000 He, which represents a greater range (a maore realistic condition for harmonics) than the one
required by the standard. Hence, the neference signal for this kest is:

H
x(t) = gﬁlk cos( 2o | faf + fﬁfﬂ'} + iy ) 4+ 0.1 sin (2o fint) 22)

where i is the DOB interference frequency. The reported TVE and FE values exclude the Nyquist

frequency of the synchrophasor eporting rate, ie, £FP5/2 around each component as shown
in Figure 4d (blue and red zones). The TVE and FE values are below the limits required by the
synchrophaser standard. For the TVE values, high values or peaks close to the Ny quist frequency can
be chaerved but they remain within the requited accuracy. It is important to mention that although
a frequency deviation along with the OB interference are evaluated, the 558 modulation and the
high rejection of the proposed filters (below 30 dB beyond the Nyquist frequency) allow keeping the
required accuracy, knowing that this test is one of the most demanding kests.

4.1.4 Total Harmonic Distortion (THEY) Test

For this test, the standard requirements set a 10% of THD. In order to have a wider range of
evaluation and by considering the presence of even and odd harmonics, higher values of THLY are
considered. In the proposed evaluation, the THD variation is propoessd by scaling all the harmonic
companents of the reference signal as follows:

H
x(t) = Ay cos(2mfit -znfaj.ir + 1)+ G} Ay coslh{2mfyt +2xfajd:] i) 2
k=2

where (7 is a constant gain that changes from 0.1 to 1.4, producing THID values from 10% to 130F%
approximately as shown in Figure 4e; as can be noticed, the accuracy of the synchrophasor and
frequency is not affected by high levels of THD. Although the limits are not ecceeded, even harmmonic
components have greater error values than the ones obtained for the odd harmonic components,
which is similar to the frequency test (Figune 4¢).
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4.2 Dynanic Tests
4.21. Magmtude and Phase Modulation Tests

In thas test, bandwidth requirements for synchrophasors are evaluated by means of magnitude or
phase modulated sagnals. These signals ane obtamed as follows

H
x(t) = E(A,.a + kx cos(27 fin)) cos(2mhfol + keh cos(2mfm — 7)) (24)

wherse k; is the amplitude modulation factor k; is the phase modulation factog and f 1s the modulation
frequency. The magnitude modulation test is performed using k; = 0.1 and k; = 0, and the phase
modulation test is performed with k; = 0 and k; = (11 as described in the standard. In both cases,
the modulation frequency vanes from 0.1 Hz to 5 Hz in steps of 0.2 Hz.

Regarding the magnitude modulation test (see Figure 5a), TVE values below 3% are obtained,
staying within the allowable ranges. The results for the fundamental component have levels of accuracy
close to the maximum TVE hout; however, the FE and RFE values have good performance.

12} = Max TVE o @Mu FE
Lz 2 p Z —Tirg -~ SR,

2

~— = Max RFE |
"M !
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Figure 5. Dynamic tests (a) magnitude modulation s, (b) phase modulation test, (c) positive ramp
52, and (d) negative ramp st
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For the phase modulabon test, the TVE performance 1 sumalar b the one obtaned in the
magnitude modulabion, which i below the maximum allowable TVE value, 1e., 3%, Begarding
the frequency and BOCOF sesulls for the phase test, some 185ues must be considered since the maxuma
allowwrable FE and EFE values depend on the modulation frequency values which menease according to
the harmomic order. In thas regard, as desenbed i the C37.118.1a-2014, the maxumna allowable FE and
EFE values for harmonie components ane sef by:

Max FE = 0.06h fin (25)

Max RFE = 0.18mhfn’ {26]

As shown in Figune Sb, the FE and EFE maxima valwes ane indwated by means of shaded wnclined
planes whene the measuements show values below the boundares.

