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UNIVERSIDAD NACIONAL DE ASUNCIÓN
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AL ACCIONAMIENTO ELÉCTRICO DE CINCO FASES

Osvaldo Julián González Barrios
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RESUMEN

Las máquinas eléctricas constituyen uno de los componentes principales en aplicaciones en
energı́as renovables ası́ como en la propulsión de vehı́culos eléctricos. Éstas aplicaciones
requieren cada vez de más potencia de las máquinas eléctricas lo cual ha motivado a
actividades de investigación y desarrollo, logrando ası́ nuevas topologı́as que cumplan
con dicho requerimiento además de otros, tales como una elevada fiabilidad y tolerancia
a fallos. En ese contexto, las máquinas multifásicas (aquellas donde el número de fases
es mayor a tres) han sido reconocidas en los últimos años como una solución viable para
aplicaciones en elevada potencia ya que las mismas ofrecen una reducción de la potencia
por cada fase y una mayor fiabilidad del sistema debido a que la misma puede seguir
funcionando aún en presencia de fallas. Por dicho motivo las máquinas multifásicas ya
encuentran aplicaciones reales en las industrias.

Las máquinas multifásicas representan un sistema no lineal, lo cual hace que el con-
trol del mismo sea complejo y requiera además un elevado costo computacional. Las
estrategias de control aplicadas a las máquinas multifásicas se han extendido desde el
caso convencional trifásico, tales como el control vectorial, el control directo de par y el
control predictivo, entre otros. Sin embargo, entre todas las posibilidades mencionadas
anteriormente, en los últimos años el control predictivo ha sido uno de los métodos de
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vi RESUMEN

control más estudiados en máquinas multifásicas debido a las ventajas que ofrece tales
como: puede ser aplicado para una gran variedad de sistemas, los conceptos son intuitivos
y fáciles de entender, es posible considerar un sistema con múltiples variables, la inclusión
de fenómenos no lineales al sistema es sencilla y el controlador resultante es fácil de
implementar.

El control predictivo utiliza el modelo del sistema para predecir el comportamiento de
las variables a ser controladas (corriente, tensión, velocidad, flujo, etc.) y luego selecciona
la acción de control que minimizan una función de costo previamente definida. La función
de costo representa el comportamiento deseado del sistema, por lo que deben incluirse
todas las variables a optimizar. Sin embargo, el control predictivo posee algunas limita-
ciones, tales como el elevado costo computacional, error en estado estable y frecuencia
de conmutación variable, produciendo este último un alto rizado en la corriente. En ese
contexto, esta Tesis, aporta una alternativa de solución a la frecuencia variable, mediante la
incorporación de una etapa de modulación que producirı́a una frecuencia de conmutación
fija del controlador predictivo.

El aporte principal de esta Tesis de Maestrı́a se centra entonces en la propuesta de
estrategias de control predictivo de corriente a frecuencia fija y el estudio de eficiencia
de las mencionadas propuestas. Además, se presenta el estudio del control predictivo
de corriente como bucle interno de corriente en un control de velocidad sin sensores.
Los controladores predictivos propuestos han sido analizados y evaluados teóricamente
mediante simulaciones aplicados a una máquina de inducción de cinco fases.

OSVALDO GONZÁLEZ BARRIOS

Septiembre, 2017. San Lorenzo, Paraguay.



SUMMARY

Electric machines are one of the main components in applications in renewable energies
as well as in the propulsion of electric vehicles. These applications require more and
more power from the electrical machines which has motivated research and development
activities, thus achieving new topologies that comply with this requirement in addition to
others, such as high reliability and fault tolerance. In this context, multiphase machines
(those where the number of phases is greater than three) have been recognized in the last
years as a viable solution for applications in high power since they offer a reduction of
the power by each phase and a greater reliability of the system because it can continue to
operate even in the presence of faults. For this reason multiphase machines already find
real applications in the industries.

The multiphase machines represent a non-linear system, which makes the control of
the same is complex and also requires a high computational cost. The control strategies
applied to multiphase machines have been extended from the conventional three phase
case, such as vector control, direct torque control and predictive control, among others.
However, among all the aforementioned possibilities, in recent years predictive control
has been one of the most studied control methods in multiphase machines because of the
advantages it offers such as: it can be applied to a wide variety of systems, the concepts are
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intuitive and easy to understand, it is possible consider a system with multiple variables,
the inclusion of nonlinear phenomena into the system is simple and the resulting controller
is easy to implement.

Predictive control uses the system model to predict the behavior of variables to be
controlled (current, voltage, velocity, flow, etc.) and then selects the control action that
minimizes a previously defined cost function. The cost function represents the desired
behavior of the system, so all variables to be optimized must be included. However, the
predictive control has some limitations, such as high computational cost, steady state
error and variable switching frequency, the latter producing a high ripple in the current.
In this context, this Thesis provides an alternative solution to the variable frequency, by
incorporating a modulation step that would produce a fixed switching frequency of the
predictive controller.

The main contribution of this Master Thesis is focused on the proposal of strategies of
predictive control of current to fixed frequency and the study of efficiency of the mentioned
proposals. In addition, the study of predictive current control as an internal current loop
in a sensorless speed control is presented. The proposed predictive controllers have been
analyzed and evaluated theoretically by simulations applied to a five-phase induction
machine.

OSVALDO GONZÁLEZ BARRIOS

September, 2017. San Lorenzo, Paraguay.
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xvi ÍNDICE GENERAL
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Tesis de Maestrı́a.
Por Osvaldo González Barrios.
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CAPÍTULO 1

JUSTIFICACIÓN Y METODOLOGÍA

1.1 Introducción

Los accionamientos multifásicos, basados en máquinas eléctricas con más de tres fases,
han obtenido una atención especial por parte de la comunidad cientı́fica durante los
últimos años [1]. Con el número de máquinas eléctricas convencionales en continuo
crecimiento, el interés en las máquinas multifásicas también está aumentando debido a
las caracterı́sticas intrı́nsecas que posee en comparación con las máquinas trifásicas, tales
como mejor distribución de potencia, mejor tolerancia a fallos, alta fiabilidad, menor
rizado de par, disminución de los armónicos y reducción de las pérdidas tanto en el estátor
como el rotor [2]. Con lo mencionado anteriormente, resulta claro las limitaciones de las
máquinas convencionales trifásicas para aplicaciones donde se requieren elevada potencia
tales como los vehı́culos eléctricos y actualmente las energı́as renovables. Por otro lado,
los accionamientos multifásicos requieren un control más complejo además de una alta
capacidad computacional. Sin embargo, con el desarrollo de dispositivos semiconductores
de alta potencia y alta frecuencia de conmutación, como IGBTs, SiC-MOSFETs y potentes

Tesis de Maestrı́a.
Por Osvaldo González Barrios.
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unidades de control, como la FPGA y el DSP ésto ya no resulta una limitación al momento
de implementar avanzadas estrategias de control en máquinas multifásicas [3]. Esto
ha motivado a los investigadores a proponer a las máquinas multifásicas en numerosas
aplicaciones tales como la propulsión de vehı́culos [4], la generación de energı́a eólica
[5] y en aplicaciones aeroespaciales [6]. Además, cabe mencionar que investigaciones
recientes detallan la utilización de máquinas de imanes permanentes de seis y nueve fases,
donde se requieren una elevada capacidad de tolerancia a fallos, para aplicaciones de
bombeo de petróleo [7] y para elevadores de alta velocidad [8], respectivamente.

Las máquinas multifásicas se clasifican generalmente en función de la distribución
del devanado como máquinas de bobinado distribuido o concentrado y de acuerdo al
arreglo del bobinado como máquinas asimétricas (conjunto independiente de devanados
desplazados π/n) o simétricas (devanados de fase igualmente desplazados 2π/n), donde
n representa el número de fases de la máquina [9, 10]. Las máquinas multifásicas con
devanados concentrados generan un alto contenido de armónicos cuando se aplica una
tensión de estátor sinusoidal, que se puede utilizar para mejorar la producción del par
eléctrico. Sin embargo, si se utiliza la topologı́a de devanado distribuido, el contenido
armónico generado sólo produce pérdidas electromagnéticas [11, 12].

Entre las máquinas con un número par de fases, las máquinas de seis fases son las más
comunes en la literatura cientı́fica. Este tipo de máquinas pueden disponer una distribución
de devanado asimétrica o simétrica con uno o dos puntos neutros independientes. Sin
embargo, la estructura más comúnmente utilizada se basa en dos devanados asimétricos
trifásicos y dos puntos neutros independientes [13–15]. Por otra parte, las máquinas con
un número impar de fases son escogidas debido a su estructura simétrica. Éstos tipos
de máquinas pueden encontrarse con devanados concentrados o distribuidos con un solo
neutro [16, 17].

Desde el punto de vista del control de las máquinas multifásicas, en los últimos años
se han optimizado las técnicas de control inicialmente extendidas del caso trifásico, tales
como el FOC [18], DTC [19], PTC [20], PI-PWM [21], a soluciones de control más
sofisticadas para accionamientos multifásicos. Éstas estrategias de control también han
sido extendidas al caso de post-falta [22, 23]. Por otro lado, la implementación de la
técnica MPC en accionamientos multifásicos ha ganado una mayor atención en las últimas
décadas con la aparición de DSPs [24–27]. No obstante, la mayorı́a de las investigaciones
se centran en la técnica del PCC [28–34]. Todos estos esquemas se basan en los modelos
matemáticos del accionamiento electromecánico, extendidos para el caso de las máquinas
multifásicas, por lo que se debe tener un conocimiento preciso del comportamiento de
los parámetros eléctricos que lo componen. Sin embargo, muy pocos procedimientos se
centran en el estudio de los estimadores de estado para la mejora del controlador predictivo
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mediante la incorporación de una etapa de modulación para producir una frecuencia de
conmutación fija aplicado al control de corriente de las máquinas multifásicas.

En este contexto, la principal aportación de esta Tesis de Maestrı́a se centra en el
análisis y desarrollo de la estrategia del PCC incorporando criterios adicionales a los
tradicionales basado en frecuencia fija aplicado a una máquina de inducción de cinco
fases, ası́ como extensión al control de velocidad sin sensores que permita mejorar las
prestaciones dinámicas del sistema multifásico ası́ como las reducciones de ciertas figuras
de mérito tales como el MSE y la THD.

1.2 Objetivos

El objetivo de esta Tesis es el estudio y análisis del comportamiento de los accionamientos
eléctricos multifásicos, concretamente la máquina de inducción de cinco fases, emple-
ando estrategias de control predictivo de corriente. Los objetivos especı́ficos se citan a
continuación:

Estudiar y analizar las maquinas multifásicas, sus aplicaciones y estrategias de
control.

Implementar una estrategia de control predictivo de corriente eficiente con esti-
madores de variables rotóricas, con una etapa de modulación para lograr una frecuen-
cia de conmutación fija, además de un bucle externo para el control de velocidad en
una máquina de inducción de cinco fases.

Implementar el control de velocidad sin sensores en una máquina de inducción de
cinco fases.

Realizar aportaciones al estado del arte del control predictivo a frecuencia fija aplicado
al accionamiento de cinco fases.

1.3 Organización del documento

El documento se ha organizado en cuatro partes. En la Parte I, se describen las generalida-
des de la Tesis, abordando inicialmente la justificación y objetivos del mismo (Capı́tulo 1).
Posteriormente se presenta el modelo matemático de la máquina de inducción de cinco
fases ası́ como el convertidor de potencia a ser utilizado para su control (Capı́tulo 2). En
el mismo capı́tulo se introduce las estrategias de control más estudiadas para el caso de la
máquina de inducción de cinco fases, haciendo especial énfasis en el control predictivo de
corriente.
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En la Parte II se analizan los resultados logrados mediante las técnicas de control
propuestas en el marco de la presente Tesis de Maestrı́a (Capı́tulo 3). En ese sentido, se ha
realizado tres aportaciones siendo la primera el control predictivo de corriente con una
etapa de modulación basado en un patrón de conmutación para obtener una frecuencia fija
de conmutación (Artı́culo 1). La segunda aportación se enfoca en el control de corriente
con frecuencia de conmutación fija en combinación con la teorı́a de descomposición en
vectores espaciales donde se predice los ciclos de trabajo requeridos por el PWM para una
determinada corriente de referencia (Artı́culo 2). Mientras que la tercera se concentra en
el control de velocidad sin sensores con un bucle interno de control predictivo basado en el
modelo para el control de corriente (Artı́culo 3). Finalmente, se formulan las conclusiones
primordiales y se plantean futuros trabajos en la lı́nea de investigación propuesta en esta
Tesis de Maestrı́a (Capı́tulo 4).

La Parte III se compone de tres artı́culos, desarrollados y publicados durante la re-
alización de la presente Tesis aplicados a la máquina de inducción simétrica de cinco
fases.

En la Parte IV se incluyen resultados de simulación llevadas a cabo durante la estancia
de investigación de tres meses de duración en el Departamento de Ingenierı́a Eléctrica
de la Universidad de Málaga (España). Durante la mencionada estancia se ha estudiado,
analizado e implementado a nivel de simulaciones una de las propuestas de la presente
Tesis en conjunto con los vectores virtuales. Finaliza el documento anexando otras
contribuciones realizadas durante el desarrollo de la presente Tesis, basadas en la aplicación
de estrategias de control predictivo en máquinas de inducción seis fases.



CAPÍTULO 2

CONTROL PREDICTIVO DE UNA
MÁQUINA DE INDUCCIÓN DE CINCO
FASES

El presente capı́tulo está orientado a presentar el estado actual del desarrollo de la tec-
nologı́a de los accionamientos multifásicos y los métodos de control aplicados a éstos.
Primeramente, se analizan detalladamente el modelo matemático del convertidor de poten-
cia y de la máquina multifásica, respectivamente, a fin de proporcionar un marco teórico y
poner en manifiesto el interés de la Tesis. Posteriormente, se analizan las estrategias de
control aplicados al accionamiento multifásico.

2.1 Modelado matemático

El esquema del accionamiento multifásico utilizado en la presente Tesis de Maestrı́a es
representado en la Figura 2.1, el cual consta de un VSI de dos niveles, basado en semicon-
ductores IGBT con sus correspondientes diodos en antiparalelo, utilizando dos por cada
fase, capaces de soportar toda la tensión del DC-Link (Vdc), donde dicha tensión es propor-
cionada por una fuente externa de DC de baja impedancia, y de una máquina de inducción
de cinco fases con devanados distribuidos y uniformemente desplazados (ϕ = 72◦). Este

Tesis de Maestrı́a.
Por Osvaldo González Barrios.
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accionamiento representa uno de los casos más estudiados y consecuentemente se ha
elaborado diferentes modelos matemáticos con diferentes topologı́as de convertidores de
potencia multifásico siendo el mas utilizado la dos niveles [3, 35]. En este contexto, se
desarrollan las ecuaciones del modelado para la máquina de inducción de cinco fases y se
examina el modelo fı́sico de la máquina en variables de fase.

Con la finalidad de reducir la complejidad del modelo y número de variables de estado
necesarias para controlar la máquina, el modelo se analiza en el marco de referencia
estacionario (α-β) empleando la transformación de Clarke. Además, mediante la transfor-
mación de Park, es posible analizar el modelo de la máquina en el marco de referencia
dinámico (d-q) para fines de control. Ası́ mismo, se aborda el modelado del convertidor de
potencia y, posteriormente, se examinan las tensiones de fase y de lı́nea que dependen del
estado de conmutación del inversor y son representados los vectores espaciales de tensión
disponibles en el marco de referencia estacionario.

Figura 2.1 Esquema del accionamiento eléctrico de cinco fases.

Una manera comúnmente utilizada de simplificar el modelado de la máquina de in-
ducción de cinco fases es utilizando el método VSD [35, 36]. El método VSD considera
las variables de la máquina en un marco de referencia estacionario (α-β) o en un marco
de referencia dinámico (d-q). Para obtener el modelo de la máquina, se aplica el método
VSD y se implementa la matriz de transformación de Clarke, considerando las variables
de la máquina en el marco de referencia estacionario.

El modelo eléctrico de la máquina de inducción de cinco fases es analizado en condi-
ciones normales de operación [37]. A continuación son mencionadas las consideraciones
asumidas para el desarrollo de modelado de la máquina de cinco fases:
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a) La máquina se encuentra conformada por devanados idénticos uniformemente dis-
tribuidos alrededor del estátor y del rotor. El rotor posee una topologı́a de jaula de
ardilla.

b) El flujo en el entrehierro de la máquina se considera constante.

c) Se ignoran la saturación del campo magnético, las inductancias de fugas mutuas y
las pérdidas del núcleo debidas a corrientes parásitas.

d) La reluctancia de la máquina es independiente de la posición del rotor.

e) El efecto de los armónicos no nulos en el flujo y el par es un efecto no modelado que
se considera una perturbación.

2.1.1 Modelo en función de las variables de fase

La máquina de inducción multifásica, en este caso la de cinco fases, se puede describir
mediante un conjunto de ecuaciones de equilibrio de tensión de fase de estátor y rotor
referidas a un marco de referencia fijo unido al estátor (Figura 2.2), el cual se describen
como sigue:

Figura 2.2 Esquema del bobinado de la máquina de inducción de cinco fases.

vs = Rsis +
dψs
dt

= Rsis + Ls
dis
dt

+
dLsr
dt

ir (2.1)

vr = Rrir +
dψr
dt

= Rrir + Lr
dir
dt

+
dLrs
dt

is (2.2)
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θr(t) =

∫ t

0

ωrdt (2.3)

donde las variables v, i y ψ representan a las magnitudes eléctricas de tensión, corriente y
flujo magnético, respectivamente, mientras que θr representa la posición angular eléctrica
del rotor respecto al estátor, y gira a la velocidad eléctrica del rotor ωr. Además, los
subı́ndices s y r indican a las variables eléctricas correspondientes a los circuitos de estátor
y rotor, respectivamente.

Los vectores de tensión del estátor (vs) y rotor (vr), las corrientes del estátor (is) y
rotor (ir), los flujos del estátor (ψs) y rotor (ψs) se representan por medio de las siguientes
ecuaciones:

vs = [vas, vbs, vcs, vds, ves]
T (2.4)

vr = [var, vbr, vcr, vdr, ver]
T (2.5)

is = [ias, ibs, ics, ids, ies]
T (2.6)

ir = [iar, ibr, icr, idr, ier]
T (2.7)

ψs = [ψas, ψbs, ψcs, ψds, ψes]
T (2.8)

ψr = [ψar, ψbr, ψcr, ψdr, ψer]
T (2.9)

donde las tensiones en el rotor son nulas debido a la topologı́a de jaula de ardilla. Las
matrices de resistencias del estátor (Rs) y rotor (Rr) e inductancias del estátor (Lss) y
rotor (Lrr) se encuentran definidas tal como se describe en las ecuaciones siguientes:

Rs = RsI

Rr = RrI
(2.10)

Lss = LlsI +Mσ

Lrr = LlrI +Mσ
(2.11)
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Ası́ mismo las inductancias de fuga del estátor y del rotor se representan por Lls y Llr,
respectivamente, I es la matriz identidad de orden 5, mientras que la inductancia de
magnetización se representa por M . Donde Rs, Rr y σ se definen de la siguiente forma:

Rs =




Rs 0 0 0 0

0 Rs 0 0 0

0 0 Rs 0 0

0 0 0 Rs 0

0 0 0 0 Rs




Rr =




Rr 0 0 0 0

0 Rr 0 0 0

0 0 Rr 0 0

0 0 0 Rr 0

0 0 0 0 Rr




(2.12)

σ =




1 cos(ϕ) cos(2ϕ) cos(3ϕ) cos(4ϕ)

cos(4ϕ) 1 cos(ϕ) cos(2ϕ) cos(3ϕ)

cos(3ϕ) cos(4ϕ) 1 cos(ϕ) cos(2ϕ)

cos(2ϕ) cos(3ϕ) cos(4ϕ) 1 cos(ϕ)

cos(ϕ) cos(2ϕ) cos(3ϕ) cos(4ϕ) 1




(2.13)

Debido a la simetrı́a de la máquina, se considera que el número de vueltas en el estátor
y el rotor son las mismas. Entonces, las inductancias mutuas entre el estátor y rotor son
iguales, esto hace posible establecer la siguiente relación:

Lsr = LTrs = Mρ (2.14)

ρ =




cos(ρ1) cos(ρ2) cos(ρ3) cos(ρ4) cos(ρ5)

cos(ρ5) cos(ρ1) cos(ρ2) cos(ρ3) cos(ρ4)

cos(ρ4) cos(ρ5) cos(ρ1) cos(ρ2) cos(ρ3)

cos(ρ3) cos(ρ4) cos(ρ5) cos(ρ1) cos(ρ2)

cos(ρ2) cos(ρ3) cos(ρ4) cos(ρ5) cos(ρ1)




(2.15)

definiéndose el ángulo ρk de la siguiente:

ρk = θr + (k − 1)ϕ k = 1, ..., 5 (2.16)
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El par electromagnético (Te) puede calcularse mediante la siguiente ecuación:

Te =
P

2


is
ir



T

d

dθr


Ls Lsr

Lrs Lr




is
ir


 (2.17)

No obstante, utilizando la ecuación (2.17), donde P representa el número de pares de
polos magnéticos de la máquina de inducción y empleando las matrices de impedancia
expresadas en las ecuaciones (2.11)-(2.15), se consigue una expresión alternativa mediante
la siguiente ecuación:

Te = P (iTs
dLsr
dθr

ir) (2.18)

A su vez, la velocidad de la máquina, el cual depende del par electromagnético, se
puede expresar mediante la siguiente ecuación:

Jm
dωm
dt

= Te − TL −Bmωm (2.19)

donde ωm es la velocidad mecánica del rotor, que a su vez se encuentra relacionada con la
velocidad eléctrica (ωr = Pωm), TL es el par mecánico de la carga aplicado al eje de la
máquina, Jm es la inercia de rotación y Bm es el coeficiente de fricción mecánica.

2.1.2 Marco de referencia estacionario

Para eliminar la dependencia de las inductancias de acoplamiento, se aplica la transfor-
mación de Clarke al modelo de la máquina representado en la sección anterior. Para
realizar el cambio de marco de referencia se utiliza la matriz de transformación de Clarke
(C) que se define de la siguiente manera:

C =
2

5




1 cos(ϕ) cos(2ϕ) cos(3ϕ) cos(4ϕ)

0 sin(ϕ) sin(2ϕ) sin(3ϕ) sin(4ϕ)

1 cos(2ϕ) cos(4ϕ) cos(6ϕ) cos(8ϕ)

0 sin(2ϕ) sin(4ϕ) sin(6ϕ) sin(8ϕ)

1
2

1
2

1
2

1
2

1
2




(2.20)

dondeC−1 = CT , además se utiliza el criterio de invariante en amplitud [38] representado
por el factor 2

5 , pudiéndose también utilizar el criterio de invariante en potencia [39]. Las
tres ecuaciones ortogonales independientes constituyen dos planos y un eje diferentes, el
plano (α-β), el plano (x-y) y el eje (z). Las corrientes involucradas en la conversión de
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energı́a electromecánica están mapeadas en el plano (α-β), las pérdidas del sistema y los
armónicos están mapeados en el plano (x-y) y los componentes homopolares del sistema
mapeados en el eje (z), serán cero debido a la conexión de los devanados.

Luego de la aplicación de esta transformación al modelo en variables de fase (2.1)-
(2.15) y despreciando las pérdidas, el modelo de Clarke queda representado mediante el
siguiente conjunto de ecuaciones de tensión:

vsα = Rsisα +
dψsα
dt

= Rsisα + Ls
disα
dt

+ Lm
d

dt
(i′rα cos(θ)− i′rβ sin(θ)) (2.21)

vsβ = Rsisβ +
dψsβ
dt

= Rsisβ + Ls
disβ
dt

+ Lm
d

dt
(i′rα sin(θ) + i′rβ cos(θ)) (2.22)

0 = vrα = Rri
′
rα+

dψ′rα
dt

= Rri
′
rα+Lr

di′rα
dt

+Lm
d

dt
(isα cos(θ)+ isβ sin(θ)) (2.23)

0 = vrβ = Rri
′
rβ+

dψ′rβ
dt

= Rri
′
rβ+Lr

di′rβ
dt

+Lm
d

dt
(−isα sin(θ)+isβ cos(θ)) (2.24)

vsx = Rsisx +
dψsx
dt

= Rsisx + Lls
disx
dt

(2.25)

vsy = Rsisy +
dψsy
dt

= Rsisy + Lls
disy
dt

(2.26)

vsz = Rsisz +
dψsz
dt

= Rsisz + Lls
disz
dt

(2.27)

siendo las inductancias del estátor y del rotor, Ls = Lls + Lm y Lr = Llr + Lm,
respectivamente, donde Lm es la inductancia de magnetización en el marco de referencia
(α-β) y (x-y).

Debido a la naturaleza de la máquina de inducción de cinco fases, las variables del rotor
se refieren a la estructura giratoria (α′-β′) que se mueve a la velocidad angular eléctrica
del rotor (ωr). Con el fin de ajustar las variables eléctricas del rotor y del estátor al mismo
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marco de referencia (marco de referencia del estátor), se utiliza la siguiente matriz de
rotación a la ecuación de tensión del rotor.

