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RESUMEN

En las ultimas décadas, los sistemas de accionamientos eléctricos, compuestos por
maquinas multifasicas (nimero de fases mayor a tres en el estator) y convertidores de
potencia, han surgido como una alternativa confiable debido a la redundancia de fases para
varias aplicaciones industriales, tales como la propulsion de barcos eléctricos, vehiculos
eléctricos y en aplicaciones relacionadas a energias renovables. Esto se debe a las inher-
entes ventajas que presenta las maquinas multifasicas sobre las mdquinas convencionales
trifasicas, como mejor distribucién de potencia fase, menor contenido de arménicos en las
corrientes del estator y en el par electromagnético, ademds de una mejorada tolerancia a
fallas, lo que implica que la maquina multifasica continuard operando en ausencia de una
o mas fases teniendo en cuenta que las fases restantes deben ser igual o mayor a tres.

Sin embargo, los accionamientos eléctricos multifasicos requieren del desarrollo de
sofisticados algoritmos de control para regular la velocidad y la corriente de la maquina
que resultan en un elevado costo computacional. En ese sentido, mediante el avance
tecnoldgico y el desarrollo de nuevos controladores digitales de sefiales conocidos como
DSP es posible la aplicacién de controladores predictivos basados en el modelo (MPC)
en este tipo de sistemas. Este es el caso del control predictivo basado en el modelo de
estados finitos (FCS-MPC). Dentro de los controladores predictivos aplicados a sistemas
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multifdsicos el mds analizado y con caracteristicas prometedoras es el control predictivo
de corriente (MPCC), el cual presenta un buen desempefio dindmico y flexibilidad en la
definicion de objetivos de control. Esta técnica de control utiliza el modelo del sistema
para realizar las predicciones de las variables de control teniendo en cuenta la posicién
de las referencias de corrientes mediante una funcién de costo el cual evalda el error
de seguimiento de las corrientes del estator. No obstante, el MPCC presenta algunas
limitaciones como frecuencia de conmutacion variable lo que se traduce en mayores
rizados en las variables de control, ademas de generar corrientes elevadas vinculadas a
pérdidas produciendo deterioro en el sistema. Por lo tanto, en esta Tesis Doctoral, la
investigacion realizada se centra en paliar las limitaciones mencionadas anteriormente en
el MPCC mediante novedosas estrategias de control basadas en el uso de moduladores.

El principal aporte de esta Tesis Doctoral se centra en el andlisis teérico y la validacion
experimental en la implementacién de estrategias de modulacién en el control predictivo de
corriente priorizando la reduccion de las corrientes relacionadas a las pérdidas sin descuidar
el correcto seguimiento de las corrientes principales involucradas en la conversion de
energia.

Las validaciones de las estrategias de control propuestas se realizan mediante simula-
ciones y pruebas experimentales utilizando una maquina de induccién (IM) asimétrica
de seis fases. Los resultados obtenidos mediante esta investigacion fueron presentados
en conferencias y en revistas internacionales de alto impacto, todas ellas arbitradas e
indexadas los cuales se constituyen como una validacién de las principales aportaciones

de esta Tesis Doctoral.

OSVALDO GONZALEZ BARRIOS

Mayo, 2021. Luque, Paraguay.



SUMMARY

In recent decades, electric drive systems, composed of multiphase machines (number of
phases greater than three in the stator) and power converters, have emerged as a reliable
alternative due to phase redundancy for various industrial applications, such as electric
ship propulsion, electric vehicles and applications related to renewable energy. This is due
to the inherent advantages that multiphase machines have over conventional three-phase
machines, such as better power distribution per phase, lower harmonic contents in the
stator currents and in the electromagnetic torque, as well as improved fault tolerance,
which implies that the multiphase machine can continue operating in the absence of one
or more phases, taking into account that the remaining phases must be equal to or greater
than three.

However, multiphase electric drives require the development of sophisticated control
algorithms to regulate the speed and current of the machine that result in a high com-
putational cost. In this sense, through technological advancement and the development
of new digital signal processors known as DSP, it is possible to apply model-based pre-
dictive controllers (MPC) in these types of systems. This is the case of finite control
set model predictive control (FCS-MPC). Among the predictive controllers applied to
multiphase systems, the most analyzed and with promising characteristics is the predictive
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current control (MPCC), which presents good dynamic performance and flexibility in
the definition of control objectives. This control technique uses the system model to
perform the predictions of the control variables taking into account the position of the
current references through a cost function that evaluates the stator currents tracking error.
However, the MPCC presents some limitations such as the variable switching frequency,
which translates into higher ripples in the control variables, in addition to generating high
currents associated with losses that cause deterioration in the system. Therefore, in this
Doctoral Thesis, the research carried out focuses on alleviating the limitations mentioned
above in the MPCC by means of novel control strategies based on the use of modulators.

The main contribution of this Doctoral Thesis focuses on theoretical analysis and ex-
perimental validation of modulation strategies in the predictive current control prioritizing
the reduction of currents related to losses without neglecting the correct tracking of the
main currents involved in energy conversion.

The validations of the proposed control strategies are carried out through simulations
and experimental tests using an asymmetric six-phase induction machine (IM). The
results obtained through this research were presented at conferences and in high impact
international journals, all of them refereed and indexed which which constitute a validation
of the main contributions of this Doctoral Thesis.

OSVALDO GONZALEZ BARRIOS

May, 2021. Luque, Paraguay.
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CAPITULO 1

JUSTIFICACION Y METODOLOGIA

1.1 Introduccion

Las maquinas de induccién (IM) rotativas con un nimero de fases mayor a tres en el
estator (n > 3) son conocidas en la literatura como IM multifdsicas. La adopcién de esta
tecnologia en la industria para aplicaciones de velocidad variable ha incrementado en las
ultimas décadas en comparacion a las IM trifdsicas debido a las ventajas que ofrece tales
como mejor distribucion espacial de la fuerza magnetomotriz (MMF) en el entrehierro de
la maquina, disminuyendo las pérdidas de cobre en el rotor, menor contenido de arménico
en las corrientes del estdtor, tolerancia a fallos, ademds de menores rizados de par [1]. Por
lo tanto, resulta claro las aplicaciones de las IM en accionamientos multifdsicos de elevada
fiabilidad y potencia, tales como la propulsion de barcos eléctricos, vehiculos eléctricos
asi como también la generacion de energia edlica [_2].

Sin embargo, los accionamientos mencionados anteriormente requieren el desarrollo
de sofisticados algoritmos de control que resultan en un elevado costo computacional, lo

que limita su estudio e implementacién. No obstante, mediante el avance tecnoldgico y el

Tesis Doctoral. 3
Por Osvaldo Gonzalez Barrios.
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continuo desarrollo de procesadores digitales de senales (DSP) ya no resulta un inconve-
niente a la hora de la implementarlo. Esto ha permitido explotar las ventajas que ofrecen
las maquinas multifésicas utilizando distintas configuraciones que mejore las prestaciones
dindmicas del sistema. En ese sentido, las maquinas multifasicas se pueden clasificar de
acuerdo a la distribucién del devanado como maquinas de devanados distribuidos o de
devanados concentrados, siendo una de las caracteristicas mas relevante en esta dltima la
presencia de un alto contenido de arménicos en la MMF que pueden emplearse para el
aumento del par, mientras que para el caso de las maquinas con devanados distribuidos los
armoénicos pueden despreciarse mediante un buen disefio del devanado del estator [3,4].
Otra clasificacion seria de acuerdo al desplazamiento espacial entre fases resultando en
maquinas simétricas o asimétricas con uno o mas neutros aislados [5]. Las maquinas
simétricas estdn constituidos por devanados de fase consecutivos igualmente espaciados
360/n, mientras que las asimétricas estan constituidas por conjuntos independientes de
devanados espaciados 180/n. Desde el punto de vista del numero de fases, se diferencian
madquinas con un niimero par o impar de fases, donde los devanados simétricos son may-
ormente empleados para un nimero impar de fases mientras que las asimétricas para un
ndmero par de fases, siendo las mas estudiadas las IM de cinco y seis fases respaldadas
por el uso de convertidores de potencia en los accionamientos multifasicos [[1,/6}/7].

En cuanto a los convertidores de potencia utilizados en los accionamientos multifdsicos,
la topologia més utilizada es la configuracion back-to-back, donde la etapa de entrada nor-
malmente se encuentra constituida por un rectificador trifisico conectado eléctricamente a
la red con el mismo ndmero de fases, mientras que la etapa de salida (etapa inversora),
constituida por dispositivos semiconductores de alta frecuencia de conmutacion, puede
contar con més de tres fases, teniendo en cuenta que la conexidn entre etapas se realiza
mediante un enlace intermedio conocido como DC-link. Es decir, el convertidor de po-
tencia desacopla la maquina de la red principal permitiendo el empleo de maquinas con
cualquier nimero de fases en el devanado del estétor [8]. El inversor de fuente de tension
de dos niveles (2L-VSI) basado en transistores bipolares de puerta aislada (IGBT) es el
inversor mds utilizado en los accionamientos multifdsicos. Ademads, en la literatura pueden
encontrarse otras topologias de convertidores dependiendo de los requerimientos de la
aplicacién [9L[10].

Esto ha llevado a investigadores a proponer nuevas estrategias de control enfocados a
los accionamientos multifdsicos para aprovechar de manera éptima sus inherentes ventajas.
En ese sentido, una de las estrategias que ha surgido recientemente como una alternativa
prometedora en comparacion a las estrategias convencionales como el control orientado
de campo (FOC) o el control directo de par (DTC), es el control predictivo basado en
el modelo (MPC), especificamente para el control de corriente conocido como (MPCC),
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debido a su rdpida respuesta dindmica y a la capacidad que posee de incluir varios objetivos
de control [[11H415]]. Sin embargo, el MPCC presenta algunas desventajas cuando se aplica
a sistemas multifasicos, algunas de ellas son las elevadas corrientes relacionadas con las
pérdidas de cobre que se encuentran proyectadas en un plano secundario denominado plano
x—1, y un alto contenido de arménicos en la corriente debido a la ausencia de moduladores
lo que resulta en una frecuencia de conmutacion variable [[14]]. Investigaciones recientes
han sido abordadas para hacer frente a estos inconvenientes, por ejemplo, en [16] se
propuso un MPCC utilizando vectores virtuales para generar en promedio tensiones
proéximas a cero en el plano (x — y) pero con un rango limitado de tensiones en el plano
principal conocido como plano (a— /3) aplicado a una IM asimétrica de seis fases. Ademads,
se han propuestos otros enfoques basados en MPCC que utilizan estrategias de modulacion
para mitigar las elevadas corrientes en el plano (z —y). En [[17]] se ha presentado un estudio
comparativo del MPCC empleando dos técnicas de modulacién para una IM de seis fases,
mientras que en [18]] se ha abordado un MPCC a frecuencia de conmutacién fija mediante
un patrén de conmutacién aplicado al VSI de dos niveles. Sin embargo, un seguimiento
mejorado de las corrientes del estator en el plano (o — [3) con corrientes reducidas en el
plano (x — y) mediante nuevas estrategias de modulacién no se ha abordado atn.

En este contexto, la principal aportacién de esta Tesis Doctoral se centra en el andlisis
y evaluacién experimental de estrategias de modulacién incorporados al MPCC aplicado
a una IM asimétrica de seis fases que permita mejorar las prestaciones dindmicas del
accionamiento multifasico asi como las reducciones de las figuras de mérito tales como el
error cuadratico medio (MSE) y la distorsion arménica total (THD).

1.2 Objetivos

El objetivo de esta Tesis es el estudio y andlisis del comportamiento de los accionamientos
eléctricos multifsicos, concretamente la IM asimétrica de seis fases, empleando estrategias

de modulacién en el MPCC. Los objetivos especificos se citan a continuacion:

= Evaluar en términos comparativos el control predictivo de corriente basado en estrate-

gias de modulacién aplicado a los accionamientos multifasicos.

* Implementar una estrategia de control predictivo de corriente eficiente con una etapa
de modulacién para lograr una frecuencia de conmutacion fija de los dispositivos de
potencia en aplicaciones de IM asimétrica de seis fases.

» Implementar el control predictivo de corriente basado en una modulacién con vectores
virtuales para reducir las corrientes en el plano x — y aplicado a la IM asimétrica de
seis fases.
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» Realizar aportaciones al estado del arte del control predictivo de corriente a frecuencia

fija aplicado al accionamiento de seis fases.

1.3 Organizacion del documento

El documento se ha organizado en tres partes. En la Parte I, se describen las generalidades
de la Tesis, abordando inicialmente la justificacién y objetivos del mismo (Capitulo 1).
Posteriormente se presenta el modelo matemético basado en espacio de estados de la IM
asimétrica de seis fases asi como el convertidor de potencia a ser utilizado para su control
(Capitulo 2). En el mismo capitulo se introduce las estrategias de control mds estudiadas
para el caso de la IM de seis fases, haciendo especial énfasis en el MPCC con técnicas de
modulacién.

En la Parte II se analizan los resultados logrados mediante las técnicas de control
propuestas en el marco de la presente Tesis Doctoral (Capitulo 3). En ese sentido, se
ha realizado dos aportaciones siendo la primera el MPCC utilizando una estrategia de
modulacién basada en un patrén de conmutacién para obtener una frecuencia fija de
conmutacion (Articulo 1). Mientras que la segunda aportacién se enfoca en el MPCC
basado en una estrategia de modulacién incorporando vectores virtuales (Articulo 2).
Finalmente, se formulan las principales conclusiones que se derivan del desarrollo de la
Tesis y se plantean futuros trabajos en la linea de investigacion propuesta en esta Tesis
Doctoral (Capitulo 4).

La Parte III se compone de tres articulos, desarrollados y publicados durante la
realizacion de la presente Tesis Doctoral aplicados a la IM asimétrica de seis fases.

Finaliza el documento anexando otras contribuciones realizadas durante el desarrollo
de la presente Tesis, basadas en la aplicacién de estrategias de MPCC en IM de seis fases.



CAPITULO 2

CONTROL PREDICTIVO DE UNA IM
ASIMETRICA DE SEIS FASES

El presente capitulo estd orientado a presentar el estado actual del desarrollo de la tec-
nologia de los accionamientos multifdsicos y las técnicas de control aplicados a éstos.
Primeramente, se analizan detalladamente el modelo matematico de la IM asimétrica de
seis fases y del convertidor de potencia utilizado, respectivamente, a fin de proporcionar
un marco tedrico y poner en manifiesto el interés de la Tesis Doctoral. Posteriormente, se

analizan las estrategias de control aplicados al accionamiento multifdsico.

2.1 Modelado Matematico

El esquema del accionamiento multifasico utilizado en la presente Tesis Doctoral se
representa en la Figura 2.1] el mismo se encuentra constituido de un 2L-VSI, basado
en dispositivos semiconductores IGBT, empleando dos IGBT por cada fase o rama del
convertidor de potencia con sus correspondientes diodos antiparalelo. Estos dispositivos
a su vez se encuentran conectados a una fuente de tensién de corriente continua de baja
impedancia denominada DC-link o V., ademds, se muestra la IM asimétrica de seis fases

Tesis Doctoral. 7
Por Osvaldo Gonzalez Barrios.
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4 2\

VSI A VSI B

Vdc=

Figura 2.1 Esquema del accionamiento eléctrico de seis fases.

compuesta por dos devanados trifasicos independientes desplazados entre si ¢ = 30°.
Este accionamiento representa uno de los tépicos mas estudiados y por consiguiente se
ha abordado distintos modelos matematicos con distintas topologias de convertidores de
potencia multifasico siendo el mas utilizado la dos niveles [19]]. En este contexto, se
desarrollan las ecuaciones del modelado para la IM asimétrica de seis fases y se examina
el modelo fisico de la maquina en variables de fase.

Con el propoésito de reducir la complejidad del modelo y nimero de variables de estado
necesarias para controlar la maquina, el modelo se analiza en el marco de referencia
estacionario (plano (o — 3)) utilizando la transformacién de Clarke. Ademas, mediante
la transformacion de Park, es posible analizar el modelo de la mdquina en el marco de
referencia dindmico (plano (d — q)) para fines de control. Asimismo, se aborda el modelado
del convertidor de potencia y, posteriormente, se examinan las tensiones de fase y de linea
que dependen del estado de conmutacién del inversor y son representados los vectores
espaciales de tension disponibles en el marco de referencia estacionario.

Una técnica comunmente utilizada para simplificar el modelo matematico de la IM
asimétrica de seis fases es mediante el método de descomposicién de espacio vectorial
(VSD) [2021]. EI método VSD considera las variables de la maquina en el plano
(v — B) o en el plano (d — q). Por lo tanto, para obtener el modelo de la maquina en el
marco de referencia estacionario, se aplica el método VSD y se implementa la matriz de
transformacién de Clarke a las variables en cuestion.

En ese sentido, el modelo eléctrico de la IM asimétrica de seis fases es analizado
en condiciones normales de operacion [22]. A continuacién son mencionadas las con-
sideraciones preliminares para el desarrollo del modelo matemaético de la IM de seis
fases [|19]:
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» La maquina se encuentra compuesta por devanados idénticos uniformemente dis-
tribuidos alrededor del estator y del rotor. El rotor posee una topologia de jaula de
ardilla.

» El flujo en el entrehierro de la maquina se considera constante.

» Se ignoran la saturacién del campo magnético, las inductancias de fugas mutuas y
las pérdidas del nicleo debidas a corrientes parasitas.

» Las resistencias del estdtor y del rotor y las inductancias de fuga se consideran
constantes. Se ignoran las variaciones debidas a factores de temperatura y frecuencia.

» El efecto de los armdnicos no nulos en el flujo y el par es un efecto no modelado.

2.1.1 Modelo en Funcion de las Variables de Fase

La IM asimétrica multifdsica, en este caso la de seis fases, se puede describir mediante un
conjunto de ecuaciones de equilibrio de tension de fase del estdtor y rotor referidas a un
marco de referencia fijo unido al estétor (Figura[2.2), el cual se describen como sigue:

Figura 2.2 Esquema del bobinado de la IM asimétrica de seis fases.

.o d . dis  dLg,,
vs = Rgig + dt :Rsls+LssE+ dt 1p

S

2.1

. dlI’r _ . dir dLI‘S .
vy = R i, + pral R, i, + er% + 7 ig

2.2)
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t
0,(t) = / wydt 2.3)
0

donde las variables v, i y W representan a las magnitudes eléctricas de tension, corriente y
flujo magnético, respectivamente, mientras que 6, representa la posicién angular eléctrica
del rotor respecto al estator, y gira a la velocidad eléctrica del rotor w,.. Ademads, los
subindices s y r representan las variables eléctricas correspondientes a los circuitos de
estator y rotor, respectivamente.

Los vectores de tension del estator (vg) y rotor (v,.), las corrientes del estator (i) y rotor
(ir), los flujos del estator (W) y rotor (W) se representan por medio de las siguientes

ecuaciones:

Vs = [Vass Vds, Vbss Vess Vess Vfs]” 2.4)
Ve = [Var, Vdry Vbrs Vers Vers Vfr] " (2.5)
is = [ias: ids, ibss Ges, fcs, ifs]" (2.6)

ir = [iar idrs Tor, Gers Gors ifr] " 2.7)
Wy = [as, Vds, Pbsy Ves Yes; Yps) (2.8)
U, = [Yar, Vars Yor, Yers Yer, Vpr] (2.9)

donde las tensiones en el rotor son nulas debido a la topologia de jaula de ardilla de la
IM asimétrica de seis fases. Las matrices de resistencias del estator (Rg) y rotor (R,) e
inductancias del estator (Lgg) y rotor (L) se encuentran definidas tal como se describe
en las ecuaciones siguientes:

R = fiuls (2.10)
R, = R, Ig '
Lss = LlsIG + MO (2 11)

L, =L;,Igs + MO
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Asi mismo las inductancias de fuga del estitor y del rotor se representan por L;s y Ly,
respectivamente, Ig es la matriz identidad de orden 6, mientras que la inductancia de

magnetizacion se representa por M, donde Rg, R, y © se definen de la siguiente forma:

R, O 0 0 0 0 R, O 0 0 0 0
0 Rs O 0 0 0 0 R.- O 0 0 0
0 0 Rs, O 0 0 0 0 R, O 0 0
R, = R, —
0 0 0 Ry O 0 0 0 0 R, O 0
0 0 0 0 Ry O 0 0 0 0 R. O
0 0 0 0 0 R, 0 0 0 0 0 R,
) ) ) (2.12)
1 cos(p) cos(dp) cos(bp) cos(8p) cos(9yp)
cos(11yp) 1 cos(3¢) cos(4dyp) cos(Te) cos(8p)
cos(8 cos(9 1 cos cos(4 cos(d
o | osBp)  cos(9¢) () (o) cosBo)l 513
cos(7p)  cos(8p) cos(11y) 1 cos(3p)  cos(4p)
cos(4dp)  cos(bp) cos(8p)  cos(9yp) 1 cos(p)
cos(3p) cos(dy) cos(Te) cos(8p) cos(1lyp) 1

Cabe mencionar que los devanados de fase en el estdtor se encuentran asimétricamente
distribuidos y que se han considerado idénticos. Ademads, las inductancias mutuas entre el
estator y rotor son iguales, esto hace posible establecer la siguiente relacion:

Ly, = L. = MT (2.14)
COS(GT) Al AS A4 AG A’y
Ag COS(QT) AQ Ag A5 AG
A A 0, A A: A
r—| °° roocoslf) A ’ ! 2.15)
A5 A6 AS COS(QT) Ag Ag
Ag A4 AG A7 COS(GT) Al
AQ Ag A5 A6 Ag COS(&T)
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definiéndose A como los cosenos del dngulo del rotor respecto al estitor que para la IM
asimétrica de seis fases se representa de la siguiente manera:

Ay =cos(p+0,) Ay=cos(3p+0,) As=-cos(dp+0,) As=cos(by+0,)
As =cos(Tp+0,.) Ag=cos(8p+0,.) A7z =cos(9p+0,) Ag=cos(llep+6,)
(2.16)
Asi también, el par electromagnético (1) puede calcularse mediante la siguiente
ecuacion:
T
ig d |Lss Ls| |is

T.=P
| @ |Lis Ll |ir

2.17)

No obstante, utilizando la ecuacion , donde P representa el nimero de pares de
polos magnéticos de la IM asimétrica de seis fases y empleando las matrices de impedancia
expresadas en las ecuaciones (2.10)-(2.13)), se consigue una expresion alternativa mediante
la siguiente ecuacion:

. 7dLg;,
T, = P<15T d@irlr)

(2.18)

A su vez, la velocidad de la maquina, el cual depende del par electromagnético, se
puede expresar mediante la siguiente ecuacion:
dew—m =T. -1, — Bpwn (2.19)
dt
donde w,, es la velocidad mecdnica del rotor, que a su vez se encuentra relacionada con la
velocidad eléctrica (w,, = Pw,,), 1T, es el par mecénico de la carga aplicado al eje de la

madquina, .J,,, es la inercia de rotacién y B,, es el coeficiente de friccién mecénica.

2.1.2 Transformaciones aplicadas a la IM de seis fases

En la literatura se reportan dos transformaciones distintas aplicas a las IMs de seis fases que
conducen a una significativa simplificacién del modelo de la mdquina, la transformacion
doble d — g y la transformacién VSD [21}23]]. La transformacion doble d — ¢ consiste en la
aplicacién de la transformada de Park a los dos conjuntos de devanados y fue ampliamente
utilizada en las primeras estrategias FOC y DTC propuestas para IMs de seis fases [24].
Hoy en dia la transformacién VSD es ampliamente utilizada no solo en la estrategia
FCS-MPC sino también en las estrategias FOC y DTC [4] ya que permite separar los

componentes de corriente, flujo y tensién responsables de la conversion electromecanica
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de la energia, proyectados en el plano (v — (3), de los componentes restantes, proyectados
en el plano (z — y), los cuales pueden utilizarse como grados de libertad adicionales [25].
Ademas, la transformacién VSD elimina los términos de acoplamiento entre los diferentes
planos en el modelado de maquinas de seis fases, el cual estdn presentes cuando se utiliza
la transformacién doble d — ¢ [23]]. Cabe mencionar que, la transformacién VSD proyecta
los armoénicos de corriente, flujo y tensién de orden i = 12m 4+ 1 conm = 1,2, ... sobre
el plano (o — 3), mientras que los arménicos de orden h = 6m £+ 1 conm = 1, 3, ... son
proyectados sobre el plano (z — y) [26].

2.1.3 Inversores de fuente de tension de dos niveles

Considerando una IM asimétrica de seis fases con una configuracién de neutros aislados,
las tensiones de fase dependen del vector de estado de conmutacién .S del convertidor
2L-VSI expresado en (2.20) y son obtenidos mediante (2.21):

[S} = [Saan;Sbaseysme]T (2.20)
Vas 2 0 -1 0 -1 0
Vas 0o 2 0 -1 0 -1
s -1 0 2 0 -1 0

R S 2.21)
Ves 3 0o -1 0 2 0 -1
Ves -1 0 -1 0 2 0
Vs o -1 0 -1 0 2

donde S; = {0,1} es el estado de conmutacién de la fase j, con j € {a,d,b,e,c, f}.
Si §; = 1, el IGBT superior de la fase j se encuentra encendido mientras que el IGBT
inferior se encuentra apagado, y ocurre lo contrario cuando S; = 0. Los componentes
de tension del estator de la IM asimétrica de seis fases en los planos (« — 3), (x — y) y
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Figura 2.3  Vectores de tensién de la IM de seis fases en un marco de referencia estacionario,
proyectados en los planos (v — B) y (z — y).

(z1 — z9) son calculados mediante (@) aplicando la transformacién VSD definido en

(2:22) a las tensiones de fase representado en (2:21)) [26]:

V3 1 V3 1
15 -3 -5 -3 0
1 V3 1 V3
o 3 5 3z -7 -1
0_5 o L _v3 1 V3 222)
2 2 2 2
1 0 1 0 1 0
0 1 0 1 0 1
[Uasa UBs, Vxsy Vys, Vzls, ,UZQS}T =C ['Uasa Vdsy Ubsy Vesy Ucs) vfs]T (223)

Se debe tener en cuenta que, las 64 posibilidades diferentes para el vector de estado de
conmutacion S dan como resultado 49 vectores distintos de tension proyectados en los
planos (o — B) y (x — y) simultdneamente, como se muestra en la Figura@ Ademas,
las proyecciones de los vectores de tensén en el plano (z; — z2) no se consideran en el
modelado de la IM de seis fases con una configuracién de neutros aislados ya que no hay

circulacion de corrientes de secuencia cero ||

2.2 Técnicas de Control Aplicadas a las IM de Seis Fases

Con el creciente interés en accionamientos multifasicos para aplicaciones de velocidad
variable de alta potencia y alta fiabilidad, la necesidad de controladores de alto rendimiento
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ha liderado la actividad de investigacién en los tltimos afios. Los esquemas de control de
accionamientos multifasicos se basan principalmente en la extension de las técnicas de
control tradicionales propuestas inicialmente para las maquinas trifasicas, cuyo objetivo
es la rapida y precisa regulacion de la velocidad y el par [28,29]. Las técnicas de
control propuestas aprovechan los grados de libertad adicionales inherentes a las maquinas
multifasicas, que pueden ser utilizados para varios propdsitos de control sin afectar la
produccién de flujo de par [30]. En ese sentido, entre las estrategias de control mas
utilizadas y aplicadas a las IM de seis fases se encuentra el control vectorial o FOC [31]],
otra estrategia de control propuesta que compite directamente con el FOC es la estrategia
DTC [32]. Ademads, éstas estrategias han sido extendidas al caso post-falta [[33-35]].

En las unidades siguientes se presentan los fundamentos de las estrategias de con-
trol mas aplicadas. Primeramente se describe el principio de funcionamiento del FOC
acompaiiado con los fundamentos del control predictivo, el cual representa actualmente la
estrategia de control mds estudiada para el control de accionamientos de seis fases [|15]].
Seguidamente se describe el método de implementacion de la estrategia MPC, para luego
abordar al método MPCC que es el enfoque principal de esta Tesis. Finalmente, se describe
al método MPCC con observadores de estado ptimos para mejorar el funcionamiento del
MPCC.

2.2.1 Control Vectorial de Campo Orientado (FOC)

El FOC ha sido propuesta a inicios de los setenta y representa el método mas empleado
para el control independiente del flujo y del par de IMs y su desarrollo ha desplazado
a las mdquinas de corriente continua en aplicaciones donde son requeridas control de
velocidad [36]]. Para ello, es necesario una adecuada transformacion de las variables
controladas al plano (d — ¢), donde el eje d es alineado con uno de los componentes del
flujo (flujo del estator o flujo del rotor) para lograr el desacoplamiento. En ese sentido,
la corriente es relacionada respecto al plano (d — ¢), que gira a una frecuencia eléctrica,
donde el eje d es alineado al flujo del rotor (conocido como RFOC), con esto se obtiene
un funcionamiento similar al de una maquina de corriente continua. Cabe mencionar que,
el RFOC es el mas utilizado entre las estrategias de FOC en aplicaciones industriales [24].

Existen dos estrategias de control RFOC, el control indirecto conocido como IRFOC y
el control directo denominado DRFOC, siendo la principal diferencia entre ambos métodos,

la manera en que se obtiene la posicién angular del flujo del rotor. Al implementar el
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método RFOC, las corrientes del rotor en el plano (d — ¢) pueden obtenerse mediante las
ecuaciones de flujo del rotor, teniendo en cuenta que el flujo del rotor en el eje g es nulo.

wdr == (Llr + Lm)idr + Lmids
War = Lmias) @.24)

ldr =
r Lr

0= wqr = (Llr + Lm)iqr + Lmiqs

_ L\ . (2.25)
lgr = =\ 7 ) tas

Ademas, mediante las ecuaciones (2.24) y (2.25) el modelado de la mdquina en el plano

(d — q) puede expresarse de la siguiente manera:

i,
L. (2.26)
dt
Wslwdr'rr = Lmiqs 2.27)
L., .
Te - Pfrwdrlqs (228)

siendo 7, = }L%—: la constante de tiempo del rotor.

Una caracteristica importante del método IRFOC es que para una adecuada orientacion
es necesario un buen conocimiento de algunos pardmetros de las maquina. Asimismo, las
estrategias FOC se pueden implementar utilizando controladores proporcionales integrales
(PI).

A partir de las ecuaciones (2.26)-(2.28) se puede deducir que el flujo del rotor se
controlard en la componente d de la corriente, mientras que la produccién de par se
controlard en la componente q de la corriente. El esquema de control IRFOC aplicado al
accionamiento de seis fases se puede ver en la Figura[2.4] El esquema consta de bucles
de control de velocidad, control de flujo y control de corriente en el plano = — y. La
corriente del eje d es controlado mediante un regulador PI. Adicionalmente, el control de
corriente del eje ¢ se obtiene mediante un regulador PI de velocidad externo conectado a
otro regulador PI de corriente interno. Por otra parte, los componentes de las corrientes en

el plano (x — y) se controlan mediante reguladores PI individuales.
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Figura 2.4 Esquema del control vectorial para la IM de seis fases.

A través del método VSD, las corrientes de la IM de seis fases en los planos (o« — 3) y
(z — y) se obtienen mediante la matriz de transformacion de Clarke. Seguidamente, los
componentes de las corrientes del plano (o — 3) se giran al marco de referencia (d — q)
mediante la transformacion de Park, mientras que la estimacion de la posicién (6), ahora
corresponde al dngulo del flujo del rotor y se obtiene por medio de la siguiente ecuacion:

Ry}
6= /(w,« + wy)dt = /(wr + L—,Z‘*)dt (2.29)
rlgs

La velocidad de deslizamiento (wy;) es estimada mediante la ecuacién (2.27), teniendo
en cuenta las corrientes de referencias productoras del flujo y par (i, y iy,). Ademas,
existen otras dos componentes mas de corrientes disponibles para el control de la IM de
seis fases. Ya que el accionamiento eléctrico se centra en una maquina con devanados
distribuidos, los componentes de la corriente en el plano (z — y) no generan par eléctrico,
por lo cual deben reducirse para minimizar las pérdidas en el sistema. Por ello, las
corrientes de referencias en dicho plano son establecidas al valor cero. Cabe mencionar
que, esto no ocurre al emplear maquinas con devanados concentrados, ya que estos
grados de libertad adicionales pueden utilizarse mejorar la produccién de par mediante la

inyeccién de arménicos de corriente [37].
Una vez determinada la accién de control para cada bucle, se establecen las referencias

de tension vy, vy, vy, Y Uy, Obtenidas por medio de los controladores P, y estas son
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transformadas en variables de fase. Posteriormente, estas tensiones de fase son moduladas
por medio de la estrategia PWM proporcionando el patréon de conmutacién para ser
aplicado al convertidor de potencia. La estrategia PWM consiste en controlar y establecer
la duracién de encendido de los pulsos aplicados en la puerta de los semiconductores de
cada fase o rama del convertidor, y de esta manera controlar la magnitud y la frecuencia
de la tensién de salida del inversor.

Es importante mencionar que, una alternativa prometedora en comparacién a los
controladores internos de corriente utilizados en la estrategia IRFOC, es el MPCC, el cual
constituye la estrategia de control utilizada en el marco de la presente Tesis Doctoral. El
principio de operacién, fundamentos, ventajas y limitaciones en su uso para el control de

las IM de seis fases se abordara a continuacion.

2.2.2 Control Predictivo basado en el Modelo (MPC)

Una estrategia de control alternativa y prometedora a los métodos clasicos empleados en
los accionamientos multifasicos, como lo son el DTC o FOC, es el MPC. El principio de
funcionamiento del control predictivo se basa en la prediccién del comportamiento futuro
de la variables del sistema mediante el uso de un modelo matematico. Las predicciones
son empleadas para seleccionar la accién de control 6ptima a ser aplicada de acuerdo a
una funcién de costo predefinida, el cual contiene los objetivos de control [|38]]. En ese
sentido, la formulacién intuitiva del dilema de control, la posibilidad de realizar un control
multivariable, asi como la inclusién de restricciones o no linealidades en el proceso de
control a través de una adecuada funcién de costo en la estrategia MPC, ha promovido
el interés de los investigadores en el campo de los accionamientos eléctricos [39]. Las
caracteristicas mencionadas anteriormente permite la reduccién de la complejidad del
controlador ya que es posible eliminar la estructura en cascada utilizada en el método
FOC, y esto produce una rdpida respuesta dindmica.

Por otro lado, la implementacion de la estrategia MPC requiere de un alto costo com-
putacional debido al proceso de optimizacidn teniendo en cuenta todas las acciones de
control. Sin embargo, en las tltimas décadas el aumento de la potencia computacional
de las plataformas de control que incluyen microprocesadores ha permitido la imple-
mentacion de estrategias MPC en los accionamientos eléctricos [14]]. Las estrategias MPC
generalmente se clasifican en dos categorias, el MPC de estado continuo (CCS-MPC) y
el MPC de estado finito (FCS-MPC) [39]. Ambas estrategias de control se enfocan en el
mismo principio de operacidn (se utiliza un modelo predictivo para determinar la accién
de control 6ptima). Sin embargo, generalmente se prefiere la estrategia FCS-MPC en el
control de accionamientos eléctricos, el cual se basa en un modelo discreto del sistema
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empleado para calcular las predicciones mediante una funcién de costo que permite la facil
inclusion de restricciones y por lo general se encuentra compuesta por los errores entre las
referencias y las predicciones de las variables analizadas. Ademads, la estrategia FCS-MPC
aprovecha la naturaleza discreta del convertidor de potencia que presenta un nimero limi-
tado de estados de conmutacién, donde el estado de conmutacién 6ptimo que minimiza la
funcién de costo es seleccionado a través de un proceso iterativo conocido como proceso
de optimizacién. Finalmente, el estado de conmutacién 6ptimo seleccionado es aplicado
directamente sin la implementacién de alguna técnica de modulacién a diferencia de la
estrategia CCS-MPC que si implementa una etapa de modulacién (usualmente basado en la
estrategia PWM) para proporcionar el patrén de conmutacién a ser aplicado al convertidor
de potencia.

Por otro lado, es importante mencionar las diferencias que existen entre ambos esque-
mas de control tales como la frecuencia de conmutacion fija para el caso de la estrategia
CCS-MPC debido a la inclusién de una etapa de modulacién, en cambio la estrategia
FCS-MPC presenta una frecuencia de conmutacion variable. Sin embargo, el esquema de
control basado en la estrategia CCS-MPC es mas complejo que la estrategia FCS-MPC
ya que no tiene en cuenta la naturaleza discreta del convertidor de potencia. Por ello, las
investigaciones relacionadas al control de accionamientos multifdsicos se centran en la
estrategia FCS-MPC debido a la flexibilidad que presenta [39,/40]]. Entre las variantes de
la estrategia FCS-MPC la aplicacién més utilizada es la combinacién con la estrategia
FOC, empleada para el control de corriente de maquinas multifasicas. Esta estrategia es
conocida como MPCC, y teniendo en cuenta que las corrientes del estator son las variables
controladas, el control del mismo se realiza por medio de un bucle interno de corriente
mientras que el control de velocidad se realiza mediante un bucle externo empleando la
estrategia FOC [411/42].

Sin embargo, aparte de la gran cantidad de célculos necesarios para resolver el pro-
blema de optimizacién en la estrategia MPCC, la implementacion del mismo presenta
algunas desventajas tales como el alto contenido de arménicos presentes en las corrientes
controladas debido a la ausencia de técnicas de modulacién en la implementacion del
control, donde un solo vector de conmutacién es aplicado en un periodo de muestreo
produciendo deterioro en el rendimiento en el sistema.

El disefio e implementacién de la estrategia MPCC utilizada para el control de corriente
de la IM de seis fases que es el enfoque principal del trabajo de investigacion realizado en

esta Tesis serdn presentados en las secciones siguientes.
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Figura 2.5 Esquema general de la estrategia MPCC para la IM de seis fases.

2.3 Control Predictivo de Corriente aplicado a la IM de Seis Fases

El esquema general de la estrategia MPCC utilizado en esta Tesis se representa en la
Figura [2.5] compuesta por la IM asimétrica de seis fases el cual es alimentado por un
convertidor de potencia del tipo 2L-VSI. Segtn lo descrito en la seccién anterior, el
esquema del MPCC esté constituido por un bucle externo de control de velocidad basado
en la estrategia FOC y un bucle interno de control de corriente. Por lo tanto, el objetivo
de la estrategia MPCC es determinar el vector o estado 6ptimo de conmutacién del 2L-
VSI (Sopt) que debe ser aplicado para el seguimiento de las referencias de corriente del
estator (i:[k o). Para ello, se emplea un modelo discreto del sistema para predecir el
comportamiento futuro de las corrientes (iIS’ [k +2]) considerando un cierto horizonte de
prediccion. Las predicciones son calculadas para todos los vectores de conmutacién, luego
estas predicciones son comparadas con sus referencias mediante una funcién de costo
donde se representa los objetivos de control. Luego, el estado de conmutacién obtenido
mediante la minimizacién de la funcién de costo debe aplicarse al convertidor 2L-VSI
durante todo el periodo de muestreo siguiente.

El modelo predictivo del sistema se obtiene a partir de las ecuaciones eléctricas de
la IM expresadas en variables VSD y del modelo del convertidor. Posteriormente, el
modelo predictivo es representado en la forma de espacio de estado, como se muestra
en la ecuacion @), donde el vector de estado (X)) se encuentra constituido por las
corrientes del estator y del rotor expresados en los planos (« — 3) y (z — y) (ecuaciéon
@), mientras que el vector de entrada (U;)) estd compuesto por las tensiones del
estator representado en la ecuacién @ Las matrices A y By, expresados en las
ecuaciones (2:33) y (2:34), respectivamente, dependen de los pardmetros eléctricos de
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la IM de seis fases y del valor actual de la velocidad del rotor, cuyos coeficientes serdn
detallados en el modelo predictivo discreto [[13]].

dX(t)
7 = A(t) Xy + By Uy (2.30)
T . . . . . .
X(t) = [x17x27m37x47x57x6] = [Za5,1ﬁ57lzs,ZyS,ZaT,ZBT]T (231)
U(t) = [ula U2, us, U4]T = [uOésa UBs, Ugs, uys]T (2.32)
a1l ai2 0 0 ais  aie
a1 a2 0 0 azs 26
0 0 ass 0 0 0
A = (2.33)
0 0 0 a44 0 0
as1 as2 0 0 ass ase
a1 a2 0 0 aes  A66

bin 0 0 0
0 b2 O 0

Bu = 0 0 b3z O 2.34)
0 0 0 b

bs1 0 0 0
0 bs2 O 0

El modelo predictivo expresado en espacio de estado (ecuacién[2.30) puede expandirse

de la siguiente manera:

dl’l
o a1121 + a12%2 + a15T5 + a16T6 + 11Ut
dl’g
o a21%1 + a22%2 + A25T5 + A26T6 + baoua
dl’g
g = 08373 + b3zus

(2.35)
dl’4 T b w
— = au
7t 44T 4 + 044Uy
dI‘5
P as5171 + as2T2 + as5T5 + a56T6 + bs1ug
dI‘ﬁ

o et + ag2T2 + apsTs + ageTe + beauz
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Luego, el modelo en tiempo continuo deber ser discretizado a causa de la naturaleza
discreta del controlador utilizando alguna estrategia de discretizacién adecuada. Para el
caso de la estrategia MPCC, generalmente se emplea el método de Euler hacia adelante
ya que permite obtener un modelo discreto preciso del sistema asi como su facilidad de
implementacién. A continuacidn, se expresa la ecuacion del modelo predictivo de 1la IM
de seis fases en tiempo discreto:

kaJrl'k] = X[k] +f (X[k.], U[k], T, w,,[k]) (2.36)

teniendo en cuenta que k representa la muestra actual, T es el periodo de muestreo y
ka +11K) corresponde a la prediccion de la muestra futura.

2.3.1 Observadores de Orden Reducido Aplicado al MPCC

De acuerdo a la ecuacion , solamente las corrientes del estdtor y la velocidad
mecénica del rotor son medibles, por ello es importante resaltar que para calcular las
predicciones de las corrientes del estitor se deben conocer los valores de las variables del
rotor. Las tensiones del estator pueden ser facilmente estimadas mediante los estados de
conmutacion enviados el convertidor 2L-VSI, sin embargo, las corrientes del rotor no son
directamente medibles en las IMs por lo que deben ser estimadas. Esta limitacién puede
ser resuelta mediante la estimacién de las corrientes del rotor utilizando el concepto de
observadores de orden reducido. La caracteristica de los observadores de orden reducido es
que solo estima el valor de las partes no medibles del vector de estado. Este tema de interés
ha sido resuelto mediante el uso de estrategias basadas en el observador de Luenberger
(LO) y en el filtro de Kalman (KF), donde el observador basado en la estrategia KF es
considerado como la mejor opcién ya que las ganancias del observador son optimizadas
teniendo en cuenta la entrada de ruido a los sensores de medicién. Para el caso del
observador basado en la estrategia LO, las ganancias no son optimizadas y el ajuste es
deterministico [43]44].

Por lo tanto, el observador basado en la estrategia KF es el que serd disefiado e
implementado en esta Tesis para mejorar el desempefio de la estrategia MPCC, ademads de
incrementar la exactitud de las predicciones.

Basicamente, el observador KF es un algoritmo que se basa en el modelo de espacio
de estado de un sistema para estimar el estado futuro y la salida futura realizando un
filtrado 6ptimo a la sefial de salida. De esta manera, el observador KF es un estimador
tipo predictor-corrector el cual es 6ptimo ya que minimiza el error estimado de las
covarianzas de los ruidos (ruidos de medida y ruidos de proceso). De esta forma la matriz
de realimentacion de los estados es recalculada de manera 6ptima en cada periodo de
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muestreo dado que emplea parametros estadisticos. Esta particularidad resulta atractiva
para la estrategia MPCC, primordialmente si no son conocidos los valores exactos de
los parametros internos de la IM y ademads las mediciones de las variables de estado
se encuentran perturbados por ruido gaussiano. Como el observador KF se basa en un
método recursivo enfocado en el concepto de espacio de estado, permitiendo un ahorro de
memoria, esto lo hace apropiado a la hora de ser implementado en un sistema digital.