422 Frequency Bamgp Test

Drynane performance during a feequency change 15 tested with a bnear frequency ramp whach 1s
construckd vang the followng equation:

H
x(t) = ¥ Ay cos{Zrhfyt + mhR 1) (27}
k=2

where Fyis the frequency ramp rate m Hz/s and the frequency range i given by the test duration
The most demandmg condibion for thas test ranges between £5 Hz, Then, pombive and negative
frequency ramps ane constructed. As shown in Figure 5¢, a posibive ramp test s carmed ot from 55 He
to 65 He whene TVE, FE, and EFE values ane evaluated according bo the class M pedformance. As can
be observed, the magribude, phase, frequency, and BEOCOF measurements have the enough accuracy
for synchrophasor apphcabions. Likewise, a negative slope ramp 18 also kested as shown in Frygure 54
In thus test, sinularecror valuwes are obtained, complymg with the accuracy tequirements for phasor,
frequency, and ROCOE

4.23. Magnitude and Phase Step Tests

Step tests are carned oul by assess the tune performance of synchrophasos frequency, and BOCOE
measufements usmg parameters such as response bme, delay bme, and overshoot, whose hnuts
depend on the FIP5 value. The mam idea 18 o produce a step of 100 m the magribude test and a step
of /18 in the phase for the phase step. For the measurements of bme and overshool, a set of shafled
steps i a constant frachion of the reported interval are vsed to mbterleave them, obtaming higher
resoluticns [10]. The delay hme 1 obtaned by measurng the hme mbere al bebaeen the zero bime of
the step mput and the 50% of the fnal value, while the response tune 15 measuned by means of the TVE
as the bme nberval that begns when the TVE exceeds the allowable lnat and ends when ib setums
and permams below the haat [10]. Sunalar to the TVE value, the frequency and BOCOF bme fesponses
ane measuied usang the FE and BFE values. Begarding the overshoot, it i measuned as a percentage
bebareen the maxamum value and the fnal value. A more detaled descnpbion of the aforemenboned
parameters can be found m [10].

The results for the magrutude and phase tests ane summarized in Table 2, where the step test
= appled toeach harmonic by considenng a 10% of magnitude and 7/ 18 rad of phase step. In the
magrutude step tests, the maxumuem response bme 18 0059 s for the fundamental component whach
15 below the allowed value for 60 FP5 (1116 ). The maximuom delay bme 15 00T & measwred for
the 11th harmonie compornent, it = also below the allowable hooat (004166 5); besades that, overshoot
values below 1.140°% are obtamed for the magrubude step lests. In the cases of frequency and BEOCOE
response bmes, the maxuma bmes ane measured i the 11th harmomie component, 001416 5 and 01574
&, respectively. For the phase tests, the maxamum sesponse bme 18 acheved by the 11th harmonac
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component (110400 &) whach 15 dose to the maxumom allowable hinat. Delay tume i the phase step kest
shows a behavior withan the lmats with a masumoem delay me of 000001 &, whach 15 obtaned for the
fundamental component In the overshoot measuements for the phase step tests, some drawbacks can
be observed snce the 4th, ath, and Bth harmonic components exoeed the overshool percentage with
valwes of 11.25%, 14.21%, and 11.82%, respectively. Mevertheless, these drawbacks ane present only
for even components while odd components have valuwes below 541%. Bequirements for frequency
and ROCOF bume responses ane completely accomplished with masima values of 0.1746 5 and 0.15%4 s,
respectively, oblamed for the 11th harmonic component. Finally, although an meement i the response
tue for frequency and BOCOFE valwes can be nobced for the magribude and phase step tests according
to the harmonic order, the laats ane nob exceeded; in fact, they are far below the allowed linats, hence,
the number of harmonies to be measuned can be exiended.

Table 2 Magnitude and phase tests resulis for each harmonic component.

Magnibude Stcp Test Phaces Step Tawl

Foe ROCOF [— ROCOF

Besponm  Delay Rerpone K Respons ey Time O Renpomms  Resp

gy e Timme e & T Time e ™ T -
‘“n- ‘“n- - 11 4 HTH e 1=t e
e e e v e ViaFFsl) 1 Mz Mz
T 14 T4ifal g
1 (LS & [0 1 i B ErS (LTS HTTIL TFY [LINS% LLOr DNy (71 ap 8 [N e v 3 455
2 noMPs  powlHs 0SS 0018 0lSs  G0SMos Q0SEs  E35% alMts  nlSss
1 LoMes  noas MR 0120%s 01EHs  GoMEe omosSos  455% ol¥6s  nlSEls
4 LR po®s 005 0128 01Fs  oloons ool f1LAS% olols  elS0s
5 LoMIs  mooetis 006 01MSs  01MDRs A0S  QaSEns  AT% al41ls  01s8s
§  LoMHs  comdds LI 01285s  01386s 0lolos ooomoosss  *1421% ol4lss  nlsBds
7 LnSis  poSls  0ErE IMFs 0lBus 0odes ooie®os  541% nlsa5s  nlSBEs
B Mers  noméds 0SSR oléHs 014Ws 0loMus ooomoods  fILEMG nléBs  nlSHs
0 LoMHs  comeds 025G oléHs 015Fs  0loMos QaosSns  44%% alFl4s  olsls
W oLSHs  congds  0EWRE 0l4l2s 0l58ls 0lo%os ooonls 5% nlFHs ol
N ownSls  noagTs o ol4lEs 015 0lodns oéSns  A18% nlTess  nlsds