R(θ) =




cos(θ) − sin(θ) 0 0 0

sin(θ) cos(θ) 0 0 0

0 0 1 0 0

0 0 0 1 0

0 0 0 0 1




(2.28)

donde R(θ)−1 = R(θ)T . Al aplicar esta transformación en el rotor sólo afectará a sus
componentes en el plano (α-β). Luego, el modelo de la máquina, con todas sus variables
referenciadas respecto al marco de referencia del estátor, se describen por medio de las
siguientes ecuaciones:

vsα = Rsisα +
dψsα
dt

= Rsisα + Ls
disα
dt

+ Lm
dirα
dt

(2.29)

vsβ = Rsisβ +
dψsβ
dt

= Rsisβ + Ls
disβ
dt

+ Lm
dirβ
dt

(2.30)

0 = vrα = Rrirα+
dψrα
dt

= Rrirα+Lr
dirα
dt

+Lm
disα
dt

+ωr(Lmisβ+Lrirβ) (2.31)

0 = vrβ = Rrirβ +
dψrβ
dt

= Rrirβ +Lr
dirβ
dt

+Lm
disβ
dt
−ωr(Lmisα+Lrirα) (2.32)

El par electromagnético representado por la ecuación (2.18), puede calcularse en
función a las nuevas variables mediante las transformaciones descritas, obteniéndose ası́
la expresión siguiente:

Te =
5

2
PLm(irαisβ − irβisα) (2.33)

cuando se aplica la transformación invariante en potencia, el factor 5
2 no aparecerá. Con

esto se puede notar que la conversión de energı́a electromecánica tiene lugar sólo en el
plano (α-β), mientras que toda energı́a que se produzca en el plano (x-y) y en el eje (z)
no realiza una contribución en el par.
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2.1.3 Marco de referencia giratorio

El concepto de VSD aplicada a las ecuaciones de tensión, corriente y flujo en el marco de
referencia estacionario permite una reducción significativa de las ecuaciones de modelado
dinámico. Además, sólo los componentes en (α-β) están implicados en la producción
de par, por lo tanto constituyen una prioridad para fines de control. Durante condiciones
transitorias, estos componentes poseen un comportamiento oscilante que debe evitarse
para garantizar un control adecuado. Para obtener esto, los vectores de tensión, corriente
y flujo se mapean en un marco de referencia giratorio (d-q) a una velocidad constante
(ωa). Además, las componentes (d-q) de cada vector en el marco de referencia común,
son constantes en estado estacionario y varı́an en estado transitorio. La rotación del
vector en el marco de referencia (d-q) se obtiene mediante la transformación de Park para
los componentes del estátor y para los componentes del rotor, como se muestra en la
Figura 2.3.

Figura 2.3 Marco de referencia giratorio.

La posición instantánea de los ejes giratorios (d) y (α′) con respecto al marco de
referencia estacionario (α) se denomina (θa) y (θ), respectivamente. Por consiguiente, se
utilizan las matrices (2.34) y (2.35) para la transformación de las variables del estátor y
rotor, respectivamente, al marco de referencia giratorio, la posición del marco de referencia
giratorio (α′) con respecto al marco de referencia (d), se representa por (δ) y esta dado
por (2.36). Además, los vectores (α′-β′) están girando a una velocidad (ωr) y su posición
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instantánea se representa mediante la ecuación (2.37). Por otra parte, el plano (d-q) está
relacionado con su posición instantánea según (2.38).

Ps =


cos(θa) − sin(θa)

sin(θa) cos(θa)


 (2.34)

Pr =


cos(δ) − sin(δ)

sin(δ) cos(δ)


 (2.35)

δ = θa − θ (2.36)

δ =

∫ t

0

(ωa − ωr)dt =

∫ t

0

ωsldt (2.37)

θa =

∫ t

0

ωadt (2.38)

Luego, aplicando (2.34) y (2.35) a los componentes de tensión del estátor y del rotor del
plano (α-β), las ecuaciones descritas en (2.29)-(2.32) y el par electromagnético, pueden
representarse en el marco de referencia giratorio por las ecuaciones (2.39)-(2.42) y la
ecuación (2.45), respectivamente.

vsd = Rsisd + Ls
disd
dt

+ Lm
dird
dt
− ωa(Lsisq + Lmirq) (2.39)

vsq = Rsisq + Ls
disq
dt

+ Lm
dirq
dt

+ ωa(Lsisd + Lmird) (2.40)

0 = vrd = Rrird + Lm
disd
dt

+ Lr
dird
dt
− ωsl(Lmisq + Lrirq) (2.41)

0 = vrq = Rrirq + Lm
disq
dt

+ Lr
dirq
dt

+ ωsl(Lmisd + Lrird) (2.42)

vsx = Rsisx + Lls
disx
dt

(2.43)

vsy = Rsisy + Lls
disy
dt

(2.44)

Te =
5

2
PLm(irdisq − irqisd) (2.45)
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Observe que los componentes del plano (x-y) permanecen igual que en el marco de
referencia estacionario debido al hecho de que la rotación del vector sólo se aplica a los
componentes del plano (α-β).

Además, la ecuación del par electromagnético puede escribirse en términos del flujo
del estátor o del rotor como en (2.46) y (2.47), respectivamente.

Te =
5

2
P (ψsdisq − ψsqisd) (2.46)

Te =
5

2
P
Lm
Lr

(ψrdisq − ψrqisd) (2.47)

2.1.4 Modelado del convertidor de potencia multifásico

Los convertidores de potencia se encargan de la conversión de energı́a de AC a DC o
viceversa, examinando las caracterı́sticas de tensión, corriente y frecuencia. Se pueden
encontrar distintas topologı́as, de acuerdo a los requerimientos de aplicación o de su
naturaleza. Dependiendo del número de fases que poseen, pueden ser monofásico,
trifásico o multifásico y del número de niveles de tensión, pueden ser de dos niveles
o multinivel [40, 41].

El estado de conmutación del IGBT por rama se representa por Si, donde Si = 0

si el interruptor inferior está encendido y el interruptor superior se encuentra apagado,
mientras que el caso contrario se verifica cuando Si = 1, entonces el interruptor superior
se encuentra encendido y el interruptor inferior apagado. Por lo tanto, sólo se aplican dos
niveles de tensión, (0-Vdc), cuando se hace referencia al bus negativo del VSI o (±Vdc/2),
cuando se hace referencia al punto medio del DC-Link (Vdc) (Figura 2.4).

Figura 2.4 Diagrama esquemático del VSI de cinco fases y dos niveles.
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La tensión de la rama, referida al bus negativo del VSI, se puede expresar en términos
del estado de conmutación del semiconductor (Si) y la tensión DC-Link (Vdc):

viN = SiVdc (2.48)

En condiciones normales de operación, la suma de las tensiones de fase de las máquinas
es cero, donde la tensión de fase (vis) se puede representar en función de la tensión entre
la fase (i = 1, ..., 5) y el bus negativo del convertidor y la tensión entre el punto neutro de
la máquina (n) y el bus negativo del convertidor. Los cuales se presentan en las ecuaciones
siguientes:

∑
vis = vas + vbs + vcs + vds + ves = 0 (2.49)

vis = viN − vnN (2.50)

Por lo tanto, desarrollando (2.49), teniendo en cuenta la tensión de fase representada en
(2.50), se puede obtener (2.51):

vaN + vbN + vcN + vdN + veN − 5vnN = 0

vnN =
1

5
(vaN + vbN + vcN + vdN + veN )

(2.51)

Por otro lado, la matriz de tensiones de fase y de lı́nea de la máquina de inducción de
cinco fases puede escribirse como:




vaN

vbN

vcN

vdN

veN

0




=




1 0 0 0 0 1

0 1 0 0 0 1

0 0 1 0 0 1

0 0 0 1 0 1

0 0 0 0 1 1

−1 −1 −1 −1 −1 0







vas

vbs

vcs

vds

ves

vnN




(2.52)
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Al aplicar la transformación inversa a (2.52), las tensiones de fase se pueden obtener
en función de las tensiones de las ramas:




vas

vbs

vcs

vds

ves




=
1

5




4 −1 −1 −1 −1

−1 4 −1 −1 −1

−1 −1 4 −1 −1

−1 −1 −1 4 −1

−1 −1 −1 −1 4







vaN

vbN

vcN

vdN

veN




(2.53)

Teniendo en cuenta que la tensión de la rama se expresa en términos del estado de
conmutación (Si) y de la tensión DC-Link (Vdc) (2.48), la matriz de tensión de fase del
estátor (2.53) puede escribirse como:

Vs =




vas

vbs

vcs

vds

ves




=
Vdc
5




4 −1 −1 −1 −1

−1 4 −1 −1 −1

−1 −1 4 −1 −1

−1 −1 −1 4 −1

−1 −1 −1 −1 4







Sa

Sb

Sc

Sd

Se




(2.54)

A partir de la ecuación (2.54) se puede ver que se obtienen diferentes configuraciones
de carga dependiendo del estado de conmutación sobre el accionamiento de cinco fases.
Estas configuraciones de carga, dependiendo del número de devanados conectados al
bus positivo o negativo del VSI, darán como resultado tensiones de fases de 0, ±1/5Vdc,
±2/5Vdc, ±3/5Vdc, ±4/5Vdc.

Aplicando la matriz de transformación de Clarke (2.20) a la matriz de tensión de fase
(2.54), el VSI de cinco fases y dos niveles permite 25 = 32 vectores de tensión (30
activos y 2 nulos), que se mapean en los planos (α-β) y (x-y) tal como se muestra en la
Figura 2.5.
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Figura 2.5 Representación de los vectores de tensión en los planos (α-β) y (x-y) para la máquina
de inducción de cinco fases.

Cada vector se identifica utilizando el número decimal correspondiente al código
binario del estado de conmutación de cada par de IGBTs, (Sa, Sb, Sc, Sd, Se). Debido a
la configuración del devanado de la máquina, se eliminan los componentes armónicos de
orden 5n. Sin embargo los armónicos de orden 10n+1, 10n+3, 10n+7 y 10n+9, donde
n=1,..,5 seguirán apareciendo en el espectro. Entonces, el espectro armónico mapeado en
(α-β), (x-y) será:

1. Componentes armónicos de orden 10n±1: Plano (α-β)

2. Componentes armónicos de orden 10n±3: Plano (x-y)

3. Componentes armónicos de orden 5n: Plano (z)

De acuerdo a la Figura 2.5, los vectores de tensión activos pueden dividirse en tres
conjuntos de vectores, llamados, grandes, medianos y pequeños. Además, se puede
apreciar que los vectores grandes en el plano (α-β) son mapeados como vectores pequeños
en el plano (x-y), los vectores de tensión medianos en el plano (α-β) son también vectores
medianos en el plano (x-y) y finalmente, los vectores pequeños en el plano (α-β) son
mapeados como vectores grandes en el plano (x-y). Dependiendo del punto de operación
de la máquina, la tensión del estátor aplicado a la máquina puede variar. Por tanto, este
vector de tensión del estátor debe seleccionarse de acuerdo con el valor del par requerido
en el plano (α-β) sin un incremento elevado de la componente aplicada en el plano (x-y),
lo que aumentará las pérdidas electromagnéticas no deseadas. Para lograr ésto, se han
propuesto diferentes estrategias de control, lo cual se explican a continuación.
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2.2 Técnicas de control aplicadas a las máquinas de inducción multifásicas

Los esquemas de control de accionamientos multifásicos se basan principalmente en
la extensión de las técnicas de control tradicionales propuestas originalmente para las
máquinas trifásicas [42]. Las técnicas de control propuestas aprovechan los grados de
libertad adicionales inherentes a las máquinas multifásicas, garantizando una respuesta
rápida a los cambios en las referencias de velocidad y par, manteniendo al mismo tiempo
el accionamiento eléctrico dentro de su régimen de corriente máxima. Entre las estrategias
de control aplicados a las máquinas de inducción de cinco fases se encuentra el FOC [43],
otra estrategia propuesta es el DTC [44]. Estas estrategias han sido extendidas al caso
post-falta [18, 45].

A continuación se describe el principio de funcionamiento del control vectorial, el cual
representa la estrategia de control más estudiada para el control de accionamientos de cinco
fases [46]. En ese contexto, primeramente se detalla al método FOC acompañado con los
fundamentos del control predictivo, para luego abordar al método MPC. Además se de-
scribe al método MPC con observadores de estado óptimos para mejorar el funcionamiento
del control predictivo.

2.2.1 Control vectorial

El control vectorial FOC ha sido propuesta a finales de los sesenta, es el método más
empleado para el control de máquinas de inducción y su desarrollo ha desplazado a las
máquinas de corriente continua en aplicaciones donde son requeridas control de velocidad,
posición o par [47]. El principio de funcionamiento del FOC se basa en que el flujo y el
par generado pueden ser controlados de manera independiente. La corriente es relacionada
respecto al marco de referencia (d-q), que gira a una frecuencia eléctrica, donde el eje
(d) es alineado al flujo del rotor, también conocido como RFOC, con esto se obtiene
un funcionamiento similar de una máquina de corriente continua. El RFOC es el más
utilizado entre las estrategias de FOC en aplicaciones industriales [35].

Existen dos estrategias de control RFOC, el control IRFOC y el control DRFOC,
siendo la principal diferencia entre ambos métodos, la manera en que se obtiene la
posición angular del flujo del rotor. Al implementar el método RFOC, las corrientes del
rotor pueden obtenerse mediante las ecuaciones de flujo del rotor, mientras que el flujo de
rotor en el eje (q) es nulo.

ψrd = (Llr + Lm)ird + Lmisd

ird =
(ψrd − Lmisd)

Lr

(2.55)
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0 = ψrq = (Llr + Lm)irq + Lmisq

irq = −
(
Lm
Lr

)
isq

(2.56)

Al reemplazar las corrientes del rotor (2.55)-(2.56) en las ecuaciones de tensión del
marco de referencia (d-q), mostradas en (2.39)-(2.42), las ecuaciones de modelado de la
máquina pueden expresarse como:

ψrd + τr
dψrd
dt

= Lmisd (2.57)

ωslψrdτr = Lmisq (2.58)

Te = P
Lm
Lr

ψrdisq (2.59)

siendo τr = Lr

Rr
la constante de tiempo del rotor.

Un aspecto importante del método IRFOC es que depende en gran parte de los
parámetros de las máquinas. Además, las estrategias FOC se pueden implementar uti-
lizando controladores PI.

A partir de las ecuaciones (2.57)-(2.59) se puede deducir que el flujo del rotor se
controlará en la componente (d) de la corriente, mientras que la producción de par se
controlará en la componente (q) de la corriente. El método de control IRFOC para el
accionamiento de cinco fases se pueder ver en la Figura 2.6. El esquema consta de bucles
de control de velocidad, control de flujo y control de corriente en el plano (x-y). La
corriente del eje (d) es controlado mediante un regulador PI. Adicionalmente, el control de
corriente del eje (q) 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 2.6 Esquema del control vectorial para la máquina de inducción de cinco fases.

Mediante el enfoque VSD, las corrientes de la máquina de inducción de cinco fases
en los planos (α-β) y (x-y) se obtienen por medio de la transformación de Clarke (2.20).
Luego, los componentes de las corrientes del plano (α-β) se giran al marco de referencia
(d-q) mediante (2.34), mientras que la estimación de la posición (2.38), ahora corresponde
al ángulo de flujo del rotor y se obtiene mediante la siguiente ecuación:

θa =

∫
(ωr + ωsl)dt =

∫
(ωr +

Lmi
∗
sq

τrψ∗rd
)dt (2.60)

La velocidad de deslizamiento (ωsl) es estimada mediante la ecuación (2.58), teniendo
en cuenta la corriente de referencia del estátor en el eje (q) y el flujo de referencia del rotor
en el eje (d). Además, hay dos componentes más de corrientes disponibles para el control
de la máquina de inducción de cinco fases. Ya que el accionamiento eléctrico se centra en
una máquina con devanado distribuido, los componentes de corrientes en el plano (x-y) no
generan par eléctico, por lo cual deben reducirse para minimizar las pérdidas. Por ello, su
referencia es establecido al valor cero. Esto no ocurre al emplear máquinas con devanado
concentrado, donde es posible mejorar la producción de par [48].

Una vez determinada la acción de control para cada bucle, se establecen las tensiones
(vsd, vsq, vsx, vsy), y son transformadas en variables de fase para ser aplicado al con-
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vertidor de potencia por medio de la estrategia PWM. La estrategia PWM consiste en
controlar y establecer la duración de encendido de los pulsos en la puerta aplicados a los
semiconductores IGBT de cada fase del convertidor, de esta manera controlar la magnitud
y la frecuencia de la tensión de salida del inversor.

Como una alternativa a los controladores internos de corriente utilizados en la estrategia
IRFOC es el control predictivo, el cual constituye la estrategia de control utilizada en el
marco de la presente Tesis de Maestrı́a. El principio de operación, fundamentos, ventajas
y limitaciones en su uso para el control de las máquinas de inducción de cinco fases se
abordará a continuación.

2.3 Control predictivo

El controlador predictivo puede ser definido como un algoritmo basado en el modelo del
sistema controlado para predecir su comportamiento futuro y seleccionar la acción de
control más apropiado para seguir de manera correcta los métodos de control. Diferen-
tes controladores predictivos han sido estudiados, entre ellos se encuentran, el control
deadbeat [49], el control predictivo basado en histéresis [50], el predictivo basado en
trayectoria [51] y el MPC [52, 53].

La aplicación de la estrategia MPC al control de la máquina de inducción de cinco
fases propuesta en la presente Tesis se basa en un modelo preciso del sistema que se utiliza
para predecir el comportamiento futuro de las variables de estado mediante el tiempo,
dependiendo del vector de tensión aplicado. En cada periodo de muestreo, a través de una
función de costo, el error entre las variables controladas y las predichas son evaluadas. El
estado de conmutación que garantiza una función de costo menor es seleccionado para
ser aplicado en el siguiente periodo de muestreo. Entre las ventajas del control MPC se
encuentra la capacidad incluir sistemas no lineales y considerar distintas restricciones
al mismo tiempo, como por ejemplo las corrientes nominales. Entre las ventajas más
relevantes se pueden citar:

a) Los conceptos son intuitivos y más simples de entender. Una vez conocido el modelo
del sistema, el controlador resulta más fácil de implementar.

b) Se puede aplicar a sistemas con dinámica compleja como es el caso de máquinas
eléctricas.

c) Al aplicar un controlador del tipo predictivo con restricciones se puede garantizar la
estabilidad del sistema.

Por otra parte, la principal limitación del control MPC es la gran cantidad de cálculos
necesarios para resolver el problema de optimización. Con esto, la implementación se
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limita porque los tiempos de muestreo deben ser lo suficientemente grandes para asegurar el
cálculo apropiado del algoritmo. Sin embargo, con la aparición de modernos procesadores,
como los DSPs y FPGAs, es posible la aplicación del control MPC en sistemas con
dinámica compleja, como es el caso de los accionamientos eléctricos multifásicos.

2.3.1 Control predictivo de corriente de una máquina de cinco fases

El esquema utilizado para el control PCC aplicado a la máquina de inducción de cinco
fases se representa en la Figura 2.7. Por tanto, en cada periodo de muestreo, la referencia
i∗s[k+1] y las corrientes de fase medidas is[k|k] son mapeados en el marco de referencia
estacionario. Luego, se utiliza el modelo de espacio de estado de la máquina, para predecir
el progreso de la corriente îs[k+1], dependiendo de los distintos estados de conmutación
Sji[k+1] y teniendo en cuenta la tensión DC-Link (Vdc) del VSI y las corrientes de fase
medidas is[k|k]. A continuación, se evalúa la función de costo J , considerando las
corrientes predichas y la corriente de referencia. Por último, el vector de conmutación que
proporciona el menor valor de la función de costo, es aplicado al convertidor de potencia
durante el siguiente periodo de muestreo Sopti[k+1].

Figura 2.7 Esquema general del PCC aplicado a la máquina de inducción de cinco fases.

Este esquema de control predictivo ha sido implementado en accionamientos mul-
tifásicos, con distintos números de devanados y convertidores de potencia [28, 32].

Para la implementación de la estrategia PCC en un DSP, donde la corriente es consider-
ada como la variable a ser controlada, las ecuaciones de modelado de la máquina deben
representarse en la forma de espacio de estado en tiempo discreto. Para ello, considerando
a las corrientes del estátor en los planos (α-β) y (x-y) y a las corrientes del rotor en el
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plano (α-β) como variables de estado (x1 = isα, x2 = isβ , x3 = isx, x4 = isy , x5 = irα,
x6 = irβ), es posible definir las ecuaciones siguientes:

dx1
dt

= −Rsc2x1 + c4 (Lmωrx2 +Rrx5 + Lrωrx6) + c2u1

dx2
dt

= −Rsc2x2 + c4 (−Lmωrx1 − Lrωrx5 +Rrx6) + c2u2

dx3
dt

= −Rsc3x3 + c3u3

dx4
dt

= −Rsc3x4 + c3u4

dx5
dt

= −Rsc4x1 + c5 (−Lmωrx2 −Rrx5 − Lrωrx6)− c4u1
dx6
dt

= −Rsc4x2 + c5 (Lmωrx1 + Lrωrx5 −Rrx6)− c4u2

(2.61)

donde los coeficientes se definen como: c1 = LsLr − L2
m, c2 = Lr

c1
, c3 = 1

Lls
, c4 = Lm

c1

y c5 = Ls

c1
, mientras que el vector de entrada corresponde a las tensiones aplicadas al

estátor (u1 = vsα, u2 = vsβ , u3 = vsx, u4 = vsy).
A continuación, se discretizan las ecuaciones de espacio de estado de la máquina de

inducción de cinco con un periodo de muestro Ts.

X̂[k+1|k] = X[k] + f
(
X[k], U[k], Ts, ωr[k]

)
(2.62)

Y[k] = CcX[k] (2.63)

donde k representa a la muestra actual y X̂[k+1|k] corresponde a la predicción de la
muestra futura.

La función de costo empleada se representa en la ecuación (2.64), ya que para el caso
del PCC el error de seguimiento en la predicción de las corrientes del estátor es la figura
más importante.

J[k+2|k] =γisα[k+2] + γisβ[k+2] + λxy
(
γisx[k+2] + γisy[k+2]

)

γisα[k+2] =‖ i∗sα[k+2] − îsα[k+2] ‖2

γisβ[k+2] =‖ i∗sβ[k+2] − îsβ[k+2] ‖2

γisx[k+2] =‖ i∗sx[k+2] − îsx[k+2] ‖2

γisy[k+2] =‖ i∗sy[k+2] − îsy[k+2] ‖2

(2.64)

Como se puede notar se ha considerado un segundo horizonte de predicción para las
corrientes del estátor îs[k+2|k], debido a que el cálculo de la señal para el PCC toma una



CONTROL PREDICTIVO 27

cantidad apreciable de tiempo el cual es comparable con el periodo de muestreo. La
variable i∗s[k+2] corresponde a la referencia que es la trayectoria deseada para las corrientes
del estátor en los planos (α-β) y (x-y) mientras que λxy representa el factor de peso. Otras
funciones de costo pueden ser empleadas para minimizar el contenido armónico o las
pérdidas de conmutación del VSI en las máquinas de inducción multifásicas [25, 54, 55].

En la ecuación (2.61) que corresponde a la representación en espacio de estado de
la máquina de inducción de cinco fases, sólo son medibles las corrientes del estátor, las
tensiones y la velocidad del rotor. Mientras que las corrientes del rotor no pueden ser
medidas directamente, por lo cual deben ser estimadas utilizando un observador de estado
óptimo de orden reducido, que será presentado a continuación.

2.3.2 Observadores de estado aplicado al control predictivo

La utilización de observadores en el control PCC de la máquina de inducción de cinco
fases puede ser de orden completo como de orden reducido. La observación de estado
de orden completo implica que se estiman todas las variables de estado, sin importar si
algunas de ellas se encuentran disponibles para la medición directa. Sin embargo, cuando
sólo se requiere la observación de las variables de estado no medibles, pero no de aquellas
directamente medibles, se debe implementar una estrategia de observación diferente. La
observación de las variables de estado no medibles, además de algunas de las variables de
estado medibles, se conoce como observación de estado de orden reducido. Para el caso de
estudio que aborda esta Tesis, se utiliza el observador de orden reducido, el cual permite
estimar las corrientes del rotor utilizando sólo las mediciones de las tensiones, corrientes
del estátor y la velocidad. A continuación se describen dos estrategias de estimación en el
control predictivo de corriente.

2.3.2.1 Estimador basado en el Observador de Luenberger La teorı́a de estimadores
introducida por David G. Luenberger en [56] representa una de las estrategias de esti-
mación más estudiadas [56, 57]. Para poder estimar los desajustes de los parámetros y
las incertidumbres del modelo que afectan al correcto funcionamiento del PCC, el LO es
empleado junto con el método PCC [38]. Como las corrientes del rotor no se pueden medir
directamente, se utiliza el observador de estado basado en LO aplicado al PCC en los
accionamientos eléctricos de máquinas multifásicas, para la estimación de las corrientes
del rotor en el plano (α-β) [58, 59].

Para el caso de las máquinas de inducción de cinco fases, la efectividad del LO depende
principalmente de la configuración de los parámetros de la máquina. Al considerar una
máquina real como es el caso de la máquina de inducción de cinco fases, y al realizar
mediciones de sus parámetros, y este posea grandes perturbaciones o ruidos internos
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en el sistema, el LO no funcionarı́a de manera óptima, entonces se podrı́a utilizar otro
observador de estado como el KF para la estimación de las variables rotóricas cuyo
principio se explica a continuación.

2.3.2.2 Estimador basado en el Filtro de Kalman El KF es una alternativa para la
estimación de las variables rotóricas basadas en el LO. El KF es un filtro recursivo eficiente
que se utiliza para estimar el estado interno de un sistema dinámico a partir de mediciones
con ruidos, publicado en [60] por Rudolf Emil Kalman. Entre las aplicaciones principales
del KF se pueden citar algunos como: el control sin sensores de máquinas eléctricas
[61, 62], el monitoreo de sistemas industriales, la electrónica de potencia [38, 63, 64], el
control automático [65] y la robótica [66].

El 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 óptimo a la señal de
salida. De esta manera, el KF es un estimador tipo predictor-corrector el cual es óptimo 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 realimentación de los estados es recalculada de
manera óptima en cada periodo de muestreo dado que emplea parámetros estadı́sticos.
Esta particularidad resulta atractiva para el PCC, primordialmente si no son conocidos los
valores exactos de los parámetros internos de la máquina y además las mediciones de las
variables de estado se encuentran perturbados por ruido gausiano. Como el KF se basa en
un método recursivo basado en el concepto de espacios de estado, permitiendo un ahorro
de memoria, esto lo hace apropiado a la hora de ser implementado en un sistema digital.