En ese sentido, teniendo en cuenta ruidos de medicién gaussiano con media cero y
procesos no correlacionados, las ecuaciones del modelo predictivo en tiempo discreto
expresadas en la forma de espacio de estado, se definen como:

Xieryp = Aw X + By Upg + Heopy 2.37)
1000 00
010000

Yiiye = Xkt1] T Vikt1) (2.38)
001000
000100

donde las matrices en tiempo discreto A, y By se representan mediante las ecuaciones
y (2.40), respectivamente. La matriz H representa la ponderacién del ruido, la
matriz wyy) corresponde al ruido de proceso y Vx4 1) es considerada la matriz de ruido
de medicién. La descripcioén detallada de la dindmica y de la convergencia del error
del observador KF se analizan en [43,/44] y no fue incluida en esta seccién ya que no
representa el enfoque principal de la presente Tesis.

A11(k]  QA12[k] 0 0 Q15[k]  A16[k]
G21[k]  Q22[k] 0 0 aos(k]  Q26[k]
Apy = 0 0 a33(k] 0 0 0 2.39)
0 0 0 a44[k] 0 0
as1[k]  A52[k] 0 0 as5(k]  A56[k]
| Ge1[k]  Go2(k] 0 0 a6s(k]  G66lk] |
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by 0O 00 ]
0 byay O 0
By—| ° 0 Pem O (2.40)
0 0 0 bug
bagg 0 0 0
0 bey O 0|

Posteriormente, los parametros de las matrices A[k] y B[k}, se definen a continuacion:

RerTs L%lwr(k)Ts
arifk] = agop) = 1 — LoL, — L2 M2k = Tk = e
Ry LT, LonLrtongiy T
(115[k] = a26[k‘] = m alﬁ[k‘] - 7a25[k] = W
R e —a B LT
33[k] = Qaafk] = 1 — S1[k] = 962(k] = T 1o
(k] (k] L (k] [k} LsL, — Lgn 2.41)
Lsmer(k‘)TS R, LT
Gs2(k) = —CG61fk] = ~ P75 550k = G66k = 1- L.L,— L2
_ _ Ll biiia = booia] = .
as6lk] = —a65[k] = L,L, — L2 L1k} = P20k = L.L, — L2
TS LmTS
bsgjy) = buay = 7 b1kl = beae) =~ Lo

2.3.2 Funcion de Costo

El disefio de la funcidn de costo permite la optimizacion de varias variables objetivos tales
como minimizacién de rizado del par de la IM, pérdidas de conmutacién en el convertidor
y minimizacién del contenido de arménicos [40]]. Sin embargo, en la estrategia MPCC el
objetivo de control es el error de seguimiento de las variables controladas de acuerdo a
sus referencias. Por lo tanto, la funcién de costo estd compuesta por la diferencia entre
los valores predichos de las corrientes del estitor y sus referencias, y por lo general esta
figura de mérito constituye la seleccion habitual en los accionamientos multifasicos [|14].
En ese sentido, los valores futuros de la corrientes del estator son calculados mediante los
valores medidos en el instante anterior para cada vector de conmutacién y asi obtener el
vector de conmutacién dptimo que minimice el objetivo de control. El tiempo requerido
para las mediciones, calculos de las predicciones y la seleccion del vector 6ptimo puede
ser significativo en comparacién a T dando como resultado un retardo entre el instante en
que fue realizada las mediciones utilizadas para las predicciones y el momento en que la
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siguiente accién de control es realizada. Esta consecuencia puede ser corregida mediante
la funcién de costo definida en la ecuacién (2.42), donde se lleva a cabo una prediccion de
horizonte 2 ([k + 2|k) [45,/46].

Ter2ik] = (€as)® + (€5)? + Any[(€as)? + (eys)?] (2.42)
siendo:
Cas = izs[kw] o igs[k+2\k]
gk __ 4P
€ps = fﬂs[k+2} Zﬁsmz\k} (2.43)
Cxs = Tyglita] ~ los[b-+2lk]

ok _ b
Cys = Yysik+2] — Yys[k+2|k]

iZS[k+2\k] = all[k]iis[k-i-llk] + a12[k]i§s[k+1|k] + Q15[ Lo [k 1]k]
+ 16[k] 15, [t 11k) T 011 (K] Yas(kt1]

i = s it + asopi)ih, + ags(k)7,
Bs[k+2|k] (k] as[k+1]K] (k] Bs[k+1|k] [kl ar(k+1|k] (2.44)

+ Q26[k) U4 1]1] T D22(k UBs[k+1]
Uyslhralk) = 933061 Cyspi1ja) T D33[K) sl 1]

iZS[k+2\k] = a44[k]i55[k+1\k] + baafk] Uys[k+1]

El pardmetro o factor de peso ()\.,) es un tema de investigacion que ha sido abordado
en trabajos recientes, el cual permite priorizar el seguimiento de las corrientes del estitor
en el plano (« — () o reducir las corrientes del estdtor en el plano (z —y), disminuyendo las
pérdidas de cobre [47,48]. Sin embargo, el desempefio del controlador puede verse afec-
tado dependiendo del valor seleccionado para los factores de peso, por ello, es necesario
realizar un correcto ajuste de estos pardmetros. El ajuste del factor de peso suele realizarse
mediante experimentos de prueba y error o utilizando algoritmos de optimizacién mas
complejos [49]. Ademads, pueden ser definidas diferentes alternativas con el propédsito de
incluir varias restricciones de control y por lo tanto optimizar el desempefio del sistema.
Esto resulta una ventaja para la estrategia MPCC en comparacion con las estrategias
de control cldsicas. Usualmente, para el caso de las IMs multifasicas, A, provee la
importancia relativa del seguimiento de referencia de las corrientes en los planos (« — 3)
y (z — y) [50].
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2.4 Resumen

En este capitulo se ha realizado una descripcion del estado del arte del control aplicado
al accionamiento eléctrico de seis fases. Para ello, se desarroll6 el modelo matematico
de la IM de seis fases, ademas del modelo del convertidor 2L-VSI. En ese contexto, se
describieron las estrategias de control aplicadas a la IM de seis fases, centrdndose en el
disefio e implementacion de la estrategia MPCC detallando sus ventajas y limitaciones,
siendo las mas relevantes el gran contenido de armonicos, el alto costo computacional y
elevadas corrientes en el plano (z — y). Ademds, se ha abordado la teoria de observadores
de estado de orden reducido para mejorar el desempefio del controlador. Uno de los
objetivos de esta Tesis consiste en el desarrollo de técnicas de modulacién enfocado al
control de corriente para efectivamente mitigar las limitaciones mencionadas. El mismo
serd abordado en el capitulo posterior, donde se detallara el proceso de implementacién de
las técnicas propuestas validadas mediante pruebas experimentales y simulaciones.
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CAPITULO 3

DISCUSION DE LAS APORTACIONES

El trabajo de investigacion llevado a cabo en esta Tesis Doctoral se enfoca en el desarrollo
e implementacién de técnicas de modulacién aplicado al MPCC cuyo caso de estudio
se basa en el accionamiento de la IM asimétrica de seis fases. Estas técnicas de modu-
lacién han sido propuestas como una alternativa al MPCC cldsico debido a las desventajas
que presenta, tales como frecuencia de conmutacién variable que se traduce en un alto
contenido de arménicos en las corrientes del estdtor, el elevado costo computacional y
una pobre reduccién de las corrientes del estdtor en el plano (z — y) como se ha descrito
en el capitulo anterior. La teorfa de modulacién ha sido aplicado satisfactoriamente a
los accionamientos eléctricos para el control de corriente, tal como la modulaciéon PWM
basada en vectores espaciales, el cual se adapta a la implementacién digital [S1]]. Sin
embargo, existen algunos aspectos que deben tenerse en cuenta al momento de imple-
mentar técnicas de modulacion enfocados a los accionamientos multifasicos, tales como
la cantidad de vectores que deben ser seleccionados, qué vectores deben seleccionarse y
el célculo del tiempo de aplicacion de los vectores seleccionados. De esta manera, serd

factible la regulacién de las corrientes en los planos (o — ) y (z — y), ya que actualmente
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resulta imposible reducir las corrientes del estétor en el plano (z — y) utilizando un solo
estado de conmutacion.

En ese sentido, las descripciones y discusiones de los trabajos de investigacion publica-
dos seran abordados en este capitulo, resaltando los hallazgos y las principales contribu-
ciones obtenidas, donde las discusiones se centran en las comparativas de las técnicas de
modulacién propuestas para el control de corriente con otras estrategias disponibles en la

literatura como el método MPCC clasico.

3.1 Técnicade Modulacion a Frecuencia de Conmutacion Fija (MPCC-FSF)

Las aplicaciones para las cuales se utilizan accionamientos eléctricos multifasicos, re-
quieren de estrategias de control que regulen de manera precisa las corrientes del estator
no solo en régimen permanente sino también en régimen transitorio. Este es el caso de la
estrategia de control del tipo bucle cerrado MPCC, que exige una respuesta rdpida con
un rendimiento dinamico preciso. En ese sentido, la estrategia MPCC presenta desafios
adicionales como la aparicion de grados extras de libertad o planos adicionales existentes
en las maquinas multifdsicas que deben considerarse para la regulacion de las corrientes.
Cabe mencionar que, estos planos adicionales son obtenidos luego de la transformacién
VSD. Este hecho requiere de un seguimiento de corriente simultaneo en los planos (o — 3)
y (x — y). Por ello, ademds de las corrientes en el plano (o — [3), también es necesario
controlar o regular las corrientes en el plano (z —y). Esto se debe a que los componentes de
corriente del plano (x — y) no afectan la produccion de par en las mdquinas con devanados
distribuidos, pero permiten la circulacién de arménicos de bajo orden que aumentan las
pérdidas en el entrehierro.

Otra particularidad de la estrategia MPCC, es la aplicacién de un solo estado de
conmutacion durante todo el periodo de muestreo. Ademads, cada estado de conmutacién
genera simultdneamente vectores de tension en los planos (o — 8) y (x — y), y esto
hace imposible suministrar una tensién 6ptima en el plano (a — ), lo cual conduce
inevitablemente a la aparicion de elevadas corrientes no nulas en el plano (x —y) [13]]. Las
elevadas corrientes en el plano (x — y) también se deben a la baja impedancia equivalente
de las IM multifésicas.

Una alternativa para hacer frente a estos inconvenientes es mediante el incremento de la
frecuencia de conmutacién del convertidor y de la impedancia en el plano (x — y), propor-
cionando un rendimiento favorable para accionamientos multifasicos de baja potencia. No
obstante, la frecuencia de conmutacién se ve limitada a medida que aumenta la potencia
en los accionamientos multifasicos y la impedancia de las bobinas de la IM disminuye.
Bajo estas condiciones, la implementacién de técnicas de modulacién surge como una
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Figura 3.1  Sectores considerados para el convertidor 2L-VSI en plano (o — 3): (a) Vectores
disponibles; (b) Sector especifico seleccionado mostrado en vista ampliada.

opciodn atractiva para el control de corriente, ya que no resulta favorable el uso de un solo
estado de conmutacidn en la estrategia MPCC para la regulacion de las corrientes en el
plano (z — y).

Con el objetivo de resolver las limitaciones del MPCC clésico, en el Articulo 1 se
propone una estrategia MPCC modulada para una IM de seis fases alimentada a través de
un convertidor de potencia del tipo 2L-VSI. La estrategia propuesta integra una técnica de
modulacién en el algoritmo de control para reducir los componentes de corrientes en el
plano (z — y).

En ese sentido, esta estrategia consiste en determinar cada sector disponible para el
convertidor 2L-VSI. Los mismos son obtenidos y proyectados en los planos (a« — 3) y
(x — y) mediante la transformacién VSD, resultado en un total de 48 sectores. Estos
sectores se componen de dos vectores activos adyacentes con la misma amplitud y un
vector nulo, como se muestra en la Figura[3.] La técnica propuesta estima la prediccién
de dos vectores activos que componen los 12 sectores exteriores y analiza sus respectivas
funciones de costo independientemente en cada periodo muestreo [[15,/17]. Las funciones
de costo son definidas como Jy, J; y J2 y son calculados mediante la ecuacién . El
principal objetivo de esta técnica de modulacién es obtener cualquier vector de tensién en
el plano (a — p) utilizando los vectores exteriores (definidos como vectores largos) y el
vector nulo, cubriendo de esta manera todo el espacio vectorial. Es importante mencionar
que, los vectores largos son proyectados como los vectores de tensién mas pequefios en el
plano (x — y), produciendo una reduccién de los componentes de corriente en dicho plano.
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% . 2 -k . 2
Jlkt2|k] = [(Zas[k+2] - ng[k+2|k1) + (Z,Bs[k—Q—Q] - ng[k+2|k])

" . » . 1
FAzy ({5 skt2) — ng[k+2|k])2 + (iystos) — ZZS[;Q.;_Q\;C])Q)] 2 (3.1

Otro aspecto importante que debe considerarse para la implementacién de la técnica
propuesta es el tiempo de aplicacion de los vectores. El cdlculo de los ciclos de trabajo de
los dos vectores activos de tension (d; y de) y del vector nulo (dy) dentro de cada sector
se realiza mediante las ecuaciones y expresadas a continuacion:

do = ]io dy = ]% do = J% (3.2)
do+di+do =1 3.3)

De esta manera, es posible calcular la expresion para w y los ciclos de trabajo para cada
vector. Estos ciclos de trabajo son inversamente proporcionales al valor de la funcién de

costo para el vector de tensidn respectivo:

Ji1Ja

do = 34

O Jodi + Jida + Jo s 34
JoJs

dy = 3.5

! JoJ1 + J1Ja + JoJa (3-5)

do oSy (3.6)

- JoJ1 + J1J2 + JoJa
Considerando estas expresiones, la funcién de costo que finalmente se utiliza para
determinar el sector 6ptimo, el cual es calculado para 12 iteraciones durante 7, se obtiene

de la siguiente manera:

Glryolk] = d1J1 + daJo 3.7

Los dos vectores activos que reducen la funcién de costo (G [}9+2‘k]) son seleccionados
para ser aplicados al convertidor de potencia en el siguiente periodo de muestro. Luego
de haber obtenido los ciclos de trabajo para los dos vectores a ser aplicados, es necesario
proponer una ecuacién que pueda relacionar los ciclos de trabajo y los vectores de tensién
seleccionados para ser implementado en un controlador digital. Esto puede realizarse
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mediante la relacién (3.8) con el fin de implementar una modulacién PWM simétrica,

donde los vectores son sintetizados mediante un cierto patrén de conmutacion.

d
D; = 30 + d1vy ) + d2va) (3.3)

En la ecuacién anterior i = (a, b, ¢, d, e, f) y D; es el ciclo de trabajo por fase normalizado
entre 0 y1. Posteriormente, esta variable es comparada con una forma de onda del tipo
triangular para obtener una modulacién PWM simétrica y ser aplicado a los correspondi-
entes dispositivos de conmutacién, obteniéndose asi una frecuencia de conmutacion fija
cuyo valor es igual a la frecuencia de muestreo.

3.2 Técnica de Modulaciéon basado en Vectores Virtuales (MPCC-VV)

Como una alternativa al control MPCC clésico, recientemente se ha propuesto otra técnica
de modulacién basada en VV para mitigar los armdnicos de corrientes presentes en el
plano (z — y) para el accionamiento de una IM de seis fases [16]]. La técnica de VV
fue propuesta inicialmente para el DTC de una IM de cinco fases [52] y consiste en la
formacién de un nuevo conjunto de vectores de tensién, denominados VV en la literatura
[53], que producen componentes de tension nulos en el plano (z — y). El nuevo conjunto
de vectores (12 en total) se obtienen a partir de la Figura[3.2]y son formados a partir de la
combinacion de vectores largos y mediano-largos con la misma fase en el plano (a — ().
Los ciclos de trabajo de los vectores se obtienen mediante la resolucién de un sistema de
ecuacion lineal donde se consideran sus respectivos modulos. Para el caso del convertidor
de potencia de seis fases del tipo 2L-VSI, la expresion general para la implementacién de
esta técnica teniendo en cuenta los ciclos de trabajo durante un periodo de muestreo, se

define a continuacién [53]]:

d =073, dw=1-4d (3.9)

VV = dl‘/largo + dmlv'med—la'r"go (310)

donde d; y d,,,; son los ciclos de trabajo de los vectores largos y mediano-largos, respecti-
vamente.

La implementacion de esta técnica en la estrategia MPCC proporciona valores nulos
en promedio de los componentes de corriente en el plano (x — y). Esto es posible debido
al uso de dos vectores activos en un periodo de muestreo, ya que estos vectores activos
poseen proyecciones opuestas en el plano (x — y), a diferencia del MPCC clésico que
solamente utiliza un estado de conmutacién. Sin embargo, es importante mencionar que
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Figura 3.2  Vectores virtuales (circulos rellenos de color verde y rojo) de tension en el plano

(= ).

la longitud alcanzada por los VVs es del 93% del valor real de los vectores largos en el
plano (o — ).

Adicionalmente, el modelo predictivo empleado en la estrategia MPCC puede ser
reducido debido a la ausencia de los componentes (x — ) en el modelo. En ese sentido,
es posible definir una nueva funcién de costo para el seguimiento de corriente, el cual se

expresa en la siguiente ecuacion:

- . 2 -k . 2
Jier218) = (Taspre) ~ Gasporain)” + @slhr2) — Bapraip) (3.11)

La estrategia MPCC basada en VV evalia la funcién de costo para los 13 VVs (incluido
el vector nulo), y selecciona el que minimiza la ecuacién (3.11)) para ser aplicado en el
siguiente periodo de muestreo. También es importante mencionar que, la combinacién de
vectores utilizada en esta técnica produce una frecuencia de conmutacién variable.

3.3 Teécnica de Modulacion basado en MPCC-FSF y MPCC-VV (T3)

En las secciones anteriores se han descritos dos técnicas de modulacién empleadas para
la reduccién de las corrientes en el plano (z — y) en los accionamientos multifasicos.
Una caracteristica de la primera técnica de modulacién (MPCC-FSF), es que proporciona
una frecuencia de conmutacioén fija y estd basada en la combinacién de vectores largos
con el vector nulo, los cuales se relacionan mediante una ecuacion de sintetizacién que
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proporciona los ciclos de trabajo. Esta técnica de modulacidn tiene en cuenta solamente
los 12 sectores exteriores para el seguimiento de corriente cubriendo asi el drea delimitada
por los vectores en el plano (o« — 3). Ademas, estos vectores generan naturalmente
una reduccioén de los componentes de corriente en el plano (z — y). Cabe mencionar
que, MPCC-FSF emplea menos vectores de tensién en comparacién con la estrategia
MPCC clésica, donde el proceso de optimizacién se realiza 49 veces para el caso del
convertidor de potencia de seis fases del tipo 2L-VSI, lo que se traduce en un menor costo
computacional.

Para el caso de la segunda técnica de modulacién (MPCC-VV), la seleccién de vectores
se realiza de tal manera que los componentes de tension en el plano (r — y) sea nula,
y por lo tanto asegurando que las corrientes en dicho plano sea reducida. MPCC-VV
también garantiza un menor costo computacional en comparacién con la estrategia MPCC
clasica, debido a que en el proceso de modulacién se utilizan 13 vectores de tensién y
por la ausencia de los componentes (z — y) en el modelo. Sin embargo, la limitacién de
MPCC-VYV radica en generar la tensién éptima en el plano (o — ) para el seguimiento
de corriente. Esto se debe a que la longitud resultante de la combinacién de los vectores
largos con los mediano-largos es menor al de los vectores largos.

Por lo mencionado anteriormente, en el Articulo 2 se propone una nueva técnica de
modulacién que resulta de la combinacién de las estrategias MPCC-FSF y MPCC-VV. El
principal objetivo de esta propuesta consiste en utilizar las ventajas que ofrecen ambas
técnicas de modulacién, y en ese sentido, limitar la inyeccién de los componentes de
corriente en el plano (z — y) con un adecuado seguimiento de corriente en el plano (a — ),
ademads de proporcionar una frecuencia de conmutacion fija.

La técnica propuesta se basa en la estrategia de modulacién de vectores espaciales
(SVM). De esta manera es posible definir los sectores involucrados en la implementacion
de la misma. Los sectores se representan en la Figura donde se resaltan los vectores
que se utilizan durante el proceso de modulacién (circulos rellenos de color rojo, verde
y naranja). Asi como en MPCC-FSF se tiene en cuenta los 12 sectores exteriores. Cada
sector estd compuesto por dos vectores largos adyacentes, dos vectores mediano-largos
adyacentes con la misma fase que los vectores largos (respecto al plano (o — 3)) y por el
vector nulo. Como se puede notar, se han escogido los vectores de tension utilizados en
las técnicas de modulacién descritas anteriormente.
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Figura 3.3  Sectores considerados para la técnica de modulacién propuesta en el plano (o — ).

El tiempo de aplicacion o ciclos de trabajo de los vectores son calculados mediante las
ecuaciones (3.2) - (3.6), mientras que el sector Gptimo se determina a través de la ecuacién
. Luego, la sintetizacion de los vectores de tension se realiza de la misma manera
que en MPCC-FSF por medio de la ecuacién (3.8) obteniéndose los ciclos de trabajo para
los dispositivos de conmutacién de cada fase, y éstos son finalmente comparados con una
forma triangular para generar la modulacién PWM simétrica.

En la Figura[3.4]se representa el patrén de aplicacion de los vectores en cada periodo
de muestreo para generar el porcentaje de tiempo necesario para producir componentes
de corriente reducidas en el plano (x — ). Siendo LV;, MLV, y NV las abreviaturas
correspondientes a los vectores largos, mediano-largos y vector nulo, respectivamente,
mientras que 7; representa el periodo de interrupcién en el algoritmo de control.

Las validaciones de estas tres técnicas de modulacién serdn abordadas en la siguiente
seccion mediante simulaciones y pruebas experimentales. Es importante mencionar que

la validacién del Articulo 1 fue realizada con el grupo de investigacién APET de la

‘ LVi-LV;-NV ‘LVFMLV]»I\'V‘MLV,—LVJ»I\'V‘ LVi-LV,;-NV ‘

1; T; T T;
T

Figura 3.4 Patrdn de aplicacion de los vectores.
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Universidad de Vigo utilizando una IM de seis fases de 2 kW de potencia. Mientras que el
Articulo 2 fue validado en el Laboratorio de Sistemas de Potencia y Control (LSPyC) de
la Facultad de Ingenieria de la Universidad Nacional de Asuncién (UNA) empleando una
IM de seis fases de 15 kW de potencia.

3.4 Validacion de Resultados

En los siguientes apartados se presentan la validacion de los resultados obtenidos a partir
de las aportaciones de esta Tesis Doctoral, los cuales se sustentan en los siguientes
articulos publicados en revistas internacionales arbitradas e indexadas, con factor de

impacto definido:

1. Articulo 1: Osvaldo Gonzalez, Magno Ayala, Jestis Doval-Gandoy, Jorge Rodas,
Rail Gregor, Marcos Rivera, Predictive-Fixed Switching Current Control Strategy
Applied to Six-Phase Induction Machine, Energies, 2019, vol. 12, no 12, p. 2294.
DOI: 10.3390/en12122294. (Factor de impacto 2.702).

2. Articulo 2: Osvaldo Gonzalez, Magno Ayala, Carlos Romero, Larizza Delorme,
Jorge Rodas, Rail Gregor, Ignacio Gonzalez-Prieto, Mario Javier Duran, Model
Predictive Current Control of Six-phase Induction Motor Drives using Virtual Vectors
and Space Vector Modulation, IEEE Transactions on Power Electronics, 2021. (Factor

de impacto 6.373). (Bajo revision).

3.4.1 Validacion del Articulo 1

Los pardmetros eléctricos de la IM de seis fases utilizada para la validacién del Articulo 1
se presenta en la Tabla[3.1] Los mismos fueron determinados mediante métodos standstill
con VSl y técnicas convencionales de AC en el dominio del tiempo [54,/55].

Tabla 3.1 Pardmetros Eléctricos y Mecdnicos de la IM de Seis Fases (APET).

R, 690 L, 654.4 mH
R, 6.7 Q) P 1

L 5.3 mH P, 2 kW
L, 128mH I 0.07 kg.m?

L,  6l4mH B, 0.0004 kg.m?/s
L, 6268mH w,_nom 3000 rpm
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Primeramente, se han realizado pruebas mediante simulaciones en el entorno de pro-
gramacién MATLAB/Simulink R2014a para verificar la viabilidad de la propuesta MPCC-
FSF. En ese sentido, se ha utilizado el método de integracion numérica basado en la
ecuacién de Euler de primer orden como estrategia de discretizacién para calcular el
progreso de las variables del sistema en el dominio del tiempo.

Las pruebas de simulacion fueron realizadas bajo condiciones de carga, 77, =2 Nm,
para verificar la efectividad de la primera propuesta. La frecuencia de muestreo utilizada
fue de 8 kHz, la tensién V. fue configurada a 400 V, y la corriente encargada de la
generacion del flujo fue ajustada a 1 A. El factor de peso escogido para las pruebas fue,
Azy = 0.1, con el fin de dar més énfasis al seguimiento de corriente del estétor en el plano
(a—p).

El rendimiento de la propuesta MPCC-FSF es analizado bajo condiciones de régimen
permanente y de régimen transitorio. En ese sentido, los resultados obtenidos por medio de
las pruebas de simulacién asi como de las pruebas experimentales analizan el desempefio
del controlador en términos del MSE entre las corrientes de referencia y medidas del
estator en los planos (o — ) y (x — y) [56]]. Al mismo tiempo, es calculado el THD en el

plano (o« — 3). Estas figuras de mérito se definen a continuacion:

N
MSB(in) = 1 D (ian k] — i34 [4))? (3.12)
k=1

donde NV es el nlimero de muestras, ¢;4 la corriente de referencia del estator, i, las

corrientes de estator medidas y ® € {«, 8, z, y}.

(3.13)

donde 741 son las corrientes fundamentales del estdtor y i,; son las corrientes arménicas
del estétor.

En la Figura[3.5|se presenta el rendimiento de las corrientes del estdtor en los planos
(a — B) y (z — y) en régimen permanente. De acuerdo a estos resultados de simulacion,
agrupados en la Tabla[3.2] la técnica propuesta presenta un buen desempefio considerando
el andlisis del MSE y THD de las corrientes del estdtor a diferentes velocidades mecanicas.
Cabe mencionar que, a velocidades bajas, el rizado de las corrientes del estator en el plano
(o — ) es ligeramente mds pequefio que a velocidades mds altas, de la misma forma que
ocurre con las corrientes del estator en el plano (xz — y).

Para la validacién experimental de MPCC-FSF se ha utilizado el banco de pruebas

mostrado en la Figura[3.6] El mismo estd compuesto de una IM de seis fases alimentado
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Figura 3.5 Rendimiento de simulacién en régimen permanente de las corrientes del estator en
los planos (o — 3) y (x — y) para una frecuencia de muestreo de 8 kHz a diferentes velocidades
(wm): (@) 500 rpm; (b) 1000 rpm; (c) 1500 rpm.

por medio de dos 2L-VSI trifasicos convencionales, siendo andlogo a un convertidor de
potencia de seis fases del tipo 2L-VSI. La tension V. es obtenida mediante una fuente de
alimentacién DC. Para controlar el convertidor de potencia se ha utilizado un prototipo
de funciones en tiempo real, denominado dSPACE MABXII DS1401, el mismo incluye
Simulink versién 8.2. Los datos adquiridos por el dSPACE son procesados mediante un
codigo desarrollado en MATLAB/Simulink R2014a. Las mediciones experimentales se
obtienen mediante sensores de corriente LA 55-P s, con un ancho de banda de frecuencia
de DC hasta 200 kHz. Luego, esos valores se convierten a digitales a través de un conversor
A/D de 16 bits. El angulo del rotor se mide a través de un encoder incremental de 1024 rpm,
luego la velocidad mecdnica es calculada a partir de dicha medicién. Finalmente, se utiliza
un freno de corriente pardsita (eddy current) de 5 HP como carga mecénica variable en la
IM de seis fases.

La estimacidn de las corrientes del rotor se realizan por medio del KF, donde los valores
del ruido de proceso y medicién se pueden calcular utilizando el método de autocova-
rianza de minimos cuadrados (ALS), ya que proporciona estimaciones no sesgadas con

Tabla 3.2  Andlisis de rendimiento de simulacion de las corrientes del estitor (o« — ), (x — y),
MSE (A), THD (%) a diferentes velocidades del rotor (rpm).

fs=8kHz
wf  MSE, MSE; MSE, MSE, THD, THD;

500 0.065 0.064 0.174 0.172 5.73 5.46
1000 0.076  0.075 0.211 0.203 543 5.34

1500 0.110  0.110 0.219 0216  6.46 6.38
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Figura 3.6 Banco de pruebas experimental (APET).

la covarianza mads baja, garantizando un ajuste 6ptimo del filtro. Luego, recopilando los
datos del sistema operando en bucle cerrado y utilizando el método propuesto en [44], los
valores obtenidos son Q,, = 0.0022 y R, = 0.0022. El rendimiento dindmico de MPCC-
FSF ha sido evaluado utilizando dos valores diferentes para A;,, dando mas prioridad al
seguimiento de corriente del estator en el plano (« — [3). Es importante mencionar que,
los valores de A, se seleccionan mediante el método heuristico.

Para todas las pruebas experimentales, las corrientes de referencia en el plano (z — y)
se establecen a cero (i;, = iy, = 0). La frecuencia de muestreo para MPCC-FSF
es de 8 kHz. Los resultados obtenidos mediante MPCC-FSF son comparados con la
estrategia MPCC clésica operando a 8 kHz y 16 kHz, respectivamente. Estas pruebas han
sido incluidas con el fin de exponer una comparacién justa entre MPCC-FSF y el MPCC
cldsico y mostrar el rendimiento de ambas estrategias, ya que la frecuencia de conmutacién
en MPCC-FSF es igual a la frecuencia de muestreo, mientras que en el MPCC clasico
la frecuencia de conmutacién es menor a la frecuencia de muestreo. Bajo condiciones
de régimen permanente se han considerado dos puntos de operacién para la velocidad
mecdnica, 500 rpm y 1000 rpm, respectivamente.

Los resultados obtenidos mediante la comparacién de MPCC-FSF y el MPCC clésico
para diferentes velocidades y frecuencias de muestreo, respecto al MSE en los planos
(aw — B)-(x — y) y THD en el plano (o — f3), se muestran la Tabla[3.3]

Los resultados muestran que MPCC-FSF presenta un buen rendimiento en términos de
seguimiento de corriente en el plano («v — () y reducidas corrientes en el plano (z — y)

en comparacién con el MPCC clasico a 8 kHz. Sin embargo, las figuras de mérito del
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Figura 3.7 Resultados experimentales de las corrientes del estator en los planos (v — ) y (z — )
a 8 kHz de frecuencia de muestreo y 500 rpm de velocidad mecénica, considerando: (a) Ay =0.05;
(b) Azy =0.1.

MPCC clésico presentan una ligera mejora cuando se opera a 16 kHz pero sigue siendo

insuficiente en comparacién a MPCC-FSF.

En la Figura[3.7)se presenta las trayectorias de las corrientes del estdtor en los planos

(o — B) y (x — ), considerando dos valores diferentes para A,. Enla Figura|3;7| (a) se

Tabla 3.3  Prueba de rendimiento experimental de las corrientes del estitor (o — f3), (z — ),
MSE (A), THD (%) entre el MPCC clasico y MPCC-FSF a diferentes velocidades (rpm).

fs = 8 kHz para el MPCC clésico

wy,  MSE, MSEg MSE, MSE, THD, THDg
500 0.140  0.130 0.821 0.822  8.30 8.40
1000 0.147 0.138 0.953 0934 740 7.30
fs = 16 kHz para el MPCC clasico
wr  MSE, MSEg MSE, MSE, THD, THDg
500 0.073  0.072 0.491 0483  8.40 8.30
1000 0.084 0.082 0.538 0.534 750 7.40
fs = 8 kHz para el MPCC-FSF
wy,  MSE, MSEg MSE, MSE, THD, THDg
500 0.042  0.045 0.135 0.130  4.89 5.08
1000 0.069  0.068 0.197 0204  4.69 4.78
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Figura 3.8 Patr6n de conmutacién del convertidor de potencia para MPCC-FSF a 8 kHz de
frecuencia de muestreo y 500 rpm de velocidad mecanica.

ha considerado A,y = 0.05, mientras que en la Figura (b) Azy =0.1. Las pruebas se
han realizado a 500 rpm con una frecuencia de muestreo de 8 kHz. De acuerdo a estos
resultados se puede notar que los componentes de corriente en el plano (x — y) disminuyen
cuando se aumenta el factor de peso, lo que significa que la seleccién de este pardmetro
tiene una fuerte influencia en el comportamiento del sistema cuando se utilizan técnicas de
modulacién en el MPCC. Ademds, el seguimiento de corriente en el plano (« — ) tiene
un rendimiento ligeramente mejor considerando A, = 0.1.

Adicionalmente, se ha incluido la grafica de tensién del convertidor de potencia, como
se muestra en la Figura[3.8] con el fin de mostrar el patrén de conmutacién de la estrategia
propuesta.

Por otro lado, las pruebas experimentales en régimen transitorio para la estrategia
MPCC-FSF se han realizado mediante un escalén de velocidad en el eje g, como se
muestra en la Figura [3.9] La respuesta transitoria del sistema ha sido verificada por
medio de una inversion de giro de la velocidad mecanica (test de reversa) desde 500 rpm
a -500 rpm a 8 kHz de muestreo con diferentes valores de A.,. En ese sentido, ambas
pruebas reportan rapidas respuestas dindmicas considerando el sobrepico y el tiempo de
establecimiento. La Figura @] (a) muestra la respuesta transitoria para A, = 0.05, donde
el sobrepico y el tiempo de establecimiento fueron de, 6.14% y 6 ms, respectivamente. En
la segunda prueba, se ha considerado A\, = 0.1, y se obtuvieron valores de 4.85% y 6.12 ms
para el sobrepico y tiempo de establecimiento, como se muestra en la Figura[3.9| (b). Por
lo tanto, la estrategia MPCC-FSF presenta un buen rendimiento dindmico bajo el criterio
de andlisis transitorio del 5%.

Finalmente, se ha realizado una prueba comparativa de respuesta transitoria de veloci-
dad de 1500 rpm a 200 rpm entre la estrategia MPCC-FSF a 8 kHz y el MPCC clasico a
16 kHz de forma que la comparacién sea justa, ya que el MPCC clésico presenta mejor
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Figura 3.9 Prueba experimental transitoria de las corrientes del estitor en el eje ¢ para un test de
reversa de 500 rpm a —500 rpm a 8 kHz de frecuencia de muestreo, considerando: (a) Az, = 0.05;
(b) Azy =0.1.
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Figura 3.10 Prueba experimental transitoria de las corrientes del estitor en el eje ¢ para un step

de velocidad de 1500 rpm a 200 rpm a 16 kHz y 8 kHz de frecuencia de muestreo, respectivamente:
(a) MPCC clasico; (b) MPCC-FSE.

comportamiento a mayor frecuencia. Los resultados se presentan en la Figura [3.10] (a)
para el MPCC clésico y en la Figura[3.10](b) para la propuesta MPCC-FSF, mostrando

rendimiento similares.

3.4.2 Validacion del Articulo 2

Para la validacién del Articulo 2, el cual surge mediante la combinacidn de las estrategias
MPCC-FSF y MPCC-VYV, se ha utilizado una IM de seis fases con una mayor potencia
en comparacion al utilizado en la validacién del Articulo 1. Los pardmetros eléctricos de
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la IM de seis fases fueron obtenidos mediante los mismos métodos referenciados en el
Articulo 1, los cuales son listados en la Tabla[3.4]

El banco de pruebas experimental mostrado en la Figura [3.11] estd compuesto por
una IM asimétrica de seis fases de 15 kW también alimentado por dos convertidores de
potencia del tipo 2L-VSI cuya alimentacidn se obtiene de la red eléctrica y estd regulada
por medio de un transformador para proporcionar la tensién V. mediante un rectificador
de diodos trifdsico, obteniéndose un valor DC de 325 V. Los convertidores de potencia
son controlados mediante un DSP (TMS320F28335 de Texas Instruments) con un entorno
de desarrollo MCK28335 de Technosoft. Los resultados adquiridos son posteriormente
procesados utilizando un script desarrollado en MATLAB R2014a.

Las mediciones de corriente se obtienen a través de sensores LA 55-P s con un ancho
de banda de frecuencia de DC hasta 200 kHz para luego ser convertidas a valores digitales
mediante un conversor A/D de 16 bits. El angulo del rotor es medido por medio de un
encoder incremental de 10000 rpm. Ademads, para las pruebas se utiliza una pastilla de
freno mecdnica fija como carga mecénica.

El valor del factor de peso utilizado para las pruebas fue, A, = 0.01. Los valores de
Qu = 0.0022 y R, =0.0022 corresponden al ruido de proceso y medicion, respectiva-
mente, empleados en el modelo predictivo. Tanto Ay, Qw y R, fueron obtenidos de la
misma manera en que fue descrita en el Articulo 1.

La técnica de modulacién propuesta en el Articulo 2 es sometida a diferentes pruebas,
las cuales incluyen el andlisis en régimen permanente y en régimen transitorio asi como
condicién de velocidad nominal y andlisis de robustez, con el propédsito de analizar su
rendimiento en comparacion con otras estrategias, tales como el MPCC clasico, MPCC-
FSF y MPCC-VV. En ese sentido, los resultados obtenidos son analizados mediante las
figuras de mérito del MSE y THD.

Primeramente, para el andlisis en régimen permanente las corrientes de referencia en
* —

el plano (x — y) son fijadas a cero, (i, = 7y,

0), y la corriente de referencia en el

Tabla 3.4  Pardmetros Eléctricos y Mecanicos de la IM de Seis Fases (LSPyC).

Parametro Valor ‘ Parametro Valor
R, 0.63 Q) L 206.2 mH
R 0.62 Q P 3
L 6.4 mH P, 15 kW
Ly, 3.5mH Im 0.27 kg.m?
L, 66.6 mH B, 0.012 kg.m2/s
L, 2033 mH | wr—nom 1000 rpm
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Figura 3.11 Banco de pruebas experimental compuesto por dos 2L-VSI, unidad de control DSP,
IM de seis fases y carga mecanica (LSPyC).

eje d (¢);,) fue ajustada a 1.5 A. La frecuencia de muestreo utilizada para las pruebas fue
de 10 kHz para MPCC clasico y MPCC-FSF, y de 5 kHz para MPCC-VV y la técnica
propuesta T3. En ese sentido, se han considerado 5 puntos de operacidn para la velocidad
mecénica: 100 rpm, 200 rpm, 300 rpm, 400 rpm y 500 rpm.

La Tabla[3.5|muestra los resultados experimentales del MPCC cldsico obtenidos para
diferentes velocidades mecénicas a una frecuencia de muestreo de 10 kHz, respecto al
MSE de las corrientes del estétor en los planos (o« — 3) y (x —y) y THD en el plano («— 3).
Los resultados muestran un rendimiento aceptable para el MPCC clésico en términos de
seguimiento de corriente en el plano (o« — 3) y THD de la corriente del estéitor en todos
los puntos de operacién. Sin embargo, la reduccién de los componentes de corriente en el
plano (x — y) es insuficiente.

En la Tabla[3.6]se presenta el rendimiento del MPCC-FSF, el cual mejora notablemente
la reduccién de las corrientes en el plano (z — y). En términos de THD de la corriente
del estator presenta un comportamiento similar al MPCC cldsico a bajas velocidades con
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una tendencia de mejora a velocidades mds elevadas. Sin embargo, su desempefio se
ve afectado en términos de seguimiento de corriente en el plano (o — () a velocidades
medias.

Por otro lado, 1a Tabla muestra el resultado del MPCC-V'V el cual presenta un
rendimiento mucho mejor en términos seguimiento de corriente en el plano («—3) en todos
los puntos de operacién en comparacion con las otras técnicas, con un comportamiento
similar al MPCC-FSF en cuanto a la reduccidén de corriente en el plano (x — y), mientras
que el THD de la corriente del estator presenta un pequefio incremento con el aumento
de la velocidad. La Tabla 3.8 expone el rendimiento de la estrategia propuesta T3 en
términos de seguimiento de corriente y THD de la corriente del estdtor. Se puede notar que
T3 mejora considerablemente la reduccién de los componentes de corriente en el plano
(z — y) en todos los puntos de operacién en comparacién con las demds técnicas. T3
presenta un buen rendimiento en términos de seguimiento de corriente en el plano (o — 3)
en comparacién con el MPCC-clasico y el MPCC-FSF y muestra un comportamiento
similar al MPCC-VV en cuanto a THD.

Tabla 3.5 Corrientes del estitor en los planos (o — ) y (x — y), considerando MSE (A) y
THD (%) para el MPCC cldsico a diferentes velocidades de rotor (rpm).

MPCC clasico a fs=10kHz

wk, | MSE, MSE; | MSE, MSE, | THD,
100 3.25 2.65 14.14 13.04 18.68
200 3.23 2.63 12.85 14.38 19.13
300 3.32 2.89 15.05 14.45 15.56
400 3.33 2.95 14.26 14.22 18.09
500 3.57 3.39 15.12 15.68 17.49

Tabla 3.6 Corrientes del esttor en los planos (o« — ) y (x — y), considerando MSE (A) y
THD (%) para la estrategia MPCC-FSF a diferentes velocidades de rotor (rpm).

MPCC-FSF  a  f,=10kHz

wh, MSE, MSE; | MSE, MSE, | THD,
100 3.23 2.89 2.19 2.51 13.99
200 4.59 442 223 228 11.85
300 5.01 541 2.55 2.76 10.18
400 5.16 551 2.46 2.98 10.56
500 5.30 5.23 2.36 2.84 10.09
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La Figura [3.12] (a) y la Figura [3.12] (b) presentan el rendimiento de las corrientes
del estator en los planos (o« — 3) y (z — y) para el MPCC clasico y el MPCC-FSF. Las
operaciones fueron analizadas bajo condiciones de carga a 200 rpm de velocidad y 10 kHz
de frecuencia de muestreo. Se puede notar que el MPCC-FSF muestra una gran reduccién
de corriente en el plano (z — y) (lezy| < 7A) respecto al MPCC cldsico (|ez,| < 27A).
Pero, en cuanto a seguimiento de corriente en el plano (o« — 3) su comportamiento es
limitado para referencias de velocidad més elevadas. Es importante mencionar que,
primeramente, estas pruebas fueron realizadas a 5 kHz de muestreo presentando un buen
comportamiento a velocidades bajas, sin embargo, el rendimiento del sistema se vid
afectado con el incremento de la velocidad dificultando su andlisis. Esto muestra la
relacion que existe entre la frecuencia de muestreo y la velocidad del rotor.

Por otro lado, el rendimiento de las corrientes del estator en los planos (o — 3) y
(z — y) para el MPCC-VV Yy la estrategia T3 se muestran en la Figura () yla
Figura [3.13)(b), respectivamente. Para estas pruebas fueron consideradas una velocidad
de 200 rpm y 5 kHz de frecuencia de muestreo bajo las mismas condiciones de carga

mecénica que la prueba anterior. En términos de seguimiento de corriente en el plano

Tabla 3.7 Corrientes del estitor en los planos (a« — ) y (z — y), considerando MSE (A) y
THD (%) para la estrategia MPCC-VV a diferentes velocidades de rotor (rpm).