* Waliers Bhat eosed the allowabde b

4.3 Comparizon with Previons Works

As aforementioned some strategies have been reported for phasor harmonic esiimation with
FMU capalnbbes, which ane summarzed mn Table 3. These strategnes are based on FFT [2,12], adaplive
Alters [9], and mode-based estimation [19]. It s impoant to menbon that the curment methods requare
addibional frequency tracking algonthms for an accurake eshmabion when off-nommal frequences
are present, unbke the proposed work whene the frequency 18 estimated by means of the proposed
algonthm. On the other hand, different tests must be carned out bo evaluate the robustness under
different stabic and dynamic condibions that can occur mseal scenanios; however, not all works
consder the different possable condibons, such as m [212]. Begarding the harmonic esimabion,
different harmonic orders and reporbing rates ane analyzed; nevertheless, odd and even harmonics ase
only considened m [9] and the proposed worke Although the proposal only analyzes up bo the 11th
harmonac, the computabon of a higher number of harmonies requires sumply o add the stages felated
to the harmone components ag shown in Fgune 1. In fact, the proposal can be conhguned o compule
specihc harmomie phasors according bo the wser applicabion, e.g., protechon and control schemes for
some odd harmonics. Finally, although these 8 no guidelnes for harmonie phasor estimation onented
to PMU applications, different error criteria ane used bo assess the pedformance of the proposed
methodologies, whene the proposed work uses all the benchmark tests and accuracy fequirements
mdicated m the current syndwophasor standard.
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Takle X Cnmpaml:i.ue summary betwesn the proposed method and other related works.
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5 Conclusions

A nenwr algonthon for phasor and frequency eshmatbon of fundamental and harmonie components
15 assessed throwgh the current synchrophasor standards, 1e., the 5td. C37. 118 1-2011 along wath Std.
37118 1a-2014. The proposed algonthm = based on complex brack-wall FIE Alters whach ane desagned
at the nomunal frequences for fundamental and harmornic components, whale the mstantaneows
558 modulabion Edhique 15 used to shaft the harmone frequency component according, to the
matantanecus Bequency deviaton, shafting the sagnal to the center of each complex FIR Aller.

The proposed hlters show that ane rehable encugh o accomplish wath the PMU standards due
b thear ngh fegection in the stop band, lmear phase behavios, and fast sesponse bme. Addibonally,
the mam advantage of the proposal 15 that additenal algonthons for frequency bracking are not fequared
as the case of the mest harmonue phasor eshmaticon algonthoms reported m the Like ratune, whach umphes
a complealy reducton. It s worth noting that even and odd harmonie components ane consedesed un
the analysas, whach = not aberays studed m the works proposed for the harmonie phasor estumabion

The fulfillment of all the dynamic and steady-state tests staled m the PMU standard 15 achseved,
takmg as a reference the houts for the fundamental phasor; vet, some issues must be consmdesed. Farstly,
i the phase modulabon st, the maxima allowable lhimats are modifed accordmg, o the harmome
ofder sunce the phase modulabon affects the frequency components related to the allowed masmmm
erfor. Secondly, althouwgh some overshoot values are out of range i the phase step tests for some even
harmere components, the bme performance shll has admassble results and they do not affect the
eshmabon accuracy. Fmnally, the proposed algonithm iz tested for eleven components bub it cowld be
extended for mose harmonic components easly.

In a fubure work, the propesal will be implemented uang the FPGA technology, exploibing its
paralleham. Thas mmplementabion wall allow providing a system-on-a-chap (50C) solubion for PRU
apphcabions i power syslemsa
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