El algoritmo minimiza la estimación del error de los estados, empleando el modelo del
sistema, y de las mediciones dinámicas, asumiendo las estadı́sticas de ruido del sistema y
de los errores de medición, teniendo además conocimiento de las condiciones iniciales
del sistema. Por tanto, considerando un proceso gaussiano no correlacionado y ruidos de
medición, las ecuaciones (2.62)-(2.63) pueden ser escritas como:

X̂[k+1|k] = A[k]X[k] + B[k]U[k] + HW[k] (2.65)

Y[k] = CcX[k] + V[k] (2.66)

donde A[k] y B[k] se definen en (2.67) y (2.68), respectivamente. H es la matriz de
ponderación de los ruidos, W[k] es la matriz de ruido de proceso y V[k] es la matriz de
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ruido de las mediciones. Además, A[k] es dependiente del valor actual de ωr[k] y por ello
debe ser computado en cada periodo de muestreo.

A[k] =




A11 A12 0 0 A15 A16

A21 A22 0 0 A25 A26

0 0 A33 0 0 0

0 0 0 A44 0 0

A51 A52 0 0 A55 A56

A61 A62 0 0 A65 A66




(2.67)

siendo:
A11 = A22 = 1− Tsc2Rs
A12 = −A21 = Tsc4Lmωr[k]

A15 = A26 = Tsc4Rr

A16 = −A25 = Tsc4Lrωr[k]

A33 = A44 = 1− Tsc3Rs
A51 = A62 = −Tsc4Rs
A52 = −A61 = −Tsc5Lmωr[k]
A55 = A66 = 1− Tsc5Rr
A56 = −A65 = −c5ωr[k]TsLr

B[k] =




B11 0 0 0 0 0

0 B22 0 0 0 0

0 0 B33 0 0 0

0 0 0 B44 0 0

0 0 0 0 B55 0

0 0 0 0 0 B66




(2.68)

siendo:
B11 = B22 = Tsc2

B33 = B44 = Tsc3

B55 = B66 = −Tsc4
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Considerando que los ruidos tienen una distribución de probabilidad normal, con media
cero, se definen las matrices de covarianza de estos ruidos (QW y RV ) en función del
valor esperado E{.} tal como se indica a continuación:

QW = cov(W[k]) = E{W[k]W
T
[k]} (2.69)

RV = cov(V[k]) = E{V[k]V
T
[k]} (2.70)

En la Figura 2.8 se representa el esquema del control predictivo de corriente basado
en el KF. Para su implementación, el KF es considerado como un observador de estado de
orden reducido, ya que sólo las variables no medibles serán estimadas, en este caso las
corrientes del rotor de la máquina de inducción de cinco fases.

Figura 2.8 Diagrama de bloques del control PCC utilizando KF aplicado a la máquina de
inducción de cinco fases.
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Entonces, el observador de orden reducido queda representado de la siguiente manera:


x̂5[k+1|k]

x̂6[k+1|k]


 =

([
A

′
1

]
−K[k]

[
A

′
2

])

x̂5[k]
x̂6[k]


+ K[k]


x1[k+1]

x2[k+1]




+
([
A

′
3

]
−K[k]

[
A

′
4

])

x1[k]
x2[k]




+
([
B

′
1

]
−K[k]

[
B

′
2

])

u1[k]
u2[k]




(2.71)

siendo:

A
′
1 =


A55 A56

A65 A66


, A

′
2 =


A15 A16

A25 A26


, A

′
3 =


A51 A56

A61 A62


, A

′
4 =


A11 A12

A21 A22




B
′
1 =


B55 0

0 B66


, B

′
2 =


B11 0

0 B22




donde K[k] representa a la matriz de ganancia del KF y es calculada en función de la
covarianza del ruido [38]. La matriz de ganancia del KF es recalculada de manera recursiva
para cada periodo de muestreo de la siguiente forma:

K[k] = P[k]C
T
c RV (2.72)

donde P[k] corresponde a la matriz de covarianza de la nueva estimación y se encuentra en
función de la matriz de covarianza estimada anterior Γ[k], como se describe en la siguiente
ecuación:

P[k] = Γ[k] − Γ[k]C
T
c

(
CcΓ[k]C

T
c + RV

)−1
CcΓ[k] (2.73)

A partir de la ecuación de estado (2.65) en la cual es incluida el ruido de proceso, es
posible obtener la corrección de la covarianza del estado estimado:

Γ[k+1] = A[k]P[k]A
T
[k] + HQWHT (2.74)
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Con esta última ecuación se completan las variables requeridas para la estimación del
estado de orden reducido basado en el KF. Por lo tanto, K[k] provee un mı́nimo error de
estimación si se conocen las magnitudes del ruido de proceso y del ruido de medida (QW ,
RV ), además del valor inicial de la covarianza Γ[0] [38].

2.4 Resumen

En este capı́tulo se ha realizado una descripción del estado del arte del control aplicado
al accionamiento eléctrico de cinco fases. Para ello, se desarrolló el modelo matemático
de la máquina de inducción de cinco fases, además del modelo empleado para el VSI
de dos niveles. En ese contexto, se describieron las estrategias de control aplicadas
a la máquina de inducción de cinco fases, centrándose en el método PCC utilizando
observadores de estado. En el capı́tulo posterior será abordado un estudio teórico mediante
simulaciones para validar el método PCC con KF, además del control de velocidad sin
sensores, propuestos en la presente Tesis
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CAPÍTULO 3

DISCUSIÓN DE LAS APORTACIONES

En el presente capı́tulo se discuten los aportes realizados en la presente Tesis de Maestrı́a,
centrados en tres publicaciones realizadas en conferencias internacionales. La primera
contribución se centra en el control predictivo de corriente con una etapa de modulación
basado en un patrón de conmutación para obtener una frecuencia de conmutación fija,
mientras que la segunda se enfoca en el control de corriente con frecuencia de conmutación
fija en combinación con la teorı́a de descomposición en vectores espaciales donde se
predice los ciclos de trabajo requeridos por el PWM para una corriente de referencia
definida. La tercera contribución está orientada en el control de velocidad sin sensores con
un bucle interno de control predictivo basado en el modelo para el control de corriente y
se detalla en la Sección 3.2.

3.1 Control predictivo basado en frecuencia de conmutación fija

La estrategia PCC se basa en el hecho de que sólo un número finito de posibles estados
de conmutación puede ser generado por un convertidor de potencia y que los modelos
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del sistema pueden usarse para predecir el comportamiento de las variables para cada
estado de conmutación. En ese sentido, el PCC se ha propuesto como un alternativa a las
técnicas de control convencionales, debido a su respuesta dinámica rápida, fácil inclusión
de no linealidades y restricciones en el algoritmo de control y la capacidad de incorporar
varios requisitos de control en una función de costo [21]. Sin embargo, la estrategia
PCC se caracteriza por una frecuencia de conmutación variable, puesto que aplica un
estado de convertidor para todo el intervalo de muestreo sin aprovechar ninguna técnica
de modulación, entonces el control genera formas de onda con frecuencia de conmutación
variable. Este efecto produce un amplio espectro armónico de las formas de onda de
AC del convertidor, disminuyendo el rendimiento del sistema en términos de calidad de
potencia [67].

En ese contexto, el primer aporte de esta Tesis (Artı́culo 1) propone un método PCC
con una etapa de modulación que provee un patrón de conmutación fija detallado a
continuación.

3.1.1 Modulador basado en un patrón de conmutación

Empleando la técnica de SVM es posible representar cada vector disponible para el VSI en
el plano (α-β) como se muestra en la Figura 2.5. Para el caso de la máquina de inducción
de cinco fases se definen 32 sectores que están dados por dos vectores adyacentes, los
cuales se representan en la Figura 3.1, los vectores definidos como grandes, representados
por V25 y V24, respectivamente, representa al primer sector. Esta estrategia evalúa la
predicción de dos vectores activos y un vector nulo que conforman cada sector en cada
periodo de muestreo.

Sec
tor I

I

Sector III

Sector I

Figura 3.1 Sectores disponibles para el VSI de cinco fases.
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La función de costo definido en (2.64), es evaluada de manera separada para cada
predicción [68] y es la misma que se emplea en el método predictivo clásico. Además,
cada predicción se evalúa basándose en el modelo de la máquina representado en (2.61)
y modificándose solamente el cálculo del vector de entrada U[k]. En las siguientes
ecuaciones se calculan los ciclos de trabajo correspondientes a los dos vectores activos y
al vector nulo:

d0 =
ζ

J0
d1 =

ζ

J1
d2 =

ζ

J2
(3.1)

d0 + d1 + d2 = Tm (3.2)

donde d0 corresponde al ciclo de trabajo del vector nulo. Resolviendo (3.1)-(3.2) es
posible obtener la expresión para ζ y las expresiones de los ciclos de trabajo para cada
vector se expresan a continuación:

d0 =
TmJ1J2

J0J1 + J1J2 + J0J2
(3.3)

d1 =
TmJ0J2

J0J1 + J1J2 + J0J2
(3.4)

d2 =
TmJ0J1

J0J1 + J1J2 + J0J2
(3.5)

Teniendo en cuentas estas expresiones, la nueva función de costo, el cual se evalúa en
cada periodo de muestreo, se expresa a continuación:

J[k+2|k] = d1J1 + d2J2 (3.6)

Los dos vectores activos que minimizan la nueva función de costo (3.6) son selecciona-
dos y aplicados al convertidor de potencia. Por lo tanto, la estrategia de control propuesta
selecciona las acciones de control resolviendo el problema de optimización para cada
periodo de muestreo. Además, para predecir la salida se utiliza el modelo de la máquina
de inducción de cinco fases. Esta predicción se lleva a cabo para cada posible sector del
inversor de cinco fases para determinar cual minimiza la nueva función de costo expresada
en (3.6). Por ello, el modelo del sistema real, también llamado modelo predictivo, debe
ser utilizado teniendo en cuenta todos los posibles sectores de tensión en el inversor de
cinco fases. En la Figura 3.2 se proporciona un diagrama de bloques de la estrategia de
control de corriente propuesta para el accionamiento eléctrico de cinco fases.
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Figura 3.2 Esquema del PCC propuesto a frecuencia de conmutación fija para la máquina de
inducción de cinco fases.

Por último, luego de obtener los ciclos de trabajo y seleccionar los vectores óptimos
para ser aplicados, se adopta un patrón de conmutación representado en la Figura 3.3,
con el propósito de aplicar los vectores v1-v2 (vectores activos) y v0 (vector nulo) [69],
teniendo en cuenta que:

T0 = d0∆ T1 = d1∆ T2 = d2∆ (3.7)

donde ∆ representa al número de pasos en un periodo de muestreo.

0

1

0

1

0

1

Figura 3.3 Patrón de conmutación para los vectores óptimos.
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Para las validaciones teóricas se utiliza el entorno de simulación basado en la herra-
mienta MATLAB/Simulink donde se ha diseñado el modelo de la máquina de inducción
de cinco fases que se encuentra conectada a un VSI de dos niveles. Mediante las pruebas
de simulación se muestra la eficiencia de la estrategia PCC propuesta. En tal sentido,
se aplica una integración numérica utilizando el método de Euler de primer orden para
calcular la evolución de las variables de estado paso a paso en el dominio del tiempo. La
eficiencia del control propuesto se evalúa a través del MSE definida en (3.8) y (3.9) en el
seguimiento de las corrientes del estátor en los ejes (α) y (β), respectivamente. Y además,
se analiza la THD definida en (3.10).

MSE(isα) =

√√√√ 1

N

N∑

j=1

(isα − i∗sα)2 (3.8)

MSE(isβ) =

√√√√ 1

N

N∑

j=1

(isβ − i∗sβ)2 (3.9)

donde N corresponde al número de muestras, isα, isβ representan las corrientes de estátor
medidas, mientras que i∗sα, i∗sβ representan las corrientes de estátor de referencia.

THD(is) =

√√√√ 1

i2s1

N∑

j=2

(isj)2 (3.10)

donde is1 corresponde a las corrientes fundamentales de estátor e isj son las corrientes de
estátor de los armónicos.

En el control de corriente la figura más importante es el error de seguimiento en la
predicción de la corriente de estátor para la siguiente muestra. Para minimizar su magnitud
se emplea la función de costo definida en (2.64), el cual debe incluir todos los términos
a ser optimizados, donde λxy se ajusta a un valor de 0.001, con el fin de priorizar la
producción de par y flujo, además del seguimiento de las corrientes en el plano (α-β)
sobre las pérdidas. Se ha evaluado la eficiencia del control de corriente propuesto para la
máquina de inducción de cinco fases, en condiciones de carga de par de 2 N·m. En todos
los casos, se considera una frecuencia de muestreo de 10 kHz con un número de pasos de
20 por cada periodo de muestreo.

En la Figura 3.4 (a) se muestra la respuesta de la corriente de estátor cuando se
introduce un transitorio en la amplitud de la corriente de referencia. Por otro lado, en la
Figura 3.4 (b) se muestra la respuesta de la corriente de estátor al introducir un transitorio
en la fase de la corriente de referencia. Luego de éstos transitorios, es posible verificar la
convergencia de la corriente de estátor medida respecto a la corriente de referencia.
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Figura 3.4 Respuesta del PCC a frecuencia fija de conmutación con referencia modificada a
0.05 s, (a) Cambio de amplitud de 2 A a 4 A; (b) Fase 25◦.

Figura 3.5 Análisis THD de la corriente medida iαs para una frecuencia de corriente de 50 Hz.

La Figura 3.5 muestra el resultado de simulación para una corriente de referencia
con una frecuencia 50 Hz y una amplitud fija de 2 A. Además, se puede apreciar la
conmutación en el VSI, mostrando el patrón de la técnica de modulación, y también la
THD de la corriente de estátor medida a distintas frecuencias. Bajo estas condiciones, el
MSE y la THD en el seguimiento de la corriente (en estado estacionario) se muestran en la
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Tabla 3.1, demostrando la eficiencia de la técnica de frecuencia de conmutación fija para
distintas frecuencias de referencia.

Tabla 3.1 Análisis de desempeño.

Parámetros del PCC a frecuencia fija
fe (Hz) MSEα (A) MSEβ (A) THDα (%) THDβ (%)

5 0.0086 0.0034 0.95 0.97
10 0.0128 0.0087 0.95 0.97
15 0.0357 0.0378 0.96 0.98
20 0.0408 0.0359 0.94 0.96
25 0.0051 0.0040 0.96 0.97
30 0.0179 0.0068 0.95 0.98
35 0.0143 0.0100 0.94 0.97
40 0.0109 0.0279 0.94 0.98
45 0.0091 0.0032 0.92 0.94
50 0.0162 0.0277 0.96 0.97

El control predictivo basado en el modelo se describe utilizando la representación en
espacio de estado, donde las corrientes de estátor y rotor se consideran como variables
de estado. El desarrollo del método de control predictivo a frecuencia de conmutación
fija ha sido validado mediante simulaciones, en donde se pudo demostrar que el método
empleado resulta una alternativa factible para obtener un comportamiento deseado tanto
en condiciones estables como transitorias en el seguimiento de la corriente de estátor.
Además, con dicha técnica se logra un uso simétrico en las llaves de conmutación y un
menor rizado en la corriente.

Como una alternativa al método presentado, se propone una estrategia PCC donde la
técnica de frecuencia fija se basa en un esquema PWM, el cual corresponde al segundo
aporte de esta Tesis (Artı́culo 2) y es detallado a continuación.

3.1.2 Modulador basado en la técnica PWM

Para una corriente de estátor de referencia en el plano (α-β), el esquema propuesto para
el PCC determina el vector óptimo Sopt que se obtiene al minimizar la función de costo
definido en (2.64). El vector seleccionado proporciona una solución óptima en términos
de error de corrientes en el plano (α-β). Entonces, en lugar de aplicar el vector de tensión
seleccionado a la máquina de inducción multifásica durante todo el periodo de muestreo, el
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cual es el procedimiento en las estrategias de control convencionales, este método emplea
el vector óptimo en combinación con la teorı́a VSD para la obtención de los ciclos de
trabajo [70] mediante la siguiente ecuación:




τa

τb

τc

τd

τe




=
1

2
+

5

8
(V −1dc ) [Vs]5×5

[
Sopt

]
5×1 (3.11)

donde τi, con i = (a,...,e), se encuentran asociados con las fases del VSI. El cálculo del
periodo de submodulación se plantea como un problema de optimización pretendiendo
minimizar el error de predicción. Esta estrategia puede ser comprendida como una
aplicación sistemática en un periodo de muestreo, de la combinación óptima de más de
un vector con el fin de minimizar el error de corriente del estátor como se muestra en la
Figura 3.6. Además, en la Figura 3.7 se puede ver un diagrama de bloques del esquema
propuesto.

Figura 3.6 Proyección de îs en el marco de referencia estacionario α-β.



CONTROL PREDICTIVO BASADO EN FRECUENCIA DE CONMUTACIÓN FIJA 43

Figura 3.7 Diagrama en bloques del PCC propuesto para la máquina de inducción de cinco fases.

(a) PCC con frecuencia de conmutación variable (b) PCC con frecuencia de conmutación fija

Figura 3.8 Comparación de cada controlador considerando la evolución de la tensión de fase
(superior), la corriente del estátor en el eje (α) (medio) y la THD (inferior).
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La eficiencia del método propuesto se compara con los resultados obtenidos mediante
una técnica convencional de control predictivo de conmutación variable, en ambos casos
se considera una frecuencia de muestreo de 10 khz y un par de carga de 10 N·m. En
la Figura 3.8 (a) se muestra la respuesta transitoria cuando la corriente de estátor de
referencia fijada a 2.5 A y 50 Hz es modificada a 5 A y 25 Hz para el PCC con conmutación
variable, mientras que en la Figura 3.8 (b) se muestra la respuesta transitoria para el PCC
con conmutación fija bajo las mismas condiciones.

Se ha propuesto una técnica mejorada de control predictivo de corriente con frecuen-
cia de conmutación fija aplicado al accionamiento de inducción de cinco fases. Se ha
demostrado que es posible combinar el control predictivo con técnicas de modulación para
aumentar el rendimiento del sistema. Además, utilizando una técnica modulación evita
la frecuencia de conmutación variable inherente a los controladores predictivos conven-
cionales, facilitando la selección del conmutador y proporcionando un perfil armónico
más adecuado.

3.2 Control predictivo aplicado al control de velocidad sin sensores

El tercer aporte (Artı́culo 3), utiliza el PCC con estimadores de las variables rotóricas en
un control sin sensores. Al utilizar una estrategia de control de velocidad sin sensores se
elude el empleo del sensor encargado de medir la velocidad mecánica de la máquina. Al
controlar una máquina de inducción sin sensor de velocidad resulta interesante desde el
punto de vista económico, además, que reduce la complejidad del hardware, se elimina
el cable del sensor, lo cual mejora la inmunidad al ruido del sistema, la fiabilidad se
incrementa y se requiere menor requerimientos de mantenimiento [71].

Para el caso de las máquinas multifásicas el empleo de la estrategia de control de
velocidad sin sensores es aún escasa, mientras que en los sistemas tradicionales trifásicos
fueron estudiados en [72, 73].

En la Figura 3.9 se presenta un diagrama en bloques del control de velocidad sin
sensores propuesta en [63] para una maquina de inducción de cinco fases, donde se emplea
un bucle interno de MPC basado en el modelo matemático de la máquina, utilizando la
representación de espacio de estado, en cual se consideran como variables de estado las
corrientes de estátor y rotor, respectivamente. Además, esta estrategia fue propuesta en
[62, 71] para una máquina de inducción asimétrica hexafásica.
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Figura 3.9 Esquema de control de velocidad sin sensores con un bucle interno de corriente
basado en MPC y KF para la estimación de corriente de rotor.

El método de control propuesto determina las acciones de control resolviendo el
problema de optimización para cada periodo de muestreo. Para ello, se emplea un
modelo del sistema real, especı́ficamente el modelo de una máquina de inducción de
cinco fases, para la predicción de su salida. Esta predicción es implementada para cada
posible vector de conmutación de salida del VSI de cinco fases, con el propósito de
minimizar una determinada función de costo. Debido a que la corriente del rotor no se
puede medir directamente, es necesario estimar utilizando un estimador de orden reducido
basado en KF.

Para generar la corriente de referencia i∗sd en el marco de referencia dinámico, se utiliza
un controlador PI con saturador en el bucle de control de velocidad sin sensores. La
corriente de referencia utilizada por el modelo predictivo se obtiene a partir del cálculo del
ángulo eléctrico aplicado para convertir la corriente de referencia, primeramente al marco
de referencia dinámico y luego al marco de referencia estático. El cálculo de la frecuencia
de deslizamiento (ωsl) se realiza de la misma manera que el método FOC, a partir de las
corrientes de referencias (i∗sd, i∗sq) en el marco de referencia dinámico y los parámetros
eléctricos de la máquina (Rr, Lr). Por último, utilizando la corriente del rotor estimada,
la corriente del estátor medida y el par de carga medido desde la máquina de inducción es
posible estimar la velocidad de la máquina.

Una vez calculadas las variables de estado no medibles, la velocidad se puede estimar
utilizando la ecuación dinámica que modela la sección mecánica de la máquina de in-
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ducción de cinco fases, definidas en (2.19) y (2.33) mediante el proceso de discretización
de Euler:

ω̂r[k+1] = (1− TmBm
Jm

)ω̂r[k] +
TmP

Jm
(Te[k] − TL[k]) (3.12)

donde se considera ωr[0] = 0, TL[0] = 0 y las corrientes del rotor iαβr[0] = 0.
La eficiencia del método de control de velocidad sin sensores se ha realizado bajo

condiciones de carga. Para las simulaciones se ha empleado una frecuencia de muestreo de
10 kHz. La Figura 3.10 muestra los resultados de simulación considerando velocidades
de referencias variables [180, 220, -220, -180] rpm, para una corriente de referencia fija
i∗sd = 1 A. La velocidad estimada es realimentada por medio de un bucle externo para la
regulación de la velocidad y se emplea un controlador PI en el bucle de regulación de la
velocidad. Además, a partir de este gráfico se puede observar, el cambio en las fases de las
corrientes del estátor en el plano (α-β), producido por la inversión del sentido de giro de
la máquina. En estas condiciones de análisis, el MSE en la velocidad y en el seguimiento
de corriente son 0.76 rpm, 0.67 rpm y 0.043 A, respectivamente.

Figura 3.10 Resultados de simulación del control de velocidad sin sensores con velocidad
variable.

Ası́ también, en la Tabla 3.2 se muestra el MSE de la corriente de estátor medida, el
MSE de la velocidad y la THD para diferentes frecuencias de muestreo.
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Tabla 3.2 Análisis de rendimiento.

Parámetros de rendimiento
fm (kHz) MSEα (A) MSEwr (rpm) THDα (%)

5 0.779 2.853 7.66
10 0.043 0.761 6.64
15 0.045 0.745 6.48
20 0.024 0.462 6.03

Se propuso un control de velocidad sin sensores utilizando un bucle interno basado en
el control predictivo de corriente. El desarrollo teórico del estimador fueron validados
a través de resultados de simulación. El método propuesto evita el uso de técnicas de
modulación y ha demostrado ser eficiente incluso cuando se considera que la máquina se
encuentra funcionando bajo distintos regı́menes de velocidades y carga.

3.3 Resumen

En el presente capı́tulo se han validado teóricamente a nivel de simulaciones las técnicas
PCC utilizando estimadores de estado basados en el KF con dos modulaciones distintas,
la primera técnica se centró en un patrón de conmutación, mientras que la segunda técnica
se basó en un esquema PWM. En ese sentido, los valores obtenidos en términos de MSE y
THD en las corrientes de estátor en el plano (α-β) han demostrado que ambas técnicas
son válidas para implementarse en un control de una máquina de inducción de cinco fases.
Además, se ha propuesto un esquema de control de velocidad sin sensores, donde se ha
utilizado el PCC con KF para la estimación de las variables rotóricas.





CAPÍTULO 4

CONCLUSIONES Y TRABAJOS FUTUROS

4.1 Conclusiones

La presente Tesis de Maestrı́a ha abordado el estudio de esquemas de control predictivo
basado en el modelo aplicado a la máquina de inducción de cinco fases y un análisis del
control predictivo utilizando vectores virtuales detallado en el apéndice. Las principales
contribuciones y conclusiones se resumen a continuación:

Se analizó la técnica de modulación como etapa final del control predictivo de
corriente empleando un patrón de conmutación y utilizando el KF como observador
de las corrientes del rotor, para que el sistema opere a frecuencia fija. En tal sentido,
los resultados de eficiencia de la técnica de modulación con el control predictivo de
corriente se han examinados en términos del MSE y THD.

Se propuso una estrategia de control de velocidad sin sensores con KF como obser-
vador de estado, además de un bucle interno para el control de corriente. Se estudió
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el comportamiento del sistema mediante simulaciones para verificar el desempeño de
la estrategia propuesta.

Se estudió el control predictivo utilizando vectores virtuales para minimizar la
corriente de estátor en el plano x-y. Los resultados fueron comparados con el
control predictivo de corriente convencional. En este contexto, la utilización de
vectores virtuales, además de reducir el costo computacional, demuestra una notable
reducción de la corriente de estátor en el plano x-y,

Los resultados obtenidos han dado como resultado varios artı́culos en conferencias
internacionales y nacionales. 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 de Maestrı́a.

Producción/Actividad Número

Artı́culos de conferencia internacional como autor principal 2
Artı́culos de conferencia nacional como autor principal 2
Artı́culos de conferencia internacional/nacional como coautor 8
Participación en proyectos de investigación y desarrollo 1
Estancia de investigación 1
Revisión de artı́culos cientı́ficos 2

4.2 Trabajos futuros

El uso de observadores de variables rotóricas en el control predictivo de corriente aplicado
a los accionamientos multifásicos es un tema de investigación que ha sido escasamente
abordado y todavı́a no ha llegado a su etapa de madurez . Por tal motivo existen varios
tópicos que pueden profundizarse dentro de esta lı́nea, entre los que se citan los más
relevantes:

Extender el estudio a otras máquinas multifásicas, con distintos números de fases, y
distinto tipo de devanado.

Validar experimentalmente los tres controladores propuestos en la presente Tesis de
Maestrı́a.



TRABAJOS FUTUROS 51

Extender el estudio y análisis de accionamientos eléctricos multifásicos en situación
de post-falta para máquinas de inducción.