MPCC-VV a fs=5kHz

Wk, MSE,, MSE; | MSE, MSE, THD,,
100 1.28 1.10 2.68 2.90 9.42

200 1.37 1.25 2.69 291 10.86
300 1.51 1.32 2.65 2.95 12.43
400 1.66 1.51 2.66 2.87 14.02
500 1.88 1.75 2.58 2.93 17.07

Tabla 3.8 Corrientes del estitor en los planos (o — ) y (x — y), considerando MSE (A) y
THD (%) para la estrategia T3 a diferentes velocidades de rotor (rpm).

Estrategia T3 a fs=5kHz

Wk, MSE,, MSE; | MSE, MSE, | THD,
100 234 2.07 1.84 1.90 10.11
200 2.48 2.25 1.76 1.74 10.89
300 2.49 2.29 1.95 1.91 12.06
400 2.97 2.76 1.92 1.89 12.04
500 3.01 2.90 2.02 1.91 16.14
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Figura 3.12 Rendimiento de las corrientes del estator en los planos (o« — 3) y (z — y) para

una velocidad de rotor de 200 rpm a 10 kHz de frecuencia de muestreo: (a) MPCC clésico; (b)
MPCC-FSFE.

(a — B) el MPCC-VV presenta una ligera mejora respecto a T3. En cuanto a reduccion de
corriente en el plano (x — y), la estrategia T3 presenta el mejor rendimiento (|e,, | < 6A)
respecto al MPCC cléasico, MPCC-FSF y al MPCC-V'V.

Ademas, se han incluido las corrientes de fase (i, e ¢4) de las estrategias moduladas
para verificar el rendimiento de los mismos en términos de THD operando a 200 rpm. Las
estrategias MPCC-VV y T3 presentan un contenido de armonicos similar en sus corrientes
de fase, con un rizado menor en comparaciéon al MPCC-FSF, debido al uso de vectores
virtuales (Figura[3.14] (b) y Figura[3.14](c)). Sin embargo, el MPCC-FSF presenta un
contenido de arménicos ligeramente mayor, lo que se traduce en un aumento en el rizado
de la corriente fase, como se muestra en la Figura[m (a).

Finalmente, la Tabla 3.9 presenta el rendimiento de la estrategia T3 en comparacién
con el MPCC clasico, MPCC-FSF y el MPCC-VYV, donde los valores positivos (+) y
negativos (-) significan mejora y deterioro, respectivamente.

Para el régimen dindmico, se ha considerado una prueba de escalén en la velocidad del
rotor de 200 rpm a -200 rpm. La Figura [3.15]y la Figura [3.16] presentan pruebas transito-
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Figura 3.13 Rendimiento de las corrientes del estator en los planos (o« — 3) y (z — y) para una
velocidad de rotor de 200 rpm a 5 kHz de frecuencia de muestreo: (a) MPCC-VV; (b) T3.
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Figura3.14 Corrientes de fase en régimen permanente de las técnicas con modulacién a 200 rpm;
(a) MPCC-FSF; (b) MPCC-VYV; (c) Estrategia T3.

rias basada en el seguimiento de corriente en el eje g, los cuales revelan el comportamiento
dindmico del MPCC clasico (Figura @ (a)), MPCC-FSF (Figura @ (b)), MPCC-VV
(Figura @ (a)) y de la estrategia propuesta (Figura @l (b)) para un cambio en la
corriente g (iy,). El rendimiento dindmico es obtenido mediante una condicion de reversa

de la velocidad del rotor (w;,). El sobrepico y tiempo de establecimiento de todas las
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técnicas son muy similares, en cuanto a la estrategia propuesta es aproximadamente 12.5%
y 0.5 ms, respectivamente.

La Figura[3.17] presenta el rendimiento de las corrientes del estitor por medio de una
representacion polar en los planos (o — 3) y (z — y) para el MPCC clasico, MPCC-FSF
y la estrategia propuesta durante el proceso de arranque a 500 rpm. Las pruebas fueron
analizadas bajo condiciones de carga. Las figuras muestran que los componentes de
corriente en el plano (z — y) son mas reducidos para la estrategia propuesta T3 respecto al
MPCC clasico y MPCC-FSF. En cambio el MPCC-VV presenta un mejor desempefio en
términos de seguimiento de corriente en el plano (o« — 3), como se ha visto en las pruebas
anteriores.

Por otro lado, se ha considerado un andlisis de robustez para todas las técnicas. El
estudio de robustez consiste en la comparacion del rendimiento del controlador al valor
nominal de L,, y con una variacién del 25% de su valor nominal, ya que L,, es el
pardmetro mds sensible en las IMs [57,58]]. Este estudio se realiza considerando el efecto
de la saturacion magnética de la IM de seis fases, donde el valor de L,,, normalmente varia

Tabla 3.9  Anilisis de mejora (%) de la Estrategia T3 sobre las técnicas MPCC clésico, MPCC-
FSF y MPCC-VYV a diferentes velocidades de rotor (rpm).

Estrategia T3 sobre MPCC clasico

wr, MSE,z MSE,, THD,,
100 +25.25 +86.23 +45.88
200 +19.28 +87.15 +43.07
300 +23.03 +86.92 +22.49
400 +8.76 +86.62 +33.44
500 +15.09 +87.24 +7.72
Estrategia T3 sobre MPCC-FSF
100 +27.94 +20.43 +27.73
200 +47.50 +22.40 +8.10
300 +54.13 +27.31 -18.47
400 +46.30 +29.96 -14.02
500 +43.87 +24.42 -59.96
Estrategia T3 sobre MPCC-VV
100 -85.29 +32.98 -7.32
200 -80.53 +37.50 -0.27
300 -68.90 +31.07 +2.98
400 -80.76 +31.10 +14.12
500 -62.81 +28.68 +5.45
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Figura 3.15 Respuesta transitoria de la corriente del estdtor en el eje g para un cambio de

velocidad de 200 rpm a —200 rpm a una frecuencia de muestreo de 10 kHz: (a) MPCC clésico; (b)
MPCC-FSF.
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Figura 3.16 Respuesta transitoria de la corriente del estitor en el eje ¢ para un cambio de
velocidad de 200 rpm a —200 rpm a una frecuencia de muestreo de 5 kHz: (a) MPCC-VV; (b)
Estrategia propuesta.

en aproximadamente esa proporcién. La Tabla[3.10| muestra el desempefio del control con
un cambio de L,,, del 25% del valor nominal para analizar la sensibilidad del pardmetro de
robustez del control. Los resultados revelan que las cuatro técnicas presentan una robustez
considerable ya que las figuras de mérito no varian mucho en comparacién con el valor
nominal de L,,,. En particular, la estrategia propuesta T3 presenta resultados ligeramente
mejores en términos de reduccion de corriente en el plano (x — y) y THD, pero en general
todos los valores permanecen en un rango similar.

Finalmente, para realizar una operacién de alta velocidad para la estrategia propuesta,
la tensién V. es aumentada a 575 V para operar con el flujo magnético nominal. El
resultado de esta prueba se muestran en la Figura 3.18] EIl rendimiento del sistema
disminuye pero mantiene su funcionamiento, el rizado en la corriente del estdtor en el
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Figura 3.17 Corrientes del estétor en los planos (o« — ) y (x — y) para una velocidad de arranque
de 500 rpm: (a) MPCC-FSF; (b) MPCC-VV; (c¢) T3.
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Figura 3.18 Rendimiento de la estrategia propuesta operando a condicién de velocidad nominal:
(a) Corriente del estator en el plano (« — f3); (b) Corriente del estitor en el plano (z — y); (c)
Velocidad mecanica (wy, ).

plano (« — f3) también aumenta a medida que aumenta la velocidad del rotor. Sin embargo,
los componentes de corriente en el plano (z — y) se mantienen reducidos en condicién de
velocidad nominal.

Tabla 3.10  Andlisis de las corrientes del estator bajo variacién de L,,.

fs =10 kHz!, fs =5kHz? y wr, =400 rpm
Techniques | MSE, MSE;s [ MSE, MSE, | THD,
MPCC clasico! | 3.12 293 | 13.92 1491 | 2083
MPCC-FSF! 446 270 | 256 259 | 12.82
MPCC-VV?2 212 173 | 283  3.08 | 14.48
Estrategia T32 | 3.13 252 | 179 173 | 10.27
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3.5 Conclusiones

Tanto en el Articulo 1 como en el Articulo 2 se han expuestos y discutidos técnicas de
control predictivo basado en el modelo para accionamientos de seis fases de diferentes
potencias (2 kW y 15 kw, respectivamente) enfocados en estrategias de modulacién para la
regulacion de la corriente. En el Articulo 1 se propuso una técnica de modulacion basada
en un cierto patrén de conmutacién con el fin de reducir los componentes de corriente
en el plano (z — y) utilizando solamente los vectores exteriores del plano (o« — (), y
esto a su vez ha permitido reducir el costo computacional en comparacién con el MPCC
clasico. El desempefio de esta estrategia ha sido examinado por medio de simulaciones y
pruebas experimentales bajo diferentes condiciones de régimen permanente y transitorio,
tales como distintos puntos de operacion para la velocidad mecénica del rotor, frecuencia
de muestreo y factores de peso para las corrientes del estator en el plano (z — y). En
términos de seguimiento de corriente en el plano (« — ), la técnica T3 presenta un mejor
rendimiento a bajas velocidades y notable reducciéon de corriente en el plano (z — y)
cuando se varia el factor de peso respecto al MPCC clésico. Los resultados obtenidos
también han demostrado un buen rendimiento en términos de evolucién de corriente en
régimen transitorio principalmente si se tiene en cuenta las caracteristicas en el dominio
del tiempo tales como sobrepico y tiempo de establecimiento.

Por otro lado, en el Articulo 2 se ha propuesto una técnica de modulacién basada en
vectores virtuales utilizando las caracteristicas de la técnica propuesta en el Articulo 1.
Esta estrategia ha sido desarrollada para mejorar el seguimiento de corriente en el plano
(a — B) y producir reducidas componentes de corriente en el plano (x — y) utilizando
vectores de tension largos, mediano-largos y nulo. En ese sentido, se han realizado
pruebas experimentales con el propdsito de mostrar la eficacia de la técnica propuesta
en comparacion con las otras estrategias, tales como el MPCC clasico, MPCC-FSF y el
MPCC-VV bajo distintas condiciones de operacién tanto en régimen transitorio como en
régimen permanente. Las figuras de mérito del MPCC-VV y MPCC-FSF muestran que
estas estrategias son una buena alternativa en términos de reduccién de corriente en el
plano (z — y) en comparacién con el MPCC clésico, ya que ambas presentan una notable
reduccién de corriente en dicho plano. Sin embargo, el MPCC-V'V presenta un mejor
rendimiento en términos de seguimiento de corriente en el plano (o — 3) que el MPCC-FSF.
Por otro lado, la técnica propuesta ha demostrado ser la mejor alternativa en términos de
reduccién de corriente en el plano (x — y), sin embargo, en términos de seguimiento de
corriente en el plano (o — /3), el MPCC-VV presenta resultados ligeramente mejores que
la estrategia propuesta seguido de las otras estrategias. En régimen transitorio, el resultado
obtenido de los cuatro controladores han mostrado un buen comportamiento dindmico.
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Ademads, se ha realizado una prueba de robustez donde los controladores presentaron un

buen rendimiento ante la variacion de L,,.



CAPITULO 4

CONCLUSIONES Y TRABAJOS FUTUROS

4.1 Conclusiones

La presente Tesis Doctoral ha abordado el estudio de esquemas de control predictivo
basado en el modelo aplicado a maquinas de induccién de seis fases utilizando estrategias
de modulacién para la regulacién de las corrientes en el plano (o« — 8) y (z — y). Las
principales contribuciones y conclusiones se resumen a continuacion:

» Se analiz6 la técnica de modulacién basada en un cierto patrén de conmutacion
(MPCC-FSF) aplicado al control predictivo de corriente proporcionando una fre-
cuencia de conmutacion fija. En ese sentido, se han obtenido varios resultados de
eficiencia de la técnica de modulacién propuesta para el control corriente. Dichos
resultados fueron comparados y analizados bajo las figuras de mérito tales como
el MSE y la THD. Los resultados tedricos y experimentales son congruentes de-
mostrando ser una propuesta viable en comparacién al MPCC clésico en términos de

seguimiento y reduccién de corriente en los planos (o — 5) y (z — y), respectivamente.
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» Se estudié la modulacién basada vectores virtuales (MPCC-VV) aplicado al control
predictivo de corriente con el propdsito de minimizar los componentes de corriente
de estétor en el plano (x — y). Los resultados fueron comparados con el control
predictivo de corriente convencional. En este contexto, la implementacién de vectores
virtuales, ademds de reducir el costo computacional, demuestra una notable reduccién

de la corriente de estator en el plano (x — y).

» Se propuso una técnica de control basada en la combinacién de las estrategias
MPCC-FSF y MPCC-VV para la regulacion de corriente en los planos (o — 3) y
(z — y). Se verificé el comportamiento de la técnica propuesta en comparacién con
las demads técnicas por medio de pruebas experimentales bajo diferentes condiciones
de operacion. El mismo resultd ser la mejor alternativa en términos de reduccién de

corriente en el plano (z — y).

Los resultados obtenidos han dado como resultado la publicacién de varios articulos
en revistas y conferencias internacionales. La Tabla[4.1] contiene las actividades y
contribuciones realizadas durante el desarrollo de la presente Tesis.

Tabla 4.1 Resumen de los principales aportes de la Tesis Doctoral.

Produccién/Actividad Numero

Articulos de revista internacional Q1 como autor principal 2
Articulos de revista internacional Q1 como coautor
Articulos de conferencia internacional como autor principal
Articulos de conferencia internacional como coautor

Participacion en proyectos de investigacion y desarrollo

O = NN A

Revision de articulos cientificos

4.2 Trabajos Futuros

El

uso de nuevas técnicas de modulacién aplicado a los accionamientos multifasicos

para el control predictivo de corriente es un tema de investigacién que ha sido abordado

recientemente y todavia no ha llegado a su etapa de madurez. Por tal motivo existen

varios topicos que pueden profundizarse dentro de esta linea, entre los que se citan los

mas relevantes:
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Extender el estudio a otras maquinas multifdsicas, con distintos nimeros de fases, y

distinto tipo de devanado.

Validar experimentalmente las estrategias de modulacién propuestas en aplicaciones

industriales.

Extender el estudio y andlisis de accionamientos eléctricos multifasicos en situacién
de post-falta para maquinas de imanes permanentes y maquinas de induccion.

Extender las estrategias de modulacién presentadas al control de velocidad sin sen-
sores en los accionamientos eléctricos multifasicos.






REFERENCIAS

[1] E.Levi, “Multiphase electric machines for variable-speed applications,” IEEE Transactions on
Industrial Electronics, vol. 55, no. 5, pp. 1893-1909, 2008.

[2] R. Bojoi, S. Rubino, A. Tenconi, and S. Vaschetto, “Multiphase electrical machines and drives:
A viable solution for energy generation and transportation electrification,” in Proc. EPE, 2016,
pp. 632-639.

[3] H. A. Toliyat, T. A. Lipo, and J. C. White, “Analysis of a concentrated winding induction
machine for adjustable speed drive applications. I. Motor analysis,” IEEE Transactions on
Energy conversion, vol. 6, no. 4, pp. 679-683, 1991.

[4] F. Barrero and M. J. Duran, “Recent advances in the design, modeling, and control of mul-
tiphase machines—Part 1,” IEEE Transactions on Industrial Electronics, vol. 63, no. 1, pp.
449458, 2016.

[5S] M. Slunjski, O. Dordevic, M. Jones, and E. Levi, “Symmetrical/asymmetrical winding recon-
figuration in multiphase machines,” IEEE Access, vol. 8, pp. 12 835-12 844, 2020.

[6] L. A. Pereira, C. C. Scharlau, L. F. A. Pereira, and J. F. Haffner, “General model of a five-phase
induction machine allowing for harmonics in the air gap field,” IEEE Transactions on Energy
Conversion, vol. 21, no. 4, pp. 891-899, 2006.

Tesis Doctoral. 59
Por Osvaldo Gonzalez Barrios.



60

(7]

(8]

(9]

[10]

(11]

(12]

[13]

[14]

[15]

(16]

(17]

(18]

[19]

REFERENCIAS

M. J. Duran and F. Barrero, “Recent advances in the design, modeling, and control of mul-
tiphase machines—~Part II,” IEEE Transactions on Industrial Electronics, vol. 63, no. 1, pp.
459-468, 2016.

E. Levi, R. Bojoi, F. Profumo, H. Toliyat, and S. Williamson, “Multiphase induction motor
drives—a technology status review,” IET Electric Power Applications, vol. 1, no. 4, pp. 489-516,
2007.

L. Comparatore, R. Gregor, J. Rodas, J. Pacher, A. Renault, and M. Rivera, “Model based
predictive current control for a three-phase cascade H-bridge multilevel STATCOM operating
at fixed switching frequency,” in Proc. PEDG, 2017, pp. 1-6.

F. Gavilan, D. Caballero, S. Toledo, E. Maqueda, R. Gregor, J. Rodas, M. Rivera, and I. Araujo-
Vargas, “Predictive power control strategy for a grid-connected 2L-VSI with fixed switching
frequency,” in Proc. ROPEC, 2016, pp. 1-6.

F. Wang, Z. Zhang, X. Mei, J. Rodriguez, and R. Kennel, “Advanced control strategies of
induction machine: Field oriented control, direct torque control and model predictive control,”
Energies, vol. 11, no. 1, p. 120, 2018.

M. Jones, S. N. Vukosavic, D. Dujic, and E. Levi, “A synchronous current control scheme for
multiphase induction motor drives,” IEEE Transactions on Energy Conversion, vol. 24, no. 4,
pp- 860-868, 2009.

F. Barrero, M. R. Arahal, R. Gregor, S. Toral, and M. J. Durdn, “A proof of concept study of
predictive current control for VSI-driven asymmetrical dual three-phase AC machines,” I[EEE
Transactions on Industrial Electronics, vol. 56, no. 6, pp. 1937-1954, 2009.

S. Kouro, M. A. Perez, J. Rodriguez, A. M. Llor, and H. A. Young, “Model predictive control:
MPC’s role in the evolution of power electronics,” IEEE Industrial Electronics Magazine,
vol. 9, no. 4, pp. 8-21, 2015.

0. Gonzalez, M. Ayala, J. Rodas, R. Gregor, G. Rivas, and J. Doval-Gandoy, ““Variable-speed
control of a six-phase induction machine using predictive-fixed switching frequency current
control techniques,” in Proc. PEDG, 2018, pp. 1-6.

I. Gonzalez-Prieto, M. J. Duran, J. J. Aciego, C. Martin, and F. Barrero, “Model predictive
control of six-phase induction motor drives using virtual voltage vectors,” IEEE Transactions
on Industrial Electronics, vol. 65, no. 1, pp. 27-37, 2017.

M. Ayala, J. Rodas, R. Gregor, J. Doval-Gandoy, O. Gonzalez, M. Saad, and M. Rivera, “Com-
parative study of predictive control strategies at fixed switching frequency for an asymmetrical

six-phase induction motor drive,” in Proc. IEMDC, 2017, pp. 1-8.
0. Gonzalez, M. Ayala, J. Doval-Gandoy, J. Rodas, R. Gregor, and M. Rivera, “Predictive-fixed

switching current control strategy applied to six-phase induction machine,” Energies, vol. 12,
no. 12, p. 2294, 2019.

M. J. Duran, E. Levi, and F. Barrero, “Multiphase electric drives: Introduction,” Wiley Ency-
clopedia of Electrical and Electronics Engineering, pp. 1-26, 2017.



[20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

REFERENCIAS 61

Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase induction machine
using vector space decomposition,” IEEE Transactions on Industry Applications, vol. 31, no. 5,
pp.- 1100-1109, 1995.

R. Bojoi, F. Farina, F. Profumo, and A. Tenconi, ‘“Dual-three phase induction machine drives
control—A survey,” IEEE Transactions on Industry Applications, vol. 126, no. 4, pp. 420-429,
2006.

E. Levi, “Power electronics and motor drives,” The Industrial Electronics Handbook, 2016.

Y. Hu, Z. Zhu, and M. Odavic, “Comparison of two-individual current control and vector
space decomposition control for dual three-phase PMSM,” IEEE Transactions on Industry
Applications, vol. 53, no. 5, pp. 4483-4492, 2017.

E. Levi, R. Bojoi, F. Profumo, H. Toliyat, and S. Williamson, “Multiphase induction motor
drives—a technology status review,” IET Electric Power Applications, vol. 1, no. 4, pp. 489-516,
2007.

E. Levi, “Advances in converter control and innovative exploitation of additional degrees of
freedom for multiphase machines,” IEEE Transactions on Industrial Electronics, vol. 63, no. 1,
pp. 433-448, 2015.

Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase induction machine
using vector space decomposition,” IEEE Transactions on Industry Applications, vol. 31, no. 5,
pp. 1100-1109, 1995.

F. Betin, G.-A. Capolino, D. Casadei, B. Kawkabani, R. I. Bojoi, L. Harnefors, E. Levi, L. Parsa,
and B. Fahimi, “Trends in electrical machines control: Samples for classical, sensorless, and
fault-tolerant techniques,” IEEE Industrial Electronics Magazine, vol. 8, no. 2, pp. 43-55,
2014.

R. Kennel, J. Rodriguez, J. Espinoza, and M. Trincado, “High performance speed control
methods for electrical machines: An assessment,” in Proc. ICIT, 2010, pp. 1793-1799.

L. Harnefors, S. E. Saarakkala, and M. Hinkkanen, “Speed control of electrical drives using
classical control methods,” IEEE Transactions on Industry Applications, vol. 49, no. 2, pp.
889-898, 2013.

E. Levi, “Advances in converter control and innovative exploitation of additional degrees of
freedom for multiphase machines,” IEEE Transactions on Industrial Electronics, vol. 63, no. 1,
pp. 433-448, 2016.

C. Liu and Y. Luo, “Overview of advanced control strategies for electric machines,” Chinese
Journal of Electrical Engineering, vol. 3, no. 2, pp. 53-61, 2017.

R. Bojoi, F. Farina, G. Griva, F. Profumo, and A. Tenconi, “Direct torque control for dual
three-phase induction motor drives,” IEEE Transactions on Industry Applications, vol. 41,
no. 6, pp. 1627-1636, 2005.



62

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

REFERENCIAS

H. S. Che, M. J. Duran, E. Levi, M. Jones, W.-P. Hew, and N. A. Rahim, “Postfault operation
of an asymmetrical six-phase induction machine with single and two isolated neutral points,”
IEEE Transactions on Power Electronics, vol. 29, no. 10, pp. 5406-5416, 2013.

I. Gonzalez-Prieto, M. J. Duran, F. Barrero, M. Bermudez, and H. Guzman, “Impact of
postfault flux adaptation on six-phase induction motor drives with parallel converters,” IEEE

Transactions on Power Electronics, vol. 32, no. 1, pp. 515-528, 2016.

M. J. Duran, I. Gonzalez-Prieto, N. Rios-Garcia, and F. Barrero, “A simple, fast, and robust
open-phase fault detection technique for six-phase induction motor drives,” IEEE Transactions
on Power Electronics, vol. 33, no. 1, pp. 547-557, 2017.

G. K. Singh, K. Nam, and S. Lim, “A simple indirect field-oriented control scheme for
multiphase induction machine,” IEEE Transactions on Industrial Electronics, vol. 52, no. 4,
pp. 1177-1184, 2005.

R. O. Lyra and T. A. Lipo, “Torque density improvement in a six-phase induction motor with
third harmonic current injection,” IEEE Transactions on Industry Applications, vol. 38, no. 5,
pp. 1351-1360, 2002.

T. Geyer, Model predictive control of high power converters and industrial drives. John
Wiley & Sons, 2016.

S. Vazquez, J. Rodriguez, M. Rivera, L. G. Franquelo, and M. Norambuena, “Model predictive
control for power converters and drives: Advances and trends,” IEEE Transactions on Industrial
Electronics, vol. 64, no. 2, pp. 935-947, 2016.

J. Rodriguez, M. P. Kazmierkowski, J. R. Espinoza, P. Zanchetta, H. Abu-Rub, H. A. Young,
and C. A. Rojas, “State of the art of finite control set model predictive control in power
electronics,” IEEE Transactions on Industrial Informatics, vol. 9, no. 2, pp. 1003-1016, 2013.

C. S. Lim, E. Levi, M. Jones, N. A. Rahim, and W. P. Hew, “FCS-MPC-based current control
of a five-phase induction motor and its comparison with PI-PWM control,” IEEE Transactions
on Industrial Electronics, vol. 61, no. 1, pp. 149-163, 2014.

P. F. Gongalves, S. M. Cruz, and A. M. Mendes, “Comparison of model predictive control
strategies for six-phase permanent magnet synchronous machines,” in Proc. IECON, 2018, pp.
5801-5806.

J. Rodas, F. Barrero, M. R. Arahal, C. Martin, and R. Gregor, “Online estimation of rotor
variables in predictive current controllers: a case study using five-phase induction machines,”
IEEE Transactions on Industrial Electronics, vol. 63, no. 9, pp. 5348-5356, 2016.

J. Rodas, C. Martin, M. R. Arahal, F. Barrero, and R. Gregor, “Influence of covariance-based
ALS methods in the performance of predictive controllers with rotor current estimation,” IEEE
Transactions on Industrial Electronics, vol. 64, no. 4, pp. 2602-2607, 2017.

M. Arahal, F. Barrero, S. Toral, M. Duran, and R. Gregor, “Multi-phase current control
using finite-state model-predictive control,” Control Engineering Practice, vol. 17, no. 5, pp.
579-587, 2009.



[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

REFERENCIAS 63

J. Rodriguez and P. Cortes, Predictive control of power converters and electrical drives. John
Wiley & Sons, 2012, vol. 40.

M. Novak, T. Dragicevic, and F. Blaabjerg, “Weighting factor design based on Artificial Neural
Network for Finite Set MPC operated 3L-NPC converter,” in Proc. APEC, 2019, pp. 77-82.

B. Majmunovi¢, T. Dragicevié, and F. Blaabjerg, “Multi objective modulated model predictive
control of stand-alone voltage source converters,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 8, no. 3, pp. 2559-2571, 2019.

P. Cortés, S. Kouro, B. La Rocca, R. Vargas, J. Rodriguez, J. I. Leén, S. Vazquez, and L. G.
Franquelo, “Guidelines for weighting factors design in model predictive control of power
converters and drives,” in Proc. ICIT, 2009, pp. 1-7.

M. R. Arahal, F. Barrero, M. J. Duran, M. G. Ortega, and C. Martin, ‘“Trade-offs analysis in
predictive current control of multi-phase induction machines,” Control Engineering Practice,
vol. 81, pp. 105-113, 2018.

R. Gregor, F. Barrero, S. Toral, M. Duran, M. Arahal, J. Prieto, and J. Mora, “Predictive-space
vector PWM current control method for asymmetrical dual three-phase induction motor drives,”
IET Electric Power Applications, vol. 4, no. 1, pp. 26-34, 2010.

L. Gao, J. E. Fletcher, and L. Zheng, “Low-speed control improvements for a two-level five-
phase inverter-fed induction machine using classic direct torque control,” IEEE Transactions
on Industrial Electronics, vol. 58, no. 7, pp. 2744-2754, 2010.

J. J. Aciego, 1. G. Prieto, and M. J. Duran, “Model predictive control of six-phase induction
motor drives using two virtual voltage vectors,” IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 7, no. 1, pp. 321-330, 2018.

A. G. Yepes, J. A. Riveros, J. Doval-Gandoy, F. Barrero, O. Lépez, B. Bogado, M. Jones,
and E. Levi, “Parameter identification of multiphase induction machines with distributed
windings—Part 1: Sinusoidal excitation methods,” IEEE Transactions on Energy Conversion,
vol. 27, no. 4, pp. 1056-1066, 2012.

J. A. Riveros, A. G. Yepes, F. Barrero, J. Doval-Gandoy, B. Bogado, O. Lopez, M. Jones,
and E. Levi, “Parameter identification of multiphase induction machines with distributed
windings—Part 2: Time-domain techniques,” IEEE Transactions on Energy Conversion,
vol. 27, no. 4, pp. 1067-1077, 2012.

G. L. Rivas-Martinez, J. Rodas, and J. D. Gandoy, “Statistical Tools to Evaluate the Perfor-
mance of Current Control Strategies of Power Converters and Drives,” IEEE Transactions on

Instrumentation and Measurement, vol. 70, pp. 1-11, 2021.

B. Bogado, F. Barrero, M. R. Arahal, S. Toral, and E. Levi, “Sensitivity to electrical parameter
variations of predictive current control in multiphase drives,” in Proc. IECON, 2013, pp.
5215-5220.

L. Delorme, M. Ayala, J. Rodas, R. Gregor, O. Gonzalez, and J. Doval-Gandoy, “Comparison
of the effects on stator currents between continuous model and discrete model of the three-



64 REFERENCIAS

phase induction motor in the presence of electrical parameter variations,” in Proc. ICIT, 2020,
pp. 151-156.



PARTE Il

PUBLICACIONES

4.3 Resumen del Trabajo de Investigacion

En este apéndice se realiza una recopilacion de los articulos publicados en el marco de

este trabajo de investigacion, en el siguiente orden:

1. Osvaldo Gonzalez, Magno Ayala, Jestis Doval-Gandoy, Jorge Rodas, Rail Gregor,
Marcos Rivera, Predictive-Fixed Switching Current Control Strategy Applied to Six-
Phase Induction Machine, Energies, vol. 12, no 12, p. 2294. DOI: 10.3390/en12122294,
2019.

2. Osvaldo Gonzalez, Magno Ayala, Carlos Romero, Larizza Delorme, Jorge Rodas,
Raul Gregor, Ignacio Gonzalez-Prieto, Mario Javier Duran, Model Predictive Current



66

Control of Six-phase Induction Motor Drives using Virtual Vectors and Space Vector
Modulation, IEEE Transactions on Power Electronics, 2021. (Bajo revision).

. Osvaldo Gonzalez, Magno Ayala, Carlos Romero, Jorge Rodas, Rail Gregor,

Larizza Delorme, Ignacio Gonzalez-Prieto, Mario Javier Duran, Marco Rivera, Com-
parative Assessment of Model Predictive Current Control Strategies applied to Six-
Phase Induction Machines, Proc. ICIT, Buenos Aires, Argentina, pp. 1037-1043.
DOI: 10.1109/I1CIT45562.2020.9067279, 2020

. Osvaldo Gonzalez, Magno Ayala, Jesus Doval-Gandoy, Raul Gregor, Gustavo Rivas,

Variable-Speed Control of a Six-Phase Induction Machine using Predictive-Fixed
Switching Frequency Current Control Techniques, Proc. PEDG, Charlotte, US, pp.
1-6, DOIL: 10.1109/PEDG.2018.8447837, 2018.

4.4 Otras Contribuciones

Cabe mencionar que, ademds de las publicaciones de revistas presentadas como con-

tribuciones en el Capitulo 3, otros trabajos publicados en revistas indexadas derivados

del trabajo de investigacion realizado durante el periodo de la Tesis Doctoral, se listan a

continuacion:

1. Magno Ayala, Jesis Doval-Gandoy, Jorge Rodas, Osvaldo Gonzalez, Rail Gregor,

Current control designed with model based predictive control for six-phase motor
drives, ISA Transactions. DOI: 10.1016/j.isatra.2019.08.052, 2019.

Magno Ayala, Jesus Doval-Gandoy, Jorge Rodas, Osvaldo Gonzalez, Rail Gre-
gor, Marco Rivera, A Novel Modulated Model Predictive Control Applied to Six-
Phase Induction Motor Drives, IEEE Transactions on Industrial Electronics. DOI:
10.1109/TIE.2020.2984425, 2020.

. Magno Ayala, Jesis Doval-Gandoy, Osvaldo Gonzalez, Jorge Rodas, Rail Gregor,

Marcos Rivera, Experimental Stability Study of Modulated Model Predictive Current
Controllers Applied to Six-Phase Induction Motor Drives, IEEE Transactions on
Power Electronics, 2021. (Aceptado para publicacion).

. Carlos Romero, Larizza Delorme, Osvaldo Gonzalez, Magno Ayala, Jorge Rodas,

Rail Gregor, Algorithm for implementation of Virtual Voltage Vectors in Model
Predictive Current Control of Six-Phase Induction Machines, Energies, 2021. (Bajo
revision).



OTRAS CONTRIBUCIONES 67

5. Larizza Delorme, Magno Ayala, Jorge Rodas, Raiil Gregor, Osvaldo Gonzalez, Jests
Doval-Gandoy, Comparison of the Effects on Stator Currents Between Continuous
Model and Discrete Model of the Three-phase Induction Motor in the Presence
of Electrical Parameter Variations, Proc. ICIT, Buenos Aires, Argentina, DOI:
10.1109/ICIT45562.2020.9067265, 2020.



68

energies

Article
Predictive-Fixed Switching Current Control Strategy
Applied to Six-Phase Induction Machine

Osvaldo Gonzalez *(, Magno Ayala (9, Jesus Doval-Gandoy 2{, Jorge Rodas 1,
Raul Gregor ! and Marco Rivera 3

1 Laboratory of Power and Control Systems (LSPyC), Facultad de Ingenieria,

Universidad Nacional de Asuncién, Luque 2060, Paraguay; mayala@ing.una.py (M.A.);
jrodas@ing.una.py (J.R.); rgregor@ing.una.py (R.G.)

Applied Power Electronics Technology Research Group (APET), Universidad de Vigo, 363310 Vigo, Spain;
jdoval@uvigo.es

Laboratory of Energy Conversion and Power Electronics, Universidad de Talca, 3340000 Curicé, Chile;
marcoriv@utalca.cl

Correspondence: ogonzalez@ing.una.py; Tel.: +59-598-370-1765

check for
Received: 27 April 2019; Accepted: 30 May 2019; Published: 15 June 2019 updates

Abstract: In applications such as multiphase motor drives, classical predictive control strategies are
characterized by a variable switching frequency which adds high harmonic content and ripple in
the stator currents. This paper proposes a model predictive current control adding a modulation
stage based on a switching pattern with the aim of generating a fixed switching frequency. Hence,
the proposed controller takes into account the prediction of the two adjacent active vectors and null
vector in the (¢-B) frame defined by space vector modulation in order to reduce the (x-y) currents
according to a defined cost function at each sampling period. Both simulation and experimental tests
for a six-phase induction motor drive are provided and compared to the classical predictive control
to validate the feasibility of the proposed control strategy.

Keywords: multiphase induction machine; model predictive control; fixed switching frequency

1. Introduction

In recent years, multiphase induction machines (IMs) have been considered to be such a viable
alternative in comparison to three-phase machines due to their fault tolerance capabilities with no
extra hardware, lower torque ripple and better power splitter per phase which result very attractive
to the research community for various industrial applications where a high-performance control
strategy, as well as, reliability are required [1]. Presently, some applications of multiphase IMs that are
being investigated include wind energy generation system [2], hybrid electric vehicles (EV) [3] and
ship propulsion. In the applications mentioned above, multiphase IMs can be used under different
conditions, such as healthy and post-fault operations [4,5]. From the point of view of control, the most
common control strategy to regulate multiphase IMs is the field-oriented control (FOC), which is
constituted by an inner current control loop, to obtain the references voltages, and an outer speed
control loop for speed regulation [6]. However, several new control approaches have been carried
out for the inner current control loop in multiphase IMs, some of them are: sliding mode control [7],
resonant control [8] and model predictive control (MPC) [9]. Although there are other controllers such
as the well-known proportional-integral (PI) controllers [10], the preferred choice is the MPC due to the
fact that it shows a good transient behavior and facilitates the inclusion of nonlinearities in the system
as described in [11,12], and in [13] where a comparative study between MPC and PI-PWM control
has been addressed. In this context, the MPC strategy produces the reference voltage through the

Energies 2019, 12, 2294; doi:10.3390/en12122294 www.mdpi.com/journal/energies
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instantaneous discrete states of the power converter according to the minimization of a predefined cost
function. However, the classic MPC strategy presents some limitations regarding to the application of
only one vector in the whole sampling period. This results in current ripples as well as large voltages
at low sampling frequency. Besides, the variable switching frequency develops a spread spectrum,
decreasing the performance of the system in terms of useful power [14].

To overcome this subject, a predictive-fixed switching current control strategy, named (PFSCCS)
from now on, applied to a two-level six-phase voltage source inverter (VSI) is presented in this paper.
The strategy is based on a modulation concept employed with the MPC scheme, which has been
studied for different power converters such as the mentioned two-level six-phase VSI described
in [15,16] and also other topologies presented in [17,18]. In the proposed current strategy, three vectors
have been considered at every sampling period, composed by two active vectors (taking only into
account the largest vectors) and null vector, where their corresponding duty cycles are achieved
according to the switching states and a switching pattern has also been used before being applied
to VSI in order to generate a fixed switching frequency. Whereas, for the speed control loop, a PI
controller has been developed by a technique shown in [19].

The main focus of this work is the implementation of the PESCCS so as to reduce the (x-y) currents
compared to the classic MPC strategy using a six-phase IM supplied through a two-level six-phase
VSI. In that context, both simulation and experimental validations have been included to demonstrate
the capability of the proposed technique. In addition, the effectiveness of the PFESCCS is tested under
steady-state and transient requirements, respectively, incorporating the mean square error (MSE) and
the total harmonic distortion (THD) analysis.

The paper is organized as follows: the model of the six-phase IM and VSI are presented in
Section 2. In Section 3 are described the speed controller, classic MPC and the proposed current
controller based on modulated model predictive control. Section 4 shows the performance of the
proposed control through simulation and experimental results in steady-state and transient conditions.
Finally, Section 5 summarizes the conclusion.

2. Six-Phase IM Drive Model

The six-phase IM, supplied by a two-level six-phase VSI with a DC-Link voltage source (V;), is
taken into account in this work. The simplified topology is presented in Figure 1. The six-phase IM is a
dependant of time system, for this reason it is possible to represent it through a group of equations in
order to define a model of the real system.

VSI B

‘/'dC::

Figure 1. Six-phase IM topology supplied trough a two-level six-phase VSI.

In that sense, vector space decomposition (VSD) strategy [20] has been used to translate the actual
six dimensional plane, formed through the six phases of the six-phase IM, into three two dimensional
rectangular sub-spaces in the stationary reference frame, named as (x-B), (x-y) and (z1-z;) frame,
by applying the amplitude invariant decoupling Clarke conversion matrix T [21]. The (a-B) frame
contains the variables that provide the torque and flux regulation, unlike the (x-y) frame which is
linked with the energy losses. The zero elements mapped in the (z;-z2) frame are not examined due to
the adopted topology (isolated neutral points).
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Moreover, the model of the VSI must be included in the system. Thus, due to the discrete nature
of the VS, it is necessary to define an amount of 2° different switching states which represent every
state of each VSI leg specified as S, = (Sq, ..., S f), where S, is considered as binary number, i.e., S;; =0
or S;; =1. Therefore, the stator phase voltages can be projected into (a-f)-(x-y) frame by considering
the vector S;; and the V. voltage employing the VSD strategy. In Figure 2, the 64 control alternatives
(48 active and one null vectors) are depicted in the (x-B)-(x-y) frame.

By considering the mentioned analysis, the six-phase IM can be performed by employing the
state-space representation as follows:

—Rsro r4Lywy 0 0 4R, 74(L1r + Lm)wr
rqLmwy —Rsro 0 0 r4(Lyy + Lin)wy r4 Ry
0 0 —Rsr 0 0 0
I(4) = s'3 t
(1) 0 0 0  —Rers 0 0 *(H+
Rsry —r5Lywy 0 0 —r5R; —cs5(Lyy + Lm)
—rsLywy Rsry 0 0 _rS(LIr + Lm) —r5 Ry
M (t)
) 0 0 0
0 n 0 0
0 0 r3 O
t) + Ky o(t 2
N PR 0 ®
—T4 0 0

Ma(t)

being x(t) = (x1,...,x¢)" the state vector constituted by stator-rotor currents of the six-phase IM, shown
in Equation (3), u(t) = (u1, ..., us)" is the input vector constituted by the stator voltages, presented
in Equation (4). While M (t) and M(t) are matrices obtained by the electrical parameters of the
six-phase IM. The process noise is defined as v(t) and K, represents the noise weight matrix.

X| = igs, X2 = i‘BS/ X3 =iy, X4= in/ X5 =lar, Xo = iﬁr 3

Uy = Ups, Up = Ugs, U3 = Uxs, Uy = Uys. 4)
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Figure 2. Mapping of the space vectors in the (a-f)-(x-y) frame for a two-level six-phase VSL

Consequently, by taking into account the state-space representation in Equation (2) and the state
vectors, it is feasible to establish the following equations:

Xy = —Rsrax1 + 14 [Luwrx2 + Ryxs + (Lpy + L) wyXe) + 1oty

xh = —RsraXg + 14 [~ Lmwyxy — (Ljy + L) wrxs + Ryxe) + raun
x5 = —Rsr3x3 + r3u3 )
xj = —Rsraxy + 131y

x5 = Reryx1 + 15 [~ LnwrXs — Rexs — (Lyy + Lin ) wyxg] — ra1iy

xp = Rsraxa + 5 [Lmwrx1 + (Liy + L) wrxs — Ryxg) — rqtin

where the electrical variables of the six-phase IM are represented by Rs, R;, Ly, L, and Ljs, w,
represents the rotor electrical speed and the coefficients (1, ..., 5) are defined as:

=

Lj,+L L Li+L,
11 = (Lis+ L) (Liy + L) = L3y, ra= =502, = by =2,y = =istom, 6)

n

]

Is

Besides, in order to produce the stator phase voltages, which are dependant of the V. voltage
and the vector S;;, an ideal six-phase VSI has been used [21] as it is defined in Equation (7).

2 0 -1 0 -1 0 Sa
0 2 0 -1 0 -1 Sy
_ -1 0 2 0 -1 0 S
Mvsi=31 0 -1 0 2 0 -1 S4 @
-1 0 -1 0 2 0 S,
0 -1 0 -1 0 2 S¢
In turn, the stator phase voltages can be mapped into (¢-p)-(x-y) frames defined as follows:
Uns
u
Pl = Vi T Mygy ®)
Uxs
Uys
s 100000
ips 010000
= t t 9
s 00100 of ®+n) ©)
iys 000100
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where Equation (9) is considered the output vector, denoted by y(t), and n(t) is the measurement
noise. Finally, the mechanical equations of the six-phase IM are specified as:

T.=P (wasiﬁs - wﬁsias) 3 (10)

Jiwy, + Biwy = (T, = Tr) (11)

where J; defines the inertia coefficient, B; is the friction coefficient, T, represents the generated torque,
Ty is the load torque, w;; is the rotor mechanical speed, which is related to the rotor electrical speed as
Wy = Pwyy, Pas and Pps are the stator fluxes, and P is the number of pole pairs.

3. Drive Control

A complete diagram of the PESCCS for the six-phase IM drive is shown in Figure 3, where the
outer speed control and the proposed inner current control will be detailed in the following sections.

Outer speed control

Inner current control

Modulation
technique

t
Sy

Cost function

e :
slkr2lk]
: : minimization

:| Stator current
. |and rotor current prediction

wiik)

Figure 3. Complete diagram of the PFSCCS applied to six-phase IM.
3.1. Speed Control

For the external speed control loop a two degree PI controller has been incorporated, described
in [19], which is based on the FOC strategy due to its easiness. Into the FOC strategy, the reference
current is generated by the PI speed controller in the dynamic reference frame, known as d-g frame.
Then, the reference currents are achieved by the calculation of the electric angle employed to convert
the current reference, at the beginning in d-q frame, to the static reference frame (a-f), which are
needed for the MPC. This method estimates the slip frequency (wg;) which is executed in the same
manner as the FOC strategies, by using the reference currents in the dynamic reference frame (7, iz)
and the electrical parameters of the IM (R,, L;), while the rotor mechanical speed is acquired through
an encoder.