Extender la estrategia estudiada con observadores al control de velocidad sin sensores
en los accionamientos eléctricos multifásicos.
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CAPÍTULO 5

PREDICTIVE CURRENT CONTROL WITH
KALMAN FILTER OBSERVER FOR A
FIVE-PHASE INDUCTION MACHINE
OPERATING AT FIXED SWITCHING
FREQUENCY1

Abstract

Variable switching frequency techniques for conventional predictive control are charac-
terized for causing noise, large voltage and current ripple. A fixed switching frequency
technique is presented in this paper for predictive current control applied to a five-phase
induction machine. The effectiveness of the proposed approach is evaluated using the total
harmonic distortion and the mean square error as figures of merit, which are shown through
simulations results to demonstrate the advantages of this predictive control technique.

1Published as: O. GONZALEZ; J. Rodas; M. Ayala; R. Gregor; M. Rivera; M.J. Duran; I. Gonzalez-Prieto;
”Predictive Current Control with Kalman Filter Observer for a Five-Phase Induction Machine operating a Fixed
Switching Frequency,” in Proc. IEEE Conference on Industrial Electronics and Applications (ICIEA 2017),
Siem Reap, Cambodia 2017.
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I. Introduction

Multiphase machines have received considerable attention during the last decades for
applications where high reliability, fault tolerance, reduce torque pulsations and greater
effectiveness are required [1]. As an alternative to conventional three-phase AC drives,
multiphase drives can be used in high-performance applications where variable-speed
control is required like in other conventional ac-drive systems. With this purpose, different
control strategies have been applied to the current control in voltage-source-inverter (VSI)-
fed five-phase induction motor drives. Some methods used for controlling the five-phase
induction machine (IM) include direct torque control [2] and predictive current control
(PCC) [3]. In recent years, PCC has received growing interests because of some distinct
features such as intrinsic decoupling characteristics, fast dynamic response and high
bandwidth [4]. However, PCC offers a variable switching frequency.

This paper proposes a predictive-fixed switching frequency technique for current control
of symmetrical five-phase induction machine and a reduced order estimator based on a
Kalman filter (KF) to estimate the rotor currents. The effectiveness of the proposed
algorithm is analyzed using the mean square error (MSE) and total harmonic distortion
(THD) as performance indices. The modulation technique is tested for different current
reference frequencies both in transient and steady state conditions.

The paper is organized as follows. Section II describes the five-phase induction machine
model. Section III details the proposed predictive-fixed current control with rotor current
estimator based on KF applied to the five-phase IM. Simulation results are provided in
Section IV. Finally, concluding remarks are summarized in Section V.

II. Five-phase induction machine drive

The system under study consists of a five-phase IM with distributed and equally displaced
windings fed by a five-phase voltage source inverter (VSI) and a DC-link (Vdc). A detailed
scheme of the drive is provided in Figura 5.1.

This five-phase IM is a continuous system which can be described by a set of dif-
ferential equations. The model of the system can be simplified by means of the vector
space decomposition (VSD) introduced in [5]. By applying this technique, the original
five-dimensional space of the machine is transformed into two orthogonal subspaces
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an homopolar component in the stationary reference frame (α-β), (x-y) and (z). This
transformation is obtained by means of 5× 5 transformation matrix:

a b c d e

T =
2

5




1 cos(ϑ) cos(2ϑ) cos(3ϑ) cos(4ϑ)

0 sin(ϑ) sin(2ϑ) sin(3ϑ) sin(4ϑ)

1 cos(2ϑ) cos(4ϑ) cos(ϑ) cos(3ϑ)
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2
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2
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2
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1
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β
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z

(5.1)

where an amplitude invariant criterion was used.
The VSI has a discrete nature with a total number of 25 = 32 different switching states

defined by five switching functions corresponding to the five inverter legs [Sa, ..., Se] and
their complementary values [Sa, ..., Se], where Si ∈ {0, 1}. The different switching states
and the voltage of the DC-link define the phase voltages which can in turn be mapped to
the (α-β)-(x-y) space according to the VSD approach [6].

As it is shown in Figura 5.2 the 32 different on/off combinations of the five VSI legs
lead to 32 space vectors in the (α-β) and (x-y) subspaces.

The machine model can be modeled by using a state-space representation, based on the
VSD approach and the dynamic reference transformation. This model is given by:

Ẋαβxy = AXαβxy + BUαβxy

Yαβxy = CXαβxy

(5.2)

DC

ß 

Figura 5.1 Schematic diagram of the five-phase IM drive.
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being Uαβxy = [uαs, uβs, uxs, uys, 0, 0]
T the input vector of the system, Xαβxy =

[iαs, iβs, ixs, iys, iαr, iβr]
T the state vector, Yαβxy = [iαs, iβs, ixs, iys, 0, 0]

T indi-
cates the output vector and A, B and C are matrices that define the dynamics of the
electrical drive.

The mechanical part of the electrical drive is given by the following equations:

Te =
5

2
P (ψαsiβs − ψβsiαs) (5.3)

Ji
d

dt
ωr +Biωr = P (Te − TL) (5.4)

where TL denotes the load torque, Te is the generated torque, Ji the inertia coefficient, P
the number of pairs of poles, ψαs and ψβs the stator flux, Bi the friction coefficient and
ωr is the rotor angular speed.

Figura 5.2 Voltage space vectors and switching states in the (α-β) and (x-y) subspaces for a
five-phase VSI.
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III. Proposed predictive control method

Assuming the mathematical model expressed by (5.2) and using the state variables defined
by the vector Xαβxy , it can define the following set of equations:

ẋ1 = c3 (Rrx5 + ωrx6Lr + ωrx2Lm) + c2 (uαs −Rsx1)

ẋ2 = c3 (Rrx6 − ωrx5Lr − ωrx1Lm) + c2 (uβs −Rsx2)

ẋ3 = −Rsc4x3 + c4uxs

ẋ4 = −Rsc4x4 + c4uys

ẋ5 = −Rsc3x1 + c5 (−Lmωrx2 −Rrx5 − Lrωrx6)− c3uαs
ẋ6 = −Rsc3x2 + c5 (Lmωrx1 + Lrωrx5 −Rrx6)− c3uβs

(5.5)

where ci (i = 1, ..., 5) are constants defined as:

c1 = LsLr − L2
m, c2 =

Lr
c1
, c3 =

Lm
c1
, c4 =

1

Lls
, c5 =

Ls
c1

(5.6)

and Ls = Lls + Lm, Rs, Rr, Lr = Llr + Lm and Lm are the electrical parameters of
the machine, while the state vector corresponds to the five-phase IM currents x1 = iαs,
x2 = iβs, x3 = ixs, x4 = iys, x5 = iαr and x6 = iβr.

Stator voltages are related to the input control signals through the inverter model. In this
case, the simplest model has been considered for the sake of speeding up the optimization
process. Then if the gating signals are arranged in the vector S = [Sa, Sb, Sc, Sd, Se],
where the stator voltages can be obtained from:

M =
1

5




4 −1 −1 −1 −1

−1 4 −1 −1 −1

−1 −1 4 −1 −1

−1 −1 −1 4 −1

−1 −1 −1 −1 4







Sa

Sb

Sc

Sd

Se




(5.7)

An ideal inverter converts gating signals into stator voltages that can be projected to
(α-β) and (x-y) subspaces and gathered in a row vector Uαβxys computed as:

Uαβxy = [uαs, uβs, uxs, uys, 0, 0]
T

= Vdc ·T ·M (5.8)
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By combining (5.5)-(5.8) a nonlinear set of equations arises that can be written in state
space form:

Ẋ (t) = f [X(t), U(t), wr(t)]

Y(t) = CX(t)
(5.9)

with the state vector X(t), input vector U(t) and output vector Y(t). The components
of the vectorial function f and the matrix C are obtained from (5.5) and the definitions
of state and output vector. Model (5.9) must be discretized in order to be used for the
predictive controller. A forward Euler method is used to keep a low computational cost.
Due to this fact, the resulting equations will have the required digital control form, with
predicted variables depending just on past values and not on present values of the variables.
Thus, a prediction of the future next-sample state X̂[k+1|k] is expressed as:

X̂[k+1|k] = f
(
X[k], U[k], Tm, ωr[k]

)
(5.10)

where k is the current sample and Tm the sampling time.

A. Reduced order estimators

In the state space description (5.9) only stator currents, voltages and mechanical speed are
measured. Stator voltages are easily predicted from the gating commands issued to the
VSI, rotor current, but they, cannot be directly measured. This difficulty can be overcome
by means of estimating the rotor current using reduced order estimators.

The reduced order estimators provide an estimate for only the unmeasured part of the
state vector, then, the evolution of states can be written as:
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


X̂a[k+1|k]

X̂b[k+1|k]

X̂c[k+1|k]




︸ ︷︷ ︸
[X̂[k+1|k]]

=




A11 A12 A13

A21 A22 A23

A31 A32 A33




︸ ︷︷ ︸
[A]




Xa[k]

Xb[k]

Xc[k]




︸ ︷︷ ︸
[X[k]]

(5.11)

+




B1

B2

B3




T

︸ ︷︷ ︸
[B]




Uαβs

Uxys

Uαβs




︸ ︷︷ ︸
[Uk]

Y[k] =
[

I I 0
]

︸ ︷︷ ︸
[C]




Xa[k]

Xb[k]

Xc[k]




︸ ︷︷ ︸
[X[k]]

(5.12)

where Xa = [iαs, iβs]
T , Xb = [ixs, iys]

T , Xc = [iαr, iβr]
T , Uαβs = [Uαs, Uβs]

T ,
Uxys = [Uxs, Uys]

T .

B. Rotor state estimation based on Kalman filters

The estimation of rotor currents is a complex problem that has been recently solved
using different methods [7,8], being KF-based estimator a good choice. The KF design
considers uncorrelated process and zero-mean Gaussian measurement noises, thus the
systems equations can be written as:

X̂[k+1|k] = AX[k] + BU[k] + H$[k] (5.13)

Y[k] = CX[k] + ν[k] (5.14)

where$[k] is the process noise, H is the noise weight matrix and ν[k+1] is the measurement
noise.

The dynamics of the KF can be written as shown in [9] and [10] and has not been
included for the sake of conciseness.
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X̂c[k+1|k] = (A33 −K[k]A13)X̂c[k] + K[k]Y[k+1] +

(A31 −K[k]A11)Y[k] + (B3 −K[k]B1)Uαβs[k] (5.15)

where K[k] is the KF gain matrix that is calculated from the covariance of the noises at
each sampling time.

C. Cost function

The cost function should include all terms to be optimized. In current control the most
important figure is the tracking error (σ) in the predicted stator currents for the next
sample. The computation of the signal for the PCC takes a appreciable amount of time
which is comparable with the sample time, in this manner a second-step ahead prediction
is needed for the stator current îs[k+2|k]. The second-step ahead prediction of the stator
current it can be calculated as:

Ŷ[k+2|k] = A11Ŷ[k+1|k] + A12X̂c[k+1|k] + B1Uαβs[k+1|k] (5.16)

To minimize its magnitude for each sample k it suffices to use a simple expression such
as:

J[k+2|k] =σiαs[k+2] + σiβs[k+2] + λxy
(
σixs[k+2] + σiys[k+2]

)

σiαs[k+2] =‖ i∗αs[k+2] − îαs[k+2|k] ‖2

σiβs[k+2] =‖ i∗βs[k+2] − îβs[k+2|k] ‖2

σixs[k+2] =‖ i∗xs[k+2] − îxs[k+2|k] ‖2

σiys[k+2] =‖ i∗ys[k+2] − îys[k+2|k] ‖2

(5.17)

where the term ‖ . ‖ denotes vector magnitude, λxy is a tuning parameter which gives
more importance to (α− β) subspace, i∗s[k+2] is a vector containing the reference for the
stator currents and îs[k+2|k] is a vector containing the predictions based on the next state
and the control effort.

D. Proposed predictive control technique

The SVM represents each available vector for the VSI in the (α-β) plane as shown in
Figura 5.2. For the five-phase IM, it is possible to define 32 sectors which are given
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by two adjacent vectors. The Figura 5.3 shows the sectors, V25 and V24 are the large
vectors of the first sector. This technique evaluates the prediction of the two active vectors
that conform each sector at every sampling time. The cost function defined by (5.17), is
evaluated separately for each prediction as the classical predictive method. In the Sector I,
the vector V25 is evaluated in the first prediction and in the cost function J1, the same way
for the vector V24, is evaluated in the second prediction and in the cost function J2. Each
prediction is evaluated based on (7.6) changing the calculation of the input vector U. The
next equations calculates the duty cycles for the two active vectors:

d0 =
δ

J0
(5.18)

d1 =
δ

J1
(5.19)

d2 =
δ

J2
(5.20)

d0 + d1 + d2 = Tm (5.21)

Sec
tor I

I

Sector III

Sector I

Figura 5.3 Available sectors for the VSI.
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where d0 corresponds to the duty cycle of a zero vector which is evaluated only one time.
By solving (5.18)-(5.21) it is possible to obtain the expression for δ and the expressions
for the duty cycles for each vector are given as:

d0 =
TmJ1J2

J0J1 + J1J2 + J0J2
(5.22)

d1 =
TmJ0J2

J0J1 + J1J2 + J0J2
(5.23)

d2 =
TmJ0J1

J0J1 + J1J2 + J0J2
(5.24)

Considering these expressions, the new cost function, which is evaluated at every
sampling time, is defined as:

J[k+1|k] = d1J1 + d2J2 (5.25)

Five-phase IMFive-phase IM

KF-based 
rotor current 

estimator

Predictive
model

5

Measurement 
noise

Process
noise

Figura 5.4 Proposed PCC with fixed switching frequency for a five-phase IM.
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The two vectors that minimize (5.25) are selected and applied to the power converter at
the next sampling time. For a symmetrical five-phase IM, where g is the number of phase
and ε the search space (32 sectors), the optimization algorithm produces the optimum
gating signal combination Sopt as follows:

Algorithm Proposed algorithm

1. comment: Optimization algorithm.
2. Jopt :=∞, i := 1
3. comment: Compute the prediction of Xa, considering the zero vector.
4. Compute Eqn. (5.12).
5. comment: Cost function for state prediction with zero voltage vector of a determined
sector J0.
6. Compute Eqn. (5.17).
7. while i ≤ ε do
8. Si ← Si,j ∀ j = 1, ..., g
9. comment: Compute stator voltages.
10. Compute Eqn. (5.8).
11. comment: Compute the prediction of Xa, considering the first vector of a
determined sector.
12. Compute Eqn. (5.12).
13. comment: Cost function for state prediction with first voltage vector of a
determined sector J1.
14. Compute Eqn. (5.17).
15. comment: Compute the prediction of Xa, considering the second vector of a
determined sector.
16. Compute Eqn. (5.12).
17. comment: Cost function for state prediction with second voltage vector of a
determined sector J2.
18. Compute Eqn. (5.17).
19. comment: Calculate the duty cycles (d0-d1-d2) for every vector.
20. Compute Eqn. (5.22) to (5.25).
21. if J < Jopt then
22. Jopt ← J , Sopt ← Si
23. end if
24. i := i+ 1
25. end while
26. comment: Compute the prediction of the unmeasurable state [?, ?].
27. Compute Eqn. (5.15).

Thus, the proposed control technique selects the control actions by solving an opti-
mization problem for each sampling period. A model of the symmetrical five-phase IM, is
used to predict its output. This prediction is carried out for each possible sector, or pairs
of vectors, of the five-phase inverter to determine which one minimizes a defined cost
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function. Therefore, the model of the real system, also called predictive model, must be
used considering all possible voltage sectors in the five-phase inverter. A detailed block
diagram of the proposed current control technique for the symmetrical five-phase IM drive
is provided in Figura 5.4. Finally, after obtaining the duty cycles and selecting the optimal
two vectors to be applied, a switching pattern procedure, shown in Figura 5.5, is adopted
with the goal of applying the two active vectors (v1 − v2) and two zero vectors (v0) [11],
considering:

T0 = d0 · st
T1 = d1 · st
T2 = d2 · st

(5.26)

where st is the number of steps in a sample time.

0

1

0

1

0

1

Figura 5.5 Switching pattern for the optimal vectors.

IV. Simulation results

A MATLAB/Simulink simulation environment has been designed for the VSI-fed five-
phase IM. Simulation tests have been performed to show the effectiveness of the proposed
PCC technique. Numerical integration using first order Euler’s method algorithm has been
applied to compute the evolution of the state variables step by step in the time domain.
Tabla 5.1 shows the electrical and mechanical parameters for the five-phase IM.
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Tabla 5.1 Electrical and mechanical parameters for the PCC at fixed switching frequency.

Five-phase Induction Machine

PARAMETER SYMBOL VALUE UNIT

Stator resistance Rs 19.45 Ω

Rotor resistance Rr 6.77 Ω

Stator inductance Lls 0.0935 H
Rotor inductance Llr 0.0386 H
Magnetizing inductance Lm 0.2626 H
System inertia Ji 0.109 kg·m2

Viscous friction coefficient Bi 0.0221 kg·m2/s
Nominal frequency fa 50 Hz
Number of pole pairs p 3 –

The cost function defined in (5.17) with λxy = 0.001, is used in order to put more
emphasis in the torque and flux production over the losses. The effectiveness of the
proposed current control for the five-phase IM has been evaluated, under load condition of
2 N·m. In all cases, a sampling frequency of 15 kHz and the number of steps of 20 are
considered. Figura 5.6 shows the current response with reference changes of amplitude
and phase, after of the step change, it can verify the convergence of the measured stator
current with the reference one.
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Figura 5.6 Predictive-fixed switching frequency response with modified reference at 0.05 s, (a)
Amplitude change from 2 A to 4 A; (b) Phase 25◦.

Figura 5.7 shows the simulation results for a current reference with different frequen-
cies (15, 30, 50) Hz, with a fixed reference current amplitude of 2 A. It is shown the
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switching in the VSI, showing the pattern of the modulation technique, and also, the THD
of the measured stator current in different frequencies.

(a) (b)

(c)

Figura 5.7 THD analysis of the measured current iαs. Simulation results for current frequency
of: (a) 15 Hz; (b) 30 Hz; (c) 50 Hz.
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Under these test conditions, MSE and THD in the current tracking (in steady state) are
shown in Tabla 5.2, demonstrating the same effectiveness of the fixed switching frequency
technique for different reference frequencies.

Tabla 5.2 Performance analysis for the PCC at fixed switching frequency.

Parameters of performance
fe (Hz) MSEα (A) MSEβ (A) THDα (%) THDβ (%)

5 0.0086 0.0034 0.95 0.97
10 0.0128 0.0087 0.95 0.97
15 0.0357 0.0378 0.96 0.98
20 0.0408 0.0359 0.94 0.96
25 0.0051 0.0040 0.96 0.97
30 0.0179 0.0068 0.95 0.98
35 0.0143 0.0100 0.94 0.97
40 0.0109 0.0279 0.94 0.98
45 0.0091 0.0032 0.92 0.94
50 0.0162 0.0277 0.96 0.97

V. Conclusion

This paper proposes a predictive-fixed switching frequency technique for current control
in five-phase induction machines. The model-based predictive control is described using a
state-space representation, where the rotor and stator current are the state variables. As the
rotor current cannot be measured, it is estimated using an optimal estimator based on a
Kalman filter. The theoretical development of the predictive fixed switching technique has
been validated by simulation results, which demonstrate that this is a feasible alternative
to obtain good performance in both steady and transient conditions with a good current
tracking, a symmetric use of the switches and a reduced ripple.
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CAPÍTULO 6

PREDICTIVE-FIXED SWITCHING
FREQUENCY TECHNIQUE FOR 5-PHASE
INDUCTION MOTOR DRIVES3

Abstract

This paper presents an enhanced predictive current control technique with fixed switching
frequency applied to the 5-phase induction drives. This approach accurately predicts the
required duty ratio for the PWM pulse for a given current reference in each digital time
step using the vector space decomposition theory. The pulse width is calculated from an
optimization process. The new scheme is compared with the standard model predictive
control, where the switching frequency is variable. The effectiveness of the proposed
approach is evaluated through simulations.

3Published as: R. Gregor; J. Rodas; J. Muñoz; M. Ayala; O. GONZALEZ; D. Gregor; ”Predictive-fixed
Switching Frequency Technique for 5-phase Induction Motor Drives,” in Proc. Symposium on Power Electronics,
Electrical Drives, Automation and Motion (SPEEDAM 2016), Capri, Italia 2016.
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I. Introduction

The research efforts on development of new topologies of AC induction drives has been
majorly motivated by few important aspects. In high power safety-critical applications
those aspects such as performance, reliability, smooth torque and partition of power have
recently oriented the research efforts towards the multiphase AC topologies [1]. Multiphase
machines are generally modeled using the well known vector space decomposition (VSD)
theory [2] used with conventional three-phase machines but extended to a general n-phase
machine with appropriate transformations. Additional space planes are added to account
for the additional degrees of freedom [3]. Among all multiphase machines, the 5-phase
induction machine (IM) is considered as the smallest phase number available in multiphase
systems. One of the most important feature of the 5-phase IM is the capability to develop
torque using not only the fundamental air-gap field, as standard 3-phase machines do, but
also using the third harmonic field [4]. Several controllers are extensively addressed to
control the 5-phase IM in healthy as well as in faulty mode, including field oriented control
[5], direct torque control [6], predictive torque control [7] and predictive current control
(PCC) [8]. A recent review on multiphase machines/generators can be found in [9,10].

The main contribution of this study comparing to previous works is the proposal of
a simple predictive-fixed switching frequency current control technique applied to the
5-phase IM. The predictive model is obtained from the VSD approach using the state-space
representation method where the two state variables are the stator and rotor currents. As
the rotor currents are not measurable variables, these must be estimated. To accomplish
this the proposed control scheme uses the concept of reduced order estimator based on the
Kalman filter (KF).

This paper is organized as follows. Section II describes the 5-phase IM model. Section
III discusses the conventional PCC based on the reduced order optimal estimator using
Kalman filter (KF) approach. Next, in the same section the VSI duty cycles calculation
methodology is described. Section IV discusses the simulation results and provides a
comparative analysis with a conventional PCC technique based on variable switching
frequency. Finally, concluding remarks are summarized in Section V.

II. The Five-phase induction machine

The studied system is a symmetrical five-phase IM with distributed and equally displaced
(ϑ = 2π/5) windings. A five-phase two-level voltage source inverter (VSI) is used to drive
the multiphase machine. The electromechanical system can be modeled considering the
standard assumptions of three-phase drives: uniform air gap, sinusoidal MMF distribution
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(a) Schematic diagram of the 5-phase IM drive

(b) Voltage space vectors and switching states in the (α-β) and (x-y) subspaces for a five-phase
symmetrical VSI

Figura 6.1 Five phase induction motor drive and voltage generated by the VSI in (α-β) and (x-y)
subspaces.

and, negligible core losses and magnetic saturation. The components of the multiphase
drive are schematically shown in Figura 6.1 (a), where the gating signals that control the
multiphase two-level VSI are represented by [Sa, ..., Se] and their complementary values
[Sa, ..., Se], being Si ∈ {0, 1}.

Then, following the VSD approach, four independent variables appear in the system
divided into two orthogonal subspaces called (α-β) and (x-y), which groups different
harmonic components. The harmonic components that contribute to the electromechanical
energy conversion are mapped in the (α-β) subspace, while (x-y) components do not
generate electrical torque in our case study. An additional axis named (z) also appears
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in relation with the zero-sequence component of the system. Stator phase voltages
(Vs = [vas vbs vcs vds ves]

T ) in normal operation are obtained from the gating signals
and the DC-link voltage (V dc) as it is stated in (6.1), being detailed in (6.2) the VSD
transformation matrix (T) that defines the stator voltage vectors (vs) in the (α-β) and
(x-y) subspaces in (6.3).

Vs =
V dc

5




4 −1 −1 −1 −1

−1 4 −1 −1 −1

−1 −1 4 −1 −1

−1 −1 −1 4 −1

−1 −1 −1 −1 4





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Sb

Sc

Sd

Se




(6.1)

T =
2

5




1 cos(ϑ) cos(2ϑ) cos(3ϑ) cos(4ϑ)

0 sin(ϑ) sin(2ϑ) sin(3ϑ) sin(4ϑ)

1 cos(2ϑ) cos(4ϑ) cos(ϑ) cos(3ϑ)

0 sin(2ϑ) sin(4ϑ) sin(ϑ) sin(3ϑ)

1
2

1
2

1
2

1
2

1
2




(6.2)

vs =
[
vαs vβs vxs vys vzs

]T
= T Vs (6.3)

Figura 6.1 (b) shows the discrete nature of the VSI with a total number of 25 = 32

different switching states and stator voltage vectors in the (α-β) and (x-y) subspaces. In
this figure it can be seen that the outer ring corresponds to some gating combinations
that produce the largest amplitudes in (α-β) subspace and minimum amplitude in (x-y)
subspace.

Applying the transformation matrix, the mathematical model of the five-phase induction
drive can be written using the state-space representation form as follows:

d

dt
X(t) = AX(t) + BU(t) + H$(t)

(6.4)

Y(t) = CX(t) + ν(t) (6.5)
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A =




−as2 am4 0 0 ar4 al4

−am4 −as2 0 0 −al4 ar4

0 0 −as3 0 0 0

0 0 0 −as3 0 0

as4 −am5 0 0 −ar5 −al5
am5 as4 0 0 al5 −ar5




(6.6)

B =




c2 0 0 0

0 c2 0 0

0 0 c3 0

0 0 0 c3

−c4 0 0 0

0 −c4 0 0




(6.7)

with state vector X(t) = [iαs iβs ixs iys iαr iβr]
T , input vector U(t) = [uαs uβs uxs uys]

T ,
output vector Y(t) = [iαs iβs iαr iβr]

T , and disturbance vector$(t) (process noise). H is
the noise weight matrix and ν(t) is the measurement noise. The coefficients of the matrix
A are defined as as2 = Rsc2, as3 = Rsc3, as4 = Rsc4, ar4 = Rrc4, ar5 = Rrc5,
al4 = Lrc4ωr, al5 = Lrc5ωr, am4 = Mc4ωr and am5 = Mc5ωr with coefficients ci
defined as c1 = LsLr −M2, c2 = Lr

c1
, c3 = 1

Lls
, c4 = M

c1
, c5 = Ls

c1
, being ωr the rotor

electrical speed, Rs and Rr the stator and rotor resistances, Ls and Lr the stator and rotor
inductances, Lls the stator leakage inductance and Lm the magnetizing inductance.

The electromagnetic torque of the drive can be obtained from the following equation:

Te =
5

2
p (ψαsiβs − ψβsiαs) (6.8)

being ψαs and ψβs the stator fluxes in the α− β subspace and p the number of pairs of
poles. Finally, the relationship between the torque and the rotor speed can be written as:

Ji
d

dt
ωr +Biωr = p (Te − TL) (6.9)

where TL is the load torque, and Ji and Bi are the inertia and the friction coefficients,
respectively. These equations are the basis for the conventional PCC method, as will be
shown in the next section.
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...

Figura 6.2 Proposed predictive-fixed switching frequency control technique for the 5-phase IM.

III. PCC in symmetrical 5-phase induction machine

Figura 6.2 shows the proposed scheme of the predictive-fixed switching frequency current
control technique for the 5-phase IM. The basis of the PCC method is the predictive model,
obtained from the discretization of the model of the real system, Eqns. (4)-(7). This model
enables the computation of a prediction of the state (X̂[k+1|k]) by means of:

X̂[k+1|k] = f
(
X[k], U[k], Tm, ωr[k]

)
(6.10)

where k identifies the actual discrete-time sample, Tm is the sampling time, and X̂[k+1|k]
is a prediction of the future state made at time k. The PCC considers the effect of all
possible control actions over the evolution of the state variables, selecting (for application
at the current sampling time) the one that better suits the control objectives. It is thus a
very general technique as it can incorporate different objectives and constraints.

The PCC results (as in any other model-based control approach) are largely dependent
on the accuracy of the predictions, and in this regard the use of rotor quantities estimators
can help improving the performance as will be shown later. The evolution of the state
variables can be represented using the following equations derived from (6.10):


 X̂a[k+1]

X̂b[k+1]


 =


 A11 A12

A21 A22




 Xa[k]

Xb[k]


+


 B1

B2


Uαβs (6.11)
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Y[k] =
[

I 0
]

 Xa[k]

Xb[k]


 (6.12)

where Xa =
[
iαs[k] iβs[k]

]T
is a vector containing the measured stator currents in α− β

axes, Xb =
[
iαr[k] iβr[k]

]T
is the remaining portion of the state, which is not measured

and has to be estimated, and I is the identity matrix.
Consequently, the prediction of the stator currents in the fundamental flux and torque

production subspace α− β and using the standard PCC solution have a measurable part
(mαβ[k] =

[
mα[k],mβ[k]

]
), which contains variables such as stator currents, rotor speed

and the stator voltages, and a non-measured part (eαβ[k] =
[
eα[k], eβ[k]

]
), i.e. rotor

currents. Assuming this, the predictive equations can be written as follows:

îαβs[k+1|k] = mαβ[k] + eαβ[k] (6.13)

Eqn. (6.13) establishes a prediction of the stator currents in the (α-β) subspace for the
k + 1 sampling time using the measurements of the k sampling time. Consequently, to
solve the equations it is necessary to obtain an accurate estimation of the value of ê[k|k],
which can be solved using:

êαβ[k|k] = êαβ[k−1] = iαβs[k] −mαβ[k−1] (6.14)

Considering null initial condition êαβ[0] = 0, the estimated portion that represents the
rotor currents can be calculated from a recursive formula given by:

êαβ[k|k] = êαβ[k−1] + (iαβs[k] − îαβs[k−1]) (6.15)

In PCC the predicted errors are computed for each possible voltage vector. For each
of them a cost function is evaluated. This cost function provides PCC with the ability of
incorporating different objectives. The cost function has been typically defined in PCC as
a quadratic measure of the predicted error, which is defined as:

ê = i∗s[k+2|k] − îs[k+2|k] (6.16)

where ê is second-step ahead predicted error. This choice of cost function can be mathe-
matically expressed as:

J =‖ êαβ ‖2 +λxy ‖ êxy ‖2 (6.17)
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where λxy is a tuning parameter that allows to put more emphasis on (α-β) or (x-y)
subspaces, being the x− y subspace in relation with the machine losses in the case study.

Instead of the simple procedure that has been successfully applied in previous research
works in the field of 5-phase machines, the use of the optimal estimator based on the KF
approach is selected in order to achieve the improvement in estimation accuracy and in
control performance [11]-[13]. Good knowledge of such quantities will provide an optimal
performance control, and KF estimator have been said to be the best choice for obtaining
a high-accuracy estimation of dynamic system states. In the proposed control scheme the
rotor phase currents îr are calculated every sampling time by means of the KF estimator
method using the measured rotor speed ωr and stator phase currents is.

A. Rotor state estimation based on Kalman filters

The KF design considers uncorrelated process and zero-mean Gaussian measurement
noises, thus the systems equations can be written as:

X̂[k+1] = AX[k] + BU[k] + H$[k] (6.18)

Y[k+1] = CX[k+1] + ν[k+1] (6.19)

Figura 6.3 Projection of the îs in stationary reference frame (α-β).
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The dynamics of the KF are can be written as follows:

X̂b[k+1|k] = (A22 −KA12)X̂b(k) + KY[k+1] +

(A21 −KA11)Y[k] + (B2 −KB1)Uαβs[k] (6.20)

being K the KF gain matrix that is calculated from the covariance of the noises at each
sampling time in a recursive manner as:

K[k] = Γ[k] ·CT R̂−1ν (6.21)

being Γ the covariance of the new estimation, which it is defined like a function of the old
covariance estimation (ϕ) as follows:

Γ[k] = ϕ[k] − ϕ[k] ·CT (C · ϕ[k] ·CT + R̂ν)−1 ·C · ϕ[k] (6.22)

From the state equation, which includes the process noise, it is possible to obtain a
correction of the covariance of the estimated state as:

ϕ[k+1] = AΓ[k] ·AT + HQ̂$ ·HT (6.23)

This completes the required relations for the optimal state estimation using KF with
PCC. Thus, K provides the minimum estimation errors, given a knowledge of the process
noise magnitude (Q̂$), the measurement noise magnitude (R̂ν), and the covariance initial
condition (ϕ[0]).

This optimal design of the KF by means of a robust covariance estimation neither is
a common subject in the field nor is the purpose of our work, which is mainly focused
in a proof of concept study of the predictive-fixed switching frequency technique. In our
case, the KF gains will be tuned based on a heuristic method. Then, it is assumed that the
estimated rotor state will produce sub-optimal results, which can be improved using more
appropriate KF design methods.

B. VSI duty cycles calculation

To calculate the VSI duty cycles the proposed algorithm proceeds as follows. For a desired
stator current references in (α-β) subspace, the proposed scheme determine the optimal
vector (Sopt) that minimizes a defined cost function defined in (6.17), by an optimization
process. The selected vector provides the optimum solution [voptαs , voptβs ] in terms of
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currents error in the (α-β) subspace. Instead of applying the chosen voltage vector to the
5-phase IM during the whole switching period, which is the procedure in conventional
predictive control schemes, the proposed method uses optimal vector in combination with
the VSD theory to calculate the duty cycles as follows:




τa

τb

τc

τd

τe




=
1

2
+

5

8
(V dc−1) [Vs]5×5 ·

[
Sopt

]
5×1 (6.24)

The duty cycles (τi), being the subscript i = a, b, c, d, e are associated with the VSI
phases and are normalized between 0 and 1. The computation of the submodulation period
(τ ) is posed as an optimization problem aimed to minimize the prediction error. This
procedure can be interpreted as a systematic application in one sampling period, of the
optimal combination of more than one vector in order to minimize the stator current error
as shown in Figura 6.3.

IV. Simulation Results

A MATLAB/Simulink simulation environment has been developed to analyze the perfor-
mance of the proposed predictive-fixed switching (PFS) frequency technique considering
the electrical and mechanical parameters shown in Tabla 6.1. Numerical integration using
Runge-Kutta method has been applied to compute the evolution of the state variables step
by step in the time domain. The performance of the proposed PFS method is compared
with the results obtained by a conventional predictive variable switching (PVS) frequency
control technique in both cases considering a 10 kHz of sampling frequency and full
load conditions (TL = 10 N·m), setting 585 V of DC-Link (Vdc) and assuming that the
measurement (R̂ν) and process (Q̂$) noises has known covariances values, 0.00135 and
0.013, respectively.

The cost function defined in (6.17) with λxy = 0.001, was used to evaluated the
dynamic performance of the PFS and PVS methods under steady-state and transient
conditions. Figura 6.4 shows a comparative transient response when the stator current
reference at the 2.5 A @ 50 Hz is stepped to 5 A @ 25 Hz. A better performance is
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(a) Predictive variable switching frequency technique (b) Predictive-fixed switching frequency technique

Figura 6.4 Comparison from each controller considering (upper) the phase voltage evolution,
(middle) the stator current in (α) axis and (bottom) the THD.

Tabla 6.1 Electrical and mechanical parameters.

5-phase Induction Machine

PARAMETER SYMBOL VALUE UNIT

Stator resistance Rs 19.45 Ω

Rotor resistance Rr 6.77 Ω

Stator inductance Ls 757.2 mH
Rotor inductance Lr 695,1 mH
Magnetizing inductance Lm 656.5 mH
System inertia Ji 0.1478 kg·m2

Viscous friction coefficient Bi 0.359 × 10−3 kg·m2/s
Nominal frequency fa 50 Hz
Load torque TL 0 N·m
Number of pole pairs p 3 –
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obtained using the proposed PFS method mainly in terms of lower total harmonic distortion
(THD) calculated as follows:

THD =

√√√√ 1

i21

N∑

i=2

i2i (6.25)

The THD reduction is associated with the modulation process, producing a well-defined
discrete current and voltage spectra in contrast to the PVS method. The improvement
obtained in the THD performance parameter is about 70% (a drop from 4.35% to 2.55%)
using the PFS method at the 2.5 A @ 50 Hz operating point.

Next, in order to compare quantitatively the different controllers, several figures of
merit have been used. In all cases a root mean square quantity and THD are reported.
The figures of merit are: the mean squared control error, (i.e. the tracking error of the
stator current) in (α) axis, defined as MSE(i∗αs − iαs), the mean squared control error in
(β) axis, defined as MSE(i∗βs − iβs) and the THD in (α) axis. Please note that (α) axis is
representative of the (α-β) subspace as results of the THD for (β) axis are virtually the
same. Please recall that the root mean square of a set of N values Ψj is computed as:

MSE(Ψ) =

√√√√ 1

N

N∑

j=1

Ψ2
j (6.26)

Three particular operating points depicted in Figura 6.5 are analyzed in more detail to
quantify the improvements obtained using the proposed control method. Tabla 6.2 details
the obtained simulation results for three operating points assuming an amplitude of 3.5 A
(15 Hz, 35 Hz, and 45 Hz), where the numerical values of the performance parameters are
given for the PFS and PVS methods. It can be observed that all performance parameters
are improved (reduced) using the PFS current control method. For instance, the obtained
THD in the stator current in (α) axis is in average 55 % lower using the PFS method than
the PVS current control technique. The obtained MSE performance parameters in (α-β)
are also reduced using the proposed PFS method, i.e. MSEα is reduced from 0.1263 (PVS)
to 0.0979 (PFS), for the particular case of 3.5 A @ 15 Hz operation point.

As observed, from the simulation results, the current reference tracking of the proposed
method is very good, being even able to reduce the harmonic distortion of the stator
currents without affecting the dynamic response during the transient, which is however
very fast.
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(a) Predictive variable switching frequency response

(b) Predictive-fixed switching frequency response

Figura 6.5 Simulation results for different stator current references: @15 Hz, @35 Hz and @45
Hz, respectively.

Tabla 6.2 Performance test.

Parameters of performance

fe (Hz) CONTROL METHOD MSEα MSEβ THDα (%)

15
PFS 0.0979 0.1073 2.43
PVS 0.1263 0.1291 3.34

35
PFS 0.1064 0.1111 2.09
PVS 0.1278 0.1364 3.43

45
PFS 0.1211 0.1341 2.15
PVS 0.1586 0.1691 3.47
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V. Conclusion

In this paper an enhanced predictive current control technique with fixed switching fre-
quency applied to the 5-phase induction drives has been proposed and analyzed. It has
been shown that it is possible to combine the use of predictive control together with
modulation techniques to increase the performance in terms of lower mean squared control
error, compared with the results obtained by a variable switching frequency predictive
control technique. On the other hand, maintaining the modulation technique avoids the
variable switching frequency inherent in conventional predictive controls, easing the switch
selection and providing a more adequate harmonic profile. Simulation results confirm the
capability of the proposed predictive-fixed switching frequency control technique.
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CAPÍTULO 7

SPEED SENSORLESS PREDICTIVE
CURRENT CONTROL OF A FIVE-PHASE
INDUCTION MACHINE2

Abstract

In power electronics, multiphase machines have been recently proposed, where most
sensorless algorithms applied to electrical drives are represented through a mathemati-
cal representation of the physical system which includes the electrical and mechanical
parameters of the motor. However, in electrical drive applications, the rotor current cannot
be measured, so it must be estimated. This paper proposes speed sensorless control of a
five-phase induction machines by using an inner loop of model-based predictive control
and it is obtained from the mathematical model of the machine, using a state-space repre-
sentation where the two state variables are the stator and rotor currents, respectively. The
rotor current is estimated using an optimal reduced order estimator based on a Kalman

2Published as: O. GONZALEZ; J. Rodas; R. Gregor; M. Ayala; M. Rivera; ”Speed Sensorless Predictive
Current Control of a Five-Phase Induction Machine,” in Proc. IEEE Conference on Industrial Electronics and
Applications (ICIEA 2017), Siem Reap, Cambodia 2017.

Tesis de Maestrı́a.
Por Osvaldo González Barrios.
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filter. Simulation results are provided to show the performance of the proposed speed
sensorless control algorithm.

I. Introduction

Multiphase machines have received considerable attention during the last few decades,
proposed for applications where some characteristics such as improved reliability, fault
tolerance, reduce torque pulsations and greater efficiency are required, a study in recent
advances of multiphase machines can be found in [1]. The five-phase induction machine
(IM) is considered as the smallest phase number available in multiphase systems. High
performance applications in multiphase machine require specific control systems, some
methods used for controlling the five-phase IM include direct torque control [2], field
oriented control [3], model-based predictive control (MPC) [4,5] and nonlinear control [6].

This paper considers the speed control of symmetrical five-phase machines by using an
inner loop of predictive current control based on the model, to predict the effects of future
control actions on the state variables. In order to achieve this goal, the proposed sensorless
algorithm uses reduced order estimators based on a Kalman filter (KF) to estimate the
rotor current. Thereafter the estimated rotor current is used to calculate of the speed of the
machine. The performance of the proposed control technique in a symmetrical five-phase
machine drive is studied for varying load and speeds operations.

The paper is organized as follows. Section II describes the five-phase IM model and
it is presents the mathematical model of the machine. Section III details the predictive
model with the speed observer and the current control with rotor current estimator based
on KF. Section IV presents the proposed predictive control method for the five-phase IM.
Simulation results are provided in Section V, showing the control performance with the
rotor current estimation. Finally, concluding remarks are summarized in Section VI.

II. The Five-phase induction machine

The system study consists of a symmetrical five-phase machine with distributed and
equally displaced (ϑ = 2π/5) windings fed by a five-phase two level voltage source
inverter (VSI) and a DC-link. A detailed scheme of the drive is represented in Figura 7.1.

This five-phase IM is a continuous system which can be described by a set of differential
equations. The model of the system can be simplified by means of the vector space
decomposition (VSD) introduced in [7]. By applying this technique, the original five-
dimensional space of the five-phase IM is transformed into two-dimensional orthogonal
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subspaces in the stationary reference frame (α-β), (x-y) and (z). This transformation is
obtained by means of 5 x 5 transformation matrix:

T =
2

5




1 cos(ϑ) cos(2ϑ) cos(3ϑ) cos(4ϑ)

0 sin(ϑ) sin(2ϑ) sin(3ϑ) sin(4ϑ)

1 cos(2ϑ) cos(4ϑ) cos(ϑ) cos(3ϑ)

0 sin(2ϑ) sin(4ϑ) sin(ϑ) sin(3ϑ)

1
2

1
2

1
2

1
2

1
2




(7.1)

where an amplitude invariant criterion was used.
The VSI has a discrete nature, actually, it has a total number of 25 = 32 different

switching states defined by five switching functions corresponding to the five inverter legs
[Sa, Sb, Sc, Sd, Se] and their complementary values [Sa, Sb, Sc, Sd, Se]. The different
switching states and the voltage of the DC-link define the phase voltages which can be
mapped to the (α-β)-(x-y) space according to the VSD approach. For this reason, the
32 different on/off combinations of the five VSI legs lead to 32 space vectors in the
(α−β) and (x− y) subspaces. Figura 7.2 shows the active vectors in the (α-β) and (x-y)
subspaces.

Figura 7.1 Schematic diagram of the five-phase induction machine.
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Figura 7.2 Voltage space vectors and switching states in the (α-β) and (x-y) subspaces for a
five-phase VSI.

On the other hand, a transformation matrix must be used to represent the stationary
reference frame (α-β) in the dynamic reference (d-q). This matrix is given by:

Tdq =


 cos (δr) −sin (δr)

sin (δr) cos (δr)


 (7.2)

where δr is the rotor angular position referred to the stator.

A. Machine model

It is possible to model the machine by using an state-space representation, based on the
VSD approach and the dynamic reference transformation. This model is given by:

d

dt
Xαβxy = AXαβxy + BUαβxy

Yαβxy = CXαβxy

(7.3)

where Uαβxy = [ uαs, uβs, uxs, uys, 0, 0 ]T represents the input vector,

Xαβxy = [ iαs, iβs, ixs, iys, iαr, iβr ]T denotes the state vector,

Yαβxy = [ iαs, iβs, ixs, iys, 0, 0 ]T indicates the output vector and A, B and C are
matrices that define the dynamics of the electrical drive.
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The mechanical part of the electrical drive is given by the following equations:

Te =
5

2
P (ψαsiβs − ψβsiαs) (7.4)

Ji
d

dt
ωr +Biωr = P (Te − TL) (7.5)

where TL denotes the load torque, Te is the generated torque, Ji the inertia coefficient, P
the number of pairs of poles, ψαs and ψβs the stator flux and Bi the friction coefficient.

III. Predictive Model

Assuming the mathematical model expressed by (7.3) and using the state variables defined
by the vector [x]αβxy , we can define the following set of equations:

ẋ1 = c3 (Rrx5 + ωrx6Lr + ωrx2Lm) + c2 (uαs −Rsx1)

ẋ2 = c3 (Rrx6 − ωrx5Lr − ωrx1Lm) + c2 (uβs −Rsx2)

ẋ3 = −Rsc4x3 + c4uxs

ẋ4 = −Rsc4x4 + c4uys

ẋ5 = −Rsc3x1 + c5 (−Lmωrx2 −Rrx5 − Lrωrx6)− c3uαs
ẋ6 = −Rsc3x2 + c5 (Lmωrx1 + Lrωrx5 −Rrx6)− c3uβs

(7.6)

where ci (i = 1, ..., 5) are constants defined as:

c1 = LsLr − L2
m, c2 =

Lr
c1
, c3 =

Lm
c1
, c4 =

1

Lls
, c5 =

Ls
c1

(7.7)

and ωr is the rotor angular speed, Rs, Ls = Lls + Lm, Rr, Lr = Llr + Lm and Lm are
the electrical parameters of the five-phase IM.

Stator voltages are related to the input control signals through the inverter model. In this
case, the simplest model has been considered for the sake of speeding up the optimization
process. Then if the gating signals are arranged in the vector S = [Sa, Sb, Sc, Sd, Se] ∈ R5,
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where R = {0, 1} the stator voltages can be obtained from:

M =
1

5




4 −1 −1 −1 −1

−1 4 −1 −1 −1

−1 −1 4 −1 −1

−1 −1 −1 4 −1

−1 −1 −1 −1 4







Sa

Sb

Sc

Sd

Se




(7.8)

An ideal inverter converts gating signals into stator voltages that can be projected to
(α-β) and (x-y) subspaces and gathered in a row vector Uαβxys computed as:

Uαβxys = [uαs, uβs, uxs, uys, 0, 0]
T

= V dc ·T ·M (7.9)

being V dc the DC-link voltage and the superscript (T ) indicates the transposed matrix.
Applying the rotational transformation (7.2) to the (α-β) components, we can obtain:

Udqs = [uds, uqs]
T

= Tdq ·


 uαs

uβs


 (7.10)

By combining the equations (7.6)-(7.10) a nonlinear set of equations arises that can be
written in state space form:

Ẋ (t) = f [X(t), U(t)]

Y(t) = CX(t)
(7.11)

with state vector X(t) = [x1, x2, x3, x4, x5, x6]
T , input vector U(t) = [uαs, uβs, uxs, uys],

and output vector Y(t) = [iαs, iβs, ixs, iys]
T . The components of the vectorial function

f and the matrix C are obtained in a straightforward manner from (7.6) and the definitions
of state and output vector. Model (7.11) must be discretized in order to be of used for
the predictive controller. A forward Euler method is used to keep a low computational
cost. Due to this fact, the resulting equations will have the required digital control form,
with predicted variables depending just on past values and not on present values of the
variables. Thus, a prediction of the future next-sample state X̂[k+1|k] is expressed as:

X̂[k+1|k] = f
(
X[k], U[k], Tm, ωr[k]

)
(7.12)

where k is the current sample and Tm the sampling time.
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A. Reduced order estimators

In the state-space description (7.11) only stator currents, voltages and mechanical speed
are measured. Stator voltages are easily predicted from the gating commands issued to
the VSI, the rotor currents, however, cannot be directly measured. This difficulty can be
overcome by means of estimating the rotor current using the concept of reduced order
estimators.

The reduced order estimators provide an estimate for only the unmeasured part of the
state vector, then, the evolution of states can be written as:




X̂a[k+1|k]

X̂b[k+1|k]

X̂c[k+1|k]




︸ ︷︷ ︸
[X̂[k+1|k]]

=




A11 A12 A13

A21 A22 A23

A31 A32 A33




︸ ︷︷ ︸
[A]




Xa[k]

Xb[k]

Xc[k]




︸ ︷︷ ︸
[X[k]]

(7.13)

+




B1

B2

B3




T

︸ ︷︷ ︸
[B]




Uαβs

Uxys

Uαβs




︸ ︷︷ ︸
[Uk]

Y[k] =
[

I I 0
]

︸ ︷︷ ︸
[C]




Xa[k]

Xb[k]

Xc[k]




︸ ︷︷ ︸
[X[k]]

(7.14)

where Xa = [iαs, iβs]
T , Xb = [ixs, iys]

T , Xc = [iαr, iβr]
T , Uαβs = [Uαs, Uβs]

T ,
Uxys = [Uxs, Uys]

T . Matrix [A] also depends on the actual value of ωr[k], and it must be
calculated every sampling time [8].

B. Rotor state estimation based on Kalman filters

The KF design considers uncorrelated process and zero-mean Gaussian measurement
noises, thus the systems equations can be written as:

X̂[k+1] = AX[k] + BU[k] + H$[k] (7.15)
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Y[k+1] = CX[k+1] + ν[k+1] (7.16)

where$[k] is the process noise, H is the noise weight matrix and ν[k+1] is the measurement
noise.

The dynamics of the KF are performed using:

X̂c[k+1|k] = (A33 −K[k]A13)X̂c[k] + K[k]Y[k+1] +

(A31 −K[k]A11)Y[k] + (B3 −K[k]B1)Uαβs[k] (7.17)

where K[k] represents the gain matrix of the KF which is calculated from the covariance
of the noises at every sampling time in a recursive manner:

K[k] = Γ[k] ·CT R̂−1ν (7.18)

where Γ[k] represents the covariance of the new estimation, established as a function of
the old covariance estimation (ϕ) by the expression:

Γ[k] = ϕ[k] − ϕ[k] ·CT (C · ϕ[k] ·CT + R̂ν)−1 ·C · ϕ[k] (7.19)

From the state equation, what includes the process noise, it is conceivable to determine
a correction of the covariance of the estimated state of the next manner:

ϕ[k+1] = AΓ[k] ·AT + HQ̂$ ·HT (7.20)

From these expressions it is completed the needed association for the optimal state
estimation using KF with predictive current control (PCC). In this way, K[k] provides the
minimum estimation errors, having information about of the measurement noise magnitude
(R̂ν), the process noise magnitude (Q̂$) and the covariance initial condition (ϕ[0]).

The optimal arrangement of the KF, using the method of a robust covariance estimation
it is not the aim of our research work, which is mainly centered in a concept interpretation
of the speed sensorless control approach. In this case, the KF gains will be optimized based
on a heuristic technique. Later, it is pretended that the estimated rotor state will originate
sub-optimal results, that can be enhanced using more suitable KF design techniques.
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C. Speed observer

Once the unmeasurable state variables has been calculated, the speed may be estimated
using the dynamic equation which models the mechanical portion of the electrical drive
(Eq. 7.4 and 7.5) through the Euler discretization process. Thus the discrete equation for
the speed estimation can be written as:

ω̂r[k+1] = (1− TmBi
Ji

)ω̂r[k] +
TmP

Ji
(Te[k] − TL[k]) (7.21)

where it is assumed ωr[0] = 0, TL[0] = 0 and the unmeasured states iαβr[0] = 0.

D. Torque observer

As the measurement of the load torque is almost impracticable must be estimated. There-
fore, it’s used the observer based on Gopinanth’s method in its discrete version [9].


ε1[k+1]

ε2[k+1]


 =


 1 −k1Tm
Tm (1− k2Tm)




ε1[k]
ε2[k]


+

Tm


 k1bJi

(k22 − k1)Ji


 ω̂r[k] + Tm


k1
k2


Te[k]

(7.22)

T̂L[k+1|k] = ε2[k+1] − k2Jiω̂r[k+1] (7.23)

where k1, k2 and b are observer coefficients, ε1 and ε2 are internal state variables, Te is
the calculated motor electromagnetic torque and T̂L is the calculated motor load torque.
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E. Cost function

The cost function should include all terms to be optimized. In current control the most
important figure is the tracking error (δ) in the predicted stator currents for the next sample.
The following expression represents the minimization of its magnitude for each sample k.