3.2. Classic MPC

The MPC is related to the mathematical model of a given system, the six-phase IM in this case,
commonly termed as predictive model, which consists of the prediction of the future action (at time k)
of the system through measured variables, such as the rotor mechanical speed and the stator currents.
Hence, for that purpose a forward Euler discretization strategy has been implemented.

xP [k +1[k] = x[k] + Ts f(x[k], u[k], wr[k]) (12)

being k the actual sample and T the sampling period. Superscript p represents the predicted variables
of the system.
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According to the state-space representation (12), the stator currents and the rotor mechanical
speed can be measured. Thus, the stator voltages are directly predicted through the switching states
of the six-phase VSI. Nevertheless, the rotor currents are not easily measured. This issue can be
faced through the estimation of the rotor currents by a reduced order estimator which determines
the unmeasured fraction of the state vector. Then, in this work, the rotor currents are estimated by
the proposed strategy in [22] which employs a reduced order estimator based on a Kalman Filter
(KF). In that sense, uncorrelated process noises and a zero-mean Gaussian measurement have been
considered. Finally, the the studied system equations are established as:

xP [k + 1|k] = My [k]x[k] + Mp[k]ulk] + Kyo[k] (13)
100000

vk =0 o 1 o o of werrnle) (14)
000100

where M;[k] and M; (k] represent the discretized matrices since (5). M k] is related to the current
value of w,[k] and must be included at every sampling period. A completed explanation of the
aforementioned reduced order KF is presented in [22,23].

Cost Function

The optimization action is carried out at every sampling period by the MPC strategy. The action
is based on the evaluation of a defined cost function, shown in (15), for every feasible stator voltages
in order to obtain the control purpose. Since the cost function can be expressed in various manners,
in this work, the minimization of the current tracking error has been taken into account specified by
the following equation:

CElk+20k] = \/(eas)? + (ege)? + Auy (exs)? + (e46)? (15
being the errors defined as follows:

sl +2] — s [k + 2|K],
eps = i [k +2] —if [k +2[K], 16)
exs = i%[k +2] — ifs [k + 2|k],
eys = iyslk+2] — [k + 2|k].
considering i¥[k + 2] as the reference vector for the stator currents and if [k 4 2] as the predicted values
based on the second-step forward state. At the same time, a tuning parameter is included in the cost
function, described as /\xy, in order to provide an extra weight on (a-f) or (x-y) frames [22,23].

3.3. Proposed Current Controller (Pfsccs)

According to the space vector modulation (SVM) strategy, it is feasible to find the available
vectors for the six-phase VSI in the (a-f) frame, this produces 64 sectors (48 different ones), which are
conformed by two active vectors and a null vector as depicted in Figure 4. The proposed strategy
realizes the prediction of the vectors (null vector and two active vectors) that compose every sectors
and calculates the cost function independently (Gy, G1 and Gy) for each prediction at every sampling
period. However, the proposed strategy only select the twelve largest vectors including the null vector
in order to represent the optimal vector. This current control approach has been adopted in order to
reduce the (x-y) currents [24,25].
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Figure 4. Considered sectors for the six-phase VSI in the (x-f) frame: (a) Available vectors; (b) A
selected specific sector shown as zoom.

The prediction is obtained by Equation (13), but differs in the calculation of the input
vector (u[k]) [21]. The duty cycles (d.), considering the null vector and the two active vectors (d._o,
d._1 and d._»), respectively, are achieved through the following equations:

dcfo = GLOI dc—l = C%/ d672 = GLZ' (17)
dc—O + dcfl +de2=1, (18)

Hence, it is possible to acquire the relation for i and the duty cycles for the specified vectors as:

GGy

dog= o222 19

=07 GoGi1 + G1Ga + GoGa 19
GoGa

doq= oo 2022 20

17 GoGi + G1Gs + GoGa @9

de GG @)

> 7 GoG1 +GiG2 + Gol2|
Taking account these relations, the cost function is redefined, as shown in Equation (22),

and calculated at each T.
CFEylk+2[k] = d;.—1G1 + dc—2Gy. (22)

In this way, the two vectors that reduce CF, [k + 2|k] are chosen and then applied to the VSI at the
following sampling period. Once the optimal vectors are obtained, the two active vectors (v1-v3) and
null vector (vp), their respective duty cycles to be applied and a switching pattern scheme, described
in [21], are taken with the aim of producing a fixed switching frequency.

4. Simulation and Experimental Results

First, simulations have been performed in a MATLAB/Simulink R2014a environment so as to
verify the feasibility of the PFSCCS using a six-phase IM shown in Figure 1. Numerical integration
using first order Euler’s algorithm has been applied to calculate the progress of the studied system.
The simulation parameters of the six-phase IM are listed in Table 1.

Table 1. Characteristics of the six-phase IM.

R, 69Q Ls 654.4 mH
L, 12.8mH Ly 626.8 mH
L 53mH Pu 2 kW

Rs 6.7 Q Ji 0.07 kg.m?

Ly, 614mH B; 0.0004 kg.m? /s
P 1 Wr—nom 3000 rpm
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The effectiveness of the presented control technique for the six-phase IM has been evaluated
under a load condition (T;, = 2 Nm), the sampling frequency is 8 kHz, V. is 400 V and the d-axis
current reference (i) has been set in 1 A, while for the gains of the two degree PI controller with a
saturation, can be found in [19]. Moreover, for the proposed control, Ay, = 0.1, defined in (15), has
been used in order to give more emphasis to the (a-f) stator current tracking.

The performance of the proposed technique is compared in transient and steady-state conditions.

Both proofs, simulation and experimental results, are analyzed in terms of mean squared error (MSE)
and total harmonic distortion (THD) obtained between the reference and the measured stator currents
in the (x-p) and (x-y) sub-spaces for MSE test and the THD is obtained in the («-B) sub-space. The MSE
is computed as follows:

MSE(igs) = (23)

where the stator current reference is represented through the superscript *, the measured stator current
is defined by i;s taking into account that ¢ includes the (a-B)-(x-y) frame and N is the number of
studied samples. While, the THD is obtained as follows:

24)

where i5; corresponds to the fundamental stator current whereas iy is the harmonic stator current
(multiple of the fundamental stator current).

In Figure 5 the performance of the stator currents in the (x-f)-(x-y) frame can be seen in
steady-state condition. According to the simulations results, shown in Table 2, the proposed technique
has a good behavior considering the MSE and THD analysis of the stator currents at different rotor
mechanical speeds. In addition, it can be noticed that at lower speeds, the stator currents ripple in the
(a-B) frame is slightly smaller than at higher mechanical rotor speeds, in the same way that occurs for
the (x-y) currents.

lasdas [A]

igs.dys (A]

(©)

Figure 5. Simulation performance in steady-state condition of stator currents in (x-B) and (x-y)
sub-spaces for a sampling frequency of 8 kHz at different speeds (wy;): (a) 500 rpm; (b) 1000 rpm;
(c) 1500 rpm.
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Table 2. Simulation performance test of stator currents («-f), (x-y), MSE (A), THD (%) at different rotor
speeds (rpm).

fs =8kHz

wy, MSE, MSEg MSE, MSE, THD. THDg
500 0.065  0.064 0.174 0.172 5.73 5.46
1000 0.076  0.075 0.211 0.203 5.43 5.34
1500 0.110  0.110 0.219 0.216 6.46 6.38

For the experimental proofs the PEFSCCS, previously described, is examined in the test rig shown in
Figure 6 in order to prove its effectiveness, employing a six-phase IM supplied through two tradictional
three-phase VSI, being analogous to a six-phase VSI and the V. voltage is obtained by means of a
DC power source. A dSPACE MABXII DS1401 real-time rapid prototyping bench including Simulink
version 8.2 has been used to manage the two-level six VSI. Once the results are acquired, these have
been analyzed through MATLAB/Simulink R2014a code. Employing stand-still with VSI proofs and
AC time domain strategies, the electrical parameters have been acquired [26,27]. Table 1 summarizes
these results. Current sensors LA 55-P s (frequency bandwidth since DC up to 200 kHz) have been used
for the experimental measurements. The current measurements have been then turned to digital format
by means of a 16-bit A/D converter. The six-phase IM angle has been measured with a 1024-pulses per
revolution (ppr) incremental encoder in order to estimate the rotor speed and also a 5 HP eddy current
brake has been used to insert a fixed mechanical load on the system.

Figure 6. Experimental test rig.

Taking this into account, the experimental results have been analyzed with the same tests that
simulations results as figures of merit. The stator currents reference in the (x-y) frame have been
established to zero, i.e., iy = iy; = 0 A so as to decrease the losses in the copper. The amounts for
the process noise (Qw = 0.0022) and the measurement noise (R, = 0.0022) is estimated by means of
the strategy proposed in [23]. The dynamic behavior of the proposed technique has been evaluated
with two different values of Ay, defined in (15), giving more weight to (a-p) stator currents tracking.
In the developed tests, the sampling frequencies have been fixed in 8 kHz for PFSCCS and 8 kHz and
16 kHz for classic MPC, respectively, due to the fact that the PESCCS uses two active vectors and null
vector twice in a sampling period and this procedure doubles the switching frequency compared to
the sampling frequency. In that sense, tests have been included in order to expose a fair comparison
between the classic MPC and PFSCCS at the mentioned sampling frequencies and also to show the
performance of both techniques. For the rotor mechanical speeds, two operation points have been
considered, 500 rpm and 1000 rpm, respectively, in steady-state condition. Furthermore, for a transient
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response, a reversal rotor mechanical speed test from 500 rpm to -500 rpm has been considered for
PESCCS and from 1500 rpm to 200 rpm for classic MPC and PFSCCS. The obtained results between
classic MPC and PFSCCS are reported in Table 3, where the proposed current control technique
has demonstrated a good tracking of the current references considering the MSE and THD in the
(a-B)-(x-y) frame.

Table 3. Experimental performance test of stator currents (x-f), (x-y), MSE (A), THD (%) between
classic MPC and the PFSCCS at different rotor speeds (rpm).

s = 8 kHz for Classic MPC

wy,  MSE. MSEg MSE, MSE, THD, THDy
500  0.140  0.130 0.821 0822 830 8.40
1000 0.147  0.138 0.953 0934 740 7.30
fs =16 kHz for Classic MPC
wy,  MSE. MSEg MSE, MSE, THD, THDy
500 0.073  0.072 0.491 0483 840 8.30
1000 0.084  0.082 0.538 0534 750 7.40
fs = 8 kHz for PFSCCS
wy,  MSE. MSEg MSE, MSE, THD, THDy
500  0.042  0.045 0.135 0.130  4.89 5.08
1000 0.069  0.068 0.197 0204  4.69 4.78

Figure 7 presents the trajectories of the stator currents in the (a-B)-(x-y) frame of the PFSCCS
applied to the six-phase IM. In this test two different values of the tuning parameter (A,y) have
been considered, in Figure 7a, A xy = 0.05 has been considered and Ay, = 0.1 in Figure 7b. The rotor
mechanical speed has been set to 500 rpm at 8 kHz. The figure shows that (x-y) currents decrease when
Ay increases, which imply that the selection of this parameter has a strong influence on the behavior of
the system. Further, the (a-f) current tracking has a slightly better performance considering Ay, = 0.1.

Lags
1571 Lafs

Tasdas [A]

2 -15 -1 -05 0 05 1 15 2 -2 <15 -1 -05 0 05 1 15 2

igs,dys [A] igs. lys[A]

(a) (b)

Figure 7. Experimental results in the (x-pB)-(x-y) frame for stator currents at 8 kHz of sampling frequency
and 500 rpm rotor speed considering: (a) Ayy = 0.05; (b) Ay, = 0.1.

In addition, Figure 8a shows the harmonic content of the measured stator current (iss) through
THD analysis and also, in Figure 8b has been included the switching voltage in the six-phase VSI
showing the pattern of the proposed modulation strategy.
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Mag (% of Fundamenta)
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Figure 8. Experimental performance for PFSCCS at 8 kHz of sampling frequency and 500 rpm:
(a) Spectrum of the measured stator current; (b) Switching pattern in the VSI.

On the other hand, Figure 9 exposes the transient response of the proposed control for a step
response in g axis. The transient response has been included through a reversal test from rotor
mechanical speed (500 rpm to —500 rpm) at 8 kHz. Both cases report fast responses considering the
overshoot and settling time, which were of 6.14% and 6 ms, respectively, for Figure 9a and 4.85% and
6.12 ms, respectively for Figure 9b. The criterion of the 5% has been selected. Finally, a experimental
transient response from a step change of 1500 rpm to 200 rpm between classic MPC and PFSCCS has
been depicted in Figure 10 in order to show the performance of the proposed strategy, which it has
demonstrated that it can be used in industrial applications (e.g., regenerating braking).

1 1 v o
0 0 1
@
- — it
1 i _4; 1 ( D ILL
2 N -2 N
]’Z{\ Tgs igs
-3 -3
- NP
-4 -4
0 0.05 0.1 0.15 0.2 025 0 0.05 0.1 0.15 0.2 0.25
Time(s] Times]
(@) (b)

Figure 9. Experimental transient test in g-axis of stator currents from a speed change of 500 rpm to
—500 rpm at 8 kHz of sampling frequency considering: (a) Axy = 0.05; (b) Ay, = 0.1.

i

Tys —
qs

0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2 0.25
Time(s] Time[s]

(a) (b)

Figure 10. Experimental transient test in g-axis of stator currents from a speed change of 1500 rpm to
200 rpm at 16 kHz and 8 kHz of sampling frequency, respectively: (a) Classic MPC; (b) PESCCS.
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5. Conclusions

In this paper, a predictive current control technique with a fixed switching frequency applied to
a six-phase IM has been proposed. This technique has been developed to reduce the stator currents
in the (x-y) frame using the largest vectors of the (x-B) frame with a stage of modulation based on a
determined switching pattern in order to produce a fixed switching frequency. The simulation and
experimental results have shown the performance of the proposed technique, where the system has been
tested under different conditions (steady and transient conditions) including different rotor mechanical
speeds, sampling frequency and tuning parameters for (x-y) stator currents, respectively. In terms of
(a-B) currents tracking, the presented technique has a better behavior at lower speed and a remarkable
reduction of (x-y) stator currents compared to classic MPC. The obtained results have also demonstrated
a good transient current behavior in terms of overshoot and settling time. In summary, the proposed
current control technique is a good alternative both in low and high speeds for industrial applications.
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Abbreviations

The following abbreviations have been employed in this work:

FOC Field Oriented Control

™M Induction Machine

MPC Model Predictive Control

PFSCCS  Predictive-Fixed Switching Current Control Strategy

MSE Mean Squared Error

PI Proportional-Integral

PWM Pulse-Width Modulation
SVM Space Vector Modulation
THD Total Harmonic Distortion
VSI Voltage Source Inverter
VSD Vector Space Decomposition
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Model Predictive Current Control of Six-phase
Induction Motor Drives using Virtual Vectors and
Space Vector Modulation

0. Gonzalez (5, M. Ayala (), C. Romero

R. Gregor

Abstract—The use of multiphase machines has become a suit-
able choice in high-performance industry applications through
advantages such as lesser torque ripple, enhanced current
distribution per phase, and fault-tolerance capability. Among
different control approaches for the regulation of multiphase
drives, model-based predictive current control (MPCC) is one
of the most analyzed strategies due to their adaptability and
good dynamic response. However, this approach presents some
disadvantages, e.g., high © — y currents and increased harmonic
content in the fundamental o — 3 stator currents. Modulation
strategies have been combined with MPCC to overcome these
shortcomings. This paper proposes a modulated model-predictive
current control with virtual vectors and space vector modulation
for the regulation of an asymmetrical six-phase induction ma-
chine to minimize the z —y currents, reduce the harmonic content
and, to perform improved stator currents tracking compared
with other MPCC versions. Experimental tests are provided to
demonstrate the quality of the proposed current control strategy.

Index Terms—Multiphase induction machine, modulation
strategies, predictive current control, space vector modulation,
virtual vectors.

I. INTRODUCTION

ECENTLY, the use of electrical machines with a num-

ber of phases greater than three (n > 3), known as
multiphase machines, has emerged in the literature due to
their outstanding characteristics such as better phase current
redistribution and enhanced torque production. Multiphase
machines can operate in the presence of faults in contrast
to their three-phase counterparts [1]. Additionally, multiphase
machines are being adopted for high-demanding electric drive
applications, such as electric ship propulsion, electric vehi-
cles and renewable energy systems [2]. However, multiphase
drives require the development of elaborated control strategies
to regulate the system variables (e.g. speed, currents, flux).
According to control strategies such as direct torque control
(DTC), which is based on hysteresis controllers [3] and the
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field-oriented control (FOC) with multiple inner proportional-
integer (PI) current controllers [4], they have been analyzed
over the years to produce a decoupled control of the torque
and flux.

Furthermore, nonlinear controllers have been recently im-
plemented to improve the control of multiphase machines [5],
[6]. Model-based predictive control with finite set control
(FSC-MPC) combined with FOC or DTC scheme is one of the
most analyzed strategies for its inherent fast dynamic response
as well as the capacity to include various control objectives
in comparison to linear controllers, addressed in [7]-[10].
Furthermore, the combination of sliding-mode controller with
FOC has been also studied in the literature to provide a more
robust controller [11], [12].

However, the FSC-MPC, named as MPCC henceforth in the
document for the sake of simplicity, faces some disadvantages
when it is applied to multiphase machines. Some of them are
the large x — y currents which are related to copper losses
and large current harmonic content due to the absence of a
modulator, resulting in a variable switching frequency. [10],
[13]. Recent work has been presented to deal with these
drawbacks.

In [14], a comparative study of MPCC variants was pre-
sented to mitigate the x — y currents for an asymmetrical six-
phase induction machine (IM), however the o — § currents
tracking got worse. Then an MPCC at a fixed switching
frequency (MPCC-FSF) using a switching pattern applied to
a two-level six-phase voltage source inverter (2L-6PVSI) was
presented in [15], improving the a— 3 currents tracking greatly
and the x — y currents reduction, but the improvement is only
very effective at a lower mechanical speed of the motor. On
the other hand, a new MPCC variant with the name of virtual
vectors (VV) was proposed in [16], which it produces an
average zero x — y voltages which reduce the x — y currents
dramatically, but at the cost of reducing the voltage range in
the a — (3 plane. Later an improvement of the MPCC with
VV was presented in [17], where a modulation stage regarding
two adjacent VV is implemented. However, the modulation is
limited to voltage vectors in line with the fixed VV, sparing the
control effort of the MPCC. Lastly, a novel modulated MPCC
was proposed in [18] to deal with z—y currents and to improve
the steady-state quality of stator currents. The improvement
was noticed in the steady-state performance and the stability
of the whole system, but the improvement of x — y currents
reduction was little. So another work regarding a comparative



assessment of MPCC with modulation strategies was presented
in [19], where the = — y currents reduction was improved
over the above-mentioned techniques, but the validation of this
work is still missing.

The main contribution of this paper is the implementation
of a new scheme of the modulated predictive current control
strategy using virtual vectors and space vector modulation
(SVM). The latter extends the control effort by encompassing
the entire area between two virtual space vectors to perform a
better a«— 3 current tracking and reduced x—y currents applied
to a six-phase (IM) fed by 2L-6PVSI. To demonstrate the
effectiveness of the proposed strategy compared to the other
state-of-the-art MPCC analyzed in this work, experimental
tests are presented in terms of mean square error (MSE)
and total harmonic distortion (THD) of stator currents under
different system conditions.

This paper is organized as follows. The asymmetrical six-
phase IM modeling with 2L-6PVSI supply is analyzed in
Section II. The fundamental principles of the classic MPCC
and its implementation are presented in Section III. Section IV
presents the MPCC with VV. Section V describes the MPCC-
FSF design and Section VI presents the proposed MPCC.
The experimental tests for the classic MPCC, MPCC with
VV, MPCC-FSF and the proposed MPCC are addressed and
discussed in Section VII. Conclusions are presented in the last
section.

II. SiX-PHASE IM AND 2L-6PVSI MATHEMATICAL
MODEL

Before applying the proposed strategy, the mathematical
model of the system must be taken into account, which is
composed of distributed windings for the asymmetrical six-
phase IM fed through a 2L-6PVSI connected to a dc-link
voltage source (V) as shown in Fig. 1. In that context, the two
isolated gate bipolar transistors (IGBT) of the power converter
per phase can be defined as S),, with S, = 1 if the upper IGBT
is up and the bottom is down or .S;, = 0 if the contrary occurs.
As a result, the switching states of the 2L-6PVSI per phase
can be grouped in a vector ([Sp] = [Sa, Sa, S, Se, Se, Sf))s
generating 64 possible switching states according to the num-
ber of phases of the machine. Thus, using V. and the S,
vector, the stator phase voltages are calculated as follows:

Fig. 1. Six-phase IM fed by 2L-6PVSI.
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Vas 2 0 -1 0 -1 0

Vas 0 2 0 -1 0 -1

s | _Vae | -1 0 2 0 -1 0 g7
Ves 3 0 -1 0 2 0 -1]°?
Ves -1 0 -1 0 2 0

s 0 -1 0 -1 0 2

(1)

where 7' is the transposed operation. Subsequently, to sim-
plify the system modeling, vector space decomposition (VSD)
theory based on an invariant amplitude was employed [20].
Thus, stator phase voltages that initially were expressed in
phase variables, as specified in (1), are projected into three
two-dimensional orthogonal planes, denoted as o — 3, = — v,
and z; — zo according to (2). This transformation ensures
that the produced planes are entirely decoupled from each
other, where the electromechanical energy conversion (flux and
torque production) is associated with o — /3 plane, while the
system losses are projected in  — y plane and the z; — 23
components are neglected due to the isolated neutral points
design of the six-phase IM.

1 ¥ 1 8 1
2 2 2 2

o L V3 L V3 g

AR T
[ O I R S S B

o I A B A

2 2 2 2

1 0 1 0 1 0

0 1 0 1 0 1

Hence, the voltage vectors, which include 15 redundant and
49 non-redundant vectors obtained from the combination of
the switching states are represented in Fig. 2. Besides, using
the state-space representation, the six-phase IM can be written
as:

Xy = Aw X + By Uy + Hnger) ®
defining X(;) as the state vector, formed by stator and rotor
currents as shown in (4), Uy as the input vector constituted
by the stator voltages represented by (5), n,(;) as the process
noise, and H as the noise weight matrix. At the same time,
Ay and By are the matrices that contain the electrical
parameters of the six-phase IM expressed in (6) and (7),
respectively.

Fig. 2. Voltage vectors for the asymmetrical six-phase IM in the o — 3 and
x — y planes.
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T . . . . .7
X(t) = [7317332:3/'3-, -77417/'57-736] = [7«157Zﬁsﬂmsﬂysﬂara’ﬁr]

(G}
U(t) = [u1, ug, us, u4]T = [Uas; Ugs, Uzs, Uys]T %)
ain a2z 0 0 a5 aie
az azx 0 0 a2 a
|0 0 as 0 0 0
A9=10 0 0 au 0 0 ©®
as1 asz 0 0 ass ase
as1 a2 0 0 ass aes
b1y 0 0 0
0 b2 O 0
0 0 bss 0
Boy=1| 9 0 0 bu ™
bs1 0 0 0
0 be2 0 0
taking into account that:
aj] = Gz = Bl a —ag = 7L3HWT
11 = a22 = I.L, — 12, 12 = —a21 I.L, — L2,
s = gy = oL o Lmleer
5= =TT 12 16 ® T LI - 12,
a a R a a Rl
33 = Q44 = — 51 =062 = 75— ;5
Lis LsL, — L,
LyLw, R, Lg
a5 = —Qgl = — 555 Q55 = A6 — — 75
N LyL,—12, LsL, — L2,
L,Lw, b b L,
a56 = =065 = — 7 1 73 11 = D22 =
LL,— L2, LiL,— L2,
1 Ly,
b3z = byy = — bs1 = be2 = —
Lis ° LsL, — L2,

Consequently, the six-phase IM equations presented in (3)

are written as:

T = a1 + a19%9 + a15T5 + a16T6 + b1y
Tg = ap1T1 + A22%2 + 2575 + AgeT6 + baouz
23 = azzT3 + bazus
Ty = ag42q + baguyg
T5 = 5121 + a5272 + a55T5 + asere + bs1un

T = ag1T1 + e2T2 + Ae5T5 + AeeTe + beauia
where Ly = Ljs + Ly, L, = Lj + Ly, Ry, and R,
are the electrical parameters of the six-phase IM. Then, the
input (U;)) and the output (Y(y)) vectors, considering the
measurement noise (n,,(y)) in the output, are computed as
follows:

Vas
Vds
Ubs
Up=Tc| , (Ol
Ves
Vs
1 0 00 0 O
01 0 000
Yo=1p 0 1 0 o of X®Tmme (10)
00 0100

The torque (Te) of the six-phase IM and the load torque
(Ty) are calculated through the next equations:

Te =3P (wa,si[fs - 7/)Esias> (11)

.]iU:'m + Biwm = (Te - TL) (12)
=Y

W = 5 13)

being J;, Bj, Wy, W, Yas, P¥s and P, the inertia coefficient,
the friction coefficient, the rotor mechanical speed, the rotor
electrical speed, the stator fluxes and the number of pole pairs,
respectively.

III. CrAssic MPCC

To apply the classic MPCC, a discretization method, ob-
tained from the forward-Euler equation, is applied to (3) to
predict the future step of the output variables considering the
measurable variables such as the rotor mechanical speed and
the stator phase currents. Therefore, the prediction is computed
as follows:

X1 = X +F (X, Ugiys wrrys Ts)
where k and T represent the actual sample and the sampling
period, respectively.

However, according to (14), rotor currents are non-
measurable variables. Thus, to face this difficulty a reduced-
order observer needs to be implemented to estimate only the
unmeasured variables of X ;). This subject has been addressed
in [21]-[23]. In this work, a reduced-order observer based on
the Kalman filter (KF) has been implemented because it takes
into account the uncorrelated process and the measurement
noises to optimize the filter parameters, thus enhancing the
predictions in the controller. Therefore, the discrete state-space
modeling can be expressed as:

14

Xty = Ay Xw) + By Utey + Hir as
100000
010000

Y1) = 00100 0 K(kt1) + Nm(t1)-
000100

(16)

The discretized matrices Ay and By are represented

in (17) and (18), respectively. A(;) depends on the present

amount of the rotor electrical speed and it must be updated
every sampling period.

ai(k)  @i2(k) 0 0 ais(k)  A16(k)
a21(k)  A22(k) 0 0 Q2s(k)  A26(k)
|0 0 asmu O 0
k) 0 0 0 amw O 0
asi(k)  as2(k) 0 0 ass(k)  A56(k)
aGi(k)  A62(k) 0 0 ags(k)  A66(k)
17)
bug 0 0 0
0 bag O 0
0 0 bysw O
By = 18
® 0 0 0 bug a8
bsiy O 0 0
0 bewy O 0



The coefficients of the matrices are detailed in the Appendix
section.

Besides, another important component in the MPCC to be
considered is the cost function (J), which can be expressed
according to the variables to be optimized, e.g., harmonic
content reduction and switching losses [24]. In this work,
the current tracking error in the prediction of the stator
currents has been considered. In this regard, the cost function
is computed for all control signals, i.e., 64 times for the
six-phase IM to obtain the lowest one to be applied in the
next sampling period. The current tracking error between the
reference (i:(k +2)) and their predicted values (%S(HQ)) in the
o — ( and = — y planes is calculated as follows:

J= \/(6us)2 + (es) + Aayl(€as)® + (eys)?] 19
where
€as = i;s(k+2) - %as(k#»?)
€8s = Uhy(kr2) — Bs(k+2) 20)

— * i
Cas = lys(kt2) }J:s(k,-%—Q)
)

Cys = lys(ki2) ~ lys(h+2)-
which J is based on a four dimension distance formula.

It must be noted that a second-step ahead prediction is
implemented to consider the delay compensation. This fact
is produced by a notable amount of time in the computation
of the control signals comparable to the sampling period [25],
[26]. The tuning parameter () in (19) is usually considered
in the control of the multiphase machines to provide greater
weight to the a — 3 currents over the x — y currents.

IV. MPCC WITH VV

The strategy of the MPCC with VV consists in the use of
two aligned non-null voltage vectors, composed by the large
vector (filled red circle) and the medium-large vector (filled
green circle) as shown in Fig. 3, which are implemented at
every sampling period. The dwell time of the vectors (d; and
dpm1) are obtained from a system of equations considering the
modules of the analyzed vectors. Thus, the MPCC with VV
can be expressed as follows:

VV = diViarge + dmiVmid—targe 21)

being d; = 0.73 T, and d,,; = 0.27 T, which produces
93% of the actual value of the large vector in a — 8 plane
but as well generates zero average value of the = — y currents
due to the fact that the two selected vectors have opposite
projections in x — y plane [16], [27].

V. MPCC-FSF

The MPCC-FSF establishes each obtainable sector accord-
ing to the SVM strategy for the 2L-6PVSI in the o — 3
plane. The sectors are formed by two consecutive large vectors
or outer vectors (filled red circle) and a null vector (filled
orange circle), as depicted in Fig. 4. This strategy calculates
the predictions of the two consecutive vectors that minimize
the cost function (/) and is performed independently for each
vector, whose respective cost functions are named .Jy, .JJ; and
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Fig. 3. Space sectors in the o — 3 plane for MPCC with VV.

Jo, to find the appropriate sector of the 12 sectors in total
and, this procedure is carried out at every sampling period.
The predictions are computed according to (19). Also, it can
be noted that this procedure only changes in the input vector
computation. The MPCC-FSF aims to cover the entire o — 3
plane by using large vectors and these vectors are projected as
the smallest ones in the © — y plane providing reduced z —y
currents.

Hence, the duty cycles for both the pairs of large vectors and
for the null vector are represented by the following equations:

d1:% dQZ% d():% (22)

di+ds+do = 1. (23)

By solving the above equations, it can be calculated the
value of p and the duty cycles, d;, d2 and dp, respectively,
which are related to their corresponding cost functions speci-
fied as:

JoJ2
dy— — J0%2 24
YT odh + s + Joda e
JoJ1
S 25
JoJ1 + J1Js + JoJo 25

do = JoJ1 + J1J2 + JoJ2 :

This strategy assesses the 12 sectors over a sampling period

according to a new cost function defined in (27). The two large

vectors which minimize the new cost function are considered

to be implemented to the 2L-6PVSI at the next sampling
period.

r]/(k+2) =diJ1 +doJs. 27)

Furthermore, it must be provided with the relationships
between the duty cycles and the selected vectors to implement
this strategy. The latter can be done by using (28).

d
D, = 30 + dii gy + davag) (28)

being D; the duty cycles per phase with j = (a,b,c,d,e, f)
where the values of D; are normalized between 0 and 1 and
are compared with a triangular signal to produce a symmetric
pulse with modulation (PWM) to be applied to the converter.
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Fig. 4. Space sectors in the o — 3 plane for MPCC-FSE.

VI. PROPOSED MPCC

The proposed MPCC also uses the SVM strategy. This
modulation strategy allows a vector combination from their
respective projections in the o — 3 plane producing the ob-
tainable sectors for the 2L-6PVSI. Subsequently, the proposed
MPCC employs 5 vectors per sector, where each sector is
composed of two consecutive large vectors (filled red circle),
two consecutive medium-large vectors (filled green circle), and
a null vector (filled orange circle). Fig. 5 shows the resulting
12 sectors. The predictions for the vectors are computed in the
same way as the previous strategy (19). Hence, the primary
purpose of the proposed MPCC is to generate null z — y
currents by incorporating the medium-large vectors in the
modulation strategy in the stator currents tracking. This fact
arises because the medium-large vectors are aligned with the
large vectors and they have the same direction in the oo — 3
plane, however, large vectors have opposite directions than
medium-large vectors in the x—y plane. Note that the medium-
large vectors keep their projections in both planes. Therefore,
the proposed MPCC takes advantage of this characteristic to
produce the expected results in a similar way to MPCC with
VV with the difference that this technique covers the entire
area of the voltage space vectors between two VV.

In that sense, to implement the proposed MPCC in a digital
signal processor (DSP) using the 5 vectors of each sector and

Fig. 5. Space sectors in the o« — 3 plane for the proposed MPCC.

considering the dwell time of the MPCC with VYV, it has been
used a single interrupt routine that is equal to the sampling
period. Then, the duty cycles and the cost function are also
obtained from the (22) to (26) and (27), respectively.

It is worth mentioning that after obtaining the optimal duty
cycles for the large vectors, these are also employed for the
medium-large vectors to implement the proposed modulation
strategy according to the chosen voltage vectors. However, to
generate the percentage of time required (which is a function
of T,) for the considered vectors to produce reduced z — y
currents and improved  — [ currents tracking, each large
vector must be applied three times (75% of T;). While each
medium-large vector once (25% of Tj), i.e., to perform the
control algorithm once, the interruption routine runs four
times, applying the suitable vector combination each time.
Note that this approach produces a reduction of four times
the original sampling frequency. Moreover, the application of
the selected vectors must follow a specific order so they can
be synthesized by (28) [15], [18]. For instance, in the sector I,
the large vectors are applied from V; (6-0) to V5 (6-2) but the
combinations between the large vectors and the medium-large
vectors are applied in two different ways, firstly from V; (6-0)
to V4 (6-1) and secondly from V5 (6-2) to V3 (6-6) as shown
in Fig. 6. The procedure is repeated depending on where the
current reference is located. This method enables the synthesis
of any voltage vector per sector during the modulation by using
(28), which represents the relationship between the duty cycles
of every leg of the 2L-6PVSI and the selected vectors. At last,
the duty cycles are compared with a triangular waveform to
generate a symmetric PWM to be applied to the VSI.

‘ LVi-LV;-NV ‘LV,MLVJ—NV

MvavaM" LV,-LV,-NV ‘

T T T; T
T

Fig. 6. Applied Vector pattern for the proposed MPCC.

VII. EXPERIMENTAL RESULTS

The proposed MPCC technique is tested to analyze its
performance compared to classic MPCC, MPCC at FSF and
MPCC with VV through experimental results gathered in the
six-phase IM bench.

A. Six-phase IM bench description

The bench is based on a six-phase IM fed by a 2L-
6PVSI, using a three phase diode rectifier from the power grid
through a step-down transformer obtaining 325 V for the dc-
link. The 2L-6PVSI is controlled by a DSP (TMS320F28335
from Texas Instruments), with an MCK28335 development
environment from Technosoft. The results are then processed
using MATLAB script. Table I shows the parameters of the
six-phase IM determined by stand-still with VSI tests and
conventional methods of ac time domain [28], [29].

The current measurements were obtained with current sen-
sors LA 55-P s, with many turns to improve precision at low



TABLE I
ELECTRICAL AND MECHANICAL PARAMETERS OF THE SIX-PHASE IM

Parameter Value Parameter Value
Ry 0.63 Q Ls 206.2 mH
Rs 0.62 Q P 3
L 6.4 mH Py 15 kW
Ly 3.5 mH Ji 0.27 kg.m?
Lm 66.6 mH B; 0.012 kg.m?/s
Ly 2033 mH | wWr—nom 1000 rpm

Fig. 7. Test bench composed of the 2L-6PVSI, DSP unit control, six-phase
IM and the mechanical load.

current amplitude, and it has a frequency bandwidth from DC
up to 200 kHz. Those values are then converted to discrete
values through a 16-bit A/D converter. The six-phase rotor
angle is measured with a 10 000 ppr incremental encoder
and the mechanical speed is obtained from it. Finally, a fixed
mechanical brake pad, set to approximately 120 Nm, is used
as a mechanical load for the six-phase IM. A block diagram
of the test bench is shown in Fig. 7.

The defined cost function in (19) with A, = 0.01 was
selected to evaluate the performance of the proposed MPCC,
prioritizing the av— § current tracking. The selection of A, is
made through a heuristic method. The process and measure-
ment noise covariances, from (15) and (16), can be estimated
by using the autocovariance-least-squared (ALS) method pro-

posed in [30]. The obtained values are (),, = 0.0022 and

R, = 0.0022.

B. Figures of merit

The performance of the proposed MPCC is analyzed and
compared to classic MPCC, MPCC with VV and MPCC at
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FSF in steady-state and transient operation. The experimental
results show the controllers performance in terms of MSE
between the reference and measured stator currents in o« — 3
and = — y planes [31]. At last, THD is calculated in o — (3
plane to complete the study. The MSE is defined as:

N
MSE(iss) = % > lisa[k] — iz4[k])2 (29)
k=1

where IV is the number of samples, i}, the stator currents ref-
erence, i the measured stator currents and ¢ € {«, 8, z, y}.
At the same time, THD is defined as:

THD(i,) — (30)

where i, is the fundamental component of the stator currents
and i,; are the harmonic stator currents.

C. Steady-state study

For all cases, x — y current references are fixed to zero
(iys = i;s = 0), and d-axis current (i}, = 1.5 A) has been
considered. The sampling frequency in all tests for classic
MPCC and MPCC-FSF is 10 kHz, and 5 kHz for MPCC with
VV and the proposed MPCC because the sampling frequency
is divided by 4 for both techniques and the hardware limit
does not allow the further increase. Five steady-state operating
points are considered with mechanical rotor speeds of 100 to
500 rpm.

Table IT shows the experimental results for classic MPCC,
in terms of MSE of stator currents in ow — 8 and x — y planes
and THD (%) in o — f3 plane. The results denote good current
tracking in o — 8 plane. However, the « — y current reduction
is poor, and the performance is similar at higher rotor speed.

Table III presents the results of MPCC-FSF which show a
far better performance in terms of x — y current reduction
compared to classic MPCC. However, the performance is
worse for aw — 3 current tracking. At the same time, Table IV
depicts the performance of MPCC with VV which significantly
improves the tracking and reduction of a— 3 and z—y currents
compared to classic MPCC. Table V exposes the proposed
MPCC in terms of currents tracking. It can be seen that the
proposed MPCC greatly improves the 2 — y current reduction
compared to the other techniques. At the same time the THD
is also better, and the a— 3 currents tracking is good compared
to classic MPCC.

Fig. 8 shows the stator current tracking in « — 5 and z —y
planes for classic MPCC, MPCC-FSF. MPCC with VV and
the proposed MPCC. The operations were tested at a rotor
speed of 200 rpm for all the techniques. The figures reveal
that  — y currents are considerably lower for the proposed
MPCC than the other MPCC techniques and proper current
tracking in the o — (3 plane.
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Fig. 8. Performance of stator currents in o — 8 and = — y planes for a rotor speed of 200 [rpm]: (a) Classic MPCC; (b) MPCC-FSF; (c) MPCC with VV

and (d) Proposed MPCC.

TABLE II
STATOR CURRENTS IN o — 3 AND z — yy PLANES, CONSIDERING MSE [A]
AND THD [%] FOR CLASSIC MPCC AT DIFFERENT ROTOR SPEEDS.

TABLE V
STATOR CURRENTS IN o — 3 AND z — yy PLANES, CONSIDERING MSE [A]
AND THD [%] FOR THE PROPOSED MPCC AT DIFFERENT ROTOR SPEEDS.

Classic MPCC at fs =10 [kHz] Proposed MPCC at fs =5 [kHz]
wi | MSEq MSE; | MSE, MSE, [ THD, wi | MSEq MSE; | MSE, MSE, [ THD,
100 325 2.65 14.14 13.04 18.68 100 234 2.07 1.84 1.90 10.11
200 3.23 2.63 12.85 14.38 19.13 200 248 2.25 1.76 1.74 10.89
300 3.32 2.89 15.05 14.45 15.56 300 2.49 2.29 1.95 1.91 12.06
400 3.33 2.95 14.26 14.22 18.09 400 2.97 2.76 1.92 1.89 12.04
500 3.57 3.39 15.12 15.68 17.49 500 3.01 2.90 2.02 1.91 16.14
D. High-speed operation
A high-speed operation is performed, so the DC-link is
TABLE III increased to 575 V to operate at nominal magnetic flux. The

STATOR CURRENTS IN a — 3 AND z — y PLANES, CONSIDERING
MSE [A] AND THD [%] FOR MPCC-FSF AT DIFFERENT ROTOR SPEEDS.

MPCC-FSF at  fs = 10 [KHz]
wy, | MSEa MSEz | MSE, MSE, [ THD.
100 323 2.89 2.19 251 13.99
200 459 442 223 228 11.85
300 5.01 541 255 276 10.18
400 5.16 551 2.46 2.98 10.56
500 530 523 236 2.84 10.09
TABLE IV

STATOR CURRENTS IN v — 3 AND & — y PLANES, CONSIDERING MSE [A]
AND THD [%] FOR MPCC WITH VV AT DIFFERENT ROTOR SPEEDS.

MPCC with VV_at  fs =5 [kHz]

wy, | MSEa MSEz; | MSE, MSE, [ THD.
100 1.28 110 2.68 2.90 9.42
200 1.37 125 2.69 291 10.86
300 151 1.32 2.65 295 12.43
400 1.66 151 2.66 2.87 14.02
500 1.88 175 258 293 17.07

current ripple is also increased as the voltage switching is
higher. The rated speed results are shown in Fig. 10 and
Fig. 11. The system performance is decreased, but it operates
very well with almost nominal torque.

E. Transient study

For a transient operation, a step modification in the rotor
speed is considered from 200 to —200 rpm (reversal condi-
tion). Fig. 9 presents a dynamic test (¢ current tracking), which
reveals the transient operation of classic MPCC (a), MPCC
with VV (b), MPCC-FSF (c) and the proposed MPCC (d) for
a step-change in the ¢ current (i,). The dynamic performance
is obtained through a reversal condition of the rotor speed
(wy,). The overshoot and reaching time of all the techniques
are very similar, as for the proposed MPCC is approximately
12.5 % and 0.5 ms, respectively.

F. Robustness study

The robustness study consists of comparing the controllers
at the nominal L,,, value and a variation of 25% of the nominal
value, as L,, is considered the most sensitive parameter in six-
phase IM [8], [32]. This study is performed by considering the
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Fig. 9. Transient response in g-axis of stator current for a rotor speed change from 200 [rpm] to —200 [rpm]: (a) Classic MPCC; (b) MPCC-FSF; (c) MPCC

with VV and (d) Proposed MPCC.
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Fig. 10. Performance of stator currents in o« — 8 and x — y planes at rated
speed.

effect of magnetic saturation of the six-phase IM, where L,,
value typically changes in approximately that ratio. Table VI
shows the control performance with an L,,, change of 25 % of
the nominal value to analyze the control robustness parameter
sensitivity. The results reveal that the four techniques present
considerable robustness as the figures of merit do not change
much compared to nominal L,,. Notably, the proposed MPCC
presents slightly better results in terms of MSE and the THD
is moderately worse, but all values remain in a similar range.

G. Comparative analysis

Finally, Table VII presents a comparative analysis of the
performance all the analyzed MPCC techniques, in terms of %,

Speed [rpm]

160 200 210 280 320 360 400
Time [ms]

%0 s 1

Fig. 11. Performance of the rotor mechanical speed and its reference at
nominal condition for the proposed MPCC.

TABLE VI
ANALYSIS OF STATOR CURRENTS UNDER VARIATION OF Ly,

Win = 400 [rpm]

Techniques MSE.  MSEg ‘ MSE; MSE, | THD,
Classic MPCC 3.12 293 13.92 14.91 20.83
MPCC with VV 2.12 1.73 2.83 3.08 14.48
MPCC-FSF 4.46 2.70 2.56 2.59 12.82
Proposed MPCC 3.13 2.52 1.79 1.73 10.27

where positive (+) and negative (—) values mean improvement
and deterioration respectively, which is obtained as follows:

1efMPCCyata — proposedMPCCyata
refMPCClyata
where “data” could be MSE of stator currents in « — 3 and

2 — y planes or THD of a — 3 stator currents and refMPCC
could be classic MPCC, MPCC-FSF and MPCC with VV.