J[k+2|k] =δiαs[k+2] + δiβs[k+2] + λxy
(
δixs[k+2] + δiys[k+2]

)

δiαs[k+2] =‖ i∗αs[k+2] − îαs[k+2] ‖2

δiβs[k+2] =‖ i∗βs[k+2] − îβs[k+2] ‖2

δixs[k+2] =‖ i∗xs[k+2] − îxs[k+2] ‖2

δiys[k+2] =‖ i∗ys[k+2] − îys[k+2] ‖2

(7.24)

where ‖ . ‖ denotes vector magnitude, i∗s[k+2] is a vector that includes the reference for
the stator currents and îs[k+2] is a vector that includes the predictions based on the next
state and the control effort. More complicated cost functions can be devised for instance
to minimize the harmonic content and/or the VSI losses [10], [11], [12].

F. Optimizer

The predictive model should be evaluated 32 (25) times in order to consider all possible
voltage vectors. Figura 7.2 shows the redundancy of the switching state results. This
consideration is commonly known as the optimal solution. To make things clearer, a flow
chart of the proposed control algorithm is provided in Figura 7.3.
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Compute stator voltages.

Compute the prediction of the 
         measurement state.

Compute the cost function.

if

Yes

No

Yes

No
while

Compute the prediction of the unmeasurable state.

Figura 7.3 Optimization algorithm.

IV. Proposed speed sensorless controller

Considering the inner loop of the current control, the conventional predictive control
avoids the use of proportional-integer (PI) controllers and modulation processes since
a single switching vector is utilized during the whole switching period. This method
is a little approximate to original direct torque control schemes and produces variable
switching frequency. The suggested control technique chooses the control actions by
solving an optimization difficulty for each sampling time. A model of the real system, that
is the five-phase IM, is adopted to predict its output. This prediction is implement for each
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probable output, or switching vector, of the five-phase VSI to define which one minimizes
a determined cost function, and consequently, the model of the real system, furthermore
known as MPC, must be utilized taking into account all possible voltage vectors in the
five-phase inverter. For the reason that the rotor current can not be measured immediately,
it is necessary estimate employing a reduced order estimator based on KF. Distinct cost
functions can be adopted, to express distinct control rule. The absolute current error,
in stationary reference frame (α-β) for the next sampling time is usually applied for
computational reduction. For this study, the cost function is calculated following the
equation (7.24), where i∗αβ[k+1] is the stator reference current and iαβ[k+2] is the predicted
stator current that is computationally accomplished utilizing the MPC. PI controller with
saturator is employed in the speed sensorless control loop, established on the indirect vector
control schema because of its easiness. In the indirect vector control approach, PI speed
controller is applied to originate the reference current i∗ds in dynamic reference frame. The
current reference utilized by the predictive model are acquired from the computation of the
electric angle applied to convert the current reference, initially in dynamic reference frame
(d-q), to static reference frame (α-β). The manner of computation of the slip frequency
(ωsl) is executed in the equal manner as the Indirect Field Orientation approach, from the
reference currents in dynamic reference frame (i∗ds, i

∗
qs) and the electrical parameters of

the machine (Rr, Lr).

Minimization of
cost function

KF-based 
rotor current 

estimator

Predictive
model

Calc.

PI
5

Five-phase IM

Observer

Measurement 
noise

Process
noise

Observer

Figura 7.4 Speed sensorless control with an inner current control based on MPC method and
using KF for rotor current estimation.

Lastly, utilizing the rotor current estimated, the stator current measured and the load
torque measured from the induction machine we can estimate the speed of the machine.
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A elaborated block diagram of the proposed sensorless speed control approach for the
five-phase IM drive is supplied in Figura 7.4.

V. Simulation results

The VSI-fed five-phase IM has been designed using a MATLAB/Simulink simulation
environment, and simulations have been realized to demonstrate the efficiency of the
suggested predictive speed control procedure. Numerical integration adopting first order
Euler’s technique has been employed to calculate the development of the state variables
step by step in the time domain.

The efficiency of the suggested speed sensorless control method for the symmetrical
five-phase IM has been performed, under load conditions. For all cases study is contem-
plated a sampling frequency (fm) of 10 kHz. Figura 7.5 shows the simulation results for
a multi-step speed references [180, 220, -220, -180] revolutions per minute (rpm), if we
to take into account a fixed reference current (i∗ds = 1 A). The subscripts (α-β) denote
quantities in the stationary frame reference of the stator currents. The estimated speed is
feedback into the closed loop for speed regulation and a PI controller is utilized in the
speed regulation loop as it is appreciate in Figura 7.4.

Figura 7.5 Simulation results for a multi-step speed references application.

Additionally, it can be seen from this graph, the change in the phases of the stator
currents in the (α-β) subspace, originating by the reversal of the direction of rotation of
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the machine. Under these analysis situations, the mean squared error (MSE) in the speed
and current tracking (in steady state) are 0.76 rpm, 0.67 rpm and 0.043 A, respectively.

Figura 7.6 shows a multi-step load torque application response [-20, -35, 35, 20] N·m,
and the rotor current evolution (measured and observed) in a stationary reference frame.
It can be seen in this graph the amplitude variation of the rotor current in function to the
load torque applied to the machine. These simulation results corroborate the required
functioning of the suggested algorithm, based on a reduced order estimator which uses a
KF. The estimated rotor current concentrates to real values for these analysis contexts as
shown in figures, justifying that the observed performance is appropriate.

Figura 7.6 Simulation results for a multi-step load torque application.

Also in Tabla 7.1 it is shown the MSE of the measured stator current, the MSE of the
speed and the total harmonic distortion (THD) for different sampling frequencies.

Tabla 7.1 Performance analysis.

Parameters of performance
fm (kHz) MSEα (A) MSEwr

(rpm) THDα (%)

5 0.779 2.853 7.66
10 0.043 0.761 6.64
15 0.045 0.745 6.48
20 0.024 0.462 6.03
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VI. Conclusion

This paper proposes a speed sensorless control scheme using an inner loop based on the
predictive current control in five-phase induction machine. The rotor and stator currents
are the state variables of the MPC which is presented through a state-space representation,
where the rotor currents are estimated by means of an optimal estimator based on Kalman
filter. The theoretical development of the estimator has been validated by simulation results.
The method avoids the use of modulation techniques and has proven to be efficient even
when considering that the machine is operating under varying load and speeds regimes.

Appendix

Electrical and mechanical parameters for the five-phase IM:

Rs = 12.8 Ω, Rr = 4.79 Ω, Ls = 757.92 mH,
Lr = 757.92 mH, Lm = 272 mH, Ji = 0.02 kg·m2, Bi = 35.983 × 10−3 kg·m2/s,
fa = 50 Hz, P = 3.
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APÉNDICE A

CONTROL PREDICTIVO DE CORRIENTE

UTILIZANDO VECTORES VIRTUALES

En este Apéndice se resume los resultados de simulación llevados a cabo durante una
estancia de investigación cientı́fica desarrollada en el marco de la Tesis de Maestrı́a, con
el grupo de investigación denominado ”Aplicaciones Cibernéticas de la Electrónica a las
Tecnologı́as de la Información (ACETI),” bajo la tutela del Prof. Dr. Mario J. Durán y
el Prof. Dr. Ignacio González Prieto, en la Universidad de Málaga, España, utilizando la
estrategia del PCC con vectores virtuales [74, 75], y posterior comparación con el PCC a
frecuencia fija de conmutación, empleando en ambos controles el KF como observador de
estado para la estimación de las corrientes del rotor.

Tesis de Maestrı́a.
Por Osvaldo González Barrios.
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A.1 Entorno de simulación

Los resultados obtenidos fueron realizados en el entorno simulación basado en la herramienta
MATLAB/Simulink. Se ha comparado la eficiencia de ambos métodos mediante el análisis
del MSE en el seguimiento de la corriente de estátor en el plano (α-β), además se incluye
el MSE en el plano (x-y) y la THD. La estrategia de control propuesta del PCC con la
aplicación de vectores virtuales de tensión pretende la minimización de la corriente de
estátor en el plano x-y, planteada como una alternativa al MPC, donde un sólo estado de
conmutación es aplicado durante todo el periodo de muestreo, lo cual implica pérdidas en
el sistema.

Los parámetros de la máquina de inducción utilizados para las simulaciones se detallan
en la Tabla A.1:

Tabla A.1 Parámetros de la máquina de inducción de seis fases.

Sı́mbolo Parámetros Valor

Rs Resistencia del estátor 14.2 Ω

Rr Resistencia del rotor 2 Ω

Ls Inductancia del estátor 221.3 mH
Lr Inductancia del rotor 254.8 mH
Lm Inductancia de magnetización 66.6 mH
Jm Inercia del sistema 0.27 kg.m2

P Pares de polos 3
Bm Coeficiente de fricción 0.012 kg.m2/s

A.2 Resultados de simulación

Para la comparación de las estrategias de control propuestas se emplearon una frecuencia
de muestreo de 20 kHz con un número de pasos de 40 por cada periodo de muestreo. La
amplitud y la frecuencia de la corriente de referencia se fijan a 2 A y 50 Hz, respectiva-
mente.

A partir de la representación de los vectores de tensión en los planos (α-β) y (x-y), es
posible analizar la estrategia de implementación de vectores virtuales de tensión al MPC.
Los vectores virtuales de tensión se obtienen combinando los vectores grandes con los
vectores muy grandes del plano (α-β), ya que estos vectores generan vectores grandes y
vectores pequeños, respectivamente, en el plano (x-y). Además, los vectores grandes y
los vectores muy grandes que tienen la misma dirección el plano (α-β) tienen direcciones
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opuestas en el plano (x-y). Con la obtención de estos vectores virtuales, mostrados en
la Figura A.1, se debe generar una tensión mı́nima (prácticamente nula) en el plano
(x-y). Además, es posible definir 12 sectores, donde el primer el sector se encuentra
representado por los vectores V1 y V2, respectivamente, el segundo sector por V2 y V3, y
ası́ sucesivamente. Ası́ también, se debe tener en cuenta el tiempo de aplicación de estos
vectores virtuales de tensión en cada periodo de muestreo, para ello se define la siguiente
expresión:

Vk = vakTvak + vbkTvbk (A.1)

donde Tvak y Tvbk corresponden a los tiempos de aplicación de los vectores vak y vbk,
respectivamente, con (k = 1, ..., 12).

Figura A.1 Representación de los vectores virtuales en el plano (α-β).

Se utilizó un patrón de conmutación para obtener una frecuencia de conmutación fija,
el cual se representa en la Figura A.2, que corresponde al primer sector (V1, V2 y V0) y
dicho patrón de conmutación también es aplicado a los demás sectores.
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Figura A.2 Patrón de conmutación para los vectores virtuales.

A continuación se muestran los resultados de simulación para el PCC con vectores
virtuales y para el PCC a frecuencia de conmutación fija. Además, se muestra el resultado
del análisis del MSE en el seguimiento de la corriente de estátor en los planos (α-β) y
(x-y) y la THD, a diferentes frecuencias, mostrados en la Tabla A.2.
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(b)

Figura A.3 Corrientes de estátor en los planos (α-β) y (x-y) para una frecuencia de 50 Hz (a)
Con vectores virtuales; (b) Sin vectores virtuales.
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Tabla A.2 Análisis de rendimiento.

fe (Hz) MSEαβ MSExy THDαβ (%)

5 0.0851 0.0297 2.56
10 0.0840 0.0282 2.63
15 0.0847 0.0316 2.60
20 0.0842 0.0299 2.62
25 0.0846 0.0312 2.60
30 0.0826 0.0271 2.64
35 0.0830 0.0297 2.54
40 0.0854 0.0303 2.57
45 0.0842 0.0303 2.62
50 0.0849 0.0286 2.54

Mediante los resultados de simulación se puede observar la reducción de la corriente de
estátor en el plano x-y, que corresponde a la estrategia de control de corriente propuesta
utilizando vectores virtuales. Mientras, que la otra técnica empleada presenta mayores
pérdidas en el plano x-y, lo que implicarı́a una menor calidad de potencia en el sistema.
Además, con el esquema propuesto se requiere un menor número de iteraciones, ya que
se emplean menos vectores de tensión al utilizar el método de los vectores virtuales,
manteniendo una tensión nula en el plano x-y durante cada periodo de muestreo.
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Abstract—In electrical drive applications based on induction
machines, such as the propulsion drive of an electric vehicle,
the rotor currents cannot be measured, so it needs to be
estimated. This paper describes the rotor currents estimation
through reduced order estimator known as Kalman filter to
apply a speed-sensorless control of dual three-phase induction
machines by applying a current inner loop based on the model
predictive control. Simulation results are shown to demonstrate
the efficiency of the proposed speed-sensorless control technique,
thus concluding that the system can work properly without the
speed sensor.

Index Terms—Electric vehicle, multiphase machine, predictive
control, sensorless control, Kalman filter.

I. INTRODUCTION

In the last decade, the interest in multiphase machines
has risen due to intrinsic features such as lower torque
ripple, power splitting or better fault tolerance than three-
phase machines. Recent research works and developments
support the prospect of future more widespread applications of
multiphase machines. In recent times, some of the applications
of multiphase machines are being studied, such as electric
vehicles (EV) and railway traction, all-electric ships, more-
electric aircraft, and wind power generation systems [1].

EV is a road vehicle which requires an electric propulsion
system. With this definition in mind, EVs may include battery
electric vehicles, hybrid electric vehicles and fuelcell electric
vehicles. The electric propulsion drive of an EV basically
consists of a battery pack, an electronic power converter, an
electric motor, and a speed and/or torque sensor. Considering
multiphase machines as the electrical motor has several ad-
vantages, i.e. fault tolerance and higher power splitting across
the different phases [2]. Due to the benefits of multiphase
machines it can be applied in propulsion applications, like
more electric aircraft [3], electrical and hybrid vehicles [4].

To be able to control the variables of the dual three-phase
induction machines (DTPIM), the most used methods are the
vector control using an inner loop current control and the
direct torque control (DTC) [5]. However, DTC has some
problems such as: weakness in torque control at very low
speed, torque and flux pulsations due to the hysteresis bands
in comparators, and variable frequency behavior [6]. On the

other hand, field oriented control (FOC) or vector control has
good current behavior, but it contains one speed control loop,
four current control loops, one flux control loop and some
transformation models for different coordinate frames. Thus,
the complexity and cost of the control system is increased. But,
compared to FOC, model predictive control (MPC) is more
intuitive and easier to implement. For that matter, predictive
current control (PCC) is an important line of Finite-State MPC.
Currents are controlled with a notorious precision, while the
system dynamic performance is also very good [7]. There are
active research areas focused on the development of speed
sensorless control algorithms due to their benefits compared
to the conventional control techniques such as the elimination
of the sensor wiring, better noise immunity, an increased
reliability and less maintenance requirements [5]–[7].

Although speed sensorless operation of a three-phase induc-
tion machines is already well developed, little work has been
conducted for multiphase induction machines [8]. Besides,
some of the control loops on the MPC have unmeasured
variables, such as rotor current, so a state observer is required
[9]. The observers are mainly classified into two groups:
deterministic observers such as Luenberger observer (LO) [5],
model reference adaptive system (MRAS) [10], sliding mode
observer (SMO) [11] and stochastic observer such as Kalman
filter (KF) [9], being the KF the best choice to obtain high-
accuracy estimates of dynamic system states [12].

This paper considers the sensorless speed control of DTPIM
for EVs by using an inner loop of MPC, to predict the effects
of future control decisions on the state-space variables. In
order to accomplish this purpose, the proposed algorithm uses
reduced order estimators based on a KF to estimate the rotor
currents. After that, the estimated rotor currents are used to
obtain an estimation of the mechanical speed of the machine.
The efficiency of the proposed control technique in a DTPIM
drive for varying load operations and varying speeds is studied
.

This paper is organized as follows. Section II describes the
DTPIM drive, Section III presents the mathematical model
of the machine, Section IV details the predictive model with
the speed observer and the current control with rotor current



Fig. 1. A general scheme of a dual three-phase induction machine.

estimator based on KF and presents the proposed predictive
control method for the dual three-phase induction machine.
Simulation results are provided in Section V, showing the
efficiency obtained by speed estimator. The conclusions are
finally summarized in the last section.

II. THE DUAL THREE-PHASE INDUCTION MACHINE DRIVE

The system under study consists of an DTPIM fed by a dual
three-phase VSI and a dc link. A detailed scheme of the drive
is provided in Fig. 1.

This DTPIM is a continuous system which can be analyzed
by a group of differential equations. The system’s model can
be simplified through the vector space decomposition (VSD)
firstly introduced in [13]. Thus, the original six-dimensional
space of the machine is converted into three two-dimensional
orthogonal subspaces in the stationary reference frame (α−β),
(x−y) and (z1−z2). This transformation is obtained through
a 6 x 6 transformation matrix:
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where an amplitude invariant criterion was used.
For a machine with distributed windings, the (α − β)

subspace contributes to useful power conversion (i.e. flux and
torque production), while the (x−y) and (z1−z2) components
only result in losses and are usually minimized, except during
post-fault operations. For two isolated neutrals configuration,
both (z1−z2) currents cannot flow, so the (z1−z2) components
can be ignored [14].

The voltage-source-inverter (VSI) has a discrete nature,
actually, it has a total number of 26 = 64 different switching
states defined by six switching functions which are related to
the six inverter legs [Sa, Sb, Sc, Sd, Se, Sf ], where Si ∈ {0, 1}.
The finite switching states and the voltage of the DC link
(Vdc) determine the phase voltages which can be mapped to
the (α−β)−(x−y) space according to the VSD analysis. For
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Fig. 2. Voltage space vectors and switching states in the (α−β) and (x−y)
subspaces for a dual three-phase VSI.

this reason, the 64 on/off combinations of the six VSI legs lead
to 64 space vectors in the (α−β) and (x−y) subspaces. Fig.
2 shows the voltage space vectors in the (α− β) and (x− y)
subspaces, where each vector switching state is identified using
the switching function by two octal numbers corresponding to
the binary numbers [SaScSe] and [SbSdSf ], respectively.

As shown in Fig. 2 the 64 voltage vectors are reduced to
only 49 different vectors in the (α − β) − (x − y) subspace.
Moreover, a transformation matrix must be applied to convert
the stationary reference frame (α−β) in the dynamic reference
(d− q). This matrix is given by:

Tdq =

[
cos (δr) −sin (δr)
sin (δr) cos (δr)

]
(2)

where δr is the rotor angular position referred to the stator.

III. THE MACHINE MODELING

It is feasible to model the machine by using an state-space
representation, based on the VSD analysis and the dynamic
reference conversion. This model is associated by:

d

dt
Xαβxy = AXαβxy + BUαβxy

Yαβxy = CXαβxy

(3)

where Uαβxy =
[
uαs uβs uxs uys 0 0

]T
stands for the input vector of the system,
Xαβxy =

[
iαs iβs ixs iys iαr iβr

]T
denotes the

state vector, Yαβxy =
[
iαs iβs ixs iys 0 0

]T
indicates the output vector and A, B and C are matrices that
define the dynamics of the electrical drive.

The mechanical section of the electrical drive is defined by
the following equations:

Te = 3P (ψαsiβs − ψβsiαs) (4)

Ji
d

dt
ωr +Biωr = P (Te − TL) (5)

where ωr is the rotor angular speed, Te is the generated torque,
TL denotes the load torque, Bi the friction coefficient, ψαs
and ψβs the stator fluxes, Ji the inertia coefficient and P the
number of pairs of poles.



IV. PROPOSED PREDICTIVE MODEL

By considering the mathematical model expressed by (3)
and using the state-space variables defined by the vector
Xαβxy , we can determine the following group of equations:

d

dt
(x1) = −Rsc2x1 + c4 (Lmωrx2 +Rrx5 + Lrωrx6)

+ c2u1
d

dt
(x2) = −Rsc2x2 + c4 (−Lmωrx1 − Lrωrx5 +Rrx6)

+ c2u2
d

dt
(x3) = −Rsc3x3 + c3u3

d

dt
(x4) = −Rsc3x4 + c3u4

d

dt
(x5) = −Rsc4x1 + c5 (−Lmωrx2 −Rrx5 − Lrωrx6)

− c4u1
d

dt
(x6) = −Rsc4x2 + c5 (Lmωrx1 + Lrωrx5 −Rrx6)

− c4u2
(6)

where Rs, Rr, Lm, Ls = Lls + Lm and Lr = Llr + Lm are
the electrical parameters of the DTPIM and the coefficients ci
for i = 1, . . . , 5, are defined as c1 = LsLr − L2

m, c2 = Lr

c1
,

c3 = 1
Lls

, c4 = Lm

c1
and c5 = Ls

c1
, while the input vector

corresponds to the voltages applied to the stator u1 = vαs,
u2 = vβs, u3 = vxs, u4 = vys and the state vector corresponds
to the DPTIM currents x1 = iαs, x2 = iβs, x3 = ixs, x4 =
iys, x5 = iαr and x6 = iβr.

Stator voltages are defined from the input control signals by
means of the inverter model. So, the simplest model, used for
isolated neutral configuration, has been considered in order to
obtain a fast optimization process. Given that the gating signals
are arranged in the vector S = [Sa, Sb, Sc, Sd, Se, Sf ], we
can obtain the stator voltages from:

M =
1

3
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· ST (7)

An ideal inverter converts gating signals into stator voltages
which are projected to (α−β) and (x−y) subspaces and joined
in a row vector Uαβxy defined as:

Uαβxy = [uαs uβs uxs uys 0 0]
T
= V dc ·M ·T (8)

where V dc is the dc link voltage and the superscript (T )
indicates a transposed matrix. By using the rotational trans-
formation (2) to the (α− β) components, we get:

Udq = [uds uqs]
T
= Tdq ·

[
uαs
uβs

]
(9)

By gathering the equations (6)-(9) a nonlinear group of
equations appears which can be spelled in the state space
representation:

Ẋ(t) = f
(
X(t), U(t)

)

Y(t) = CX(t)

(10)

where the state vector is defined as X(t) =

[x1, x2, x3, x4, x5, x6]
T , the input vector as

U(t) = [u1, u2, u3, u4], and Y(t) = [x1, x2, x3, x4]
T

as the output vector. The parts of the vectorial function f
and the matrix C are obtained through a straightforward
way from (6) and the state and output vector definitions.
The model (10) needs to be discretized so it can be used by
the predictive controller. A forward Euler method is selected
to maintain a low computational cost. For this reason, the
obtained equations will have the required digital control form,
with predicted variables depending only on the past values
and not on present ones of the variables. So, a prediction of
the next-sample state X̂[k+1|k] can be expressed as:

X̂[k+1|k] = X[k] + Tmf
(
X[k], U[k], ωr[k]

)
(11)

where Tm is the sampling time and [k] is the present sample.

A. Reduced order estimators

In the state space representation (10), only the stator volt-
ages, currents and the mechanical speed can be measured. The
stator voltages are very easy to predict from the switching
commands generated from the VSI. However, the rotor cur-
rents cannot be directly measured. This predicament can be
surpassed through the estimation of the rotor currents by using
the reduced order estimators. The reduced order estimators
prepare an estimation for only the unmeasured portion of the
state vector, so, the evolution of states can be spelled as:


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where Xa = [iαsiβs]
T , Xb = [ixsiys]

T , Xc = [iαriβr]
T ,

Uαβs = [UαsUβs]
T , Uxys = [UxsUys]

T , A and B are
matrices which are dependent on the electrical parameters of
the DTPIM and the sampling time Tm. Matrix [A] is also
dependable on the present value of ωr[k], which is calculated
every sampling time [9].



B. Rotor current estimation based on Kalman filters
The KF design considers uncorrelated process and zero-

mean Gaussian measurement noises, so the systems equations
can be defined as:

X̂[k+1] = AX[k] + BU[k] + H$[k] (14)

Y[k+1] = CX[k+1] + ν[k+1] (15)

being ν[k+1] the measurement noise, H the noise weight
matrix and $[k] the process noise.

The dynamics of the KF can be written as follows:

X̂c[k+1|k] = (A33 −K[k]A13)X̂c[k] + K[k]Y[k+1] +

(A31 −K[k]A11)Y[k] + (B3 −K[k]B1)Uαβs[k] (16)

where K[k] is the KF gain matrix which is obtained from the
covariances of the process and measurement noises for each
sampling time in a recursive manner as:

K[k] = Γ[k] ·CT R̂−1ν (17)

where Γ[k] is the covariance of the new estimation, that it’s
determined as a function of the old covariance estimation
(ϕ[k]) as shown:

Γ[k] = ϕ[k]−ϕ[k] ·CT (C ·ϕ[k] ·CT + R̂ν)
−1 ·C ·ϕ[k] (18)

From the state space equation, that includes the process
noise, it’s possible to obtain a correction of the estimated state
covariance as follows:

ϕ[k+1] = AΓ[k] ·AT + HQ̂$ ·HT (19)

These equations are the required relations in order to get the
optimal state estimation using KF with PCC. So, K[k] provides
minimum estimation errors, by knowing the measurement
noise magnitude (R̂ν), the process noise magnitude (Q̂$) and
(ϕ[0]) being the covariance initial condition.

This design of the KF, in terms of a robust covariance
estimation, isn’t the goal of our work, that is mainly set in a
concept analysis of the speed sensorless technique. In our case,
the KF gains will be adjusted based on a heuristic method.
After all, it can be assumed that the estimated rotor states will
provide sub-optimal results, which could get better by using
more proper KF design methods.

C. The speed observer
After obtaining the unmeasurable rotor state values, the

speed can be calculated from the dynamic equation which
defines the mechanical section of the electrical drive (4) and
(5) by using the Euler forward method. So the estimated speed
can be obtained from the discrete equation which follows:

ω̂r[k+1] =
TmP

Ji
(Te[k] − TL[k]) + (1− TmBi

Ji
)ω̂r[k] (20)

where it’s taken ωr[0] = 0, TL[0] = 0 and the unmeasured
rotor states iαβr[0] = 0.

D. Cost function
The cost function must include all the terms which have to

be optimized. In PCC the most important term is the tracking
error generated in the predicted stator currents for the next
sample. In order to minimize its error in each sample k it’s
necessary to apply a simple equation such as:

J[k+2|k] =êiαs[k+2] + êiβs[k+2] + λxy
(
êixs[k+2] + êiys[k+2]

)

êiαs[k+2] =‖ i∗αs[k+2] − îαs[k+2] ‖2

êiβs[k+2] =‖ i∗βs[k+2] − îβs[k+2] ‖2

êixs[k+2] =‖ i∗xs[k+2] − îxs[k+2] ‖2

êiys[k+2] =‖ i∗ys[k+2] − îys[k+2] ‖2
(21)

where ‖ . ‖ represents the vector magnitude, i∗s[k+2] is a vector
which contains the stator currents references and îs[k+2] is
a vector that defines the based predictions on the next state
(including the delay compensation and control effort). More
complex cost functions can be arranged to reduce the VSI
losses and/or the harmonic distortion [12]–[15].

E. The optimizer
The proposed predictive model needs to include all 64

possibilities run to consider all possible voltage vectors. But,
in Fig. 2 shows the redundancy of the switching space vectors
by showing only 49 different vectors (48 active and 1 null).
This consideration is commonly considered as the optimal
solution. Now, for a generic multiphase machine, where g is
the phase number and ε is the search vector space (49 for the
DTPIM), the proposed optimization algorithm generates the
optimal switching signal set Sopt, and it’s shown as follows:

Algorithm 1 Proposed optimization algorithm

1. comment: Algorithm initial values.
2. Jo :=∞, i := 1
3. while i ≤ ε do
4. Si ← Si,j ∀ j = 1, ..., g
5. comment: Stator voltages calculation. Eqn. 8.
6. Uαβxys = [uαs uβs uxs uys 0 0]

T
= V dc ·M ·T

7. comment: Calculate the prediction of the measurement
stator current states, considering Xb[0] = 0.
8. Xa[k+1] = A11Xa[k] + B1Uαβs + A12Xb[k]

9. comment: Minimize the cost function. Eqn. 21.
10. J[k+2|k] = êiαs[k+2] + êiβs[k+2] +
λxy

(
êixs[k+2] + êiys[k+2]

)

11. if J < Jo then
12. Jo ← J , Sopt ← Si
13. end if
14. i := i+ 1
15. end while
16. comment: Calculate the prediction of the unmeasurable
rotor current states. Eqn. 16.
17. X̂b[k+1|k] = (A22 − K[k]A12)X̂b[k] + K[k]Y[k+1] +
(A21 −K[k]A11)Y[k] + (B2 −K[k]B1)Uαβs[k]
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Fig. 3. Block diagram of the proposed speed sensorless control method for the DTPIM.

F. Proposed predictive current control technique

By analyzing the inner loop of the current predictive control,
we consider a conventional predictive control which avoids
the use of lineal controllers such as proportional-integer (PI)
controllers and modulation methods since a single switching
vector is selected during the whole switching period. This pro-
cess is similar to original DTC techniques and ends having a
variable switching frequency. The proposed predictive control
method executes the control actions by solving an optimization
problem for every sample time. A mathematical model of the
real system, which is the DTPIM, is used to estimate its output.
This estimation is accomplished for every possible output, or
switching voltage vector, of the six-phase VSI to detect which
one reduces a pre-selected cost function, and thus, the model of
the DTPIM, also named as predictive model, must be used by
considering all the 49 possible voltage vectors in the six-phase
VSI. But since the rotor currents can not be measured directly,
it need to be calculated by using a KF. The absolute stator
current error, in the (α− β) subspace for the next sampling
time, is currently used for computational cost reduction. For
this case, the cost function J[k+2|k] is determined as (21),
where i∗αs[k+1] and i∗βs[k+1] are the stator reference currents
and iαs[k+2] and iβ[k+2] are the predicted stator currents that
are computationally calculated by using the predictive model.
A proportional integral (PI) controller with a saturator is
selected for the speed sensorless control loop, which consists
on the indirect vector control method because of its simplicity.
In the indirect vector control method, the PI speed controller
is used to obtain the dynamic reference current i∗qs. The
current reference, used by the proposed predictive model, are
generated from the electric angle estimation used to transform
the current reference, originally in the dynamic reference
frame (d−q), to the (α− β) subspace. The estimation process
of the slip frequency (ωsl) is executed in the same way as
the Indirect Field Orientation techniques, from the electrical
parameters of the DTPIM (Lr, Rr) and the reference currents

TABLE I
MECHANICAL AND ELECTRICAL PARAMETERS OF THE DTPIM

PARAMETER SYMBOL VALUE UNIT

Rotor resistance Rr 0.63 Ω
Stator resistance Rs 0.62 Ω
Magnetizing inductance Lm 199.8 mH
Rotor inductance Lr 203.3 mH
Stator leakage inductance Lls 6.4 mH
Stator inductance Ls 206.2 mH
Pairs of poles P 3 −
System inertia Ji 0.27 kg.m2

Friction coefficient Bi 0.012 kg.m2/s
Nominal frequency fa 50 Hz
Electrical power Pw 15 kW

in the dynamic reference frame (i∗ds, i
∗
qs). Finally, using the

rotor current estimated, the stator current measured and the
load torque measured from the induction machine we can
estimate the speed of the machine. A block diagram of the
proposed speed sensorless control method for the DTPIM
electrical drive is shown in Fig. 3.

V. SIMULATION RESULTS

A MATLAB/Simulink simulation program has been de-
signed for the VSI connected to the DTPIM, and results
have shown the efficiency of the proposed speed sensorless
predictive control algorithm. A numerical integration defined
by the first order Euler’s discretization method has been
selected to compute the prediction of the state space variables
for every sample in the time domain. Table I shows the
mechanical and electrical parameters for the DTPIM.

The efficiency of the proposed speed sensorless predictive
control technique for the DTPIM has been tested, under load
torque conditions. For every case, it’s selected a sampling
frequency of 10 kHz. In Fig. 4 we show the obtained results
for a variable speed reference [180, 220, -220, -180] rpm,
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Fig. 4. Simulation results for a variable speed reference condition.

considering a fixed dynamic reference current (i∗ds = 1 A).
The subscripts (α − β) represent the values in the (α − β)
subspace regarding the stator currents. The calculated speed
is fedback into the closed loop which is regulated by a PI
controller as shown in Fig. 3. Besides, it can be appreciated
from Fig. 4 (zoom), the phases changing by the stator currents
in the (α−β) subspace, caused by the rotation of the DTPIM
being reversed. Under these conditions, the mean squared error
(MSE) in the current tracking and speed are 9 mA, 11.6 mA
and 0.53 rpm, respectively.

In Fig. 5 is demonstrated a variable load torque condition
response [15, 30, -30, -15] N·m, and the rotor currents
evolution (measured and estimated) in the (α − β) subspace.
In this figure, we can see the amplitude behavior of the rotor
currents varying because of the load torque TL applied to the
DTPIM. The observed rotor currents values are very close to
real values in these test conditions, considering that the MSE
is 98 mA and 99 mA for iαr and iβr, respectively.

VI. CONCLUSION

In this paper, the electrical propulsion drive of EVs based
in a sensorless speed control method of a DTPIM using an
current inner loop based on the MPC technique is proposed.
The MPC is designed through a state-space representation,
where the stator and rotor currents are defined as state space
variables. The rotor currents are calculated by using a KF. The
theoretical analysis of the controller has been verified through
simulation results. The technique prevents the use of a speed
sensor and has shown its efficiency even when considering
that the DTPIM is being operated under different speeds and
load torque values.
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Abstract—Multiphase self-excited induction generators have
recently become more interesting due to its advantages com-
pared to its equivalent three-phase generator such as post-fault
operations and lower torque ripple. However, as an induction
generator, it has some disadvantages regarding poor voltage and
frequency regulation under varying load and speed regimes. A
steady state analysis is fundamental to comprehend the machine’s
behavior. For a more precise modeling, it is considered a non-
linear variation of the magnetizing inductance. This paper
presents a detailed mathematical model and analysis of the
dual three-phase self-excited induction generator for wind energy
conversion systems connected to different loads. Simulation
results are provided to show the behavior of the machine and its
build up voltage through different conditions.

Index Terms—Magnetizing inductance, minimum capacitance,
multiphase machines, renewable energy, self-excited induction
generator.

NOMENCLATURE

DTP Dual three-phase.
SEIG Self-excited induction generators.
VSC Voltage source converters.
WECS Wind energy conversion systems.

I. INTRODUCTION

Renewable energy systems using small-hydro and wind
power are active areas of research. Three-phase induction
generators are mainly employed in such systems because of
their reliability, low cost, simple construction, ruggedness and
low maintenance [1]. However, it is inconvenient to apply for
high power generation as it fails to operate with fault on one
or more phases on stator. It also produces a notorious torque
ripple with high amplitude and low frequency and a high
mechanical vibration [1], [2]. Thus, the interest in multiphase
machines has risen due to intrinsic features such as lower
torque ripple, power splitting or better fault tolerance than
three-phase machines. Current research works and develop-
ments support the prospect of future more widespread appli-
cations of multiphase machines [2]. In industrial applications,
any multiphase machine would be operated under variable-
speed conditions, meaning that a multiphase power electronic
converter is required [3]. At the same time, multiphase genera-
tion systems appear in renewable applications in recent times,

particularly in stand-alone and grid-connected WECS [4].
Among the most common generations systems, WECS are
increasingly becoming more cost competitive comparing to all
the environmentally safe and clean renewable energy sources.
Fixed speed WECS have gained much popularity among the
manufacturers and developers in this field mainly due to
the fact that fixed speed wind turbines uses a squirrel cage
induction generator [5]. The design of larger wind turbines
and reliability requirements match the features of multiphase
machines due to their capability to split power and provide
fault tolerance. The most investigated option has been the use
of DTP SEIG connected by two-level VSCs [6]. SEIGs are
a good option for WECS especially in remote areas, because
they do not need any external source of power supply to pro-
duce the required excitation magnetic field. Permanent magnet
generators may also be used for wind energy applications,
however, the generated voltage increases linearly with the
wind turbine speed. SEIG can cope with a small increase
in speed from their rated value because, due to saturation,
the increasing rate of the generated voltage is not linear with
the mechanical speed [7]. Understanding the voltage terminal
build up process of SEIG and its performance under steady
state and dynamic condition, it becomes a fundamental step to-
ward the development of more efficient and competitive SEIG
technology [5], [7]. For a SEIG, the external elements that
can modify the voltage profile are the mechanical speed, the
terminal capacitance and the connected load impedance [8],
[9]. In this work, the SEIG is analyzed with several types of
loads (no load, a resistive load and a RL load).

This paper presents a mathematical model and analysis of
a DTP SEIG for WECS. The voltage build up process and
the behavior through different loads is analyzed by using the
MATLAB/Simulink program. The modeling is tested under
different conditions.

This work is organized as follows: Section II analyzes the
mathematical model of the DTP SEIG. Section III details
the magnetizing inductance behavior and the self-excitation
process. Simulation results are provided in Section IV, showing
the output voltage under different conditions. The conclusions
are finally summarized in the last section.



II. SELF EXCITED INDUCTION GENERATOR MODEL

The mathematical model of the DTP SEIG is very similar
to the DTP induction motor. However, the DTP SEIG has
a capacitor bank connected to its terminals, which has to be
considered in this model. Besides, in this case, the rotor speed,
provided by the turbine, is considered as an input, unlike the
motor case [10], [11].

In order to analyze the mathematical model of the
DTP SEIG, first it is necessary to convert the six-phase
(a-b-c-d-e-f ) to a (α-β)-(x-y)-(z1-z2) model using Clark’s
transformation proposed in [12].

In this section, it is presented the mathematical model in
the (α-β)-(x-y) stationary frame to study both transient and
steady state behaviors during the voltage build up process, the
modeling of excitation system with a RL load. The equivalent
electric circuit of a DTP SEIG is shown in Fig 1.

From Fig 1, we have Cαs, Cβs and Cxys, Cz1z2s which
are capacitances from the (α-β), (x-y) and (z1-z2) sub-space
respectively. Rs and Rr are resistances from the stator and ro-
tor. Lls and Llr are dispersion inductances from the stator and
rotor. Lm is the magnetizing inductance, ωr is the electrical
speed of the motor. λαr and λβr are rotor flux linkages from
(α-β) sub-space. Iαs and Iαr are stator and rotor currents from
α sub-space. Iβs and Iβr are stator and rotor currents from β
sub-space. Imα and Imβ are magnetizing currents from (α-β)
sub-space. Ixys and Iz1z2s are stator currents from (x-y) and
(z1-z2) sub-spaces.

For two isolated neutrals configuration, both (z1-z2) cu-
rrents cannot flow, so the components of the (z1-z2) sub-space
can be ignored [13].

(a)

(b)

(c)

Fig. 1. Equivalent circuit of the DTP SEIG in: (a) α sub-space; (b) β sub-
space; (c) (x-y) and (z1-z2) sub-space.

The equations, which describe the circuits representing the
DTP SEIG, are based on the equilibrium equation of voltage:

Vcαs +RsIαs +
d

dt
λαs = 0

RrIαr − ωrλβr +
d

dt
λαr = 0

Vcβs +RsIβs +
d

dt
λβs = 0

RrIβr + ωrλαr +
d

dt
λβr = 0

(1)

where d
dt is the differential operator and Vcαs and Vcβs are

the capacitor voltages, which are:

Vcαs = 1
Cαs

∫
Iαs dt+ Vcαs0

Vcβs = 1
Cβs

∫
Iβs dt+ Vcβs0

(2)

where Vcαs0 = Vcαs|t=0 and Vcβs0 = Vcβs|t=0 are the initial
capacitor voltages. Stator windings flow links are related to
the stator and rotor currents by:

λαs = LsIαs + LmIαr
λβs = LsIβs + LmIβr

(3)

and the rotor windings flow links are given by:

λαr = LrIαr + LmIαs + λαr0
λβr = LrIβr + LmIβs + λβr0

(4)

where λαr0 and λβr0 are the links residual flow in (α-β) sub-
space. Ls and Lr are the inductances of the stator and rotor
windings, respectively, and are given by:

Ls = Lls + Lm
Lr = Llr + Lm

(5)

ωr, λαr and λβr produce a rotational voltage, so, this is
equivalent to these equations:

ωrλαr = ωr(LrIαr + LmIαs + λαr0)
ωrλαr = ωr(LrIαr + LmIαs) +Kβr

ωrλβr = ωr(LrIβr + LmIβs + λβr0)
ωrλβr = ωr(LrIβr + LmIβs) +Kαr

(6)

where Kαr = ωrλαr0 and Kβr = ωrλβr0 are induced initial
voltages caused by the residual magnetic flux in the (α-β)
sub-space.

By replacing (3) and (6) in (1), it is obtained the group
of equations which describe the DTP SEIG in the stationary
reference frame. Thus we have:



Vcαs +RsIαs + Ls
d

dt
Iαs + Lm

d

dt
Iαr = 0

Vcβs +RsIβs + Ls
d

dt
Iβs + Lm

d

dt
Iβr = 0

−Kαr − ωrLmIβs +RrIαr − ωrLrIβr
+ Lm

d

dt
Iαs + Lr

d

dt
Iαr = 0

Kβr + ωrLmIαs +RrIβr + ωrLrIαr

+ Lm
d

dt
Iβs + Lr

d

dt
Iβr = 0

(7)

Eq. (7) can be written with a matrix form:




0
0
0
0


 =




Rs 0 0 0
0 Rs 0 0
0 −ωrLm Rr −ωrLr

ωrLm 0 ωrLr Rr







Iαs
Iβs
Iαr
Iβr


+




Ls 0 Lm 0
0 Ls 0 Lm
Lm 0 Lr 0
0 Lm 0 Lr







İαs
İβs
İαr
İβr


+




Vcαs
Vcβs
−Kαr

Kβr




(8)

From (8), clearing the derivatives of currents we obtain the
simulation model for the DTP SEIG. In this way we get:




İαs
İβs
İαr
İβr


 = 1

Laux




Ls 0 −Lm 0
0 Ls 0 −Lm
−Lm 0 Lr 0

0 −Lm 0 Lr




{

−




Rs 0 0 0
0 Rs 0 0
0 −ωrLm Rr −ωrLr

ωrLm 0 ωrLr Rr







Iαs
Iβs
Iαr
Iβr


+




−Vcαs
−Vcβs
Kαr

−Kβr




}

(9)
where:

Laux = LsLr − L2
m (10)

which is obtained by clearing from Eq. (8).
For a resistive-inductive load (RL) the components of

differential load voltage equations can be written as:

dVαL
dt

=
1

Cαs
IαCαs

dVβL
dt

=
1

Cβs
IβCβs

(11)

where IαCαs = Iαs − IαL and IβCβs = Iβs − IβL.
The components of differential load current equations can

be written as:

dIαL
dt

=
1

LL
(VαL −RLIαL)

dIβL
dt

=
1

LL
(VβL −RLIβL)

(12)

The mechanical part of the electrical drive is given by the
following equations:

Tg = 3P (λαsIβs − λβsIαs) (13)

J
d

dt
ωr +Bωr = P (Ti − Tg) (14)

where Ti denotes the input torque, Tg is the generated torque,
J the inertia coefficient, P the number of pairs of poles and
B the friction coefficient.

The equations in (x-y) sub-space do not link to the rotor
side and consequently do not contribute to the air-gap flux,
nonetheless, they are an important source of energy losses.
These equations can be written as:

[
Vcxs
Vcys

]
=

[
Lls 0
0 Lls

]
d

dt

[
Icxs
Icys

]
+

[
Rs 0
0 Rs

] [
Icxs
Icys

]
(15)

As mentioned before, (9)-(15) represent the simulation
model for the DTP SEIG.

III. MAGNETIZING INDUCTANCE AND SELF-EXCITATION
PROCESS ANALYSIS

The variation of the magnetizing inductance is the main
factor in the dynamics of the voltage build up and stabilization
in DTP SEIGs. The relationship between the magnetizing
inductance Lm and magnetizing current Im is obtained ex-
perimentally from open-circuit test at synchronous speed with
the DTP SEIG parameters listed in Table I.

The magnetizing inductance curve as function of the mag-
netizing current is given in Fig. 2 and it is a nonlinear function,
which can be represented by a four order polynominal curve
fit, obtained through the MATLAB/Simulink software. The
experimental setup details can be found in [10].
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Fig. 2. Magnetizing inductance curve related to the magnetizing current.
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Fig. 3. Block diagram of a DTP SEIG for WECS.

Lm = −0.0667I4m+0.5901I3m−1.93I2m+2.7304Im−1.1774
(16)

where the measured magnetizing current is:

Im =

√
I2mα + I2mβ√

2
(17)

where Imα = Iαs + Iαr and Imβ = Iβs + Iβr
The DTP SEIG requires a minimal value for the mechan-

ical rotor speed and the capacitance connected to the stator
terminals of the DTP SEIG. An effective way to obtain it for
the self-exciting process is through the next equation:

Cmin =
1

P 2ω2
rmM

≈ 51µF (18)

where ωrm is the mechanical rotor speed in rad/s and M is
the magnetizing inductance to an average voltage in mH.

TABLE I
PARAMETERS OF THE DTP SEIG

PARAMETER SYMBOL VALUE UNIT

Stator resistance Rs 0.62 Ω
Rotor resistance Rr 0.63 Ω
Stator leakage inductance Lls 6.4 mH
Stator inductance Ls 206.2 mH
Rotor leakage inductance Llr 3.5 mH
Rotor inductance Lr 203.3 mH
Magnetizing inductance (average) M 199.8 mH
System inertia J 0.27 kg.m2

Pairs of poles P 3 −
Friction coefficient B 0.012 kg.m2/s
Nominal frequency fa 50 Hz
Electrical power Pw 15 kW

IV. SIMULATION RESULTS

MATLAB/Simulink simulation environment has been de-
signed for the DTP SEIG. Simulation tests have been per-
formed to show the behavior of the mathematical model
of the DTP SEIG. Numerical integration using the Euler’s
discretization method algorithm with an integration time of
1µs has been applied to compute the build up process in the
time domain. A block diagram of a DTP SEIG for WECS is
provided in Fig. 3.

Fig. 4 shows the inducted voltage from the DTP SEIG with
no load. It is considered a capacitor bank of 67µF and a
constant mechanical rotor speed of ωrm = 1000 rpm.

The build up process of the generated voltage is successful,
as the amount of reactive power produced from the excitation
capacitor is sufficient for the DTP SEIG excitation process to
become stable.
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Fig. 4. Output voltage of the DTP SEIG with no load.



(a) (b)

Fig. 5. Output voltage of the DTP SEIG with no load when the self-excitation has failed, (a) Cαs = Cβs = 40µF ; (b) ωr = 772.5 rpm.
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Fig. 6. Output voltage of the DTP SEIG with load, (a) RL = 10 Ω; (b) RL = 50 Ω.

It is demonstrated in Fig. 5(a) the negative effect of using a
capacitor bank of capacitance lower than the minimal calcu-
lated on (18), the amount of the reactive power produced from
the excitation capacitor bank is insufficient to the excitation
process. For this case, it was used a constant mechanical
rotor speed of 1000 rpm with no load. It can be obtained
a successful excitation process by increasing the mechanical
rotor speed to compensate the decreasing of the capacitance.
Fig. 5(b) shows the output of the DTP SEIG by using a lower
mechanical rotor speed, obtaining an unsuccessful build up
process. This is because the mean value of the mechanical
rotor speed is insufficient to excite the DTP SEIG, as the
output voltage will not stabilize, for this test, it was used a
excitation capacitance of 67µF with no load. Just as the last
test, it could be obtained a successful excitation process, this
time, by increasing the capacitance in order to compensate the
reduced mechanical rotor speed. In Fig. 6(a) it can be observed
that the R load, connected at t = 2.5 s, did not allowed the
self-excitation process to become successful. This is caused

by the current generated through the load, the amount needed
for the DTP SEIG is more than it can produce. However,
in Fig. 6(b), the R load connected to the dual-three phase
SEIG requires lower current, so the self-excitation process is
successful. Fig. 7(a) shows a build up process of the generated
voltage through a RL load, connected at t = 2.5 s, particularly
for RL = 6.7 Ω and LL = 654.4 mH. It can be seen that the
self-excitation process is successful. As for Fig. 7(b), the test
consisted in reducing the mechanical rotor speed to 90 % of
its nominal value at t = 3 seconds, and it can be concluded
that the self-excitation process for this particular RL load
is insufficient. Then ωr is augmented to its nominal value
100π rad/s at t = 5.5 s, and the self-excitation process is
stabilized.

Through a power converter it is possible to connect to DC
loads, or through a voltage source inverter for AC multiphase
loads of different number of phases, such as five-phase motors,
as shown in [14]–[16] or through a matrix converter to
different AC loads in [17].
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Fig. 7. Output voltage of the DTP SEIG with RL load, (a) ωr constant; (b) ωr variable.

V. CONCLUSION

In this paper, the model of the DTP SEIG in the (α-β)-
(x-y) sub-spaces is presented. Since the output voltage and
frequency depend on several variables such as: the mechan-
ical rotor speed, the excitation capacitor and the connected
load, it is important to perform the steady-state analysis in
order to observe its behavior under different conditions. The
results have shown that the capacitance of the excitation
capacitor must be precisely calculated in order to obtain a
successful build up process of the DTP SEIG. The output
voltage magnitude depends of the variation of the mechanical
rotor speed, where decreasing the rotor speed will lead to
decrease the output voltage. This demonstrates the voltage
regulation problem of the DTP SEIG when it is used for wind
application (rotor speed varying with wind speed varying).
The output build up voltage process also follows the variation
of the magnetizing inductance. The relationship between the
magnetizing inductance and the magnetizing current needs to
be obtained experimentally to obtain a very precise model of
the DTP SEIG. At last, the load current is another factor which
could affect the self-excitation process, so it is important to
know the load limits the DTP SEIG can operate to guarantee
a successful self-excitation process.
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Predictive Control at Fixed Switching Frequency for
a Dual Three-Phase Induction Machine with

Kalman Filter-Based Rotor Estimator
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Abstract—Classic finite-set model predictive control techniques
are distinguished by a variable switching frequency which causes
noise, large voltage and current ripple. This paper presents
an enhanced predictive current control technique with fixed
switching frequency applied to the six-phase drives and a Kalman
Filter estimator. Simulation results are provided to show the
efficiency of the current control algorithm using the mean square
error and total harmonic distortion as a figures of merit, thus
concluding that the system can work properly with this enhanced
technique.

Index Terms—Multiphase machine, predictive current control,
fixed switching frequency, Kalman filter.

I. INTRODUCTION

RECENTLY, the interest in multiphase machines has
risen due to intrinsic features such as lower torque

ripple, power splitting or better fault tolerance than three-
phase machines. Current research works and developments
support the prospect of future more widespread applications
of multiphase machines [1]. In industrial applications, any
multiphase machine would be operated under variable-speed
conditions, meaning that a multiphase power electronic con-
verter is required [2].

Due to technological advances and the emergence of faster
microcontrollers with capability of more powerful calcula-
tions, the implementation of nonlinear and complex con-
trol techniques, such as sliding mode control, fuzzy control,
adaptive control, and predictive control, has become more
promising [3]. In the last years, predictive control has gained
greater interest because of some distinct properties such as
intrinsic decoupling characteristics, fast dynamic response and
high bandwidth [4]. Model predictive control (MPC) is very
intuitive and easy to implement, however, this control strategy
provides a variable switching frequency. A 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 as well as large
current and voltage ripples. On the other hand, the variable
switching frequency produces a spread spectrum, decreasing
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the performance of the system in terms of power quality [5].Fi-
nite State (FS)-MPC uses a suitable modulation scheme in the
cost function minimization of the predictive algorithm for a
selected number of switching states to generate the duty cycles
for 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 [6].