Imp (%) = 100

(€2))

VIII. CONCLUSION

The paper proposes implementing a modulation strategy
with virtual vectors and space vector modulation applied to an
asymmetrical six-phase IM. The strategy has been developed
to enhance the stator current tracking in the ao— 3 plane and to
produce null z—y currents using large, medium-large, and null
vectors. Experimental tests are done to prove the effectiveness
of the proposed MPCC compared to other strategies such as
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TABLE VII
COMPARATIVE ANALYSIS (%) OF THE PROPOSED MPCC OVER CLASSIC
MPCC, MPCC-FSF AND MPCC WITH VV.

Proposed MPCC over classic MPCC
Wi [ MSEag MSEzy THD,
100 +25.25 +86.23 +45.88
200 +19.28 +87.15 +43.07
300 +23.03 +86.92 +22.49
400 +8.76 +86.62 +33.44
500 +15.09 +87.24 +7.72

Proposed MPCC over MPCC-FSF

100 +27.94 +20.43 +27.73
200 +47.50 +22.40 +8.10
300 +54.13 +27.31 -18.47
400 +46.30 +29.96 -14.02
500 +43.87 +24.42 -59.96

Proposed MPCC over MPCC with VV/
100 -85.29 +32.98 -7.32
200 -80.53 +37.50 -0.27
300 -68.90 +31.07 +2.98
400 -80.76 +31.10 +14.12
500 -62.81 +28.68 +5.45

classic MPCC, MPCC with VV and the MPCC-FSF under
diverse conditions such as different rotor mechanical speeds,
steady and transient operations. The figures of merit of the
MPCC with VV and MPCC-FSF show that these controllers
are viable alternatives to classic MPCC. Both presents a
notable reduction of the x —y currents, noting that MPCC with
VV has better o — (3 current tracking than MPCC-FSF. On the
other hand, the proposed MPCC, which uses the characteristics
of MPCC with VV and MPCC-FSF, has demonstrated to be
the best alternative in terms of xz — y currents reduction and
THD analysis. But in terms of MSE in the o« — 8 plane
the MPCC with VV presents slightly better results than the
proposed MPCC followed by the other strategies. In transient
condition, the results of the four controllers showed good
dynamic performance. Finally, a robustness test has been
implemented where the controllers presented good behavior
to the variation of the parameter under study. It is important
to mention that the proposed MPCC has been implemented in
a large six-phase IM (15 kW) making it suitable for medium
power applications.

IX. APPENDIX
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Abstract—Nowadays, model predictive current control strategy
has become a viable alternative because of its fast response for
high-reliability systems, such as multiphase machines. In that
regard, this paper proposes a comparative assessment of four
current controllers based on the model using different approaches
as virtual vectors, modulation techniques and further, combining
these strategies in order to deal at the same time with the
regulation of the main and secondary currents components,
known as (a-f3) and (z-y), respectively, applied to six-phase
induction machines. Simulation results are presented so as to
show the effectiveness of the four model predictive current
controllers, taking into account the mean squared error and the
total harmonic distortion of the stator currents in both steady
and dynamic conditions.

Index Terms—Multiphase machines, predictive current control,
six-phase induction machine, virtual vectors.

NOMENCLATURE
KF Kalman filter.
MPC Model predictive control.
MPCCS Model predictive current control strategy.
MSE Mean squared error.
PFSCCS  Predictive fixed-switching current control
strategy.
SPIM Six-phase induction machine.
THD Total harmonic distortion.
VSD Vector space decomposition.
VSI Voltage source inverter.
\A% Virtual vector.

I. INTRODUCTION

Recently, the attention of the research community has been
focused on multiphase induction machines due to their advan-
tages over the three-phase induction machines, such as, better
power split per phase, lower current harmonic content, less
torque ripple production and fault tolerance capabilities [1]—
[3]. However, the (2-y) secondary current components present

978-1-7281-5754-2/20/$31.00 ©2020 IEEE
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Lab. of Energy Conversion and Power Electronics

Universidad de Talca
Curic6, Chile
marcoriv@utalca.cl

in multiphase machines need special consideration due to
their relationship with the stator copper losses. Different
control strategies over the years have been proposed for
multiphase [4]-[11], one of them with promising features
is MPC, described in [12]-[16], but they all present a high
harmonic content in the stator currents compared to other
approaches.

The PFSCCS adds a modulation stage to MPC strategy, in
order to use three vectors in each sampling period. Consisting
of two active vectors and the null vector, its advantages are: 1.
Applying more than one vector in the sampling period helps
to obtain voltages in (a-/3) sub-spaces closer to the reference
and avoids large voltages at low sampling rates that would be
obtained by applying a single vector throughout the sampling
period. 2. The selected active vectors are the largest, thus
decreasing their components in the (z-y) sub-spaces. 3. A fixed
switching pattern is applied so that the frequency spectrum of
harmonics is reduced [17]-[19].

Another control technique that uses modulation in combi-
nation with MPC is proposed in [20]. This technique cancels
the components in the (z-y) sub-space by combining two pairs
of vectors. Each vector is composed by one large medium
and one large vector in the (a-/3) sub-space, with the same
common direction, and opposite in the secondary sub-space,
to form a vector called VV [20], [21]. The application of
the VV ensures zero production of average voltage (x-y), and
the combination of two VVs provides greater accuracy in the
voltage supply. Although, the tracking in the main sub-space
may still be improved, for example by increasing the amount
of vectors to be used taking advantage of the computational
capabilities left over from the digital controllers, such as digital
signal processors.

Two predictive control models are proposed in this article.
The first one, is a variant of the PESCCS control model called
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S5V-PFCCS. It uses 5 vectors to obtain the desired voltage
in the (a-f) sub-spaces while trying to reduce the voltage
in the (z-y) sub-spaces through their strategic selection. The
second predictive control model called PFSCCS-VVs is a
variant of the VV-MPC. This control method hopes to take
advantage of the voltage cancellation in the (x-y) sub-space
and at the same time increase the voltage accuracy in the
main sub-space. In this context, the main contribution of this
paper is the comparative assessment of four model predictive
control strategies by employing modulation techniques through
simulation results applied to SPIM taking into account the
main and secondary plane, termed as, (a-f3) and (2-y), from
now on, respectively. The effectiveness of the four current
controllers is analyzed by means of the MSE and the THD so
as to compare the advantages and limitations of each current
control strategy. The four current controllers are examined
at different speeds in steady state operation. Further, each
strategy has been tested under transient operation to prove the
system behavior.

This paper is structured as follows. Modeling of the SPIM
including the two-level six-phase VSI employed in this study is
analyzed in Section II. The comparative assessment of current
controllers based on the laws of the MPC to the presented
system is described in Section III. Section IV presents the
proposed predictive currents controllers, explaining the be-
havior of the modulation strategies used in the predictive
control. Simulations results of each MPCCS in both steady
and dynamic operations are depicted in Section V in order to
present their benefits and limitations. Finally, the conclusions
are summarized and discussed in Section VI.

II. MODELING OF THE SPIM AND VSI

In this section the main characteristics of the used SPIM
drive are presented. The SPIM employed in this comparative
assessment is fed by a two-level six-phase VSI. A simplified
topology is presented in Fig. 1. Each switching configuration
of the VSI is represented by S,, where S, can take two
possible values that belong to 0 or 1, i.e., S, = 1 if the upper
switch is up and the lower switch is down and the opposite
takes place if S, = 0. Hence, it is feasible to represent the
switching configurations per leg of the two-level six-phase VSI
like a vector: [S,] = [Sa, Sy, S¢, Sa, Se, Sy, which produces
64 valid switching configurations that include 48 active non
redundant vectors and one zero vector.

In this context, stator voltages of the considered VSI can
be calculated by the DC-link voltage, known as, (V) and the
Sy, vector, as shown in (1).

2 0 -1 0 -1 0
0 2 0 -1 0 -1
| -1 0 2 0 -1 0 r
VST =~ 0 -1 0 2 o0 -1|%
-1 0 -1 0 2 0
0 -1 0 -1 0 2
(1)
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Fig. 1. SPIM fed by two-level six-phase VSI.

Afterwards, by combining the VSD strategy [22] and em-
ploying an invariant amplitude transformation matrix crite-
rion [14], depicted in (2), the six-phase stator voltages of the
SPIM are mapped into three-two orthogonal stationary sub-
spaces, which are (a-f), (z-y) and (z1-22). The (a-3) sub-
space is related to the torque and flux contribution. The (z-y)
sub-space is associated with the copper losse. The (z;-22) sub-
space is not taken into account because of the isolated neutral
points topology considered.

1 8 1 38 1

2 2 2 2 ¢4

0 5 % 5 % 1|

ol =2 5 R 4 0Ty

3 1 _V3 1 V3

0 2 2 2 2 1 .

1 0 1 0 1 0 “1

0 1 0 1 0 1 z2

Therefore, the sixty-four switching configurations in the (a-
) and (x-y) sub-spaces are represented in Fig. 2. Further,
the SPIM mathematical model can be expressed by means of
state-space approach, which is established by:

Xy = Aw Xy + Bay Uy + Hny(ry ®
where the input vector of the considered state-space model is
represented by U(;), the mentioned state vector is X ;) and the
electrical parameters of the SPIM are represented through the
matrices A and B(y). While the process noise is established
as n,(;) and the noise weight matrix by H.

According to the equation (3), which expresses the state-
space model of the SPIM, and choosing the (a-f3), (x-y) stator
currents and (a-3) rotor currents as state vectors (r; = iqs,
Ty = igs, T3 = lgs, T4 = lys, T5 = ior and T = ig,), the
SPIM equations can be represented in the next way:
ry = —Rsqox1 + qu (Linwrw2 + Rys + Lyw, ) + gou
x5 = —Rsqar2 + qa (7mer-7/'l = Lywrws + RT‘/I:U) + qau2
ry = —Rsqsws + qau
@y = —Ryq324 + q3ug
25 = Reqa1 + @5 (—Lynwr g — Rpts — Lyw,s) — qatn

2 = Requs + g5 (Lynwya1 + Lyw,r s — Rovg) — qaus

()]
where the coefficients are defined as follows:
. L,
@ =LsL, — L%, o= — (%)
q1
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Fig. 2.
a SPIM.

Space vector representations in the (a-f3) and (x-y) sub-spaces for

:Llyq4ilﬂ745:£ (6)
ls 4] q

bei"g Rs, Ry, Ly, Ly = Lip + Ly and Ly = Lis + Ly,
the electrical parameters of the SPIM. The input vector is
composed of the applied stator voltages, which are u; = vqs,
Uy = Vgs, U3 = VUps and uy = v,s. Further, the SPIM
equations contain the rotor electrical speed w;-.

Since the drive of the SPIM is also composed of the VSI
model, it is achievable to convert the gating signals into
stator voltages which can be mapped to («-3) and (z-y) sub-
spaces represented in the vector Uy = [u1, ug, us, ug]" and
calculated through the next expressions:

q3

Uiy =Va T VSI[M] @)
10 00 00
010000

Y(ﬁ) 1001000 X(L) + Nt (8)
000100

where the output vector is expressed by Y(;) and the measure-
ment noise through 7, (4.
Finally, the mechanical expressions of the SPIM are:

Te = 3P (Yasips — Vpsias) )
J'iUJ:n + Biwy, = (Te - TL) (10)

where the variables B;, J;, Te, TL, Wm, Wy, Yas, s and
P are, the friction coefficient, the inertia coefficient, the
generated torque, the load torque, the rotor mechanical speed,
the rotor electrical speed, the stator fluxes and the number of
pole pairs, respectively.

III. ASSESSMENT OF CURRENT CONTROLLERS
A. Classic MPCCS

The MPCCS for the SPIM control and the VSI drive in the
paper have been developed. A comprehensive block diagram of
the strategy is shown in Fig. 3. In order to follow the reference
stator current it employs a discrete mathematical model of the
SPIM to predict the future action of the considered output
variables using the measurable variables, which are the stator
currents, stator voltages and the rotor mechanical speed.

Xpse) = Xy + To f (Xuy, Uggyy wogy) (A1)

Taking into account the state-space model represented in the
equation (11), the rotor currents are not directly measured. A
reduced order estimator has been employed to estimate the
unmeasured variables (rotor currents) of the state vector. This
strategy has been proposed in [23], [24], which is based on
KF. Hence, the SPIM mathematical model can be expressed
by the equations (12) and (13), respectively, using uncorrelated
process and zero-mean Gaussian measurement noises.

K1) = Ay Xy + By Uy + Hrpey - (12)

1 0 0000
01 0 0 0 0

Yorim =19 0 1 0 o ol Xttn) T 0mesn (13)
00 0 1 0 0

It is worth noting that Ay and B constitute the dis-
cretized matrices from (4), where A ;) depends on the present
value of the rotor electrical speed. Therefore, the matrix A(,c)
must be actualized at each sampling period considering the
measured rotor electrical speed.

Moreover, in the MPCCS an optimization control process at
every sampling period is carried out to minimize an established
cost function J. This process is done by evaluating all possible
control signals (64 stator voltages for SPIM) and then selecting
the one that reduces the cost function to be applied in the
next sampling period. Since this work deals with the current
control, the tracking error (e) in the (a-3) and (z-y) sub-
spaces between the reference stator currents (i:( & +2)) and their
predicted values (?S(HQ)) is considered. The tracking error
is computed by the second-step ahead prediction for delay
compensation, as shown in the next equations:

J = (eas)® + (€p5)” + Ayl(eas)? + (e4s)?] (14)
where .
Cas = Tpg(po) ~ lash+2)
eps = Z:Zis(ku) - fﬁs(k+2) (15)
Cas = lpg(ht) — Les(k+2)
Cys = Tyg(ipa) ~ lys(k+2)-

Also, the tuning parameter (\;,) has been included that
provides more weight on («-03) or (z-y) sub-spaces according
to the optimization control [25]-[27].

B. PFSCCS

This current control method is based on the selected sector
defined by the two-level six-phase VSI in the (a-3) sub-
space, which are formed by the outer 12 vectors, as depicted
in Fig. 4. The current strategy computes the prediction of
the two adjacent vectors that compose the considered sector
at every sampling period and performs the cost function
(J) individually for every prediction [17]. The performed
prediction is based on (11). Nevertheless, they differ in the
computation of the input vector Uy, [18]. The duty cycles for
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the adjacent vectors, d; and ds, respectively, are obtained by
solving the following equations:

b= =g b=y 0
do+dy +doy =T (17)

where dj corresponds to the duty cycle of a zero vector. Then,
it is possible to obtain the expression for o and the duty cycles
for each vector given as:

do = TV IV T2 (18)
VKTOVK71‘+ V471V[72 +'\K70V[72

di = Ts\/jo\/j2 (19)

N \/70\/71+\/71\/72+\/70\/72

dy = TV TV T 20)
\/70\/71 + \/71\/72 + \/jo\/jz

Analyzing the above mathematical expressions, a new cost
function, which is evaluated at every sampling period, is
defined as:

@n

.],,(k+2) =d \/71 + ds \/72

VI g

Fig. 4. Space sectors in the («-3) sub-space for PESCCS.

Scheme of the MPCCS applied to SPIM.

The two vectors which minimize .J,,(x12) are selected and
applied to the VSI at the next sampling period. After com-
puting the duty cycles and selecting the optimal two vectors
to be applied, a switching pattern diagram, detailed in [14],
[18], is adopted with the aim of applying the active vectors
(v1 —wg) and zero vector (vy), considering the calculated duty
cycles achieving a fixed-switching frequency.

C. MPCCS-VVs

The implementation of MPCCS-VVs consists on the use of
two active voltage vectors, one is the large vector and another
is the mid-large vector as shown in Fig. 5, in every sampling
time. This virtual vector is applied as follows:

VV = diViarge + d2Vinid—targe (22)
where d; = 0.73T; and d; = 0.277, which generate
approximately 93% of the actual value of the large vector
in (a-f) sub-space but it also obtains zero average value of

the (z-y) currents due to the fact that those two vectors are
opposite in (z-y) sub-space [21].

v 111
Q o

Fig. 5. Space sectors in the (a-{3) sub-space for MPCCS-VVs.
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IV. PROPOSED PREDICTIVE CURRENT CONTROLLERS

A. 5V-PFSCCS

This technique is based on PFSCCS, so the duty cycles
are calculated in the same way, with the difference that this
technique has five vectors per sector, as shown in Fig. 6.

The duty cycles, for the five vectors dy, di, da, d3 and dy,
are obtained by solving the following equations:

(23)

do+dy+dy+ds+dy =T, (24)
where i = {0,1,2,3,4} and J; are the corresponding cost
functions (14) for the vectors in the selected sector. As
PFSCCS, it is possible to obtain the expression for ¢ and
the duty cycles for each vector given as:

Jro = VIV IV T3V T4 (25)
Jr1 = \/jo\/jz\/j3\/j4 + \/j[)\/jl \/jS\/j4 (26)
Jra = \/jo\/jl \/jz \/j4 + \/j[)\/jl \/32\/53 27)
TV TV T2V T3V T4
dy = 22V IV IsviJy (28)
Jro + Jr1 + Jr2
TV TV IV T3V T4
dy= ————"—— (29)
Jro + Jr1 + Jr2
TV TV IV T2V T4
dy3 = ————7—"—" (30)
Jro + Jr1 + Jr2
o TININT T, o
! Jro + Jr1 + Jr2
do=Ts—dy —do —d3z —dy (32)

VI X1

VIII

Fig. 6. Space sectors in the (a-3) sub-space for 5V-PFSCCS.

B. PFSCCS-VVs

In this strategy a combination between PFSCCS and
MPCCS-VVs has been proposed so as to improve the current
tracking in the (a-f3) sub-space and also reducing the (z-y)
currents. Hence, to reduce the (z-y) currents, the equation
presented in (22) has been employed. While for (a-3) cur-
rents tracking, the Vi, V5 and V; vectors, which in turn are
composed by (v, v?) and (v§, v3) for the active vectors,
respectively, and according to the selected sector, the duty
cycles for these vectors are computed as (18), (19) and (20).
Finally, once the vectors are selected and before they are
applied to the two-level six-phase VSI, a modulation diagram
depicted in Fig. 7 is performed to guarantee a fixed-switching
frequency at every sampling period.

a b a b
v vy vf vy
%
0 a b a b
) Uy Uy Uy Uy
Va
0
1 F+——
VO 0
Tog Ty Ty Tig Ty T Ty Ty Ty Ty Tog
1 2 1
] >
T

Fig. 7. Switching diagram of each selected sector in the (a-f3) sub-space
for PFSCCS-VVs.

V. SIMULATION RESULTS

The SPIM is powered by two-level six-phase VSI, using
a constant DC voltage of 200 V. The simulation results are
analyzed and processed through MATLAB R2014a employing
the electrical and mechanical parameters of the SPIM (Ta-
ble I). The performance of each current controller is evaluated
through the MSE between the reference and measured stator
currents in the (a-f) and (x-y) sub-spaces. Further, the THD
analysis has been presented, where the MSE and THD, re-
spectively, are calculated as follows:

(33)

3=
M=

MSE(is,) = (iss — i5,)?

Il
-

considering m as the total analyzed samples, ij, as the
reference stator current and 55 as the measured stator currents
where 6 € (o, 3, z,y).

THD(i,) = (34)

where i4; represents the fundamental stator current and the
harmonic stator currents are represented by .
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Comparative performance of stator currents in (c-3) and (x-y) sub-spaces for a rotor speed of 500 [rpm]
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Fig. 9. Dynamic response in g-axis of stator current for a rotor speed change from 500 [rpm] to —500 [rpm] and a sampling frequency of 10 [kHz]: (a)

PESCCS; (b) 5V-PECCS; (c) MPCCS-VVs and (d) PFSCCS-VVs.

In Table II, Table III, Table IV and Table V, a steady state
analysis for stator currents under different rotor speed refer-
ences (w;;,), are shown with PFSCCS, 5V-PFSCCS, MPCCS-
VVs and PFSCCS-V Vs, respectively. The MSE for (a-3) and
(z-y) stator currents as well as the THD for («) stator currents
are included.

TABLE I
ELECTRICAL AND MECHANICAL CHARACTERISTICS OF THE SPIM
Ry 6.9 Q Ls 654.4 mH
Rs 6.7 Q P 1
Lis 53 mH Py 2 kW
L; 128 mH Ji 0.07 kg.m?2
Lm 614 mH B; 0.0004 kg.m2/s
Ly 6268 mH  wr—nom 3000 rpm

Fig. 8 exposes the («-f) and (x-y) stator currents tracking,
for PFSCCS, 5V-PFSCCS, MPCCS-VVs and PFSCCS-VVs,
in steady state for a rotor speed of 500 rpm and a sampling
frequency of 10 kHz. Fig. 9 shows the transient response for
q stator current in a reversal test (speed reference changes
from 500 [rpm] to —500 [rpm]) where PFSCCS, 5V-PFSCCS,
MPCCS-VVs and PFSCCS-VVs show similar response speed
which are denoted on Table VI.

TABLE II
ASSESSMENT OF STATOR CURRENTS IN (-3) AND (2-y) SUB-SPACES,
CONSIDERING MSE [A] AND THD [%] FOR PESCCS AT 500 [RPM] AND

1000 [RPM].
PFSCCS at F. = 10 [kHz]
Wi, MSE,  MSEg MSE,, MSE, THD,
500 0.0628  0.0602 0.0999 0.1013 5.8
1000 0.0982  0.0966 0.1438 0.1403 541
TABLE IIT

ASSESSMENT OF STATOR CURRENTS IN («-3) AND (z-y) SUB-SPACES,
CONSIDERING MSE [A] AND THD [%] FOR 5V-PESCCS AT 500 [RPM]
AND 1000 [RPM].

SV-PFSCCS at Js = 10 [kHz]
o5, MSE, MSEj5 MSE, MSE, THD,
500 0.0571 0.0544 0.1151 0.1194  4.68
1000 0.0999 0.0954 0.1558 0.1554  5.14
TABLE IV

ASSESSMENT OF STATOR CURRENTS IN (c-3) AND (z-y) SUB-SPACES,
CONSIDERING MSE [A] AND THD [%] FOR MPCCS-VVSs AT 500 [RPM]
AND 1000 [RPM].

MPCCS-VVs ___al___ Js = 10 [KHZ]
or MSEq MSEj MSE, MSE,  THD,
500 0.0662 0.0616 0.0381 00395 6.14
1000 00772 0.0676 00455 00488 641
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TABLE V

ASSESSMENT OF STATOR CURRENTS IN (c-3) AND (z-y) SUB-SPACES,
CONSIDERING MSE [A] AND THD [%] FOR PESCCS-VVs AT 500 [RPM]

AND 1000 [RPM].

PFSCCS-VVs __at___ Js = 10 [KHZ]
or MSEq MSE; MSE, MSE, THD,
500 00594 00529 00372 00776 504
1000 0.0690 0.0630 00331 00405 594
TABLE VI

RESPONSE ANALYSIS OF PESCCS, 5V-PFSCCS, MPCCS-VVS AND
PFSCCS-VVS, CONSIDERING OVERSHOOT (%) AND SETTLING TIME (MS)

IN A REVERSAL TEST (500 [RPM] TO —500 [RPM]).

MPCCS Overshoot  Settling time
PFSCCS 4.85 % 3 ms
5V-PESCCS 4.8 % 32 ms
MPCCS-VVs 33 % 2.7 ms
PFSCCS-VVs 49 % 3 ms

VI. CONCLUSION

In this paper a comparative assessment of four model predic-
tive current control strategies applied to SPIM are presented.
The simulation results show a good performance on the four

ana

lyzed techniques, highlighting MPCCS-VVs and PFSCCS-

VVs for its (z-y) currents reduction. At the same time,
PFSCCS-VVs presents better (a-f3) stator currents tracking
and a better THD, presenting an excellent performance as a
predictive current controller.
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Abstract—Model predictive control method has been recently
introduced as an alternative to inner current controllers of
multiphase drives using rotor field oriented control methods.
Model predictive controllers are distinguished by a variable
switching frequency which causes noise, large voltage and current
ripples at low sampling frequency. Therefore, this paper proposes
a variable-speed control for six-phase induction motor drives
by using an inner loop of predictive-fixed switching frequency
current control scheme. Experimental results are provided in
order to prove the feasibility of the proposed control technique,
considering mean squared error as well as the total harmonic
distortion of the stator currents as figure of merit. The efficiency
of the proposed control could be verified by applying the non-
parametric Mann-Whitney statistical test on the experimentally
obtained data.

Index Terms—Fixed switching frequency, multiphase ma-
chines, predictive control.

I. INTRODUCTION

Multiphase induction machine (IM) has gained higher atten-
tion compared to its three-phase counterparts due to its fault
tolerance, lower torque pulsation and better power distribution
per phase which are very attractive to the research community
for industrial applications where a high-performance control is
required [1]. In recent times, several applications of multiphase
IMs are being studied, such as wind power generation system,
electric vehicles (EV) and hybrid EV [2]. In all these appli-
cations, multiphase IM would be performed under variable-
speed conditions, including speed sensorless operations [3].
The most common speed control structure for multiphase
IM is the field-oriented control (FOC) technique, a cascaded
scheme with an inner current control loop and an outer speed
control loop [4]. Several new control strategies have been
developed for the inner current control loop for multiphase IM
such as: model predictive control (MPC), resonant and direct
torque control and also its extension to post-fault operation [5].
The implemented solution of MPC shows excellent transient
performance as well as the easy inclusion of nonlinearities
in the model comparing with traditional proportional-integral
(PI) controllers [6]. The main obstacle of the MPC methods is
that the control can only select from a finite number of valid
switching states because of the absence of a modulator. This
generates distortion and also large voltage and current ripples
at low sampling frequency. The variable switching frequency

produces a spread spectrum, decreasing the performance of
the system in terms of power quality [7]. To overcome this
issue, an enhanced predictive controller with fixed switching
frequency is presented in this paper. This method is based on a
modulation scheme incorporated to the conventional MPC for
different power converters [8]-[11]. This method is applied to
a two-level voltage source inverter (VSI), where for a selected
number of switching states the duty cycles are generated by
using two active vectors and two zero vectors which are
applied to the converter using a given switching pattern in
order to obtain an efficient dynamic of the system. For the
external speed control loop, a PI controller is designed by a
technique detailed in [12].

The main contribution of this paper is the experimental
validation of the aforementioned predictive-fixed switching
frequency technique used as an inner current control applied
to a variable-speed six-phase IM drive. The efficiency of the
predictive-fixed current control technique is analyzed by using
the mean square error (MSE) and the total harmonic distortion
(THD) as indices of performance. The figures of merit used
are not of constant magnitude. This is easily appreciated
when a replication of the experiment is performed. In such
cases, we have a probability distribution function for each
variable considered (MSE and THD). When sample sizes are
small it is more appropriate to make no assumption about the
distribution of variables when comparisons are to be made.
This results in the application of non-parametric statistical
techniques [13]. Specifically, the Mann-Whitney test is used
to compare the central tendencies of the values obtained
through the experimental results for each scenario described
in Section IV.

II. SiX-PHASE INDUCTION MACHINE DRIVE
A six-phase IM associated with a six-phase VSI and a DC
voltage source (V) is considered where the phase propagation
angles of this IM are:

mi=lo & % ¥ % ¥]

The electrical scheme of the VSI drive is shown in Fig. 1.
The six-phase IM is a continuous system which can be
described by a group of differential equations. By applying
the vector space decomposition (VSD) technique [141. the
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Fig. 1.

Scheme of a six-phase IM connected to a six-phase VSI.

original six dimensional space of the six-phase IM, defined
by its six phases (a, b, ¢, d, e, f), is converted into three two
dimensional orthogonal sub-spaces in the stationary reference
frame, represented as (a-f3), (z-y) and (z1-22), by using the
transformation matrix T [15] and an invariant amplitude cri-
terion was selected, where only (a-/3) components contribute
to the torque and flux production. The (z1-2z2) components are
not considered due to the isolated neutral points configuration.

cos ([0p]) a
1 o ;
cos b T

T=3 sin (5 [6,]) y @
1 0 1 0 1 0 Z1
0O 1 0 1 0 1 22

The VSI has a discrete nature with an amount of 64 = 26
different switching states defined by six switching functions
corresponding to the six inverter legs [Sq, Sp, Sc, Sa, Se, S|,
where S; € {0,1}. The different switching states and the
voltage of the Vj. define the phase voltages which can be
mapped to the (a-F)-(x-y) sub-spaces according to the VSD
approach. Fig. 2 shows the 64 possibilities which lead only to
48 different active voltage vectors plus one null vector in the
(a-B)-(z-y) sub-spaces. The six-phase IM can be written by
using a state-space model, based on the VSD technique and
the dynamic reference transformation which is defined by:

dX 4
dt

=An Xy +Bey Uy +Hog ©)}

being Uy the input vector of the state-space model, X ;) the
state vector and A ;) and By are matrices determined by the
electrical parameters of the six-phase IM. The process noise
is defined as w(;) and H is the noise weight matrix.

The state-space model, expressed in (3), and X =
[21. @o. T2 2. 75, al| defines the following equations:

Fig. 2. Voltage space vectors and switching states in the (a-3) and (z-y)
sub-spaces for a six-phase IM.

d:

% = —Rycomy + ¢4 (Lmwrm2 + Rras + Lrw,xe) + coun
d(EQ

o —Rgcomo + ¢4 (—Lpwyxy — Lyw,xs + Rexg) + coug
dax:

% = —Rsc3ws + caug

d

72;4 = —Rscamy + cauy

dxs

5 = Bsarites (=Lmwrre — Rpvs — LywpTe) — cauy
dZ(;

pra Rscqwa + 5 (Lywrx1 + Lewrxs — Rexg) — caus

“)
where w, is the rotor electrical speed, Rs, Ry, Ly, L, =
Ly + Ly, and Ly = Ljs + L, are the electrical parame-
ters of the six-phase IM. The coefficients are determined as
1 =LsL,— L3, c2= f—l, c3 = L%S’ = LL— and ¢5 = fl
The input vector is constituted of the applied voltages to the
Stator u; = Vs, Uz = Ugs, U3 = Ugs, Us = Uys and the
state vector corresponds to the six-phase IM stator and rotor
currents Ty = iqs, Ta = igs, T3 = lzs, T4 = lyg, T5 = lar
and T = i/jT.

Stator voltages are dependant of the input control signals.
In this particular case, the simplest VSI model has been
considered to achieve a good optimization process. Through
this model the stator voltages can be obtained from the ideal
six-phase VSI model Mg [15].

71 T
Mg=3109 -1 0 2 0o -1|5 ©

Taking into account the ideal six-phase VSI, is possible to
transform the gating signals into stator voltages which can be
mapped to (a-f3) and (x-y) sub-spaces and defined in U,y =
[u1, us, us, u4]T which yields to the following equations:

U = Va. T Mia (6)



Y =CXq +r M
being Y the output vector, v(;) the measurement noise and C:
1000 00
010000
C= 001000
000100
The mechanical equations of the six-phase IM are:
T. = 3P (Yasips — Ypsias) ®)
dwy,
S+ B = (T, — i) ©

where B; is the friction coefficient, J; the inertia coefficient,
T, defines the generated torque, 77, is the load torque, w,, is
the rotor mechanical speed, ¥, and 135 are the stator fluxes,
and P is the number of pole pairs.

III. PROPOSED SPEED CONTROLLER

A two degree PI controller with saturator, proposed in [12],
is utilized as the external speed control loop, based on FOC
control technique due to its easiness. In the FOC scheme, PI
speed controller is utilized to create the reference current in
dynamic reference frame. The current reference utilized by
the MPC are obtained from the calculation of the electric
angle used to change the current reference, initially in dynamic
reference frame (d-q), to static reference frame (a-3). The
process of calculation of the slip frequency (ws;) is achieved
in the same way as the FOC techniques, from the reference
currents in dynamic reference frame (i, i;s) and the electrical
parameters of the machine (R, L,), and the mechanical speed
is acquired by using an encoder. A detailed block diagram of
the proposed speed control technique for the six-phase IM
drive is presented in Fig. 3.

A. Classic MPC

MPC uses the mathematical model of the system, namely
predictive model, to predict at time [£] the future values [k+1],
by using measured variables such as the stator currents and the
mechanical speed.

Xipr1p) = Xy + T f (Xigg, Upngs wiipg) (10)

In the state-space representation (10) only the stator
currents, voltages and mechanical speed are measured. The
stator voltages are easily predicted from the switching com-
mands issued to the VSI, however, the rotor currents cannot
be directly measured. This fact can be solve by means of
estimating the rotor current using a reduced order estimators
where the reduced order estimators provide an estimate for
only the unmeasured part of the state vector. Then, in this
work, the rotor current is estimated by the method proposed
in [16] by using a reduced order estimator based on a Kalman
filter (KF). In that sense, considering a zero-mean Gaussian
measurement and uncorrelated process noises, the system’s
equations can be written as:

OTRAS CONTRIBUCIONES 101

X410 = ApgXpgy + By Upg + Heogy an

Yikr1pk) = C Xpra) + Vit (12)

where Ay and By are discretized matrices from (4). Ay
depends on the present value of w,.[; and must be considered
at every sampling time. A detailed description of the dynamics
of the reduced order KF can be found in [16], [17] which has
not been exhibit for the sake of conciseness.

B. Cost Function

Then, the MPC performs a optimization process at every
sampling time. This process consists in the evaluation of a cost
function (13) for all possible stator voltages in order to achieve
its control objective. As the cost function can be represented
in several ways, in this paper, it is selected the minimization of
the current tracking error, defined as the following equation:

T2tk =l Thspera) = fasirrzin) 17+ | 5ot — dasteran I°

+ Aay <|| i oira) = Lasteran] |7+ | i oo — tysirs2lal Hz)
(13)
being 77y, | o) the vector containing the reference for the stator
currents and fs [k+2) the vector containing the predictions based
on the second-step ahead state. In order to put more emphasis
on (a-f) or (x-y) sub-spaces a tuning parameter (\;,) is
used [16], [17].

C. Modulated model predictive control (M2PC)

It is feasible to determine each available vector for the VSI
in the (a-f) plane, which defines 64 sectors (48 different),
which are given by two adjacent vectors. The proposed tech-
nique evaluates the prediction of the two active vectors that
conform each sector at every sampling time and evaluates the
cost function separately for each prediction. Each prediction
is evaluated based on (10) and the only difference is in the
calculation of the input vector Uy [15]. The duty cycles, for
the two active vectors d; and do, are calculated by solving the
following equations:

dy =<

7o =T (14)

do+dy +dy =T (15)

where d corresponds to the duty cycle of a zero vector. Then,
it is possible to obtain the expression for o and the duty cycles
for each vector given as:

TsJ1J2
dy=—7—"-—""— 16
0 JoJ1 + J1J2 + Jo o (16)
TsJoJo
dl=—— 17
T odh + Jids + Joda un
T.
dy = o as)

T.T. L TI. 7. + T. 1.
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Considering these expressions, the new cost function, which
is evaluated at every Ty, is defined as:

Gletopr) = diJ1 + d2J2 (19)

The two vectors which minimize G2|x] are selected and
applied to the VSI at the next sampling time. After obtaining
the duty cycles and selecting the optimal two vectors to
be applied, a switching pattern procedure, shown in [15],
is adopted with the goal of applying the two active vectors
(v —v2) and two zero vectors (vg), considering the calculated
duty cycles obtaining a fixed-switching frequency.

IV. EXPERIMENTAL RESULTS

A detailed block diagram of the MPC technique for the six-
phase IM is provided in Fig. 3. The six-phase IM is powered
by two typical three-phase VSI, using a constant DC voltage
of 400 V from a DC power supply. The VSI are controlled by
a dSPACE MABXII DS1401 real-time prototyping platform.
The experimental results are captured and processed using
MATLAB R2013b. The motor position is measured with a
1024-pulses-per-revolution incremental encoder, and then, the
speed is estimated from it. A 5 HP eddy current brake is
used to connect a variable mechanical load. Table I shows the
electrical and mechanical parameters for the six-phase IM.

TABLE I
ELECTRICAL AND MECHANICAL PARAMETERS OF THE SIX-PHASE IM

R, 6.9 Q Ls 654.4 mH
Rs 6.7 Q P 1

Lis 5.3 mH Py 2 kW

Ly 128 mH Ji 0.07 kg.m?
Ly, 614 mH B; 0.0004 kg.m?/s
Ly 6268 mH  wr—nom 3000 rpm

Speed control with an inner current control based on predictive-fixed control and using KF for rotor current estimation.

In Table II and Table III, a steady state analysis for stator
currents under different rotor speed references (w;"), are shown
with M2PC and classic MPC, respectively. A total of 7 samples
are obtained to measure the MSE for (a-3), (xz-y) stator
currents and the mechanical rotor speed (w,) as well as the
THD for (a-[3) stator currents.

TABLE II
ANALYSIS OF N SAMPLES OF STATOR CURRENTS (a-3), (z-y), MSE [A],
THD [%] FOR M2PC AT DIFFERENT ROTOR SPEEDS [RPM].

Speed wy = 500 [rpm]
N MSE, MSEg MSE; MSE, THD, THDg MSEy,
1 0.1140  0.1226  0.1662  0.2060 10.7 9.6 1.9233
2 0.1210  0.1199  0.1508  0.2037 10.5 9.5 1.6378
3 0.1151  0.1207  0.1653  0.2084 10.7 9.4 1.8141
4 0233  0.1183  0.1458  0.1981 11.0 9.7 1.8051
5 01171 0.1141  0.1529  0.1969 10.1 8.8 1.6634
6 0.1196 0.1158 0.1590  0.1958 10.3 9.0 1.8145
7 01111  0.1184  0.1691  0.2027 10.6 9.5 1.5835

Speed wy = 1000 [rpm]
N MSE, MSEg MSE; MSE, THD, THDg MSEy,
1 0.1546  0.1470 0.1644  0.2615 12.4 9.9 2.3932
2 0.1491  0.1432  0.1761  0.2599 12.3 9.7 2.6218
3 0.1583  0.1465  0.1677  0.2648 12.3 9.7 2.3217
4 01596 0.1480  0.1666  0.2630 12.5 9.9 23814
5 0.1594 0.1487 0.1797 0.2650 12.0 9.7 2.6432
6 0.0508 0.1487 0.1807 0.2685 12.0 10.0 2.7061
7 0.1487 0.1485 0.1771  0.2656 12.6 9.9 2.3885

Speed wy = 1500 [rpm]
N MSE, MSEg MSE; MSE, THD, THDg MSEy,
1 0.2044  0.1895 0.1875  0.3331 17.5 11.7 3.5112
2 02182 0.1908  0.1864  0.3199 18.0 12.1 2.9387
3 02193  0.1938  0.1820  0.3220 18.6 12.6 3.2329
4 02068 0.1921 0.1863  0.3204 17.8 12.0 2.9350
5 02197 0.1909 0.1920 0.3131 17.5 12.0 3.0535
6 02106 0.1926 0.1953  0.3277 17.1 12.0 3.2980
7 02094 0.1924  0.1907 0.3350 183 12.2 2.9544
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Fig. 4.
M2PC; (b) Amplitude of 1.5 [A] for classic MPC.

Stator currents in (a-3) and (z-y) sub-spaces for rotor speed of 500 [rpm] and a sampling frequency of 16 [kHz]: (a) Amplitude of 1.5 [A] for

TABLE IIT TABLE IV
ANALYSIS OF N SAMPLES OF STATOR CURRENTS (a-3), (z-y), MSE [A], EFFICIENCY ANALYSIS OF BOTH CONTROLLERS BASED ON STATISTICAL
THD [%] FOR CLASSIC MPC AT DIFFERENT ROTOR SPEEDS [RPM]. TEST.
AHI: M2PC/Speed AH2: Classic MPC/Speed
e ;[pseéd ﬁé; 1\/?;)3 "ll“;fl’gl _— SiE Variables p-value Variables p-value
= B = y “ £ “r_ “MSE, 0.001 MSE, 0.001
T 00730 00719 04849 04929 83 83 1.7649 MSE, 0,001 MSE 0.001
2 00713 00718 04825 04729 83 83 17851 MSE, 0,001 MSE., 0.001
3 00717 00713 04766 04771 35 82 1.9413 MSE, 0.001 MSE, 0.001
4 0072600710 04868 0.4791 34 83 1.6323 THD,, 0.001 THD., 0,001
5 00728 00713 04839 04800 85 83 1.9156 THD, 0.001 THD 5 0.001
0T 0TI USO8 R0 T e 000! MSE., 00
— épeed w* — iOOb [rp.m] . . AH3: M2PC/Classic MPC AH4: M2PC/Classic MPC
=
N _MSE, MSE; MSE, MSE, THD, THD; MSE., . 500 [rpm] . 1500 (rpm]
T 00847 00837 05332 05322 74 73 2.1235 Variables p-value Variables p-value
2 00851 0.0827 05298 0.5407 75 7.1 22418 MSEq 0.002 MSEq 0.001
3 00841 0.0808 05386  0.5408 T4 7.1 22721 MSEg 0.002 MSEg 0.001
4 00848 00813 05405 05327 74 72 2.1209 MSE, 0.002 MSE, 0.001
5 00845 00833 05356 05326 74 74 1.9444 MSE, 0.002 MSE, 0.001
6 00830 00822 05434 05340 73 73 2.1001 THDq 0.002 THDq 0.001
7 00844 00827 05385 05347 75 73 2.1238 THDg 0.001 THDg 0.001
Speed wF = 1500 [rpm] MSE,,,. 0.949 MSE,,, 0.259
N MSE., MSE; MSE, MSE, THD, THD; MSEy,
T 00720 00706 05283 05144 7.0 6.9 3.0061
2 0072600728 05190 05214 7.0 7.0 3.1270
3 00726 00703 05211 05101 7.6 6.9 2.9781
400706  0.0721 05238 0.5180 6.8 6.6 27550  obtained by the Mann-Whitney non-parametric statistical test
g gg;% 88;(2); 82;23 gggg% Zg 25 ;ég;g using the software SPSS version 20.0. AHI is a alternative
T 00682 00695 05180 05134 63 67 >sasa— hypothesis where the variables (MSE and THD) equality is

Fig. 4 exposes the (a-3) and (z-y) stator currents tracking,
for M2PC and classic MPC, in steady state for the rotor
speed. Fig. 5 shows the transient response for ¢ stator current
in a reversal test (speed reference changes from 500 [rpm]
to —500 [rpm]) where the M2PC and classic MPC show
similar response speed. The presented results in Table IV were

verified for M2PC at different rotor speeds (500 [rpm] and
1000 [rpm]). By considering the obtained probability value
(p-value) it can be deducted that the M2PC efficiency is
better for a rotor speed of 500 [rpm] in comparison to 1000
[rpm]. After processing other data revolving different rotor
speeds, it is obtained a similar result where M2PC has better
performance with lower rotor speeds. AH2 is defined as the
same analysis than AH1 for classic MPC, where the results are
the same. a better performance at lower speed. AH3 and AH4
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For classic MPC.

are alternative hypothesis that compare the efficiency of both
techniques (M2PC and classic MPC) at rotor speeds of 500 and
1500 [rpm], respectively. The registered p-values demonstrate
a different efficiency, particularly better for classic MPC over
M2PC in terms of MSE,, MSEg, THD,, and THDgz. While
M2PC efficiency is far superior for MSE,, and MSE,. On the
other hand, for MSE,, the p-value shows that there is not
sufficient statistical evidence to reject the same efficiency for
both techniques.

V. CONCLUSION

In this paper a variable-speed control with a modified
predictive current control technique with fixed switching fre-
quency (M2PC) applied to the six-phase IM is presented. The
experimental and statistical results were compared between
M2PC and the classic MPC and showed a better performance
in the (x-y) currents reduction for M2PC. However, in the
(a-f) currents tracking, M2PC had a worse performance
compared to classic MPC due to a saturation effect in the
measured currents. In terms of speed tracking both techniques
had similar results and in the transient analysis, the response
was almost the same for both techniques. It can be concluded
that M2PC is a good alternative to classic MPC to improve
the (z-y) currents reduction.
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Finite control set model-based predictive control techniques are distinguished by being an interesting
alternative to traditional field oriented control techniques for multiphase drives due to their fast
dynamic response and flexibility in the introduction of constraints. However, those predictive control
techniques have some drawbacks regulating the (x —y) current components which can cause machine
losses as well as a high computational burden. This paper presents a comparative study of an enhanced
predictive current control technique with a conventional predictive control technique and two hybrid
predictive control techniques applied to an asymmetrical six-phase induction motor drive in terms of
current tracking, total harmonic distortion of stator currents and computational burden. Experimental
results are reported to demonstrate the benefits of the different current control techniques by using the
mean squared error and total harmonic distortion of stator currents as quality figures of merit and the
number of floating point operations to measure the computational burden of each predictive control,
thus concluding the advantages and limitations of each technique at transient and steady regimes.

©20191SA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Model-based predictive control (MPC) has gained attention in
the last years as an alternative to conventional linear control tech-
niques [1-3]. MPC strategies are identified by the requirement
of a defined system model in order to predict the next values
for the system state variables. Once the future state variables are
estimated, the MPC uses an optimization criterion by minimizing
a cost function that describes the desired system behavior in
every sample time. MPC has a fast dynamic response and can
be applied to different systems, such as AC-DC converters [4],
controlled grid-connected converters [5,6], permanent magnet
synchronous machines [7,8] and induction motors (IMs) [9,10].
MPC is classified in a continuous control set MPC and finite-
control-set MPC (FCS-MPC) which is mainly applied, due to its
discrete nature, to three-phase and multiphase systems with
different voltage source inverters (VSIs) topologies, being the
two-level VSI the most studied [7-10].

At the same time, the research in the field of multiphase IM
has been growing in the last decade [11-13]. Comparing to the
conventional three-phase IM, multiphase IMs have some intrinsic
advantages such as major power splitting, lower torque ripple

* Corresponding author.
E-mail addresses: mayala@ing.una.py (M. Ayala), jdoval@uvigo.es
(J. Doval-Gandoy), jrodas@ing.una.py (J. Rodas), ogonzalez@ing.una.py
(0. Gonzalez), rgregor@ing.una.py (R. Gregor).

https://doi.org/10.1016/j.isatra.2019.08.052
0019-0578/© 2019 ISA. Published by Elsevier Ltd. All rights reserved.

and better fault tolerance [14]. By considering these advantages
over three-phase IMs, the applications for multiphase IMs have
been increasing in areas such as electric and hybrid vehicles [15]
and wind energy conversion systems [11,16]. It is considered
that any multiphase IM can be analyzed by the vector space
decomposition (VSD) technique, obtaining multiple orthogonal
planes, (¢ — B), (x — y) and (z; — z;), which represent the elec-
tromagnetic energy conversion excluding some higher harmonics
of the order 12n + 1 (n = 1, 2, 3...), the machine energy losses
and the homopolar plane, respectively [17]. For two isolated
neutrals configuration, (z; — z) currents cannot flow, therefore
the components of the (z; — z) sub-space can be ignored [18].
FCS-MPC, applied to multiphase IM drives, has been devel-
oped for the first time in 2009 in [19,20], verifying its per-
formance as an alternative to conventional control techniques.
However, FCS-MPC techniques are known for their high compu-
tational cost [20,21]. In addition, some state observers were con-
sidered to perform a speed-sensorless control in multiphase ma-
chines in [22-24] and also to improve the prediction of the FCS—
MPC applied to multiphase induction machines [25-28]. Some
restrained vectors techniques were presented in [29,30], which
consist in reducing the selection of some space vector voltages as
the control output based on a constraint such as avoiding the volt-
age vectors that generate more harmonics or generate more (x—y)
currents, to reduce the computational cost in FCS-MPC and some
modulation techniques were described in [31-33], such as pulse
width modulation (PWM), based on space vector modulation,
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added to FCS-MPC to reduce (x — y) currents. It can be noticed
that in these cited works there is not an exhaustive comparison
between different predictive current control techniques in order
to analyze their advantages and limitations for implementation of
predictive control techniques applied to multiphase motor drives.

The main contribution of this paper is a comparative study
of four FCS-MPC applied as a predictive current control (PCC)
technique, with a Kalman filter (KF) as a state observer to operate
an asymmetrical six-phase induction motor drive (ASIMD) in
terms of current tracking, THD of stator currents and computa-
tional burden. The four PCC techniques, which differ each other
by the method to select the optimal vector and the modulation
technique applied in some of them, are compared by using the
mean square error (MSE), THD and the number of floating point
operations (FPOs), to measure the computational burden of each
PCC, as figures of merit. These techniques are tested for different
operating conditions, in steady-state and transient conditions.

This paper is organized as follows: the ASIMD state-space
model is presented in Section 2. In Section 3, the PCC design is
shown, where it describes the traditional PCC which will be used
as a reference for the comparative study. Sections 4-6 describe
the three PCC techniques to be compared. The experimental
results show the transient and steady-state behavior, for the
four PCC where the figures of merit are compared, in Section 7.
Section 8 summarizes the conclusion.

2. Asymmetrical six-phase IM model

The system is composed of an ASIMD connected to a six-phase
VSI and a DC voltage source (Vg ). An electrical scheme of the
VSI drive is shown in Fig. 1. The ASIMD is a continuous system
which can be described by a group of differential equations. By
applying the VSD approach, the six-dimensional space of the
ASIMD, defined by its six-phases (a, b, c, d, e, f), is transformed
into three two-dimensional orthogonal planes in the stationary
reference frame, represented as (¢ — B8), (x — y) and (z; — z2),
by using the transformation matrix T [32]. The studied ASIMD
has isolated neutrals configuration, thus (z; — z;) currents are
not considered, simplifying the mathematical model used by only
considering (¢ — B) and (x — y) planes.

a d b e c f
V3 1 V3 1
A S B A S
R A A e
T=2|1-% -2 % -3 0|7
0 1 5 1 B gy
2 2 2 2 z
10 1 0 1 o0 | &
0 1 0 1 0 1 22

e

where an invariant amplitude criterion was selected.

The six-phase VSI has a discrete behavior and a total num-
ber of 26 = 64 switching states defined by the six VSI legs
S =[Sa, Sp. Sc. Sa» Se, Sy, where S; € {0, 1}. The different switch-
ing states and V,. determine the phase voltages, which can be
represented into the (¢ — ) and (x — y) planes according to the
VSD approach [17]. Fig. 2 shows the 64 possibilities which lead
only to 49 different vectors (48 vectors + 1 null vector) in the
(¢ — B) and (x — y) planes. The state-space model of the ASIMD
is defined by:

Xy = A X + By U + H o @

where Uy is the input vector of the state-space model, X the
state vector and A() and By are matrices determined by the
electrical parameters of the ASIMD. The process noise is defined
as () and H is the noise weight matrix. The state-space model

Fig. 1. Scheme of an ASIMD connected to a six-phase VSI.

described by (2) and Xy = [x1, X2, X3, X4, Xs, xs]", define the
following equation:
b3 A A 0 0 A A | [x]
X Ay Apn 0 0 Ax Ay | |x
%30 |0 0 Az 0 0 0]|x
X | O 0 0 Ay O 0 X4
s As1 Az 0 0 Ass Asg | |Xs
X6 As1 Az 0 0 Ass Ass | | X6
(3)
Bn 0 0 0 0 0][u]
0 By O 0 0 0 Uy
4 0 0 By O 0 0 us
0 0 0 By 0 0 Uy
Bss 0O 0 0 0 0 0
0 Bs O 0 0 o0f[o0]
being
A =Apn = —R; Ay = — Ay = calpoor
A5 = Axs = CaR; Ag = — Axs = calr ooy
A3 = Ay = —Rs3 As1 =Asz = Ricy
Asy; = —Ag1 = —CsLpor Ass =Aes = —CsRy
Asg = —Ags = —CsLr oy Bi1=Bn =0
Bss = Bag = C Bss =Bgs = —C4

where Rs, Ry, Ly, Ly = Ly + Ly and Ly = Lis + L, are the electrical
parameters of the ASIMD. The coefficients are determined as
a=LL—12, =" 0= c=""andc =5 The input
vector is composed of the applied voltages to the stator u; = vy,
Uy = Vgs, U3 = Uxs, Ug = Vys and the state vector corresponds to
the ASIMD stator and rotor currents Xy = iy, X2 = igs, X3 = Ixs,
X4 = lys, X5 = ior and Xs = ig,. Stator voltages are dependent on
the input control signals S. In this particular case, the simplest VSI
model has been considered to obtain a good optimization process.
The stator voltages can be calculated from the ideal six-phase VSI
model Mgs; [32].

2 0 -1 0 -1 0

0 2 0 -1 0 -1

11 -1 0 2 0 -1 o
Ms=3| o0 -1 0 2 0o -1
10 -1 0 2 0

0 -1 0 -1 0 2
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Fig. 2. Voltage space vectors and switching states in (« — 8) and (x — y) planes for an ASIMD.

An ideal six-phase VSI transforms gating signals into stator
voltages which can be projected to (@ — 8) and (x —y) planes and
defined in Uy = [uy, uy, us, u,]", determined with the following
equation:

Uiy = Ve TMis) (5)
The output vector, Y, is:
Yo = Xy + v (6)

being v is the measurement noise and

1 0 00 0O
c—|0 10000
~10 01 0 0O
000 100
The mechanical equations of the ASIMD are given by:

T = 3P (Vasips — Ypsias) 7

Ji & + Bi om = (T — Tp) (8)

wy = Popy 9

where B; is the friction coefficient, J; the inertia coefficient, T,
defines the produced torque, T; is the load torque, w; is the rotor
electrical speed, wn, is the rotor mechanical speed, /45 and ¥gs
are the stator fluxes and P is the number of pole pairs.

3. FCS-MPC method for an asymmetrical six-phase IM model
(PC1)

This section presents the conventional PCC technique equipped
with KF for rotor current estimator proposed in [25] (PC1 in
what follows). The equations of the ASIMD (3) and (6) have to be
discretized so it can be adapted for the PC1. A forward-Euler dis-
cretization method is selected to maintain a low computational
cost. The resulting equations will be in a digital control form with
predicted variables only dependent on the variables past values.
Hence, a prediction of the future next-sample state X1 is:

Xper1ig = Xpig + £ (Xga. Upg. Ts. @rpig) (10)
being [k] the current sample and T is the sampling time.

3.1. Reduced order observer

The state-space representation in (3) has six state variables,
where only stator currents can be measured. Stator voltages are

easily calculated from (5), where the switching commands cause
the output voltage from the VSI. On the other hand, rotor currents
cannot be directly measured. This can be overcome by a reduced
order observer to estimate the rotor currents. The reduced order
observers estimate a calculation for only the unmeasured part of
the state vector. This is the main issue which has been recently
covered by the application of the Luenberger observer (LO) and KF
techniques, where the KF shows better results due to the observer
gains are computed online by considering the measurement and
process noises of the ASIMD. However, LO has gains which are not
so optimized and it has a deterministic setting [25,28]. Therefore,
areduced order KF is implemented in this work for rotor currents
estimation. By considering a zero-mean Gaussian measurement
and uncorrelated process noises, the system’s equations can be:

Xk = Ay Xy + BiigUpg + Hogy (11)

Yier 1 = 11 + Vi) (12)

where Ap and By are discretized matrices from (3). Ay is also
dependable on the present value of w,( and must be considered
at every sampling period. The error dynamics of the reduced
order observer is presented as:

e e — 1+ AssTs AseTs
[k+1] = A[KIC[k] = Ags Ty 1+ AgsTs
AisTs  AsgTs
~ K |:A25Ts A26Ts]} ek 13

where ey is the error between the estimated rotor currents
and the real rotor currents while Ky, is the KF gain. For a fast
error convergence to zero, the real parts of the eigenvalues of
A should be as negative as possible. It can also be considered
that rotor currents have a very low dynamic facilitating the KF
speed convergence. A detailed description of the convergence and
dynamics of the reduced order KF (and LO) can be found in [25,26]
and it was not included for the sake of conciseness.

3.2. Cost function

The cost function design can grant the optimization of many
important variables such as machine torque ripple minimiza-
tion, VSI switching losses and harmonic content reduction [2].
As consequence, by including more terms in the cost function
the controller can easily include other variables or constraints. In
PC1 the parameter is the tracking error in the predicted stator
currents for the next sample. Therefore, the cost function is
determined as:

. 2 2 . A 2
Juer2ik = Nigperz) — Tastir2pa |+ Niggpus) — ipstir2iml (14)
. 4 2 . 4 2
+ Ay (“l:s[/<+zj — Dyt |+ ||l;5[k+z] — dysi+21k) [l )
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Fig. 3. Eigenvalues of (A — ByyLyy) matrix at different sampling frequencies: (a) lower than 10 kHz; (b) higher than 10 kHz.

A second-step ahead prediction of the stator current §5[k+2\k] is
required for the delay compensation of the computational burden
and i, ,, exhibits the reference trajectory of the stator currents.
The tuning parameter A,y is related to the ASIMD losses [25,32].
As a result, through an iterative algorithm PC1 obtains the opti-
mal output control vector S, which is the one that minimizes
(14). Then, this optimal switching state is used in (5) and it is
applied during the next sampling period. Taking into account the
computational cost, it is considered the 49 no redundant voltage
vectors to be selected for PC1 which is the number of iterations
performed in every sample time. In every iteration there are
48 FPOs related to the prediction calculation, the cost function
minimization and the second step prediction process, giving a
total amount of 2352 FPOs, while the KF has 450 FPOs.

3.3. Stability analysis

There are many MPC techniques presented in the literature,
which have some common properties which formalize the sta-
bility field [34]. The main common property is a defined cost
function to forecast the future behavior of the system. Hence, one
of the most used methods to prove the stability of FCS-MPC is
by considering the defined cost function as a candidate-Lyapunov
function [35,36], another approach, presented in [35,37] consists
in produce a determined gain Ly to obtain a stable matrix (A —
ByiiLix)) whose eigenvalues are less than 1. The second method is
used due to its simplicity and by considering that FCS-MPC has
a limited control effort, i.e. 49 voltage vectors in the particular
case of the six-phase VSI. For a limited current reference (due to
security issues), there is a finite number of Ly values through the
cost function minimization and it shows guaranteed asymptotic
stability with a high sampling frequency (f;), above 10 kHz, as it
shows in Fig. 3(a) and Fig. 3(b).

4. FCS-MPC technique with PWM (PC2)

PC1 technique selects an optimal vector $* by minimizing the
cost function in (14). Instead of applying the optimal vector to the
ASIMD during the entire switching period, PC2 method, presented
in [38], uses an optimal vector combining it with the VSD theory
to obtain the duty cycles as follows:

! + 3M (15)
T=—+4 —

2T g ™
where T = [t T, T, T, Te, r,r]T and Msopt; is the ideal VSI

model from (4) with the optimal vector selected. The duty cycles,
defined as 7, are related with the VSI phases and are normalized
between 0 and 1. S”* produces a certain level of voltage for each
phase and this technique, through the duty cycles calculation,

allows the VSI to generate a similar level of voltage (75% of
the optimal vector value) with a combination of space vectors.
This technique can be considered as the application of several
vectors in order to reduce the voltage vector amplitude in order
to minimize the stator currents in (x — y) plane in one sampling
period as shown (with an example for optimal vector 6 — 4) in
Fig. 4. As for the computational cost, it is slightly higher than PC1,
since the modulation stage has 90 FPOs.

5. FCS-MPC with computation load reduction method (PC3)

PC3 technique is based on the conventional PC1, which selects
an optimal vector through the cost function minimization in (14)
for a sample time, and a restrained vector technique which will
be applied in the next sample time. The main target of this
technique is to reduce the (x — y) stator currents by limiting
the selected vectors to a determined region depending on the
previously selected vector, in order to give priority to an optimal
vector which will generate an opposite voltage vector in the
(x — y) plane. However, this technique will limit the (« — B)
stator currents regulation due to the fact that PC3 uses restrained
vectors prioritizing the (x — y) stator currents reduction.

As shown in Fig. 5, the (x—y) plane can be subdivided into four
regions, where each region contains 12 not redundant voltage
vectors. PC3 will operate as the conventional PC1, where an
optimal vector will be selected from the minimization of the cost
function. Then the algorithm will reduce the possible vectors for
the next sample time, being the selected region, the opposite of
the previously selected vector.

This PCC technique is a restrained voltage vector technique,
thus it gets a computational load reduction due to the limited
iterations executed to process comparing to PC1, being a to-
tal of 61 iterations comparing to 98 from PC1 in two sample
times. This restrained technique reduces the computational cost
by approximately 888 FPOs in every sampling time.

6. FCS-MPC with computation load reduction and PWM (PC4)

PC4 is a combination between PC2 and PC3, where there is a
restriction in the voltage vectors selection and a PWM modulation
applied in the final stage of the control, as shown in Fig. 6. The
main objective of this technique is to improve the (x — y) stator
currents reduction by combining the two techniques and still
managing to get a PCC with a reduced computational cost due
to the limited executed iterations, just adding 90 FPOs for the
modulation stage comparing to PC3.
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Fig. 6. Block diagram of the PC4 algorithm.

7. Experimental results
7.1. Experimental setup description

The previously described PCC techniques are tested in order
to compare the experimental results obtained in the same test

bench. The parameters of the ASIMD used in these tests have
been obtained using conventional, AC-time domain and stand-
still with VSI supply tests [39,40], and the obtained values are
described in Table 1. The ASIMD is powered by two conventional
three-phase VSI, using a constant DC voltage of 400 V from a
DC power supply system. The VSIs are finally controlled by a
dSPACE MABXII DS1401 real-time rapid prototyping platform.
This platform is designed to perform controllers of the elec-
tric motor for automotive applications. As a consequence, this
platform is comparable, in robustness and immunity to electro-
magnetic noise, to any industrial ones. The experimental results
included are captured and then processed using MATLAB R2013b.
In the experimental tests, the phase currents are measured with
the current sensors LA 55-P s, which have a frequency bandwidth
from DC up to 200 kHz. The analog measurements are converted
to digital with 16-bit A/D converters. The motor position is mea-
sured with a 1024-pulses-per-revolution incremental encoder,
and then, the speed is calculated from it. Finally, a 5 HP eddy
current brake, based on Foucault currents, is used to introduce
a variable mechanic load in the system. This brake is able to
emulate typical loads attached to the ASIMD, from positive or
negative loading steps to linear or quadratic load variations. It is
important to mention that the brake control is made externally
to the converter’s control. A block diagram of the test bench is
shown in Fig. 7, including some photos of the equipment.

7.2. Performance parameters
The performance of the three enhanced PCC techniques and

the conventional PCC are compared in transient and steady-state
conditions. The experimental results show a comparison of the
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Table 1 Table 2
Electrical and mechanical parameters of the ASIMD. Performance Analysis of Stator Currents (« — 8), (x —y), MSE (A), THD (%) for
PARAMETER VALUE PARAMETER VALUE PC1 at different rotor speeds (rpm).
R (@) 69 L (mH) 6544 2 MSE, MSEg MSE, MSE, THD, THDg
R () 6.7 P 1 Sampling frequency 12 kHz
Li; (mH) 53 Pu (kW) 2 500 00856 00874 06008 05859 83101 86441
L (mH) 614 Ji (kg m7) 0.07 1000 00975 00952 07127 07203 68383 68663
Ly (mH) 6268 B; (kg m*/s) 0.0004 1500 00988  0.1006 0.7344 07140 58643  6.0550
@r—nom (1pM) 3000 Ve (V) 400 i
Sampling frequency 16 kHz
500 0.0717 0.0730 0.4707 0.4747 8.9044 8.9615
1000 0.0853 0.0855 0.5505 0.5538 6.1956 6.1703
1500 0.0783 0.0790 0.5736 0.5710 4.4041 4.4777
Sampling frequency 20 kHz
500 0.0641 0.0661 0.4137 0.4103 6.4833 7.1390
1000 0.0745 0.0791 0.4764 0.4813 5.4602 5.8339
1500 0.0726 0.0737 0.4701 0.4649 4.0989 4.3228
Table 3

A MECHANICAL [
LoAD "

PC CONTROL|

Fig. 7. Block diagram of the test bench including the ASIMD, the VSI, the dSPACE
and the mechanical load.

MSE and THD obtained in stator currents in the (o — ) and (x—y)
planes for all PCC techniques. The MSE is computed as:

MSE(igs) =

N
1 . .
N (s = 13,2 (16)
j=1

being N the number of analyzed samples, i}, the stator current
reference, igs the measured stator current and ¢ € {a, B, x, y}.
On the other hand, the THD is computed as:

THD(i;) = (17)

being is; the fundamental stator current and ig is the harmonic
stator current. The defined cost function in (14) with 1, = 0.01,
was selected to evaluate the dynamic performance of the pro-
posed PCC techniques, prioritizing the (¢ — B) stator current
tracking over the (x—y) currents reduction [32]. The process noise
and the measurement noise values can be estimated by using the
method proposed in [26], as Q,, = 0.0022 and R, = 0.0022. In every
case, the (x — y) current references are set to zero (i}, = iy, = 0)
and the sampling frequency used in the tests are 12, 16 and
20 kHz.

7.3. Analysis of experimental results

The comparison among the three proposed PCC techniques,
defined as PC2, PC3 and PC4, and the conventional PCC, described
as PC1, is first analyzed under a steady-state condition, a me-
chanical load condition based on Foucault currents brake of 5 CV
and different rotor speeds (wy;). Table 2 reports the experimental
results obtained for PC1, at different rotor speeds and sampling
frequencies, regarding the MSE and THD of stator currents in the
(ee—p) and (x—y) planes. The results demonstrate a good tracking

Performance Analysis of Stator Currents (« — B), (x —y), MSE (A), THD (%) for
PC2 at different rotor speeds (rpm).

wpy MSE, MSEg MSE, MSE, THD,, THDg
Sampling  frequency 12 kHz

500 0.1259  0.1095 0.4862 0.4796 13.2002 115178

1000 0.1100 0.1010 0.5360 0.5380 7.6581 7.0963

1500  0.1539  0.1465 0.5092 0.5547 10.1893 9.6681
Sampling  frequency 16 kHz

500 0.0827 0.0807 0.3801 0.3652 9.8252 9.3829

1000  0.0927 0.0886 0.4086 0.4058 6.7514 6.5256

1500  0.1102 0.1075 0.4685 0.4627 52311 5.3378
Sampling  frequency 20 kHz

500 0.0944  0.0877 0.3262 0.3139 10.7465 10.2255

1000  0.1072 0.1025 0.3566 0.3677 7.5919 7.0918

1500 0.1114  0.1096 0.4202 0.4271 5.7400 5.6312

of the current references in the (o« — ) plane, but a low reduction
of the stator currents in the (x — y) plane. Table 3 exposes the
results for PC2, considering the MSE and THD of stator currents.
For PC2, there is an improvement in the (x — y) stator currents
reduction over PC1 of 24 % in average, but there is a decrease of
the (¢ — B) current tracking of approximately 21 %.

Table 4 shows the results of the system performance with
PC3. From the comparison between PC3 and PC1, there is an
improvement of 13 % in average regarding the (x — y) stator
currents reduction, however it shows a decrease in the (¢ — )
current tracking of 41 %. At last it is presented in Table 5 the
results for PC4 at different rotor speeds and sampling frequencies.

If the results are compared to PC1, it can be seen an improve-
ment of 30 % in average for the (x — y) stator currents reduction
and a decrease of the (@ — B) current tracking of approximately
52 %.

Fig. 8 exposes the polar trajectories of the stator currents in
the (¢ — B) and (x—y) planes. The obtained results with PC1, PC2,
PC3 and PC4 techniques are shown in Fig. 8(a), 8(b), 8(c) and 8(d)
respectively. Fig. 9(a), 9(b), 9(c) and 9(d) report the stator phase
currents in time domain for PC1, PC2, PC3 and PC4 respectively.
By considering the MSE and root mean square (RMS) of the stator
currents ripple in the (¢ — 8) and (x — y) planes for the four PCC
techniques, it can be defined that PC1 has the lowest MSE and
RMS current ripple in the (@ — B) plane, where PC2 has 83 % of
RMS ripple and 56 % of MSE greater than PC1, but PC2 has lesser
RMS current ripple and MSE in the (x — y) plane comparing to
PC1 of approximately 23 % and 44 % respectively. On the other
hand, by comparing with PC1, PC3 and PC4 present a lower RMS
ripple (12 % and 19 % approximately) and MSE (10 % and 19 %
approximately) regarding the currents in the (x — y) plane.
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Table 4 Table 6
Performance Analysis of Stator Currents (« — f8), (x — y), MSE (A), THD (%) for Computational cost of the four PCC in terms of FPOs.
PC3 at different rotor speeds (rpm). PCC FPOs PCC FPOs
w5, MSE,  MSEg MSE, MSE, THD, THDg bCl 2802 b3 1914
Sampling  frequency 12 kHz PC2 2892 PC4 2004
500  0.1699  0.1749 0.4996 05063 162516  16.8039
1000 02162 02203 0.5759 05867  12.9967  13.0654
1500 02734 02722 0.6339 06288  11.4490  11.8897 . . . . L
Sampling _frequency 16 kHz A dynam_lc comparison test is carrleq out as shovs_m in Fig. 10
which consists in the transient behavior of the different PCC
500  0.1419  0.1386 0.3983 04023 145515  15.0068 . . .
1000 01798 01826 04800 04792 112449 111217 techniques for a step response in the q axis current reference
1500 02133 02195 05225 05345  9.9848 9.9575 (i;S ). The step response is obtained through a modification of the
Sampling _ frequency 20 kiz rotor mechanical speed (wp) from 500 to —500 rpm, making a
500 01101 0123 03525 03547 113337 127361 reversal condition. In all the figures [Fig. 10(a) to Fig. 10(d)] it
1000 01444 01557 0.4051 04197 93282 10.1117 is observed the transient performance of PC1 is approximately
1500  0.1935  0.1827 0.4504 0.4648  8.3290 8.5807 2.8 ms, for PC2 is approximately 4.2 ms, PC3 is 10 ms and PC4
is 18 ms for a 5% criterion, showing that PC1 has the highest
Table 5 response speed to reach the new reference (ig,). PC2, PC3 and PC4

Performance Analysis of Stator Currents (¢ — f8), (x — y),

PC4 at different rotor speeds (rpm).

MSE (A), THD (%) for

P MSE,  MSE; MSE, MSE, THD, THD,
Sampling frequency 12 kHz

500 02544 02125 0.3685 0.3844 223211 17.6980

1000  0.2627 0.2528 0.4467 0.4587 13.7984 13.3634

1500 03440  0.3262 0.4961 0.4908 17.4150 16.7115
Sampling  frequency 16 kHz

500 0.1716  0.1605 0.3057 0.2980 14.2297 13.3001

1000  0.2113 0.1934 0.3909 0.3742 10.6151 9.8541

1500  0.2882 0.2846 0.4814 0.4773 9.8225 9.5776
Sampling  frequency 20 kHz

500 0.1641 0.1463 0.2856 0.2695 15.2786 13.5077

1000  0.1937 0.1817 0.3376 0.3545 11.2976 10.4904

1500  0.2895 02719 0.4689 0.4668 10.3093 9.6217

present a better efficiency regarding the (x—y) currents reduction
showing a good performance in terms of energy losses in the
ASIMD. However, they present an increased steady-state error in
the (d—q) currents tracking of 7%, 12% and 14% respectively, com-
promising the torque/flux regulation. In this particular subject,
PC1 presents the best performance in the (d —q) currents tracking
but it has the least efficient current reduction in the (x —y) plane.
On the other hand, Table 6 shows the computational cost of the
four studied PCC techniques in terms of FPOs, where PC2 has the
highest computational cost of all the techniques, while PC3 has
the lowest computational cost.

8. Conclusion

A comparative study of four PCC techniques (PC1, PC2, PC3,
PC4) is presented. By comparing the currents performance in
terms of MSE (with the reference), THD with different operating
conditions and the computational burden, it can be determined
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Fig. 10. Transient step response of i, from a step response of 500 to —500 rpm from w;, at a frequency sample of 16 kHz: (a) for PC1; (b) for PC2; (c) for PC3;

(d) for PC4.

the advantages and limitations of each proposed technique com-
pared to traditional PCC technique (PC1). PC1 presents a better
performance regarding the (¢« — B) currents tracking, compar-
ing to the other PCC techniques, however, it has a decreased
capacity in the (x — y) currents reduction. On the other hand,
PC2 has an improved performance in terms of (x — y) currents
reduction comparing to PC1, and the (e — B) currents tracking
is a little inferior to PC1. For PC3 and PC4, there is a notorious
improvement on the (x—y) currents reduction comparing to PC1,
however the performance on the (o — B) currents tracking is
vastly decreased, consequently worsening the steady-state error
eclipsing their (x — y) currents reduction performance. Still, PC3
and PC4 are viable options if considered the lower computational
cost compared to PC1 and PC2 in terms of lesser FPOs executed.
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Abstract—Model-based predictive control techniques,
with finite set control, are considered an interesting option
to control multiphase drives due to their control flexibility
and fast dynamic response. However, those techniques
have some drawbacks such as a high computational cost,
poor (z — y) currents reduction and steady-state error,
especially at high speeds. To improve some of these
drawbacks, modulation stages have been presented as an
alternative. However, some of those drawbacks have not
been improved. This paper proposes a novel approach
to the classic predictive current control applied to an
asymmetrical six-phase induction machine where a space
vector modulation with specific vectors is used in order to
improve the (z — y) currents, the steady-state error and total
harmonic distortion at high operation speeds. Experimental
results are presented to demonstrate the characteristics of
the proposed control technique in terms of current tracking,
(z — y) currents reduction and total harmonic distortion of
stator currents compared to the classic predictive current
control.

Index Terms—Model-based predictive control,
multiphase induction machine, space vector modulation.

I. INTRODUCTION

ULTIPHASE machines have received great attention

from the power electronics community due to their
good features such as lower current per phase, availability,
lower torque ripple and fault tolerant capabilities in
comparison with traditional three-phase machines [1]. In
the last few years, they were extensively applied especially
in high-power applications such as electric vehicles and
wind energy conversion systems [1], [2]. The majority of
the control approaches applied to multiphase drives are
commonly an extension of the control techniques applied to
three-phase drives such as field oriented control (FOC) based
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on proportional-integral (PI) current control, direct torque
control, among others [3], [4].

Lately, some new nonlinear control methods were developed
to be applied in multiphase machines such as finite control
set model predictive control (FCS-MPC), which presents
fast transient response in comparison to linear controllers,
addressed in [5]-[7], which has some variants already
presented in the literature [8]-[10], i.e. MPC with virtual
vectors (VV) which nullify the (z — y) currents but with a
limited voltage range proposed in [11]-[13]. Another example
of these variants is the modulated model predictive control
(M2PC) [14], [15]. In the remainder of the paper MPC will
be used instead of the cumbersome FCS-MPC as the context
makes the notation clear. M2PC is designed as a conventional
MPC and a modulation stage, which is based on space vector
modulation (SVM). This method was presented for different
power converters [16]-[18]. This technique is applied by
selecting two optimal active vectors and two zero vectors,
where the duty cycles are calculated through their respective
cost functions. These vectors are applied by a predetermined
switching pattern in order to obtain an efficient performance
for the system [18]. Recently, this technique was applied to an
asymmetrical six-phase induction machine (ASIMD) in [19]
and it showed some improvements over classic MPC, by
obtaining a fixed switching frequency and a major reduction of
(x—y) stator currents. Still, the main drawback of classic MPC,
which is the steady-state error [20], [21], was not improved
with M2PC especially at high mechanical speeds.

This paper proposes a novel modulated MPC (N-M2PC)
that improves the steady-state error, compared to M2PC, and
reduces effectively the (z — y) stator currents in an ASIMD.
Experimental results are presented to show the advantages of
this method in terms of current tracking by considering the
mean squared error (MSE), mean value and total harmonic
distortion (THD) of the stator currents. This method is tested
under different operation points, considering transient and
steady-state conditions.

The rest of this document is organized as follows: the
ASIMD mathematical model is shown in Section II. In
Section III, the classic MPC design is presented as a predictive
current control (PCC), where it describes the traditional PCC
which will be used as a reference to the obtained results.
Section IV describes the M2PC design and Section V presents
the proposed N-M2PC. The experimental results show the
transient and steady-state performance, for the classic PCC,
PCC-VV, M2PC and N-M2PC, where the figures of merit



are analyzed, in Section VI. Finally, conclusions and special
remarks are presented in the last section.

Il. ASIMD MATHEMATICAL MODEL

The selected system is composed of an ASIMD connected
to a six-leg voltage source inverter (VSI) and a DC voltage
source. An electrical scheme of the six-phase VSI drive,
based on isolated gate bipolar transistor (IGBT), is presented
in Fig. 1. The ASIMD has a continuous model which
can be analyzed by differential equations. By considering
the six-dimensional space of the ASIMD defined by the
six-phases (a, b, ¢, d, e, f) and the vector space decomposition
(VSD) technique, the model can be represented into three
two-dimensional orthogonal planes in the stationary reference
frame, (o — ), (x — y) and (21 — 22), by using (1), where
the invariant amplitude criterion has been applied [15]. The
ASIMD has a phase shift of 30° between the three phases and
has an isolated neutral configuration, thus (z; — z2) currents
are assumed to be null.

a d b e c f
V3 V3
N T T B <
T=2|1 % -3 % -3 0| T

3 1 _ V3 1 V3 Y

0 2 2 2 2 1
Z1

10 1 0 1 0
0 1 0 1 0 1 22

The six-phase VSI has a discrete output and a total number
of 26 = 64 switching possible states defined by the six-legs.
The different switching states and the DC voltage source
determine the phase voltages, which can be represented into
(a—f) and (z—y) planes according to the VSD approach [22].
Fig. 2 denotes the 64 possibilities which only 49 different
vectors (48 vectors + 1 null vector) are considered different in
the (o — ) and (z — y) planes. The state-space mathematical
model of the ASIMD is modeled by:

Xty = Aw X + By Uy +Haogy @

where X ;) = [z1, 22, 3, T4, 25, fL'ﬁ]I is the state vector that
represents the stator and rotor currents zy = ins, To = igs,
T3 = imsa Ty = iysa Ts = iar and T = 2'37«, U(t) =
[u1, us2, us, U4]T = [Vas, Ugs, Vzs, ’uys]T is the input vector
applied to the stator coils, the process noise is represented as
@ (4), H is considered the noise weight matrix and A ;) and
B, are matrices defined by the physical parameters of the
ASIMD as follows:

—Rsca caLlmw, 0 0 caR, caLypwy
caLlmwy —Rgsca 0 0 caLyw, caRy
A 0 —Racs 0 0 0
®= 0 0 0 —Racs 0 0
Rscy —c5 Lwy 0 0 —c5 R, —cs5 Ly
—c5 Lpws- Rgscy 0 0 —c5 Ly —cs Ry
c2 0 0 0
0 cc 0 0
B 0 0 ¢c3 O
® 0 0 0 e
—cg 0 0 0
0 —c4 0 O
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Fig. 2. Voltage space vectors and 64 switching states in (o« — ) and
(z — y) planes for an ASIMD.

being Rs, R, Ly, L, = Ly + Ly, and Ly = L5 + Ly, are
the electrical parameters of the ASIMD. The coefficients are
defined as ¢; = LyL, — L2, ¢s = f—;, c3 = ﬁ’ cy = L(—'l"
and ¢5 = f Stator voltages depend on the input control
signals S, which is considered the switching state. The ideal
VSI model has been considered to obtain a good optimization
process. Stator voltages can be estimated from the ideal six-leg
VSI model Mg [15].

where S = [Sq, Sy, Se, Sa, Se, Sy|, where S; € {0,1}. The
ideal six-leg VSI converts the switching gating signals into
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stator voltages which are converted to (o — ) and (z — y)
planes and they are determined in U ), defined by:

Uy = Vac T Mg). 4)
where V. is the DC voltage source. The output vector, Y, is:
Y = CXp) + v ®)
where v(;) is considered the measurement noise and
1 0 000 O
©=l6 01000
000100
The mechanical variables of the ASIMD are related by:
T, = 3 P (Yasips — Vpsias) (6)
Ji wm + Bi wy, = (T — T1) 7
W, = Pwp, ®

where J; is the inertia coefficient, B; is considered the friction
coefficient, 7, represents the electromagnetic torque, 77, is the
load torque, w, is the rotor electrical angular speed, w,, the
rotor mechanical speed, 1), and 1, are considered the stator
fluxes and P the number of pole pairs.

Il. CLAssic PCC

The mathematical model of the ASIMD (2) and (5) must
be in discrete form so it can be applied for the PCC.
A forward-Euler method is considered to maintain a low
computational cost for the controller. The equations will be
in digital form with predicted variables only depending on
past values of the variables and not on present values. Thus,
a prediction of the next sample state X[Hl‘ &) is defined as:

Xpprm = Xpg + £ (X Uy Ty wrpg)— 9)

being [k] the current sample, f the function nomenclature and
T is the sampling time.

A. Reduced Order Observers

In the state-space modeling (2), only the stator currents
and mechanical rotor speed are measured. The stator voltages
are easily estimated from the switching commands sent to
the six-phase VSI. However, the rotor currents are rarely
measured in real system and they have to be estimated. This
issue can be solved by the estimation of the rotor currents
through the concept of reduced order observers. The reduced
order observers only estimate the value of the unmeasured
parts of the state vector. This is an important topic which
has been recently solved by the use of Luenberger Observer
(LO) [23] and Kalman Filter (KF) [9], [24] techniques, where
the KF is considered a better selection due to the fact that
the observer gains are optimized taking into account the noise
input to the sensors. In LO-based estimator, the gains are not
so optimized and the setting is deterministic [9]. Therefore,
KF is designed and implemented in this paper to improve the
control performance of PCC, by increasing the accuracy of the

predictions. By considering zero-mean Gaussian measurement
noises and uncorrelated process, the equations of the system
state-space mathematical model can be defined as:

Xis110) = ApgXpgy + By Upg + Heopy (10)

an

where A ;) and By are defined by (12)-(14). It can be noted
that Ay is also dependable on the present value of w,x) and
consequently must be considered at every sampling period. A
detailed explanation of the dynamics and error convergence
of the KF can be found in [9], [24] and it was not included
in this work for the sake of conciseness. The aforementioned
matrices are defined as:

Yt = C X1y + Vgt

Apn A 0 0 Az A
Agy Ay 0 0 Ay Ay
Lo 0 45 0 0 0
AM=1 0 0 0 Aw 0 0 12)
As1 As2 0 0 Ass Ase
As1 A2 0 0 Ags Aes
where Ay parameters are defined as follows:
Ay =Ap =1-TcR,
A1z = A9 = Tsea Ly
Ays = Agg = TscaRy
Arg = —Ags = TseaLrwyy
Azz3 = Ay =1—TsesR
33 44 sC3 1Ll (13)
As1 = Az = —TscaRRs
Asy = —Ag1 = —Tiscs Lpwypg)
Ass = Ags = 1 — Tscs Ry
Ase = —Aes = —cswpi Ts Ly
B 0 0 0 0 0
0 By 0 0 0 0
10 0 By 0 0 0
Bu=1 0 0o 0 Bu 0 o0 14
0 0 0 0  Bss 0
0 0 0 0 0  Bes

being By parameters the following: Bi; = Bz = Tiea,
B3 = Byg = Tscz and Bss = Beg = —Tiscq

B. Cost Function

The cost function problem can allow the optimization of
several important variables such as machine torque ripple
minimization, VSI switching losses and harmonic content
minimization [20]. However in current control, the most
important figure of merit is the tracking error in the predicted
stator currents in (o — ) and (z — y) planes. PCC analyses
the cost function for 49 iterations with the following:



Jiktapn) = [(i;;[HQ] —aster2k])’ + (@ fera) — ipstiraln])

1
N N 2

+Aay ((iismz] —dosfier2in))” + (s — iys[k+2\k])2) }
as)
By using (16), a second-step ahead prediction of the stator
currents %S[HQ‘ %] is computed for delay compensation [25].
The desired reference trajectory of the stator currents is
represented by i:[k 42 The weighting factor optimization is a
hot research topic and some recent works tackled this issue [7],
[26], [27]. Typically, for multiphase machines, \;, allows to

prioritize the stator currents in (cv — /) plane [9], [28].

Xt = A Xperr) + By Uppsr) + Hoogy (16)

IV. M2PC

This technique consists in the determination of each
available sector for the six-leg VSI in the (o — ) plane,
being 48 sectors in total, which are composed of two adjacent
active vectors and a null vector (VZ), as shown in Fig. 3. This
technique, which is based on SVM, estimates the prediction of
two active vectors that conform the 12 outside sectors at every
sampling time and analyses their respective cost functions
(Jo, J1 and Jy) separately. Each prediction is evaluated based
on (15) and the only difference is in the calculation of the
input voltage vector Uy [15], [19]. The main goal of this
modulation technique is to obtain any voltage vector in the
(a — f) plane by using the large vectors (VL) and the VZ,
covering the entire space vector, and at the same time, note
that the outside vectors are the smallest voltage vectors in
(xz — y) plane, managing a reduction of (x — y) currents [19].

The duty cycles, for the two active vectors d; and do, are
obtained by solving the following equations, related to their
respective cost functions (24 for every sample time):

a a

a
do= = di=2  dy=—
0 1 2 7 (17)

18)

T J1
do+di+do=1

Fig. 3. Available sectors for the six-leg VSI.

OTRAS CONTRIBUCIONES 117

where dj is the duty cycle of a null vector. Then, it is possible
to calculate the expression for o and the duty cycles for each
vector given as:

Jr = Je + JoJi + JoJa (19)
JiJo
dy = 20
iy (20
d, = o2 (@3}
Jr
JoJ1
dy = 22
2= (22)

Considering these expressions, the final cost function, which
is calculated for 12 iterations during T, is considered as:

Glraor) = diJ1 + daJ2 (23)

The two vectors, which reduce G o1, are selected and
applied to the six-phase VSI at the next sampling time. After
calculating the duty cycles for the two vectors to be applied, it
is necessary to propose an equation relating the duty cycles and
the selected voltage vectors, in order to implement a symmetric
pulse width modulation (PWM):

do
=gt d1v1(sy + davas) (24)
where i = [a,b,c,d,e, f] and 7; is the duty cycle per
phase. This variable is compared to a triangular waveform to
obtain the respective symmetric PWM, accomplishing a fixed
switching frequency fixing the sampling frequency.

V. N-M2PC

As well as M2PC, N-M2PC is also based on SVM. The
main difference is that M2PC only uses 2 VL per sector and
N-M2PC uses 4 which include 2 mid vectors (VM) and 2 VL.
The main goal of this modulation is to improve further the
steady-state error of the stator currents tracking in (d — q)
plane by including these adjacent VM per sector in order to
avoid the application of VZ which limits the range. This is
due to the fact that the desired optimal vector is within the
corresponding sector and a certain combination of vector can
represent that particular optimal vector. However, VZ reduces
the range of the combination of vectors with its corresponding
duty cycle, reducing the controller’s capacity of tracking the
desired stator current in (ov — [3) plane, due to the fact that
the duty cycle of VZ increases when the (z — y) currents are
being reduced in M2PC. In summary, N-M2PC does not have
the same limitation as M2PC, due to the fact that it does not
apply VZ and the used vectors add any point in the upper area
of the (o — ) plane.

The duty cycles, for the four active vectors dy, da, d3 and
dy, are obtained by solving the following equations:

o o o o

=2 4&=2 ¢.=-2 4=

1= =g di=g di= o (25)
di+dy+ds+ds=1 (26)

where Jy, Jo, J3 and Jy are the corresponding cost function
(15) for the vectors in the selected sector. As M2PC, it is
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Fig. 4. Available sectors of N-M2PC for the six-leg VSI.

possible to calculate the expression for o and the duty cycles
for each vector given as:

Jr1 = T JsJs + Ja s Ty @7
Jro = Jidada + T Jads 28)
4= J'T]fflj;n @)

N-M2PC evaluates all the 12 sectors, as shown in Fig. 4,
by calculating the corresponding cost function for each vector
(48 in total), then the duty cycles of each vector is calculated
as in M2PC, at last, the final cost function is computed as:

G[k+2|k] =dyJ1 +daJy +d3Js + dsdy (33)

It can be noticed that the VM used to obtain the 12 sectors
are the redundant ones, giving the possibility to select each
of those vectors in order to apply a certain switching pattern,
as the one shown in Fig. 5. This allows the use of a simple
equation to calculate the duty cycles 7(;) for the switching
devices of each leg of the VSI, as follows:

Ti) = d1v1(s) + dava(i) + d3viy + davagy (34)

where 7(;) is normalized between 0 and 1, for the switching
devices for the six-phase legs VSI. At last, a triangular
carrier waveform is used to apply the value of 7(;) in the
corresponding switching devices.

VI. EXPERIMENTAL RESULTS

The proposed N-M2PC technique is validated in order to
compare its performance with M2PC and classic PCC through
experimental results obtained in the test bench.

(%1 I
1
1
1
. i
0
|
1
1 o} |
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T |
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1 1
vy ! ! ' - ' !
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Fig. 5. Switching pattern for the selected optimal vectors.

A. Test bench composition

The test bench is composed of an ASIMD connected to
two conventional three-phase VSI, using a constant DC-bus
voltage from a DC power supply. The six-phase VSI is
controlled by a dSPACE MABXII DS1401 real-time rapid
prototyping platform, with MATLAB/Simulink. The results
are processed using MATLAB R2013b script. Table I shows
the electrical and mechanical parameters of the ASIMD
obtained using stand-still with VSI tests and conventional
methods of AC time domain [29], [30]. The experimental
measurements were obtained with current sensors LA 55-P
s, with several turns to improve precision at low current
measurement, which have a frequency bandwidth from DC
up to 200 kHz. Those values are then converted to digital
through 16-bit A/D converter. The ASIMD rotor angle is
measured with a 1024 ppr incremental encoder and the
mechanical speed is calculated from it. Finally, a 5 HP eddy
current brake is used as a variable mechanical load on the
ASIMD which is fixed at 1 A. A block diagram of the test
bench is shown in Fig. 6. The defined cost function in (15)
with Az, = 0.05 was selected to evaluate the performance
of classic PCC, which its influence in the performance is
minimal, and M2PC giving more priority to (oo — () stator
currents tracking over the (x — y) currents reduction. As for
N-M2PC, ., = 0.1 is selected, due to the fact that it does
not use the null vector and the (z — y) currents reduction is
obtained through the active vectors combination. It is worth

TABLE |
PARAMETERS OF THE ASIMD.

PARAMETER | VALUE | PARAMETER | VALUE

R, (Q) 6.9 R (Q) 6.7
L (mH) 654.4 L, (mH) 626.8
Ly, (mH) 614 L;s (mH) 5.3
Wim—nom (rpm) 3000 Py (KW) 2
Ji (kg.m?) 0.07 B; (kg.m?/s) 0.0004
P 1 Ve (V) 400




—

Fig. 6. Block diagram of the test bench including the ASIMD, the
dSPACE platform, the eddy current brake and the six-phase VSI.

mentioning that these values of )., are selected through
heuristic method by focusing on obtaining a sub-optimal
system. The process and measurement noise values can be
calculated by using the autocovariance-least-squared (ALS)
method since provides unbiased estimates with the lowest
covariance, guaranteeing optimal KF tuning. By collecting
data from a closed-loop operation of the system and then
using the method proposed in [24]. The obtained values are
Qu = 0.0022 and R, = 0.0022.

B. Figures of merit

The performance of the proposed N-M2PC is analyzed
and compared to classic PCC and M2PC in transient and
steady-state conditions. The experimental results analyze the
controller performance in terms of MSE between the reference
and measured stator currents in (o — 3) and (z — y) planes.
At the same time, the mean value error of (d — ¢) currents are
analyzed to obtain the steady-state error in current tracking
for the three techniques. At last, THD is calculated in (o« — 3)
plane to complete the analysis. The MSE is defined as:

N

MSB(isa) = | 1= D (isa K] — i2q k)2

k=1

(35)

where N is the number of analyzed samples, i%5 the
stator current reference, isp the measured stator currents and
® € {a, 8, z, y}. On the other hand, the mean value is
calculated as:

=

Error(%)(iss) = \% D isalk] = iz[K]]
k:

=1

(36)

where i3, is (d — q) stator currents reference and is the
measured (d — q) stator currents. At last, THD is defined as:

(37
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TABLE Il
PERFORMANCE ANALYSIS OF STATOR CURRENTS, MSE (A), MEAN
ERROR (%) FOR CLASSIC PCC AT DIFFERENT ROTOR SPEEDS (RPM).

Sampling  frequency 8 kHz
Wy MSEo MSEg MSE, MSE, Errory  Errorg
500 0.1437 0.1282 0.8228 0.8158 1.48 9.41
1000 0.1443 0.1372 0.9605 0.9570 0.54 7.02
1500 Uns Uns Uns Uns Uns Uns
2000 Uns Uns Uns Uns Uns Uns
Sampling ~ frequency 16 kHz
Wiy MSE. MSEg MSE,, MSE, Errory  Errorg
500 0.0831 0.0755 0.4676 0.4763 0.70 3.70
1000 0.0974 0.0858 0.5087 0.5072 0.24 3.79
1500 0.0812 0.0771 0.5185 0.5057 1.48 3.45
2000 Uns Uns Uns Uns Uns Uns
TABLE Il

PERFORMANCE ANALYSIS OF STATOR CURRENTS, MSE (A), MEAN
ERROR (%) FOR PCC-VV AT DIFFERENT ROTOR SPEEDS (RPM).

Sampling  frequency 8 kHz
Wy MSE. MSEg MSE., MSE, Errory  Errorg
500 0.1623 0.1620 0.0856 0.0784 0.94 6.23
1000 0.1682 0.1691 0.0905 0.0904 1.02 6.52
1500 Uns Uns Uns Uns Uns Uns
2000 Uns Uns Uns Uns Uns Uns
Sampling  frequency 16 kHz
Wiy MSE. MSEg MSE, MSE,  Ermrory  Errorg
500 0.1256 0.1182 0.0640 0.0600 0.86 4.11
1000 0.1299 0.1231 0.0810 0.0638 0.89 4.46
1500 0.1445 0.1231 0.0760 0.0714 6.26 5.89
2000  0.1455 0.1309 0.0860 0.0838 6.50 8.95

where 44 is the fundamental stator currents and ig; is the
harmonic stator currents.

C. Steady state analysis

For all cases, (x — y) current references are set to zero
(izs = iy, = 0). A fixed d current (i, = 1 A) has been used.
The sampling frequencies used in the tests are 8 kHz and
16 kHz. Four steady-state operations are set for mechanical
speed: 500 rpm, 1000 rpm, 1 500 rpm and 2 000 rpm.



120

3 - 3 -
lags — laps— lays— lags — lags— loys—

-

7
Tas.dzs [A]
-

igs.lys [A]
(@) (b)
Fig. 7.

TABLE V
PERFORMANGE ANALYSIS OF STATOR CURRENTS, MSE (A), MEAN
ERROR (%) FOR N-M2PC AT DIFFERENT ROTOR SPEEDS (RPM).

Sampling  frequency 8 kHz
Wiy MSE., MSEg MSE, MSE, Errory  Errorg
500 0.1977 0.1998 0.2490 0.2553 1.8 2.6
1000 0.2135 0.2159 0.2659 0.2684 33 6.9
1500  0.1983 0.1924 0.3012 0.2956 225 13.8
2000  0.2033 0.2062 0.3020 0.3020 532 18.2
Sampling  frequency 16 kHz
Wi MSE, MSE3 MSE, MSE, Errorg  Errorg
500 0.1004 0.1003 0.2009 0.2130 0.81 2.52
1000 0.1051 0.1049 0.2091 0.2064 1.04 4.84
1500  0.1030 0.1097 0.2172 0.2125 1.97 572
2000  0.1084 0.1081 0.2325 0.2287 1.99 8.71
TABLE IV

PERFORMANGE ANALYSIS OF STATOR CURRENTS, MSE (A), MEAN
ERROR (%) FOR M2PC AT DIFFERENT ROTOR SPEEDS (RPM).

Sampling  frequency 8 kHz
Wiy MSE, MSEg MSE,. MSE, Errorg  Errorg
500 0.0562 0.0592 0.1241 0.1130 1.34 2.69
1000 0.0861 0.0903 0.1485 0.1545 1.9 7.03
1500 0.1039 0.0958 0.1960 0.1944 2.2 7.33
2000 Uns Uns Uns Uns Uns Uns
Sampling ~ frequency 16 kHz
Wi MSE. MSEg MSE. MSE, Errorg  Errorg
500 0.1046 0.1094 0.1332 0.1334 0.51 3.04
1000 0.1037 0.1059 0.1401 0.1417 0.14 4.59
1500  0.0972 0.0986 0.1038 0.1069 0.4 5.93
2000  0.0976 0.0989 0.1150 0.1182 0.26 9.04

Table II shows the experimental results obtained for
different mechanical speeds and sampling frequencies for
classic PCC, regarding the MSE of stator currents in (o — )
and (z —y) planes and Mean Error (%) in (d — ¢) planes. The
results show good performance of classic PCC in terms of (ar—
B) current tracking and steady-state error for (d — ¢) currents
at a higher sampling frequency compared to lower sampling
frequency. However, the (¢ — y) reduction is insufficient,
and the performance is worse at higher mechanical speed
to the point of becoming unstable (Uns) at low sampling

3 i3 3 £

Stator currents in (o« — 8) and (z — y) planes at 500 rpm for: (a)classic PCC; (b)PCC-VV; (c)M2PC; (d)N-M2PC.

TABLE VI
PERFORMANCE ANALYSIS OF STATOR CURRENTS, THD (%) FOR
cLAssic PCC, PCC-VV, M2PC AND N-M2PC AT DIFFERENT
SPEEDS (RPM).

Sampling frequency of 8 kHz

PCC PCC-VV M2PC N-M2PC
Wy, THD,s THD,s THD,s THD,g
500 12.84 13.78 5.39 15.78
1000 14.27 14.85 7.38 14.42
1500 Uns Uns 8.16 17.98
2000 Uns Uns Uns 17.65

Sampling frequency of 16 kHz

PCC PCC-VV ~ M2PC  N-M2PC
Wy THD,s THD,3 THD,3 THD4.g
500 7.55 12.57 10.61 9.95
1000 8.41 12.49 10.17 9.73
1500 727 12.70 8.10 9.78
2000 Uns 13.23 7.65 9.54

frequency, where the error system is tending towards infinity
due to the fact that parameters such as sampling time, rotor
speed, electrical parameters have a direct impact on the poles
placement of the ASIMD [31].

Table III presents the performance of PCC-VV which
improves the reduction of (x — y) currents compared to classic
PCC. On the other hand, Table IV shows the results of
M2PC which show a far better performance at lower sampling
frequency and lower mechanical speed in all the figures of
merit, compared to classic PCC. However, the performance
also worsens at higher sampling frequency and mechanical
speed, specially in steady-state error for (d — ¢) currents.
Table V exposes the N-M2PC performance in terms of the
current tracking and steady-state error in (d — ¢) currents. It
can be seen that N-M2PC improves the steady-state error in
(d — ¢) currents and (z — y) currents reduction compared to
classic PCC, but M2PC is better in every aspect, except at
high mechanical speeds where N-M2PC is the only stable
controller. At higher sampling frequency, N-M2PC is better in
every figure of merit in comparison lower sampling frequency
and is comparable to M2PC in every figure of merit.

Table VI shows the THD in (o — ) stator currents for
Classic PCC, M2PC and N-M2PC for different mechanical
speeds. The results present a reduction on the THD
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Fig. 9. Transient response of stator current (¢) from a step response of 1 A to —3.5 A for different techniques: (a)classic PCC; (b)PCC-VV; (c)M2PC;

(d)N-M2PC.

TABLE VII
IMPROVEMENT ANALYSIS (%) OF M2PC AND N-M2PC OVER CLASSIC
PCC AT DIFFERENT SPEEDS (RPM).

Wy, MSE.z MSE.y Errory Errory THD,3
Sampling  frequency 8 kHz (M2PC)
500 57.36 85.53 9.46 71.41 57.73
1000 37.26 84.20 -251.85 -0.14 46.86
1500 100 100 100 100 100
2000 - - - - -
Sampling  frequency 8 kHz (N-M2PC)
500 -46.71 69.22 -21.62 72.37 -23.38
1000 -52.66 72.14 -511.11 1.71 -1.12
1500 100 100 100 100 100
2000 100 100 100 100 100
Sampling ~ frequency 16 kHz (M2PC)
500 -35.39 71.75 27.14 17.84 -41.25
1000 -14.95 72.94 41.67 -21.11 -21.76
1500 -23.80 79.42 72.97 -71.88 -11.74
2000 100 100 100 100 100
Sampling  frequency 16 kHz  (N-M2PC)
500 -26.83 56.16 -15.71 31.89 -32.59
1000 -15.08 59.10 -333.33 -27.70 -16.50
1500 -34.57 58.04 -33.11 -65.80 -35.21
2000 100 100 100 100 100

stator currents with higher sampling frequency and higher
mechanical speed for classic PCC. For M2PC, the currents
THD are better at lower mechanical speed at low sampling
frequency, M2PC changes its tendency at high sampling
frequency. As for N-M2PC, the THD improves at high
sampling frequency and is consistent for every operation.

Fig. 7 and Fig. 8 present the stator currents performance
with a polar representation in (o — ) and (z — y) planes for
classic PCC, PCC-VV, M2PC and N-M2PC. The operations
were tested with different eddy current (mechanical load),
thus the value of (« — [3) amplitude is the same at different
mechanical speeds. The figures show that (z — y) currents are
lower for N-M2PC and especially for M2PC and PCC-VV
compared to classic PCC. At last, Table VII presents the
performance of M2PC and N-M2PC compared to classic PCC
in terms of %, where positive (4) and negative (—) values
mean improvement and deterioration respectively.

D. Transient analysis

For a transient condition, a step modification in mechanical
speed is considered from 500 to —500 rpm (reversal
operation). Fig. 9 exposes a dynamic test (performance of ¢
axis current), which consists of the transient behavior of classic
PCC, PCC-VV, M2PC and N-M2PC for a step response in
the ¢ axis current (i7,). The dynamic response is generated
through a reversal operation of the mechanical speed (w,,)
from 500 to —500 rpm. Fig. 9(a) and Fig. 9(b) show a transient
test for classic PCC and PCC-VV where the time to reach the
new reference is approximately 1 ms. Fig. 9(c) and Fig. 9(d)
show the dynamic response of M2PC and N-M2PC, which
they present a reaching time of 4 and 3 ms respectively.

E. Robustness analysis

The robustness analysis consists in the performance
comparison of the controller at a nominal L,, value and
with a variation of 25% of its nominal value, being L,,
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TABLE VIII
PERFORMANCE ANALYSIS OF STATOR CURRENTS FOR N-M2PC
UNDER 25% OF VARIATION OF THE NOMINAL L.

TABLE X
COMPARATIVE ANALYSIS OF AVERAGE SWITCHING FREQUENCY (KHz)
OF CLASSIC PCC, PCC-VV, M2PC AND N-M2PC AT DIFFERENT
SPEEDS (RPM) AND SAMPLING FREQUENCIES (KHZ).

Sampling _ frequency 8 kHz wi  PCC PCC-VV M2PC N-M2PC
* p

wh, MSE, MSEg MSE,, MSE, Errory  Errorg Sampling frequency of 8 kHz
500 02175 02270 0.2706 0.2721 148 11.07 500 23 37 g 135
1000 02332 0.2389 0.3061 03009 643  13.82 1000 27 35 3 132
1500 0.2006  0.2027 03019 03000  1.87 16.2 1500 = 32 3 13
2000  0.2094  0.2065 03120 03096  4.70 19.66 2000 — - - 128

Sampling  frequency 16 kHz Sampling frequency of 16 kHz
Wy MSE, MSEg MSE.. MSE, Error;  Errorg 500 53 6.9 16 2.63
500 0.145 _ 0.057 02056 02130 021 __ 323 1000 5.5 65 16 26
1000 0.1168 0.1157 0.2027 0.2014 0.21 5.30 1500  4.75 6.2 16 2.5
1500  0.1199 0.1195 0.2042 0.2118 0.95 6.77 2000 - 58 16 2.37
2000 0.1219 0.1181 0.2125 0.2200 2.26 8.09

TABLE IX At last, Table X shows a comparative analysis of the average

COMPARATIVE ANALYSIS OF COMPUTATIONAL COST OF GLASSIC PCC,
PCC-VV, M2PC AND N-M2PC IN TERMS OF FPOSs.

PCC
2352

PCC-VV ~ M2PC
1452 1968

N-M2PC
2736

FPOs

the most sensitive parameter in induction machines [32],
[33]. This is analyzed by taking in consideration the effect
of magnetic saturation of the ASIMD, where L,, value
typically changes in approximately that ratio. Table VIII
presents the control performance with a L,, change of 25%
of the nominal value to analyze the control robustness to
uncertainties. The results show that at low speed, the control
performance presents a good tracking of stator currents with a
variation of approximately 12% and 11%, compared to the
unmodified L,, value, for 500 and 1000 rpm respectively,
showing an low sensibility in these operation points. On
the other hand, at higher speed, the control performance
also shows a good current tracking with a variation of
approximately 14% and 8%, showing a good robustness at
1500 and 2000 rpm. However, the steady state error in (d — q)
currents is severely affected in all the mechanical speeds
at 8 kHz, being approximately 5 and 2 times higher, but
minimal change in steady state error is obtained, at 16 kHz,
of approximately 16%, presenting a good performance at that
sampling frequency.

F. Comparative analysis

A comparative analysis regarding computational cost for
classic PCC, M2PC and N-M2PC. It is considered the number
of floating point operations (FPOs) per technique and then
summarized on Table IX. For classic PCC, it is considered
49 iterations to perform correctly, and every iteration has 48
FPOs related to the prediction estimation, the cost function
reduction and the second step prediction process. For PCC-VYV,
it is considered 13 iterations with 121 FPOs and for M2PC
and N-M2PC, it is considered 12 iterations with 164 and 228
FPOs respectively.

switching frequency for classic PCC, PCC-VV, M2PC and
N-M2PC at different rotor speeds, where the results show a
lower switching frequency for lower sampling frequency and
higher speeds, due to the fact that the larger voltage vectors
are more used in those operation points. As presented in
[34], M2PC is a fixed switching frequency technique which
maintains the amount of the sampling frequency, due to the
fact that it uses null vector, generating less harmonic content,
but limiting the sampling range according to the transistor
type. As for N-M2PC, the switching frequency is lower, due
to the fact it only uses the large and mid vectors, diminishing
the semiconductor stress and losses.

VII. CONCLUSION

This paper proposed a novel modulated MPC technique
applied to an ASIMD. This technique has been designed to
improve the steady-state error in the (d— ) stator currents and
effectively reducing the (x — y) sub-space using VL and VM
of the (av— f3) sub-space. The experimental results showed the
performance of the proposed technique compared to another
modulated technique presented as M2PC, PCC-VV and to
classic PCC, where the tests have been done under different
operation points (steady and transient conditions) including
low and high mechanical speeds, sampling frequencies and
tuning parameters for (z — y) stator currents, respectively.
As shown in the results, M2PC and PCC-VV are excellent
alternatives to classic PCC for low mechanical speeds,
specially M2PC which performs excellent in the (o — 3)
sub-space, where all the figures of merit prove a better
performance than classic PCC and N-M2PC. However, there
is a limitation in terms of high mechanical speeds and higher
sampling frequencies, where M2PC worsens its performance,
due to the fact that it fixes the switching frequency from
the sampling frequency, aggravating the switching losses. On
the other hand, N-M2PC is proven to be a great alternative
to classic PCC, PCC-VV and M2PC in high mechanical
speeds, specially at higher sampling frequencies, where the
performance in terms of steady-state error and (z — y)
currents minimization are good proving that at lower sampling
frequency, it can still perform with stability, unlike classic PCC



and M2PC. In transient condition, the results demonstrated
a good transient current behavior in terms of response time,
where classic PCC is the fastest, followed by N-M2PC. In
summary, M2PC presents an excellent performance to be a
good alternative in low mechanical speeds up to 1500 rpm

25

Hz, 1 pole pair) and N-M2PC is proven to be a great

alternative for high speeds, above 1500 rpm, for industrial
applications.
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Experimental Stability Study of Modulated Model
Predictive Current Controllers Applied to
Six-Phase Induction Motor Drives

Magno Ayala®, Jesus Doval-Gandoy?, Member, IEEE, Osvaldo Gonzalez!, Jorge Rodas',
Senior Member;, IEEE, Raul Gregor', and Marco Rivera3, Senior Member, IEEE

Abstract—Modulated model predictive current control
techniques are considered an interesting option to control
multiphase drives due to their control flexibility and fast
dynamic response. However, a practical stability study
of those techniques is still missing. This paper presents
an experimental stability study, to quantify the limits
of stability, to modulated predictive current controllers
applied to an asymmetrical six-phase induction machine.
Experimental results are presented to verify the theoretical
analysis results in terms of stability ranges regarding
sampling frequency and rotor speed.

Index Terms—Model
induction machine,
modulation.

predictive control, multiphase
practical stability, space vector

I. INTRODUCTION

ODULATED model predictive current controllers have
gained attention in the last years as valid alternatives
to conventional model predictive current control (MPCC)
techniques [1]-[4] as MPCC has shown very good results
in comparison to linear PI controllers, in terms of faster
transient dynamics, easier inclusions of constraints, among
others, applied in electrical machines [5]-[7]. At the same
time, the field of multiphase induction machines (IMs) has
been growing significantly in the last years [8], [9] Comparing
to the conventional three-phase IM, multiphase IMs have
some intrinsic advantages such as lower torque ripple,
lower current/power per phase, availability and fault-tolerant
capabilities [8], [10]-[12]. By considering these advantages,
they were extensively applied in the high-power applications
such as renewable energies and electric vehicles [13], [14].
As the research of multiphase IM has been growing, new
nonlinear control methods were developed to apply to these
machines such as sliding mode control [15], [16], fuzzy
logic [17], [18], backstepping [19], [20], model referenced
adaptation system [21] and new variants of modulated finite
control set model predictive control (FCS-MPC) [22]-[25].
Some examples of these variants are the modulated model
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predictive control (M2PC) [26] and a novel variation named
N-M2PC [27] which are considered great alternatives for
low and high rotor speed operations respectively in terms of
steady-state operations and (z —y) plane (related to IM losses)
currents reduction.

Furthermore, PCC stability analysis applied to different
systems were approached in previous works [28], such as Buck
converters and three-phase inverters [29] and synchronous
machines [30]. The main common property is a defined cost
function to optimize the future behaviour of the system.
Hence, one of the most popular methods to prove the
stability of PCC is the consideration of the optimized
cost function as a candidate-Lyapunov function [31]-[33].
However, this method presents many complications as to
find a candidate-Lyapunov function requires complex proof.
Therefore, a practical stability study of modulated PCC applied
to multiphase machines in terms of sampling frequency and
rotor speed has not been presented.

The main contribution of this paper is an experimental
stability study for M2PC and N-M2PC applied to an
asymmetrical six-phase induction motor (SPIM) in terms of
stability limits regarding sampling frequency and rotor speed
to define the critical operating points of both techniques from
the stability point of view, complementing the proposal in
[27]. Experimental results are presented to verify the results
of the theoretical analysis. Considering that the stability of
MPCC techniques has not been analyzed in terms of sampling
frequency and motor speed, it is considered that this study
presents interesting results from the point of view of the
design and implementation of modulated predictive control
techniques. The rest of this paper is organized as follows:
the SPIM mathematical model is shown in Section II. In
Section III, the traditional PCC design is presented and their
two variants named M2PC and N-M2PC. Section IV describes
the proposed theoretical stability study. Section V presents
the experimental results of the system performance verifying
the theoretical analysis in terms of stability ranges regarding
sampling frequency and rotor speed. Finally, conclusions are
summarized in the last section.

Il. SPIM MATHEMATICAL MODEL

The studied system is made of a SPIM fed by a six-phase
voltage source inverter (VSI) energized by a dc voltage source
(Vae). The electrical scheme of the six-phase VSI, based on
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Fig. 1. Electrical scheme of a six-phase VSI connected to a SPIM.

isolated gate bipolar transistors (IGBT), is illustrated in Fig. 1.
The SPIM is considered as a continuous model which can
be represented by differential equations. The six-dimensional
space of the SPIM, which is defined by its six-phases (a,
b, ¢, d, e, f), and the vector space decomposition (VSD)
technique are considered. Then, the model can be represented
into three different two-dimensional orthogonal planes in
stationary reference planes, (o — f3), (x — y) and (21 — 22),
by using (1), where the invariant amplitude criteria has been
considered [34]. The SPIM is asymmetrical, so it has a phase
shift of 30° between the three phases and has an isolated
neutral configuration. Thus (z; — z5) currents are considered
null.

a d b e c f
V3 V3
Lo 5 =% -3 0 a
L T U e e
1 V3 V3
T=1|1 =% -3 ¥ -3 0] T
3o 1 _¥3 1 3 Y
2 2 2 2 21
1 0 1 0 1 0
0o 1 0 1 0 1 22

The six-leg VSI has a digital output that depends on the
different 2° = 64 possible switching states defined by the
six-legs. The switching states and Vj. determine the phase
voltages, which can be drawn into (o — () and (z — y)
planes according to the VSD approach [35]. Fig. 2 shows the
64 possibilities with only 49 different vectors (48 vectors +
1 null vector) in the (o — ) and (x — y) planes in terms
of octal nomenclature. The state-space mathematical model of
the SPIM is modelled by:

Xy = Aw Xy + By Uy + Hw @
where Xy = [21, 22, T3, T4, T5, mﬁ]T is the state vector
which represents the stator and rotor currents 1 = ias,
Ty = igs, T3 = lps, T4 = lys, T5 = lor and T = igp,

T T . .
U(;y) = [ul. U2, U3, U4] = [’U(m, VBs, Vs, ’Uys] is the mnput
voltage vector applied to the stator windings, H represents
the noise weight matrix, the process noise is considered as
@) and Ay and B, are matrices defined by the electrical
parameters of the SPIM as follows:

—Rsco caLpwy 0 0 caR, caLywy
cq Lopwy —Rsca 0 0 cqLywy ca Ry
A= 0 0 —Rgca 0 0
® = 0 0 0 —Rycs 0 0
Rgcy —csLpwy 0 0 —csR,  —cs5Ly
—c5 Linwy Rsca 0 0 —cs Ly —cs Ry

Fig. 2. Voltage space vectors of 64 switching states in («— ) and (z —y)
planes for the SPIM.

¢ 0 0 0
0 c 0 0

0 0 ¢ O
Bo=109 0o o s
¢4 0 0 0

0 —cx 0 O

where Rs, R, Ly, L, = L; + L, and Ly = Ljs + Ly,
are the electrical parameters of the SPIM. The coefficients are
considered as ¢; = LyL, — L2, co = o
LLT and ¢5 = fl Stator voltages are dependant on the input
control signals S, which is considered the actual switching
state. For this analysis, the ideal VSI has been modeled to
obtain a good optimization process. The stator voltages can
be calculated from the ideal six-leg VSI model Mig) [34].

L, - L
» €3 = T,0» G4 =

2 0 -1 0 -1 0
o 2 0 -1 0 -1

1
Msg=3| 0 -1 0 2 o0 -1

where S = [Sq, Sq, S, Se, S¢, Sy], and S; € {0,1}. The
ideal six-phase VSI generates the stator voltages through the
switching gating signals and Vg, and then they are transformed
to (o — 3) and (x — y) planes, represented by Uy, calculated
in the following equation:

Uy = Vac T Mg). 4
The output vector, Y, is:
Y(t) =C X.(t) + V) (5)

where v(;) is the measurement noise and C is considered as
follows:
00 0
00 0
C= 10 0
0 1

o oo
oo o
o O oo

0
the SPIM are considered in the

=

The mechanical variables o
following equations:

Te =3 P (Yasips — Ypsias) ©)
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Fig. 3. Block diagram of the controlled system based on FOC and traditional PCC, M2PC and N-M2PC.

Ji b + B win = (Te — T1) M
wr = Pwp, ®)

where T, represents the electromagnetic torque, P the number
of pole pairs, 1,5 and 1)z, are considered the stator fluxes,
J; is the inertia coefficient, B; is considered the friction
coefficient, 7}, is the load torque, w, is the rotor electrical
angular speed and w,, is the rotor mechanical speed.

I1l. TRADITIONAL PCC AND ITS VARIANTS

The mathematical model of the SPIM (2) and (5) has
to be discretized so it can be considered for the PCC.
A forward-Euler method is computed to avoid a high
computational cost for the digital controller. The equations
will then be in a discrete form with the future variables only
depending on past values of the variables and not on present
values. Thus, a prediction of the future (next sample state)
X[kﬂ‘k] is written as:

Xper1n = Xy +£ (X, Upgs T, wrin) ()

where [k] is the current sample and 7, the sampling time.
Fig. 3 presents the block diagram of the system with the SPIM
and the analyzed current controllers.

A. Rotor Currents Observer

Stator currents and mechanical rotor speed are the only
measured variables in the state-space model (9). On the other
hand, stator voltages can be calculated from the switching
states sent to the VSI. However, rotor currents cannot be easily
measured in a real system and they have to be estimated. This
can be solved by reduced-order observers of rotor currents.
The reduced-order observers only estimate the value of the
unmeasured parts of the state vector. The latter is an important
issue that has been already solved by using Luenberger

Observer (LO) [36] and Kalman Filter (KF) [37], [38]. KF is
considered a superior option because their observer gains are
estimated and optimized in every sampling time by considering
the noise input in the system. For LO, gains are not so
optimized and the setting is deterministic [37]. Therefore, KF
is considered and implemented in this work to improve the
control performance of PCC by reducing the prediction errors.
Zero-mean Gaussian measurement noises and uncorrelated
processes are considered. Now, the predictive model of the
SPIM in state-space representation is defined as follows:

Xips1m = ApgXppy + By Upy + Heogy (10)

Yitape) = C X1y + Vgt an

where Ay and By are matrices defined by equations
(12)-(15). Ay also depends on the actual value of w,
and has to be computed at every sampling time. A more
detailed explanation of the error convergence of the KF and
its dynamics are described in [37], [38]. The system matrices
are defined as:

Apn A 0 0 A5 A
A1 Az 0 0 Ay Ag
0 0 A3 O 0 0
AU=1 0 0 0 Aw 0 0 (12)
As1 As2 0 0 Ass Ase
Agr As2 O 0 Ass Ass

where Ay parameters are:
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A= A22 =1- TGCQRS
Arg = — A9 = TscaLmwy i)
A5 = Ay = Tscu Ry

Are = —Ags = TscaLrwyip
Ass = Ay =1 - TuesR,

(13)
As1 = Az = —TscaRs
Asy = —Ae1 = —Tscs Linwy i)
Ass = Ags = 1 — Tscs Ry
Ase = —Aes = —cswp Ts L
By 0 0 0 0 0
0 By 0 0 0 0
- 0 0 Bsz 0 0 0
Bu=1 0 0o 0 Bu 0 o0 14
0 0 0 0  Bss 0
0 0 0 0 0  Bes
being By parameters:
By = Bap = Tsco
Bz = Baa = Tics (15)

Bss = Bes = —Tsca

B. Cost Function Minimization

The cost function is considered as an optimization process
of different system variables such as harmonic content
minimization, machine torque ripple minimization, VSI
switching losses and current tracking error [39]. This last
variable is the most important figure of merit in PCC in (av— )
and (x — y) planes. PCC evaluates the cost function for 49
iterations regarding 49 different voltage vectors. Therefore, the
selected cost function is:

Jlktain) = [(izs[kw] — Gasihazln)’ (iBsir2) — igsoraln)

1

2) } 2
(16)
A second-step ahead prediction of stator currents ES[HZM.]
is computed for delay compensation, by considering equations
(10) and (11). The desired reference trajectory of the stator
currents is represented by 47, ... The weighting factor
optimization is tackled in [40]. Typically, for SPIM, \., gives
more priority to stator currents in (o« — ) plane than (x — y)
to prioritize the flux/torque production plane over the machine
losses [37].

+ Azy ((i;s[ku] — psthraik)” F (Fsra) = ysihtaln])

C. M2PC

This PCC with a modulation stage consists on determine
each available sector for the six-leg VSI in the (o — ) plane,
being 12 outside sectors in total, which are composed of two
adjacent active vectors and the null vector (VZ), as shown in

Fig. 4. Space voltage sectors of M2PC.

Fig. 4. Then, it calculates the future prediction of the three
vectors at every sampling time and analyses their respective
cost functions (Jy, J; and Jz) separately. This technique can
generate any voltage vector in the (aw— ) plane using the large
vectors (VL) and VZ, covering the entire space vector area. It
can be noted that VL are the smallest voltage vectors in (z—y)
plane, managing a natural reduction of (z — y) currents [26].

The duty cycles (do, dy and d5) are obtained by solving the
following equations:

bl b 2
do = — dy = — dy =
0 7 1 7 2 7 (17)
do+diy +do =T (18)
The duty cycles for each vector are given as:
Jr = Jids+ JoJi1 + JoJ2 (19)
TsJiJ>
dy = 20
o I (20
dy = TidoJy 1)
JT
do = M (22)
Jr

At last, the selected sector cost function is considered as:

Gletor) = diJ1 + d2J2 (23)

The sector, which reduces G/j12/x), is applied to the six-leg
VSI at the next sampling time. It is necessary to synthesize
the duty cycles, to be able to implement a symmetric pulse
width modulation (PWM) as follows:

L

o = o7, + T, V16) + T, 20 (24)

where i = [a,d, b, e,c, f] and 7; is the PWM duty cycle per
leg, obtaining a fixed switching frequency.



Fig. 5. Space voltage sectors of N-M2PC.

D. N-M2PC

The main difference between N-M2PC and M2PC is the
shape of each voltage sector. M2PC uses 2 VL and VZ per
sector and N-M2PC uses 4 including 2 mid vectors (VM)
and 2 VL. As in M2PC, 12 rectangular sectors are considered
and their respective cost functions (J1, Jo, J3 and Jy) are
calculated separately at every sampling time. The main goal
of this modulation is to reduce the steady-state error of the
stator currents tracking in (d — ¢) plane by including these
adjacent VM per sector avoiding the use of VZ which limits
the voltage range, reducing the tracking capacity of the stator
currents in (o — 3) plane, since VZ has an increased duty cycle
when (z — y) currents are being reduced [27].

The duty cycles, for VL and VM d;, ds, d3 and dy, are
obtained as follows:

Y v v v

di=— dy=— d3= dy = —
1 7, 2= 75 3 T 4 T (25)
dy+dy +ds+dy =T, (26)

where Ji, Jo, J3 and Jy are the corresponding cost functions
(16) for the four vectors and + is an auxiliary variable whose
value depends directly on the cost function values. Then, the
duty cycles for each vector are calculated as:

Jr1 = J1J3Jy + Jodsdy 227)
Jra = JiJ2Jy + J1J2J3 (28)
T JoJsJy
= 29
! Jr + Jre 29
TsJ1J3Js
=— 30
T U+ Jre G0
TsJ1J2dy
dy = ——"— 31
T U+ Jra ®D
T J1J2J3
dy = "= 32
T U+ Jrs ©2)
At last, the final cost function is computed as:
Glry2ik) = d1J1 + daJa + d3J3 + daJy (33)

As in M2PC, the sector which reduces Gj2(x) the most
is applied to the six-leg VSI at the next sampling time with
their respective duty cycles for every vector (mid and large)
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TABLE |
RANGE VALUES OF DIFFERENT GAINS (L) OF M2PC AND N-M2PC.

Gains  M2PC N-M2PC
Ly [~10,10] [=10,10]
Lo [—40,40] [—40,40]
Ls [—150,10] [—760, —300]
Ly [—40,40] [—40, 40]

in the selected sector. A simple equation is used to obtain the
duty cycles 7(;) for the switching devices of each phase of the
six-leg VSI, as follows:

dl v + d2 d3

T = — 2 =

(1) Ts 1(4) Ts Ts

where (i) is normalized between 0 and 1, for the switching
devices for the six-leg VSIL.

d
V(i) + = U3() + %04@) (34)
s

IV. PRACTICAL STABILITY STUDY

Examples of PCC variants are vastly known in the literature,
which present some common properties and allow them to
formalize the stability analysis [41]. A candidate-Lyapunov
function is often considered as a popular method to prove
the stability of PCC. Another considered approach, presented
in [23], [42] consists in estimate a specific gain L) to obtain a
stable matrix (A —Bix L)) whose eigenvalues are less than
1. The second method is more practical due to its simplicity
and by considering that PCC has a finite control effort, i.e.
49 voltage vectors in the particular case of the SPIM. For a
limited current reference (due to security issues), there is a
finite number of Ly through the cost function minimization
and it shows the same behaviour in terms of local stability by
analyzing different scenarios, such as typical values of rotor
speed and sampling frequency (F).

Uy = =Ly X (35)

where L) is selected as follows:

Ly L, 0 0 Ly Li
—Ly Ly 0 0 —Ly L
0 0 L L, 0 0
0 0 -Ly Iy 0 0

It is considered a limited range of [-3.5,3.5] A, by
considering the nominal current value of the SPIM, for state
variables (X(z)). Then, by using the separation theorem, the
closed-loop eigenvalues are the union of those of the observer
and state feedback. Assuming measured states, and finite
values of the voltage vector (Up) i.e. 49 different values for
traditional PCC, a finite number of Ly is found through an
exhaustive iterative search, as shown in Table 1. It is worth
mentioning that Ly can be defined with infinite different
values, so bounded ranges of values for every parameter of
Ly are considered. It is also noted that PCC is a constraint
optimal control method, therefore, the selected control effort
should be stable as long as inside the solution region at least

Ly =
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one stable solution exists (inside the unit circle). Thus, rotor
speed values are increased to obtain unstable solutions, and
this value is defined as the upper bound of stable rotor speed.
At the same time, Table II presents the maximum stable
rotor speed (eigenvalues inside the unit circle) at different
sampling frequencies for M2PC and N-M2PC. The theoretical
analysis is only considered for M2PC and N-M2PC since they
are the main MPCC schemes studying in this work. At last,
eigenvalues of (A —Bix L) matrix at 10 kHz of sampling
frequency and rotor speed of 2500 rpm for the three techniques
are shown in Fig. 6 where, at those conditions, N-M2PC is the
only controller with eigenvalues inside the unit circle.

Unit Circle —
M2PC © N-M2PC

-1 -0.5 0 0.5 1 L5 2

Fig. 6. Eigenvalues of (A — ByLyxy) matrix at 10 kHz of sampling
frequency and rotor speed o% 2500 rpm Hor M2PC and N-M2PC.

V. EXPERIMENTAL RESULTS

The stability analysis is validated through experimental tests
for traditional PCC, M2PC and N-M2PC in the experimental
test bench. It must be considered that despite not presenting
theoretical results for the traditional PCC, experimental tests
were carried out to have a comparative pattern.

TABLE Il
STABILITY THEORETICAL ANALYSIS OF M2PC AND N-M2PC AND
THEIR MAXIMUM STABLE SPEEDS (RPM).

Fs (kHz) M2PC  N-M2PC
Maximum Stable Speed
2 850 250
2.5 1000 550
4 1300 1250
5 1400 1650
75 1700 2800
8 1850 2850
10 2000 3000
12.5 2300 3000
15 2600 3000
16 2700 3000
17.5 2800 3000
20 3000 3000

A. Experimental test bench

The experimental test bench is composed of a SPIM fed
by two conventional three-phase VSI, using a dc voltage
source. The six-phase VSI is controlled by a real-time rapid
prototyping platform defined as dSPACE MABXII DS1401,
with MATLAB/Simulink incorporated. Table III presents the
parameters of the SPIM obtained using stand-still VSI tests
and typical methods of AC time domain [43], [44].

The measurements were made with current sensors
LA 55-P s, with many turns to improve the precision at low
current amplitude. They also have a frequency bandwidth from
dc up to 200 kHz. The data is converted to digital through a
16-bit A/D converter. The SPIM rotor angle is obtained by a
1024 ppr incremental encoder and the rotor speed is estimated
from the angle. At last, a 5 HP eddy current brake is selected
as a variable mechanical load on the SPIM which is considered
at 1 A, generating a load torque of 1.5 Nm. A block diagram
of the experimental test bench is shown in Fig. 7. The cost
function in (16) with A;, = 0.05 is considered to apply the
traditional PCC and M2PC. This gives priority to (o — ()
stator currents tracking over (z —y) currents reduction. As for
N-M2PC, A;, = 0.1 is selected because the null vector is not
used and hence (z — y) currents reduction is obtained through
combination of the active vectors. It is worth mentioning that
Azy does not influence the maximum stable rotor speed, it only
affects the performance of the currents tracking in a range
of [0.01,0.1] which are the tested values. These values of
Azy Were obtained through a heuristic method, which consists
in a manual tuning checked by trial and error, by focusing
on obtaining a sub-optimal system [37]. The covariances of
the process (ww(;)) and measurement (v(;)) noises, defined as
Q. = 0.0022 and R, = 0.0022, can be estimated by using
the proposed method in [38].

L

Fig. 7. Setup of the experimental test bench including the dSPACE
platform, the SPIM, the six-phase VSI and the eddy current brake.

B. Stability test

In every case, (x —y) current references are considered zero
(i%y = i;s = 0). Then, a fixed d stator current (i, = 1 A) has
been set. The sampling frequencies, in the tests, are 2.5 kHz,
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Fig. 8. Trend chart of traditional PCC, M2PC and N-M2PC regarding different sampling frequencies and: (a) rotor mechanical speed; (b) average

switching frequency.

TABLE Il
PARAMETERS OF THE SPIM

PARAMETER | VALUE | PARAMETER | VALUE

R () 6.9 Rs () 6.7
Ly (mH) 654.4 L, (mH) 626.8
Lo (mH) 614 Lys (mH) 53
Wm—nom (rpm) 2 540 Py (KW) 2
Ji (kg.m?) 0.07 B; (kg.m?/s) 0.0004
P 1 Vige (V) 700

5 kHz, 7.5 kHz, 10 kHz, 12.5 kHz, 15 kHz, 17.5 kHz and
20 kHz.

Fig. 8(a) and Fig. 8(b) show the trend charts of the
maximum stable rotor speeds, which is defined as the rotor
speed where the stator currents controller can no longer
regulate properly as larger oscillations appear destabilizing
the system, and average switching frequencies for traditional
PCC [37], M2PC and N-M2PC at different sampling
frequencies. The results show that N-M2PC has the best
performance regarding local stability with the maximum rotor
speed of the SPIM, where at lower sampling frequency the
performance is not much different to traditional PCC and
M2PC although at higher sampling frequency, N-M2PC can
operate in the entire speed range of the machine, as for
traditional PCC and M2PC, they tend to improve linearly local
stability at higher sampling frequency where traditional PCC
has a steep slope compared to M2PC. As for average switching
frequency, M2PC is a fixed switching frequency technique,
so it matches the switching frequency and the sampling
frequency. However, traditional PCC and N-M2PC are variable
switching frequency techniques, thus the switching states
will not necessarily change in two consecutive sampling
times, thus the average switching frequencies are lower where
N-M2PC has almost half the average switching frequency than
traditional PCC, having different pulse ratios under equivalent
conditions, increasing the total harmonic distortion of stator
currents but reducing the switching losses in the six-phase VSI
as shown in [27], as well as the (z — y) currents reduction.

TABLE IV
OPTIMAL VOLTAGE VECTORS AND THEIR CORRESPONDING DUTY
CYCLES FOR M2PC AND N-M2PC FOR CONSECUTIVE SAMPLING

PERIODS.
M2PC

Sample  Vector  Switching State Duty Cycle

1 v 0-0 do = 0.3572T
1 vy 1-5 dy = 0.3082T%
1 v 1-7 dy = 0.33467
2 Vo 0-0 dp = 0.3052T
2 v1 1-4 dy = 0.4456T
2 v 1-5 dy = 0.2492T
3 Vo 0-0 dp = 0.2876T
3 U1 1-4 di = 0.34417
3 V2 1-5 dy = 0.36837

N-M2PC

Sample  Vector  Switching State Duty Cycle

1 v 0-2 d; = 0.1562T
1 v 2-3 da = 0.25867
1 v3 6-3 d3 = 0.40857
1 vy 6-7 dy = 0.1767Ts
2 v1 0-1 dy = 0.1727Ts
2 v 0-3 dy = 0.5216T
2 v3 2-3 d3 = 0.17817%
2 V4 7-3 dy = 0.12767
3 vy 0-1 dy = 0.2151T%
3 vy 0-3 do = 0.4275T%
3 v3 2-3 dz = 0.20107
3 V4 7-3 dy = 0.15647

On the other hand, Table IV presents the selected
voltage vectors and their respective duty cycles calculated in
consecutive sampling periods for M2PC and N-M2PC showing
the performance of both modulated techniques. Then, Fig. 9(a)
and Fig. 9(b) present the dynamic behaviour of the rotor
speed and stator currents at a stable critical condition for
N-M2PC where the measured speed shows oscillations tend
to destabilize the system, then the electrical protections are
activated.

Last, Table V shows the relative error between theoretical
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Fig. 9. Dynamic results of rotor speed and stator currents for N-M2PC at a critical stable condition with 2250 rpm and a sampling frequency of

6 kHz: (a) rotor mechanical speed; (b) stator currents.

TABLE V
RELATIVE ERROR (%) BETWEEN THEORETICAL AND EXPERIMENTAL
MAXIMUM STABLE ROTOR SPEEDS M2PC AND N-M2PC AND THEIR
MAXIMUM STABLE SPEEDS (RPM).

Fs (kHz) M2PC N-M2PC
Error of Maximum Stable Speed
2.5 30.0 455
5 21.4 15.2
7.5 17.6 0.0
10 0.0 0.0
12.5 22 0.0
15 0.0 0.0
17.5 0.0 0.0
20 0.0 0.0

and experimental maximum stable rotor speeds obtained at
different sampling frequencies for M2PC and N-M2PC. The
relative error is significantly low, especially a higher speeds
where it matches almost perfectly. However, a difference
between the results at low sampling frequencies can be
observed as well as a non-linear behaviour between the
sampling frequency and the error variation. This can be
explained if it is considered that the model parameters have
errors that are accentuated with low sampling frequencies
since a greater current ripple is generated, degrading the
signal-to-noise ratio. In addition, the transport delay of the
converter is greater. All these before-mentioned aspects are
not considered in the theoretical analysis. Even so, a clear
trend of the relationship between the sampling frequency and
the maximum stable rotor speed can be observed.

VI. CONCLUSION

This paper has proposed a practical stability study
for modulated model predictive controllers applied to an
asymmetrical SPIM. The experimental results validated the
limits of stability regarding rotor speed and sampling
frequencies for the modulated PCCs. From an engineering
point of view, a way to obtain these critical operating

values can be appreciated in order to apply modulated PCC
techniques with the lowest possible sampling frequency which
reduce the switching losses in power converters. It was shown
an approximately linear relationship between the maximum
rotor speed and the sampling frequency and the theoretical
analysis showed a very similar behaviour by considering a
finite range of gains which represent the different current
controllers, even for N-M2PC as shown for frequencies less
than 7.5 kHz, although it can be considered that this trend
maintains for higher frequencies, it would be necessary to
work with speeds higher than 3000 rpm and it is out of the
scope of this work, validating the proposed method which can
be applied to other systems with PCC.
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Abstract: The development of new control techniques for multiphase induction motors (IM) has
become a point of great interest to exploit the advantages of these machines compared three-phase
topology, for example, the reduced phase currents and lower harmonic contents. One of the most
analysed techniques is the model-based predictive current control (MPC) with a finite control set. This
technique presents high x — y currents because of the application of one switching state throughout
the whole sampling period. Nevertheless, it is one of the most used due to its excellent dynamic
response. To overcome the aforementioned drawbacks, new techniques called virtual vector have
been developed, but although there are several articles with experimental results, the algorithm for
implementing the technique has not been described in them. In this document, an implementation
algorithm is described through two proposed variants in order to compare the performance in
terms of x — y mitigation in a six-phase machine. Experimental tests were evaluated according to
performance indicators, such as the total harmonic distortion and the mean square error for both case
studies to determine the implementations of proposed techniques behavior.

Keywords: Modulation strategies, multiphase induction machine, predictive current control, virtual
vectors.

1. Introduction

For decades, three-phase IM was used for most variable speed applications, and control techniques
are widely developed. Still, in recent years the strengths of the multiphase IM has encouraged their
use and thus the development of new sophisticated control techniques to regulate their speed, flux,
torque or current. Multiphase IM stands out from three-phase IM due to the following characteristics:
an inherent ability to post-fault operation without additional hardware, lower stator current per phase
for the same voltage and lower torque ripple [1-3]. On the other hand, implementing more complex
control strategies and the need for careful regulation of secondary currents that appear in multiphase
IM also entails a higher computational cost. [4,5]. However, this fact can be addressed through more
powerful digital controllers such as DSP.

In this sense, concerning model-based control techniques, there are numerous options with their
advantages and disadvantages. Among them is the MPC with finite set control, set control is one
of the most widely used [6-8]. This technique employs a cost function to select an optimal vector
from the 64 available vectors and apply it during the sampling period. The cost function consists of a
configurable weighting factor to prioritize current tracking or loss reduction in the x — y plane. This
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method has the disadvantage of high tracking error and considerable losses in the x — y plane since it
uses a single vector [9,10]. This fact produces high harmonic content in the stator currents compared
to other approaches that integrate modulation strategies in MPC to face this weakness [11].

An alternative to mitigate the x — y currents was presented in [9], called virtual voltage vectors
(VV). This method minimizes current losses by using a zero vector (ZV), a large vector (LV), and the
corresponding medium-large collinear vector (MLV) at each sampling time (T5), since in the x — y plane
these vectors are 180 degrees out of phase and tend to be eliminated. Thus, to obtain a zero voltage on
average in the x — y plane it is necessary to apply the vectors in a certain proportion of time, which
means, the LV is applied 0.73 of Ts and the MLV 0.27 of Ts. This technique uses less computational
resources due to the fact that it analyzes only 12 vectors, however, combining the vectors decreases the
scope, covering only 93% of the LV module in the & — 8 plane.

Another MPC called M2PC based on space vector modulation (SVM), it uses a cost function to
determine a pair of optimal LV at each T, and the selected optimal LV along with the ZV a combination
is performed, this allows to represent more accurately the target voltage, being able to cover 96% of
the entire « — B plane. This method allows to cover an area, and therefore minimizes the tracking error
and naturally reduces the losses because the LV are mapped as the smallest in the x — y plane [12,13].

Recently, other MPC techniques have been developed such as NM2PC, which uses up to 4 active
vectors at each Ts and does not use the ZV. By means of a cost function it selects up to 4 vectors, two
LV and two medium vectors (MV) in order to reduce the losses in the x — y plane. It is important to
mention that in M2PC the cost function implements a weighting factor between current tracking and
x — y loss reduction, and to some extent it is common that the algorithm tends to use the zero vector
to reduce losses, even if the current tracking decreases in the & — 8 plane, so the NM2PC presents an
advantage by not using the ZV, but on the other hand, the tracking ability of the controller for small
currents deteriorates [14].

Although several works, as described above, have reported implementations of MPC techniques
for multiphase IM drives, few works have described how to implement these techniques in digital
controllers. In that sense, the main goal of this paper is to describe the implementation of VV into MPC
technique focused on two study situations called virtual vectors with 4 application times (VV4) and
virtual vectors with 11 application times (VV11). In both cases, two active vectors with different duty
cycles are used in order to effectively reducing the x — y currents, as well as to improve the current
tracking capability using an asymmetrical six-phase IM. Experimental results are presented to contrast
both study situations, comparing in terms of current tracking considering the mean square error (MSE)
and total harmonic distortion (THD) of the stator currents, in order to analyze the performance of the
system. The proposed method is tested at different operating points, considering transient and steady
state conditions.

The sections that compose this document are the following: the mathematical model of the
six-phase IM is shown in Section 2, as well as the voltage source inverter (VSI) used. Section 3 presents
the description of the classic MPC, which will be used for the proposed MPC design. Section 4 describes
the VV implementation into MPC using two study scenarios. Section 5 shows the experimental results
of both proposed methods. Conclusions and special remarks are presented in the last section.

2. Six-Phase IM Mathematical Model

The system is composed of an asymmetrical six-phase IM and a six-phase VSI based on isolated
gate bipolar transistors (IGBT) connected as shown in the electrical diagram in Fig. 1.

The stator phase voltages of the six-phase IM depend on the switching states and the DC-link
voltage source (V). In this regards, complementary signals are applied to each leg of the six-phase
VSI and thus it is possible to obtain 26 = 64 different switching states. These states are represented by
a six-dimensional vector [S] = [Sa, S4, Sp, Se, Se, Sf]. Assuming this, the stator phase voltages can be
calculated from the ideal six-phase VSI model as shown below:
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as 2 0 -1 0 -1 0 S
Vs 0 2 0 -1 0 -1 Sy
Ups | _Va| -1 0 2 0 -1 0 Sy O
Vs 3|0 -1 0 2 o0 -1 S,
Des -1 0 -1 0 2 0 S
o5 0 -1 0 -1 0 2 S¢

Employing the vector space decomposition (VSD) technique, it is possible to simplify the system
model, making transformations through the amplitude invariant Clarke conversion matrix (C), in this
way is easy to represent the six-dimensional space defined by the six phases (4,4, b, ¢, c, f) in three
two-dimensional orthogonal planes in the stationary reference frame, « — B, x — y, and z; — z. The
« — f plane is related to the torque and flux production, the x — y plane is linked to the copper losses,
while the components projected in the z; — z; plane are not examined due to the adopted topology
(isolated neutral points). The transformation matrix is shown below:

1 B 1 vz 1 0
2 2 2 2
0o 1 V3 1 _V3 4
c=j1 ¥ -5 ¥ -5 0 @)
3l ! _¥& 1 31
2 2 2 2
1 0 1 0 1 0
0 1 0 1 0 1

Hence, using the transformation matrix defined in (2) the stator phase voltages are converted into
orthogonal planes through the following equation:

Uas Uas
Ups Uds
Uxs =[q] Ups 3)
Uys Ues
Uz1s Ucs
Uz2s Ufs

It must be noted that the 64 switching states can be projected at the same time in both planes
as shown in Fig. 2, where 49 of them are different. Vectors can be classified into large vectors (LV),
medium-large vectors (MLV), medium vectors (MV), and small vectors (SV), which are marked as red,
green, blue, and light blue circles, respectively.

Furthermore, the mathematical model of the system by using the state-space representation is
expressed as follows:

Xy = A Xy + By Ugy + Hiy ) @
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Figure 2. Voltage vectors of the six-phase IM in the « — § and x — y planes.

40f14

« defining X(;) as the state vector, formed by stator and rotor currents as shown in (5), U as the

= input vector constituted by the stator voltages represented by (6), while A ;) and By;) are the matrices
s that contain the electrical parameters of the six-phase IM expressed in (7) and (8), respectively. By
w»  considering the Gaussian process noises (11,,(;)), and its corresponding noise weighting matrix (H) have

s been considered in the model.

X(t) = [xlr s xé]T = [ias/ iﬁS/ ixs, iys/ inr, iﬁr]T

U(t) = [“1/"-ru4]T = (s, Ups, Uxs, uys]T

ai; a2
a1 a2
0 0
A(f) = 0 0
asy a5z
A1 62
bi
0
0
B(f) = 0
bs1
0
where the coefficients are defined as:
app =axp = Rl
11 = a2 = Lol — L2,
G = o — RyLm
15 = 26 = L.L -,
a a R
33 = 044 = —7—
Lls
e — ey — RsLm
51 2= T 12 73
a a RyLs
55 = 66 = — T35
LsL, — L,zﬂ
Ly
by =bp=——"—
11 2= T 2
Lm
bs) = by = — 775
LsL, — L%l

w being Ly = Ljs + Ly, Ly = Lj, + Ly, Rs, and R, the electrical parameters of the six-phase IM.

0 0 a5 agp
0 0 ap ax
ass 0 0 0
0 agy O 0
0 0 Aas5  ds6
0 0 ags  Aep
0 0 0
by 0 0
0 b3 0
0 0 by
0 0 0
be 0 0
L2w,
a1p = —az1 = LsL, — L%n
t16 = —ayg = —mLrr
LsL, — L%n
sy = —ag) = — LsLycwy
LsL, — L2,
LyLswy
56 = —le5 = —m
1
bas = by = 7

Is

©)

(6)

@)

®)
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The output vector, including zero-mean Gaussian measurement noises (11,,,(;)) and uncorrelated
process, in the model, is calculated as follows:

10
0 1
Yo = 00
00

o = O O

—_ o0 O O

o O O

0

o o o

0

Xty + Mr)

©)

Finally, the torque (T,) and the load torque (T7) of the six-phase IM are obtained using the

following equations:

T, =3P (wasi/js - wﬁsias)

]i“')m + Biwm = (Te - TL)

Wy =

=Y
P

(10)

11)

(12)

being J;, B;, wm, wr, Yus, Pps and P, the inertia coefficient, the friction coefficient, the rotor mechanical
speed, the rotor electrical speed, the stator fluxes and the number of pole pairs, respectively.

3. Classic MPC

In order to implement the classic MPC in a digital controller, the mathematical model of the
system must be in a discrete version. For this purpose, a discretization technique derived from the
forward-Euler equation is used to obtain the predictive model. Note that the predicted variables only
depending on past values of the variables and not on present values. As a result, the predictive model

is described as:

Xsrp = X +f (X<k>r Uiy, @r(ry Ts)

being k the actual sample.

3.1. Reduced Order Observer

(13)

Rotor currents can be estimated by means of the reduced order observer. There are two well
known techniques, the Luenberger Observer (LO) and the Kalman Filter (KF) [15-17], the latter being
the more optimal as it takes into account the noise input to the sensors thus optimizing the gain of the
observer. Therefore, the KF is designed and implemented in this document, increasing the accuracy of
the predictions. The equations of the mathematical model of system state space can be defined as:

K(k+1k) = A Xy + By Uy + Hitpry

Y =

o O O
o O = o

o = O O

_ o o O

o O O O

o o o o

X(kr1) + M)

(14)

(15)

» where k represent the actual sample, 11,y as the process noise, and H as the noise weight matrix
The discretized matrices A ) and B are represented in (16) and (17) respectively. A ;) depends

0

1
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on the present amount of the rotor electrical speed and it must be actualized at every sampling period.
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Ay G2k O 0 a5 (k)
ik 2k 0 0 a5y Aog(k)
0 0 apg O 0 0
A = (16)
) 0 0 0 ayg O 0
as1(k)  Asa(ky O 0 as5)  as6(k)
a61(k) Tea(k) O 0 agsk) des(k)
buw 0 0 0
0 bypg O 0
0 0 byug O
By = 17
) 0 0 0 buw 17
bsigy O 0 0
0 by O 0
2 The discretized matrix coefficients were included in the Appendix.
s 3.2. Cost Function
" The objective of the cost function is to obtain a numerical value that allows a decision to be made

s by prioritizing one or more variables. The minimization of switching losses, torque ripple, harmonic
s content, or tracking error of stator currents could be optimized. The latter is usually the priority, so
7 the current tracking error calculations are made in the « — 8 and x — y plane. The current tracking
s error between the reference (is*( " +2)) and their predicted values ({s(k 42))inthe a — B and x — y planes is
» calculated as follows:

J =/ (ens)? + (eps)? + Ayllexs)? + (es)?] (18)
where .
eas = Log(ky2) ~ las(k+2)
s = Tpstkr2) ~ lpslir) (19)
xs = lxs(k+2) = Txs(k+2)
Cys = fyg(ra) ~ lys(k2)
0 It must be noted that a second-step ahead prediction is implemented to consider the delay

1 compensation. This fact is produced by a notable amount of time in the computation of the control
2 signals which is similar to the sampling period [6,18]. The tuning parameter (Ayy) in (18) is usually
s considered in the control of the multiphase machines to provide greater weight to the « —  currents
. over the x — y currents.

s 4. Proposed Algorithm

6 This section aims to describe the proposed algorithm implementation in a digital controller based
7 on VV characteristics into MPC.

e 4.1. Case1: VV4

o The first MPC strategy based on virtual vectors to be discussed in this paper is called VV4. It uses
o 2 vectors per sampling time, a long vector and the nearest collinear medium-large vector. The Fig. 3
a1 exemplifies the selection of two vectors, LV and MLV, from the I-sector of the « —  plane. Advantage
=2 is taken of the fact that the LV and collinear MLV are 180 degrees out of phase in the x — y plane,
s and although they have different modulus as shown in Fig. 2, they tend to subtract each other thus
ia decreasing the losses in this plane.

5 The VV4 technique adopts strategies that take into account the ratio of the modulus of LV and
s MLV to calculate their application times, in order to obtain a zero average value in the x — y plane.
= This virtual vector is applied as follows:
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Figure 3. Space sectors in the a — B plane for MPC with VV.

VV4 = d,LV + d,y MLV (0)

beingd; = 0.75 Ty, and d,,; = 0.25 Ty

On the other hand, in VV4 there is a decrease in the maximum final voltage that can be reached,

since it conditions the use of the LV and MLV vectors, obtaining a resulting vector of lower modulus.

The process for the implementation of VV4 is shown in Fig 4 and detailed below:

Step 1: The algorithm starts with the variables initialization and calculation of the electrical
parameters of IM.

Step 2: The basic control technique, in this case the classical MPC, acquires measurements of the
stator currents every sampling time (Ts). To implement the VV4 technique, the original sampling
time (Ts) is increased by 4, hereafter referred to as (Tsv), consequently the sampling frequency is
reduced by 4. On the other hand, an interrupt is used to control current readings, calculations
and transforms, vector selection and application. The input period to the routines contained in
this interrupt is every Ty, /4, and they are called interrupt time (T;), so the interrupt is entered 4
times per sampling time.

Step 3: In the first interval (T;) of the sampling time, the measurements are considered to proceed
to perform the transformations and calculations.

Step 4: The 12 external vectors (LV) are evaluated using a cost function and the optimal vector
is obtained. The MLV vector corresponding to the optimal LV is identified, and both will be
applied during the sampling time.

Step 5: Only one vector is applied at each interrupt time, making use of conditional statements
and a counter to identify the 4 interrupts in a sampling period. To reduce the losses in the x — y
plane, the total application time of the active vectors is distributed between the LV and the MLV
in a proportion of 75% and 25% respectively, so that the LV is applied 3 times and the MLV once.
The final pattern of applied vectors is shown in Fig. 5.

4.2. Case 2: VV11

The second case study is the technique called VV11, based on the MPC strategy with virtual

vectors. Unlike VV4, in VV11 the LVand MLV are applied 73%and 27% of the time, so that the average
loss in the x — y plane tends to zero. In order to achieve the latter, the sampling period is divided into
11 equal intervals by an interruption, so that T;=Ts,/11.

Similar to VV4, measurements are taken in each sampling period, calculations and transformations

are performed, optimal vectors are selected and applied in each T;. In total, 8 times the LV and 3
times the MLV are applied, resulting in approximately 72.73% of Ts, for LV and 27.27% of T, for
MLYV. The final applied vector pattern for VV11 is shown in Fig. 6. This extra processes implies higher
computational costs compared to VV4.
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Inicialization

Interruption
T=Ts/4

Apply vector
(LV)

Apply vector
(MLV)

Apply vector
(LV)
i=1

Apply vector
LV

=1

Figure 4. Algorithm diagram for VV4 technique.

‘ LV ‘ LV ‘ MLV ‘ LV ‘

Ti Ti Ti Ti
Tsv

Figure 5. Timing diagram for VV4 technique.

LV MLVIMLVIMLV| LV | LV | LV

i i i i i i i Ti Ti Ti Ti
T

LV |LV [LV LV

Figure 6. Timing diagram for VV11 technique.

a 5. Experimental Results

2 The case studies are implemented to analyze their performance by comparing them with each
s other through the experimental results collected in the six-phase IM bench.

5.1, Six-phase IM test bench description

5 The control system is based on Six-Phase VSI, driven by a DSP (TMS320F28335 from Texas
s Instruments), with a Technosoft MCK28335 development environment. The IM parameters are shown
7 in Table 1 determined by the tests described in [19,20].
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Table 1. Electrical and mechanical parameters of the six-phase IM

Parameter Value Parameter Value
R, 0.63 Q) Ls 206.2 mH
Rs 0.62 Q) P 3
L 6.4 mH Py 15 kW
Ly, 3.5mH Ji 0.27 kg.m?
L 66.6 mH B; 0.012 kg.m?/s
L, 203.3 mH Wr—nom 1000 rpm

Figure 7. Test bench composed of the 2L-6PVSI, DSP unit control, six-phase IM and the mechanical
load.

The periodic measurements of the rotor currents and speed, necessary to perform the calculations
and implement the control techniques, are made by a series of sensors. A 10000 ppr encoder is used to
obtain the mechanical speed of the motor.

A matching board is provided to amplify the signals coming from 4 LA 55-P sensors used to
measure the stator currents. The digitalization is performed by means of a 16-bit A /D converter of the
DSP. A DC-link is set to 325 V through a three phase rectifier and the power grid with a step-down
transformer. A mechanical brake pad was installed to simulate mechanical loading of approximately
120 Nm. A block diagram of the test bench is shown in Fig. 7.

5.2. Figures of merit

In order to analyze the performance of the modulation techniques under study, VV4 and VV11,
experimental tests are performed where steady state and transient results are obtained. The MSE
between the reference and stator current measured in the « —  and x — y planes is obtained in order
to compare current and loss tracking. On the other hand, the THD in the a — B plane is calculated to
quantify the harmonic distortion obtained with both techniques. In this context, the MSE is defined as:

N
MSE(ia) =, | (ol — it lK)2 @y
=1

143



144

Version May 17, 2021 submitted to Energies 10 of 14

where N is the number of samples, i%q, the stator current reference, isq the measured stator currents
and @ € {«, B, x, y}. At the same time, THD is defined as:

N

THD(is) = l% 3 (isj)? (22)
s1 j=2

where i1 is the fundamental stator currents and ig; is the harmonic stator currents.

5.3. Steady state study

For the purpose of analyzing the performance of the x — y current references are set to zero
(i%s = iys = 0), and the d axis current (i}, = 1.5) has been considered for all cases.

For the VV4 and V11 technique, the sampling frequency is 2.5 kHz, the tests are performed at
mechanical speeds of 100 rpm to 600 rpm. The results obtained from VV4 and VV11 at the different
speeds are shown in Table 2 and Table 3. At the same time, Fig. 8 and Fig. 9 show the stator currents
tracking in @ — B and x — y planes for classic MPC, VV4 and VV11 respectively. The operations were
tested at a sampling frequency of 2.5 kHz and a rotor speed of 200 rpm for the techniques.

The results show good current tracking in the « — 8 plane for both techniques, with a slight
advantage for VV11, showing lower MSE values for all speeds. In terms of MSE in the x — y plane,
higher values are observed for VV4, corroborating the decrease of the resultant vector in the x — y
plane also for all speeds. In terms of THD, it is observed that the VV11 technique leads to higher
harmonic distortion.

Table 2. Performance indicators for the drive operating from 100 [rpm] to 600 [rpm] for VV4.
VV4 at fs =2.5[kHz]

w;, MSE, MSE; [ MSE, MSE, | THD,
100 1.95 1.65 297 329 14.22
200 215 1.94 310 326 15.43
300 252 244 3.05 3.28 13.64
400 2.87 2.83 310 335 16.13
500 327 315 314 3.37 18.04
600 356 3.67 316 3.38 16.67

Table 3. Performance indicators for the drive operating from 100 [rpm] to 600 [rpm] for VV11.

VVi1 at fs =2.5[kHz]

w;, MSE, MSEg |  MSE. MSE, [ THD,
100 1.58 1.26 2.55 2.84 19.59
200 1.53 127 2.50 277 22.22
300 1.65 1.38 2.47 2.79 2343
400 1.63 1.39 2.56 273 24.73
500 238 1.86 2.50 277 24.56
600 2.60 217 2.57 2.86 29.01
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Figure 8. Performance of stator currents in « —  plane for a rotor speed of 200 [rpm] at 2.5 [kHz] of
sampling frequency: (a) classic MPC; (b) VV4; (c) VV11.
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Figure 9. Performance of stator currents in x — y plane for a rotor speed of 200 [rpm] at 2.5 [kHz] of
sampling frequency: (a) classic MPC; (b) VV4; (c) VV11.

5.4. Transient study

For a transient operation, a step modification in the rotor speed is considered from 200 to —200 rpm
(reversal condition) as shown in Fig. 10. Fig. 11 presents a dynamic test ( current tracking), which
reveals the transient operation of VV4 (a) and VV11 (b) for a step change in the g current (i;s)‘ The
dynamic performance is obtained through a reversal condition of the rotor speed (wj;,). The reaching

time is approximately 0.5 ms of both techniques and the overshoot, for VV4 and VV11, are 10 % and
12.5 %, respectively.

6. Conclusion

The paper describes the implementation of two virtual vector modulation techniques applied to
a six-phase asymmetrical IM. Among the advantages of both techniques based on the same control
strategy are: a) Reduced amount of switching, since only the change of state of the transistor pair of
one VSI branch is required to switch from the MLV to the collinear LV. b) Combining LV and their
corresponding MLV reduces the losses in the x — y plane. It can be seen in this work that as the
combination of LV and MLV is closer to a ratio of 73% and 27% at each sampling time, the x — y
currents and the MSE in the a — $ plane are reduced, although these improvements are negligible
compared to the 75% and 25% ratio used in VV4. On the other hand, the VV11, presents higher
harmonic distortion and higher computational cost. These observations lead us to conclude that VV11
does not present a higher performance over VV4, so the best alternative in order to achieve good
figures of merit and lower computational cost is VV4.
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Figure 10. Reversal condition from 200 [rpm] to —200 [rpm] at 2.5 [kHz] of sampling frequency: (a)
VV4; (b) VV11.
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Figure 11. Transient response in g-axis of stator current for a rotor speed change from 200 [rpm] to
—200 [rpm] at 2.5 [kHz] of sampling frequency: (a) VV4; (b) VV11.
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Abbreviations
The following abbreviations have been employed in this work:

DSP  Digital Signal Processor.

IGBT Isolated Gate Bipolar Transistors.

M Induction Machine.

KF Kalman Filter.

LO Luenberger Observer.

Lv Large Vector.

MLV Medium Large Vector.

MPC  Model Predictive Control.

MSE  Mean Squared Error.

MV Medium Vector.

SV Small Vector.

SVM  Space Vector Modulation.

THD  Total Harmonic Distortion.

VSD  Vector Space Decomposition.

VSI Voltage Source Inverter.

\A% Virtual Vector.

VV11  Virtual Vectors with 11 application times.
VV4  Virtual Vectors with 4 application times.
zv Zero Vector.
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Abstract—Three-phase induction motors are the most widely
used electrical energy conversion machines due to their low cost,
robustness, and ease of maintenance. Hence, the mathematical
model analysis is fundamental to comprehend the behavior of
the machine in order to implement a certain type of control.
This article presents a comparison between the effects on the
current, in steady-state, of electrical parameter variations of a
three-phase induction motor model based on discrete-time with
a continuous model by considering electrical parameters fixed in
nominal values. Side by side comparisons between the application
of pure sinusoidal waveforms and PWM waveforms generated by
a voltage source inverter to the induction motor are presented.
Simulation results are provided to show the parameter with the
most significant impact over the machine when varying values.

Index Terms—Induction motors, magnetization inductance,
predictive discretized model.

I. INTRODUCTION

Historically, one of the most used drives in industrial
applications have been the induction machines due to some
specific characteristics such as low cost, robustness and ease
of maintenance [1]. As a consequence, the interest in the use of
induction motor (IM) drives has allowed the development of
well-established control techniques as field oriented control,
direct torque control and, more recently, model predictive
control (MPC) [2]-[5]. However, to apply control techniques,
it is important to have a finished model to describe the
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properties of the physical system precisely in order to be
controlled optimally [6]. In the design of the mathematical
model of IMs, it is necessary to know the electrical and
mechanical parameters. Some of these can be provided by
the manufacturer or can be obtained through standardized
tests [7], but in operation, these values, which are assumed as
nominal in the equivalent circuit, vary according to different
load conditions and effects such as temperature, magnetic
saturation, skin effect, harmonics and rotor movement [1], [7],
[8].

A precise knowledge of the parameter values is essential to
determine a suitable model. When vector control or non-linear
control techniques are used [9]-[11], such as the MPC, the
control efficiency depends on the model to predict the states
and to produce the desired performance [12]. For instance, in
accurate speed estimation for the operation of speed-sensorless
using machine model-based approaches [13]-[15]. In previous
works, parameter identification processes are presented to
obtain values focused on the magnetization inductance as
in [1], [16]-[18] or focused on rotor and stator resistances
as in [16], [19]. In other works, mathematical models are
proposed considering magnetic saturation as in [20], [21].

Generally, parameters like stator and rotor resistance as well
as magnetization inductance are considered constant in the
model for simplicity without knowing how much this affects
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the performance of the electric drive. This paper aims to
present a quantitative analysis of the impact on the currents
of the electrical parameter variations in the discrete model
concerning the continuous model with nominal values of the
IM, in terms of the Mean Square Error (MSE). Variations
are applied by taking into account several values in a range
and comparisons of the effect between an operation of the IM
with pure sinusoidal waveforms and voltage source inverter
are presented.

The rest of this paper is organized as follows. The
IM mathematical model in continuous time is presented in
Section II. Then, in Section III, the model of the IM in
discrete-time is described. In order to compare the effects
of the variations, two types of power supply are exposed in
Section IV. In Section V, simulation tests are described, and
the results of the parameter variations is examined. Finally,
conclusions are presented in the last section.

II. IM MATHEMATICAL MODEL

The dynamic model of the three-phase IM can be expressed
in the stationary reference frame -3 such as:

s dXs
vs = Rgis + 5

0=R,i, + D= — jw, A,

)\s = Ls is + Lm ir

Ar = Lm is + LT ir
where R, and R, are the stator and rotor resistances,
respectively, L,, is the magnetizing inductance, L and L,
are the stator and rotor inductances, vy, ig, i, are the
stator voltage vector, the stator current and the rotor current
vectors, As; and A, are the stator and rotor flux vectors.
All electrical variables mentioned in (1) are two-dimensional
complex space vector where the real and imaginary part
denotes the components in the «-f plane. A general block
diagram is represented in Fig. 1.

The electromagnetic torque can be expressed by:

(O]

LL7 Im {X, i, } )
where p,, is the number of pole pairs and A is the complex
conjugate of the rotor flux vector. In order to describe the
behavior of the mechanical speed w,, and the electric rotor
speed w,. according to the electromagnetic torque 7, and load
torque 77, the mechanical equation is given by:

3
T. = ipp

dwn,

dt
where J is the inertia of the mechanical shaft and B the
friction coefficient. The mechanical speed in terms of electrical
rotor speed is defined as:

J +Bwn=T.—-T, ©)

= 21, “)
Pp
The continuous model (1)-(4) can be represented using the

state-space representation as follows:
x(t) = Ax(t) + Bu(t)

5
¥(t) = Cx() ®

a3

(Constant Parameter)

Vsa oy
N . ) ; abc -
Yy S S SN
sh
) 5 v model | 55 3 i
{ G b -
“ af Py > o — >

L Ry R, Lis Ly,

(Variable Parameters)

Fig. 1. Block diagram of the IM model.

where: X(t) = [isa, 158, Ara, Arp]? Tepresent the state vector
considering the stator current and the rotor flux variables,
u(t) = [vsa, vss)? are the voltage input applied to the stator,
and y(t) denotes the output vector. The superscript (7) is used
to denote the transposed matrix and to define the dynamic of
the electrical drive are used the matrices A, B and C. Then:

cg 0 co Cawy
o 0 ¢ —c3w, Co
A= cs 0 co —wy ©
0 cx wy e
Cq 0
_ 0 Cy
B= 0 0 @)
0 0
1 0 00
0100
C= 00 0O ®
00 0O
where:
2
a=-GE+onts) e=te o=
64:5'17[/5 05:%;" 8527%
oc=1-— L?Z, 7’,.:%’;.

III. DISCRETE-TIME IM MODEL

The first order Euler approximation is applied in order to
predict the state variables in the next sampling time and to
keep computing cost low. The derived approximation is given
by:
x(k+1) — (k)

T,

where z is the state variable, T is the sampling time and k
represent the current sample.

Using (9) and (5), can be rewritten as:

w(k+1) = (I + AT (k) + BT, u(k) (10)

where  x(k) = [isa (k) is5(k) Ara(k) Mg (R)]F, T is the
identity matrix and u(k) = [vsa (k) vsg(k)]T.

.
&~

)
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IV. TYPES OF THREE-PHASE INDUCTION MOTOR POWER
SUPPLIES

In this section, two types of three-phase IM power supplies
are described. These are considered in the analysis of impact
of parameter variations.

A. Pure Sinusoidal Waveforms

This method consists of the direct connection of the stator
windings to three-phase voltages sinusoidal, which have a 120
degree phase shift between each other, with the amplitude and
frequency adjusted to the IM nominal voltage values.

B. Three-phase voltage source inverter

One of the most used configurations of power electronic
converters consists of an uncontrolled rectifier connected to
a voltage source inverter (VSI) through a DC-Link. Fig. 2
shows the three-phase inverter which has three legs, each
consisting of two electronic switches. The output of the VSI
corresponds to each midpoint between these switches. A
three-phase VSI with pulse width modulation (PWM) allows
the control of the three-phase output voltages in amplitude
and frequency through three sinusoidal reference voltages of
controlled amplitude. In the PWM technique, each reference
voltage is compared to a triangular waveform, the comparator’s
output defines the switching states used to drive the inverter
switches.

The triangular waveform has a switching frequency that
sets the frequency at which the switches will operate. On
the other hand, the sinusoidal reference signal has the desired
fundamental frequency of the inverter voltage output.

The output voltages of the inverter v,y with respect to the
negative bus of the DC-link NN, are defined by the switching
states S, in each leg as follow:

an

VN = VaeS

where the phases are represented by z = [a, b, ¢].

Considering balanced operating conditions, the relationship
between the phase voltages of the VSI output v,y with the
phase voltages v, and the negative DC-link bus voltages v,y
is expressed by:

Uzn = UzN — UnN

1
= ViaeSz — 5 (Van + von + VeN) (12)

3

Fig. 2. VSI scheme connected to a 3-phase IM.
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TABLE I
MECHANICAL AND ELECTRICAL PARAMETERS OF IM

Parameter Value Parameter Value
Rs 0.7384 Q Pp 2
Ry 0.7402 Q B 0.000503 kg.m?/s
Lyg* 3.045 mH J 0.0343 kg.m?
Ly * 3.045 mH Nominal speed 1440 rpm
Ls 127.1 mH Nominal power 7.5 kW
Ly 127.1 mH Voltage (line-line) 400 V
Lm 124.1 mH  Nominal frequency 50 Hz

*Are the leakage inductances. Ls = Ljs + Ly and Ly = Ly + L,

where v, are the voltages on IM stator windings with star
connection, vgq, Vs, and vg,.

The output voltages provided by the VSI are not purely
sinusoidal, since it provides discrete output voltages which
contain components of higher frequencies multiples of the
fundamental frequency [22], [23].

V. ANALYSIS METHOD AND SIMULATIONS

The simulations of the three-phase IM in open loop, for both
mentioned models, are implemented using MATLAB/Simulink
software. Table I presents the mechanical and electrical
parameters of the IM under study. In all cases, constant load
conditions of 25% of the nominal value is applied. Sampling
time of 10 us is considered.

Initially, a balanced set of three-phase, fundamental
harmonic voltages, adjusted at the nominal voltage of the
machine, are applied to the IM continuous model and the
output currents in steady-state are obtained, disregarding the
magnetic saturation effect, and by considering L,,, Rs, R,,
Lys, and Ly, constant in their nominal values.

The same power supply is applied to the discrete model and
a single parameter is varied, measured and compared at once.
The variation of the electrical parameters values are realized
taking 13 points in a range of +30% of their nominal values.
Obtained results for the stator currents iy, in steady-state
applied to the IM discrete model, are shown in Fig. 3 and
Fig. 4.

0 12
10|
5
8 /
— u.ml‘,,,!
-10 6
0.546 0.5465 0.547 0.5475 0.548 |——0.70L,,

5 I I I I I I I I I
05 051 052 053 054 055 056 057 058 059 06
Time [s]

Fig. 3. Results of the current is5o in steady-state, varying L,, parameter
value and by applying three-phase sinusoidal waveforms at the IM discrete
model.
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Fig. 4. Results of the current is in steady-state, varying the parameter values: (a) Rs; (b) Ry; (¢) Lis; (d) Ly, and by applying three-phase sinusoidal

waveforms at the IM discrete model.

90 100
variations [%)]

(a)

Fig. 5. MSE by considering the parameters variations in an IM model:

The quantitative indicator, used to represent differences
between the discrete model and the continuous model, is
obtained by analyzing the results of the currents in steady-state
of both models and by calculating the MSE between the stator
currents obtained in continuous model i%(k) with electrical
parameters fixed at the nominal values and the stator currents
obtained in discrete model is(k) considering the range of
parameter variations above mentioned. MSE is given by:

m+n
MSE= [ Y @R -n®)? ()
k=m+1

110 120 130

variations (%)

(b)

(a) applying pure sinusoidal waveforms; (b) applying three-phase VSI.

where n is the total number of samples taken in an interval,
and m is the number taken as a starting point in steady-state.
Both are represented by integer numbers.

By calculating the MSE for the stator currents iy, and
comparing, taking into account 13 variation points of each
parameter, the results can be seen in Fig. 5(a). The curve that
corresponds to the variation of the magnetization inductance
represents the variable with the most significant impact on
the MSE of the stator currents between the discrete model
and continuous model, being L,,, present in practically all the
equations of the three-phase IM mathematical model. Table 1T
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TABLE II
STEADY STATE ANALYSIS OF MSE OF THE STATOR CURRENTS IN c-3 PLANE AT DIFFERENT VALUES OF THE ELECTRICAL PARAMETERS BY APPLYING
THREE PURE SINUSOIDAL VOLTAGE

% | Lm (H MSE[A] [ Rs [Q] MSE[A] [ R [Q] MSE[A] | Lis [Hl MSE[A] [ L, [H MSE [A]
70 | 00869 23600 | 0.5169 00470 | 05181 03075 | 00021 00355 | 00021  0.0277
75 | 00931 1.8398 | 0.5538  0.0397 | 05552 02103 | 00023 00291 | 00023  0.0228
80 | 0.0993 13826 | 05907 00323 | 05922  0.1428 | 00024 00233 | 00024  0.0184
85 | 01055 09777 | 0.6276  0.0250 | 0.6292  0.0938 | 0.0026 00176 | 00026 _ 0.0140
90 | 01117 06166 | 0.6646 00176 | 0.6662 00562 | 00027 00116 | 00027  0.0094
95 | 01179 02925 | 07015  0.0094 | 07032 0.0258 | 0.0029  0.0057 | 0.0029  0.0046
100 | 01241 00000 | 0.7384  0.0000 | 0.7402 _ 0.0000 | 0.0030 _ 0.0000 | 0.0030  0.0000
105 | 01303 02653 | 07753 00112 | 07772 00226 | 0.0032  0.0053 | 00032  0.0043
110 | 01365 05069 | 0.8122 00243 | 0.8142 00428 | 00033 00102 | 00033  0.0080
115 | 01427 07281 | 08492  0.0384 | 0.8512 00610 | 00035 00146 | 00035  0.0110
120 | 0.1489 09311 | 0.8861  0.0532 | 0.8882 00777 | 00037 _ 00187 | 00037  0.0135
125 | 0.1551 11182 | 09230  0.0693 | 09253  0.0930 | 0.0038  0.0224 | 00038  0.0155
130 | 0.1631 12913 | 09599  0.0890 | 09623  0.1072 | 00040  0.0260 | 00040  0.0171
TABLE III

COMPARATIVE OF MSE OF THE STATOR CURRENTS IN a-3 PLANE BY APPLYING THREE PURE SINUSOIDAL VOLTAGE RESPECT TO MSE USING
THREE-PHASE VSI ON THE IM AT DIFFERENT VALUES OF THE Ly, AND R,

% | Lm [HI__MSE[A] _VSIMSE[A] | R, [2] MSE[A] _ VSI-MSE [A]
70 | 00869 23600 23578 05181 03075 0.2915
75 | 0.0931 1.8398 1.8381 05552 02103 0.2070
80 | 0.0993 1.3826 1.3814 05922 0.1428 0.1436
85 | 0.1055 09777 0.9763 06292 0.0938 0.0950
90 | 01117 06166 0.6160 0.6662 00562 0.0570
95 | 01179 02925 0.2922 07032 0.0258 0.0261
100 | 0.1241  0.0000 0.0000 07402 0.0000 0.0000
105 | 0.1303  0.2653 0.2650 07772 0.0226 0.0228
110 | 01365  0.5069 0.5065 08142 0.0428 0.0431
115 | 0.1427  0.7281 0.7274 08512 0.0610 0.0615
120 | 0.1489 09311 0.9303 08882 0.0777 0.0784
125 | 0.1551 11182 11172 0.9253  0.0930 0.0939
130 | 0.1631 12913 1.2901 09623 0.1072 0.1083

exposes the values of the MSE for each parameter variation
under study. As can be seen, L, reaches the highest MSE in
magnetic saturation condition (low L,,). The next parameter
that has a significant effect is R, which shows a higher effect
on stator currents MSE at low values. Still the MSE effect
is approximately of 13% of L,, effect. The other parameters
show an impact of approximately between 1% to 2% of L,,
effect, being considered insignificant compared to L,,, and R,
variations.

The same procedures described for evaluating the effect of
parameter variations by applying three-phase pure sinusoidal
voltage are performed using the three-phase VSI with
carrier-based sinusoidal PWM, on both models. In Fig. 5(b), it
can be noticed the magnetization inductance continues to have
a greater impact than the other parameters on the stator current
error. However, the impact of the rotor resistance represents
approximately 12.3%, stator resistance 3.5% and the leakage

inductances about 8.8%, at low values, with respect to the L,,
effect.

Table IIT shows the comparison between the two types of
IM power supplies in terms of the MSE of the stator current
in steady-state and the variations of the L,, and R, values.

VI. CONCLUSION

In this paper, a discrete model of an IM with electrical
parameter variations is compared with a continuous model
where the electrical parameters are fixed in nominal values.
In order to determine the effects on the stator current in a
steady-state, the variations of the paramenters are made in a
range of 70% to 130% of nominal values and the errors are
represented in terms of the MSE. The results of the analysis of
the MSE of stator currents, in steady-state, with the variations
of the parameters such as magnetization inductance, stator
resistance, rotor resistance, leakage inductance of the stator
and rotor, show that variations of the leakage inductances and
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stator resistance have an insignificant impact on the current.
However, the variation of the rotor resistance is more notorious

and
the

the magnetization inductance has a the greatest impact in
IM powered by three-phase sinusoidal sources and with

a three-phase VSI. Taking these conclusions into account, an
analysis of the effects of variations of the electrical parameters
on a closed-loop system by implementing a model-based
control will be presented in future work.
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