This paper proposes a predictive-fixed switching frequency
technique for current control of a dual three-phase induction
machine (DTPIM) and a reduced order estimator based on a
Kalman filter (KF) to estimate the rotor current. The efficiency
of the proposed algorithm is analyzed by using the mean
square error (MSE) and the total harmonic distortion (THD)
as a figures of merit. The proposed technique is tested for
different current reference frequencies.

This paper is organized as follows. Section II describes
the DTPIM drive and presents the mathematical model of
the DTPIM. Section III details the predictive model with
the current control with rotor current estimator based on KF
and presents the proposed FS-MPC method for the DTPIM.
Simulation results are provided in Section IV, showing the
efficiency obtained by the current tracking. The conclusions
are summarized in the last section.

II. THE DUAL THREE-PHASE INDUCTION MACHINE DRIVE

The system under study consists of a DTPIM fed by a six-
phase voltage source inverter (VSI) and a dc-link. A detailed
scheme of the drive is provided in Fig. 1.

Fig. 1. A general scheme of a dual three-phase induction machine.



2

This DTPIM is a continuous system which can be described
by a set of differential equations. The model of the system
can be simplified by means of the vector space decompo-
sition (VSD). By applying this technique, the original six-
dimensional space of the machine is transformed into three
two-dimensional orthogonal subspaces in the stationary refer-
ence frame (α−β), (x−y) and (z1−z2). This transformation
is obtained by means of 6 x 6 transformation matrix:

T =
1

3



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β
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(1)

where an amplitude invariant criterion was used.
The VSI has a discrete nature, it has a total number of 26 =

64 different switching states defined by six switching functions
corresponding to the six inverter legs [Sa, Sb, Sc, Sd, Se, Sf ],
where Si ∈ {0, 1}. The different switching states and the
voltage of the dc-link (Vdc) define the phase voltages which
can in turn be mapped to the (α−β)−(x−y) space according
to the VSD approach [7].

As it is shown in Fig. 2 the 64 possibilities lead to only 49
different vectors in the (α− β)− (x− y) subspace.

The machine can be modeled by using an state-space
representation, based on the VSD approach and the dynamic
reference transformation. This model is given by:

d

dt
(Xαβxy) = AXαβxy +BUαβxy

Yαβxy = CXαβxy

(2)

where:

Uαβxy =
[
uαs uβs uxs uys 0 0

]T

Xαβxy =
[
iαs iβs ixs iys iαr iβr

]T

Yαβxy =
[
iαs iβs ixs iys 0 0

]T
(3)

being Uαβxy the input vector of the system, Xαβxy the state
vector, Yαβxy indicates the output vector, the superscript (T )
indicates the transposed matrix and A, B and C are matrices
that define the dynamics of the electrical drive.
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Fig. 2. Voltage space vectors and switching states in the (α−β) and (x−y)
subspaces for a dual three-phase VSI.

The mechanical part of the electrical drive is given by the
following equations:

Te = 3P (ψαsiβs − ψβsiαs) (4)

Ji
d

dt
ωr +Biωr = P (Te − TL) (5)

where TL denotes the load torque, Te is the generated torque,
Ji the inertia coefficient, P the number of pairs of poles, ψαs
and ψβs the stator flux, Bi the friction coefficient and ωr is
the rotor angular speed.

III. PROPOSED PREDICTIVE CONTROL METHOD

Assuming the mathematical model expressed by (2) and
using the state variables defined by the vector Xαβxy , we can
define the following set of equations:

d

dt
(x1) = −Rsc2x1 + c4 (Lmωrx2 +Rrx5 + Lrωrx6)

+ c2u1
d

dt
(x2) = −Rsc2x2 + c4 (−Lmωrx1 − Lrωrx5 +Rrx6)

+ c2u2
d

dt
(x3) = −Rsc3x3 + c3u3

d

dt
(x4) = −Rsc3x4 + c3u4

d

dt
(x5) = −Rsc4x1 + c5 (−Lmωrx2 −Rrx5 − Lrωrx6)

− c4u1
d

dt
(x6) = −Rsc4x2 + c5 (Lmωrx1 + Lrωrx5 −Rrx6)

− c4u2
(6)

where Rs, Ls = Lls + Lm, Rr, Lr = Llr + Lm and Lm are
the electrical parameters of the machine. The coefficients ci
for i = 1, . . . , 5, are defined as c1 = LsLr − L2

m, c2 = Lr

c1
,

c3 = 1
Lls

, c4 = Lm

c1
and c5 = Ls

c1
, while the input vector

corresponds to the voltages applied to the stator u1 = vαs,
u2 = vβs, u3 = vxs, u4 = vys and the state vector corresponds
to the DPTIM currents x1 = iαs, x2 = iβs, x3 = ixs, x4 =
iys, x5 = iαr and x6 = iβr.

Stator voltages are related to the input control signals
through the inverter model. In this case, the simplest model has
been considered for the sake of speeding up the optimization
process. Then if the gating signals are arranged in the vector
S = [Sa, Sb, Sc, Sd, Se, Sf ], where the stator voltages can
be obtained from:

M =
1

3




2 0 −1 0 −1 0
0 2 0 −1 0 −1
−1 0 2 0 −1 0
0 −1 0 2 0 −1
−1 0 −1 0 2 0
0 −1 0 −1 0 2



· ST (7)
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An ideal inverter converts gating signals into stator voltages
that can be projected to (α − β) and (x − y) subspaces and
gathered in a row vector Uαβxys computed as:

Uαβxys = [uαs uβs uxs uys 0 0]
T
= Vdc ·T ·M (8)

By combining (6)-(8) a nonlinear set of equations arises that
can be written in state-space form:

d

dt
(X(t)) = f

[
X(t), U(t)

]

Y(t) = CX(t)

(9)

with state vector X(t) = [x1, x2, x3, x4, x5, x6]
T , input

vector U(t) = [u1, u2, u3, u4], and Y(t) = [x1, x2, x3, x4]
T

as the output vector. The components of the vectorial function
f and the matrix C are obtained in a straightforward manner
from (6) and the definitions of state and output vector. Model
(9) must be discretized in order to be of used for the predictive
controller. A forward-Euler method is used to keep a low
computational cost. Due to this fact, the resulting equations
will have the required digital control form, with predicted
variables depending just on past values and not on present
values of the variables. Thus, a prediction of the future next-
sample state X̂[k+1|k] is expressed as:

X̂[k+1|k] = X[k] + Tmf
(
X[k], U[k], ωr[k]

)
(10)

where k is the current sample and Tm the sampling time.

A. Reduced order estimators

In the state-space description (9) only stator currents, volt-
ages and mechanical speed are measured. Stator voltages are
easily predicted from the gating commands issued to the VSI,
rotor current, however, cannot be directly measured. This
difficulty can be overcome by means of estimating the rotor
current using the concept of reduced order estimators.

The reduced order estimators provide an estimate for only
the unmeasured part of the state vector, then, the evolution of
states can be written as:




X̂a[k+1|k]
X̂b[k+1|k]
X̂c[k+1|k]




︸ ︷︷ ︸
[X̂[k+1|k]]

=




A11 A12 A13

A21 A22 A23

A31 A32 A33




︸ ︷︷ ︸
[A]




Xa[k]

Xb[k]

Xc[k]




︸ ︷︷ ︸
[X[k]]

(11)

+




B1

B2

B3



T

︸ ︷︷ ︸
[B]




Uαβs

Uxys

Uαβs




︸ ︷︷ ︸
[Uk]

Y[k] =
[
I I 0

]
︸ ︷︷ ︸

[C]




Xa[k]

Xb[k]

Xc[k]




︸ ︷︷ ︸
[X[k]]

(12)

where Xa = [ iαs iβs ]T , Xb = [ ixs iys ]T ,
Xc = [ iαr iβr ]T , Uαβs = [ Uαs Uβs ]T ,
Uxys = [ Uxs Uys ]T .

B. Rotor state estimation based on Kalman filters

The rotor currents’s estimation is a complex problem that
has been recently solved using different methods [8], [9],
being KF-based estimator the best choice, which considers
uncorrelated process and zero-mean Gaussian measurement
noises, thus the systems equations can be written as:

X̂[k+1|k] = AX[k] +BU[k] +H$[k] (13)

Y[k+1|k] = CX[k+1] + ν[k+1] (14)

where $[k] is the process noise, H is the noise weight matrix
and ν[k+1] is the measurement noise.

The dynamics of the KF can be written as shown in [8] and
has not been included for the sake of conciseness.

X̂c[k+1|k] = (A33 −K[k]A13)X̂c[k] +K[k]Y[k+1] +

(A31 −K[k]A11)Y[k] + (B3 −K[k]B1)Uαβs[k] (15)

where K is the KF gain matrix which is calculated from the
covariance of the noises at each sampling time.

C. Cost function

The cost function should include all terms to be optimized.
In current control the most important figure is the tracking
error in the predicted stator currents for the next sample. To
minimize its magnitude for each sample k it suffices to use a
simple expression such as:

J[k+2|k] =êiαs[k+2] + êiβs[k+2] + λxy
(
êixs[k+2] + êiys[k+2]

)

êiαs[k+2] =‖ i∗αs[k+2] − îαs[k+2] ‖2

êiβs[k+2] =‖ i∗βs[k+2] − îβs[k+2] ‖2

êixs[k+2] =‖ i∗xs[k+2] − îxs[k+2] ‖2

êiys[k+2] =‖ i∗ys[k+2] − îys[k+2] ‖2
(16)

where ‖ . ‖ denotes vector magnitude, λxy is a tuning
parameter which gives more redundance to (α−β) subspace,
i∗s[k+2] is a vector containing the reference for the stator
currents and îs[k+2] is a vector containing the predictions based
on the next state (including the delay compensation).

D. Proposed predictive control technique

It is feasible to determine each available vector for the VSI
in the (α− β) plane, which defines 64 sectors (48 different),
which are given by two adjacent vectors, as shown in Fig. 3.

The proposed technique 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 [6]. The cost function, defined by (16), is evaluated
for each case and is the same as the one considered for the
variable frequency predictive method. For example, for sector
I, the first prediction and cost function J1 is evaluated for
vector V4−4 and the second prediction and cost function J2 is
evaluated for vector V6−4. Each prediction is evaluated based
on (6) and the only change is in respect to the calculation of
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Fig. 3. Available sectors for the VSI.

the input vector U. The duty cycles, for the two active vectors,
are calculated by solving the following equations:

d0 = δ
J0

d1 = δ
J1

d2 = δ
J2

(17)

d0 + d1 + d2 = Tm (18)

where d0 correspond to the duty cycle of a zero vector which
is evaluated only one time. By solving (17)-(18) is possible to
obtain the expression for δ and the expressions for the duty
cycles for each vector are given as:

d0 =
TmJ1J2

J0J1 + J1J2 + J0J2
(19)

d1 =
TmJ0J2

J0J1 + J1J2 + J0J2
(20)

d2 =
TmJ0J1

J0J1 + J1J2 + J0J2
(21)

Considering these expressions, the new cost function, which
is evaluated at every sampling time, is defined as:

G[k+2|k] = d1J1 + d2J2 (22)

The two vectors that minimize (22) are selected and applied
to the VSI at the next sampling time. Thus, the proposed
control technique selects the control actions by solving an
optimization problem for each sampling period. A model of
the DTPIM, is used to predict its output. This prediction is
carried out for each possible sector of the six-phase inverter
to determine which one minimizes a defined cost function
represented by (22). Therefore, the model of the real system,
also called predictive model, must be used considering all
possible voltage sectors in the six-phase inverter. Finally, after
obtaining the duty cycles and selecting the optimal two vectors
to be applied, a switching pattern procedure, shown in Fig. 4,
is adopted with the goal of applying the two active vectors
(v1 − v2) and two zero vectors (v0) [10], considering:

T0 = d0 · step
T1 = d1 · step
T2 = d2 · step

(23)

where step is the number of steps in a sample time.
A detailed block diagram of the predictive current con-

trol (PCC) technique for the DTPIM drive is provided in Fig. 5.

Fig. 4. Switching pattern for the optimal vectors.

IV. SIMULATION RESULTS

A MATLAB/Simulink simulation environment has been
designed for the VSI-fed DTPIM. Simulation tests have been
performed to show the efficiency of the PCC technique.
Numerical integration using first order Euler’s method has
been applied to compute the evolution of the state variables in
the time domain. Table I shows the parameters for the DTPIM.

TABLE I
PARAMETERS OF THE DTPIM

PARAMETER SYMBOL VALUE UNIT

Stator resistance Rs 0.62 Ω
Rotor resistance Rr 0.63 Ω
Stator inductance Ls 206.2 mH
Rotor inductance Lr 203.3 mH
Magnetizing inductance Lm 199.8 mH
System inertia Ji 0.27 kg.m2

Pairs of poles P 3 −
Friction coefficient Bi 0.012 kg.m2/s

The cost function defined in (16) with λxy = 0.001, was
used to evaluated the dynamic performance of the PCC and the
estimated noise covariances for $[k] and ν[k+1] were 0.0022.
The efficiency of the PCC has been evaluated, under load
condition of 2 N·m. In all cases, are considered a sampling
frequency of 50 kHz and the number of steps of 20, giving
a total of 1000 ksps. Fig. 6 shows the simulation results for
a current reference with different frequencies, with a fixed
reference current amplitude of 2 A. It is shown the switching
in the VSI, showing the pattern of the modulation technique
and the THD of the measured stator current in different

Minimization of
cost function and

calculation of
duty cycles

KF-based 
rotor current 

estimator

Predictive
model

Dual Three-Phase IM

Measurement 
noise

Process
noise

Switching
Pattern

Fig. 5. Proposed predictive current control technique for the DTPIM.
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Fig. 6. THD analysis of the measured current iαs. Simulation results for current frequency of: (a) 15 Hz; (b) 30 Hz; (c) 50 Hz.

frequencies. Fig. 7 shows the current response with reference
changes. Under these test conditions, MSE and THD in the
current tracking (in steady state) are indicated on Table II.
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Fig. 7. Predictive-fixed switching frequency response with modified reference
at 0.1 s, (a) Step change from 2 A to 4 A; (b) Phase 30◦.

TABLE II
PERFORMANCE ANALYSIS

fe (Hz) MSEα MSEβ THDα (%) THDβ (%)

5 0.082 0.09 1.97 2.17
10 0.082 0.091 2.01 2.19
15 0.083 0.094 1.96 2.19
20 0.081 0.091 2.00 2.16
25 0.082 0.091 1.99 2.18
30 0.082 0.092 1.96 2.18
35 0.081 0.09 1.94 2.15
40 0.081 0.09 2.04 2.20
45 0.082 0.091 1.96 2.15
50 0.082 0.092 1.98 2.16

V. CONCLUSION

In this paper, a predictive-fixed switching frequency tech-
nique for current control in a DTPIM is proposed. The MPC
is designed through a state-space representation, where the
rotor and stator current are the state variables. The theoretical
development of the predictive-fixed switching controller has
been validated through simulation results, which demonstrate

that this is a viable alternative to obtain a great performance
in both steady and transient conditions with a good current
tracking, a reduced ripple and a symmetric use of the switches.
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Abstract—Finite control set model predictive control tech-
niques are mainly distinguished by a variable switching fre-
quency which causes noise, large voltage and current ripples
at low sampling frequency. This paper presents a comparative
study of two enhanced predictive current control techniques
with fixed switching frequency applied to an asymmetrical six-
phase induction motor drive. Simulation results are developed to
demonstrate the efficiency of the two current control algorithms
using the mean squared error and total harmonic distortion as
quality performance indices, thus concluding the advantages and
disadvantages of each technique at steady and transient states.

Index Terms—Fixed switching frequency, model predictive
control, multiphase machine.

NOMENCLATURE

ASIMD Asymmetrical six-phase induction motor drive.
FCS-MPC Finite control set model predictive control.
KF Kalman filter.
LO Luenberger observer.
MPC Model predictive control.
MSE Mean squared error.
PCC Predictive current control.
PWM Pulse width modulation.
THD Total harmonic distortion.
VSD Vector space decomposition.
VSI Voltage source inverter.
M1 First enhanced modulation technique.
M2 Second enhanced modulation technique.

I. INTRODUCTION

The interest and attention of the academic and research
community in multiphase machines have risen due to their
advantages such as fault tolerance or better power splitting
over three-phase ones for industry applications [1]. For that
reason, multiphase drives with its additional number of phases
have been recently proposed for wind generation systems as
well as in electric vehicle propulsion, both under variable
speed conditions [2].

The current control of multiphase machines has been re-
cently extended to more sophisticated control techniques such

as nonlinear control strategies [3]. Among the so-called ad-
vanced control techniques, MPC has gained greater interest
thanks to its optimization capabilities [4]. MPC is also a
very intuitive and easy to implement. However, it provides a
variable switching frequency. In particular, MPC has proven to
offer a very simple and effective alternative to classical control
algorithms with PWM for controlling the electrical flow energy
using power converters [5]. Comparing for example to the
space vector technique, MPC obtains the optimal vectors and
duty cycles, as for space vector the modulator is the one
defining the duty cycles.

When the MPC takes advantages of the discrete nature
of the power converter, it is therefore from the FCS-MPC
category. Thus, the main advantage of FCS-MPC is the
limited number of switching states optimizing its algorithm
and avoiding the use of a modulator. However, the problem
is that the control can only be selected from this finite
number of valid switching states, generating distortion and
also large voltage and current ripples at a high sampling time
(low sampling frequency). The variable switching frequency
produces a spread spectrum, decreasing the performance of
the system in terms of power quality [6].

In [7], a FCS-MPC with a suitable modulation scheme (M1)
in the cost function minimization of the predictive algorithm
is proposed. This method is applied to a two-level 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 VSI using a given switching pattern
to obtain an efficient dynamic of the system. An alternative
method is proposed in [8], where the predictive fixed switching
method (M2) is applied to a five-phase induction motor drive.
In this case, a PWM scheme is combined with the PCC
technique, and a voltage reference that ensures sinusoidal
output voltage in the linear modulation region is imposed.

The main contribution of this paper is the first comparative
study of two enhanced predictive-fixed switching frequency
techniques for current control applied to an ASIMD. The
efficiency of the predictive-fixed current control techniques are

978-1-5090-4281-4/17/$31.00 c©2017IEEE



analyzed and compared by using the MSE and the THD as a
figure of merit. Both techniques are tested for different current
amplitude and frequency references in steady state condition.
There is also a comparative analysis for the dynamic response
as well as for the cost function minimization behavior.

This paper is organized as follows: the ASIMD and its
mathematical model using state-space representation are pre-
sented in Section II. In Section III, the predictive current con-
troller design is shown. The same section is subdivided with
respect of the design of the PCC: rotor current’s estimation,
cost function selection and the description of the two studied
PCC with fixed switching techniques, namely M1 and M2.
The simulation results, i.e. the steady state and transient states
control performance of both M1 and M2 methods, is shown
in Section IV. This paper is concluded with a summary in
Section V.

II. ASIMD AND VSI MATHEMATICAL MODEL

The analyzed system consists of an ASIMD fed by a six-
phase VSI and a dc-link (Vdc). An electrical scheme of the
drive is provided in Fig. 1. This ASIMD is a continuous system
which can be defined by a group of differential equations.
The model of the system can be simplified through the VSD
described in [9]. By applying this technique, the original six-
dimensional space of the machine, represented by its six-
phases (a, b, c, d, e, f ), is converted into three two-dimensional
orthogonal subspaces in the stationary reference frame, namely
(α−β), (x−y) and (z1−z2), by using a transformation matrix
T [7].

a d b e c f

T =
1

3



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


α
β
x
y
z1
z2

(1)

where an amplitude invariant criterion was used.

Fig. 1. A general scheme of an ASIMD fed by a six-phase VSI.

The VSI has a discrete nature, actually it has a total
number of 26 = 64 different switching states defined by
six switching functions corresponding to the six VSI legs
S = [Sa, Sb, Sc, Sd, Se, Sf ], where Si ∈ {0, 1}. The
different switching states and the voltage of the Vdc define the
phase voltages, which can in turn be mapped to the (α − β)
and (x−y) subspaces according to the VSD approach [10]. As
shown in Fig. 2 the 64 possibilities lead to only 49 different
vectors (48 vectors + null vector) in the (α− β) and (x− y)
subspaces. The ASIMD can be modeled by using a state-space
representation, based on the VSD approach and the dynamic
reference transformation. This model is given by:

Ẋ(t) = A(t) X(t) +B(t) U(t) +H$(t) (2)

being U(t) the input vector of the state-space system, X(t)

the state vector, Y(t) the output vector and A(t) and B(t) are
matrices related on the electrical parameters of the ASIMD.
The process noise is represented by $(t) and H is the noise
weight matrix.

Assuming the mathematical model expressed by (2) and
using the state-space variables defined by the vector X(t) =

[x1, x2, x3, x4, x5, x6]
T , we can define the following set of

equations:

ẋ1 = −Rsc2x1 + c4 (Lmωrx2 +Rrx5 + Lrωrx6) + c2u1

ẋ2 = −Rsc2x2 + c4 (−Lmωrx1 − Lrωrx5 +Rrx6) + c2u2

ẋ3 = −Rsc3x3 + c3u3

ẋ4 = −Rsc3x4 + c3u4

ẋ5 = −Rsc4x1 + c5 (−Lmωrx2 −Rrx5 − Lrωrx6)− c4u1
ẋ6 = −Rsc4x2 + c5 (Lmωrx1 + Lrωrx5 −Rrx6)− c4u2

(3)
where Rs, Rr, Lr = Llr + Lm, Ls = Lls + Lm, Lr and Lm
are the electrical parameters of the ASIMD.

The coefficients are defined as c1 = LsLr − L2
m, c2 = Lr

c1
,

c3 = 1
Lls

, c4 = Lm

c1
and c5 = Ls

c1
, while the input vector

corresponds to the applied voltages to the stator u1 = vαs,
u2 = vβs, u3 = vxs, u4 = vys and the state vector corresponds
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Fig. 2. Voltage space vectors and switching states in the (α−β) and (x−y)
subspaces for an ASIMD VSI.



to the ASIMD currents x1 = iαs, x2 = iβs, x3 = ixs, x4 = iys,
x5 = iαr and x6 = iβr.

Stator voltages depend on the input control signals through
the VSI model. In this case, the simplest model has been
considered to achieve a good optimization process. Now, if the
gating signals are arranged in the vector S, the stator voltages
can be obtained from the ideal VSI model M[S] [7].

M[S] =
1

3




2 0 −1 0 −1 0
0 2 0 −1 0 −1
−1 0 2 0 −1 0
0 −1 0 2 0 −1
−1 0 −1 0 2 0
0 −1 0 −1 0 2



ST (4)

An ideal VSI converts gating signals into stator voltages
that can be projected to (α − β) and (x − y) subspaces and
gathered in a row vector U(t) = [u1, u2, u3, u4] computed
as:

U(t) = Vdc TM[S] (5)

By combining (3)-(5) a nonlinear set of equations arises that
can be written in state-space form:

Ẋ(t) = f
(
X(t), U(t), ωr(t)

)
(6)

The output vector, Y(t) = [x1, x2, x3, x4]
T , is:

Y(t) = CX(t) + ν(t) (7)

being the vector C = [1, 1, 1, 1] and ν(t) the measurement
noise.

The mechanical expression of the ASIMD is given by:

Te = 3P (ψαsiβs − ψβsiαs) (8)

Jiω̇r +Biωr = P (Te − TL) (9)

being Bi the friction coefficient, Ji the inertia coefficient, Te
defines the generated torque, TL is the load torque, ωr is the
rotor angular speed, ψαs and ψβs are the stator fluxes, and P
is the number of pairs of poles.

III. PROPOSED PREDICTIVE CONTROL METHOD

The mathematical model of the ASIMD (6) and (7) have
to be discretized so it can be applied for the predictive
controller. A forward-Euler method is selected to keep a low
computational cost. So, the resulting equations will have the
necessary digital control form with predicted variables only
depending on past values of the variables and not on present
values. Thus, a prediction of the future next-sample state
X̂[k+1|k] is expressed as:

X̂[k+1|k] = X[k] + f
(
X[k], U[k], Ts, ωr[k]

)
(10)

where Ts is the sampling time and [k] is the current sample.

A. Reduced Order Estimators

In the state-space representation (3), only the stator cur-
rents, voltages and mechanical speed are measured. The stator
voltages are easily predicted from the switching commands
issued to the VSI. However, the rotor currents cannot be
directly measured. This difficulty can be overcome by means
of estimating the rotor current using the concept of reduced
order estimators. The reduced order estimators calculate an
estimation for only the unmeasured part of the state vector.
This is an important issue which has been recently solved
by the use of LO [11], [12] and KF [13], [14] methods,
being KF-based estimator a better choice due to the observer
gains are optimized for the noise input to the ASIMD and
to the sensors. In LO-based estimator, the gains are not so
optimized and the setting is deterministic [13]. Therefore, KF
is implemented in this paper. Taking into account a zero-mean
Gaussian measurement noises and uncorrelated process, so the
system’s equations can be written as:

X̂[k+1|k] = A[k]X[k] +B[k]U[k] +H$[k] (11)

Y[k+1|k] = CX[k+1] + ν[k+1] (12)

where A[k] and B[k] are described by (13)-(16). Notice that
A[k] is also dependable on the present value of ωr[k] and
consequently must be computed at every sampling period.
A detailed explanation of the dynamics of the KF can be
found in [13], [14] and it was not included in this work. The
aforementioned matrices are defined as:

A[k] =




A11 A12 0 0 A15 A16

A21 A22 0 0 A25 A26

0 0 A33 0 0 0
0 0 0 A44 0 0
A51 A52 0 0 A55 A56

A61 A62 0 0 A65 A66




(13)

where

A11 = A22 = 1− Tsc2Rs
A12 = −A21 = Tsc4Lmωr[k]

A15 = A26 = Tsc4Rr

A16 = −A25 = Tsc4Lrωr[k]

A33 = A44 = 1− Tsc3Rs
A51 = A62 = −Tsc4Rs
A52 = −A61 = −Tsc5Lmωr[k]
A55 = A66 = 1− Tsc5Rr
A56 = −A65 = −c5ωr[k]TsLr

(14)



B[k] =




B11 0 0 0 0 0
0 B22 0 0 0 0
0 0 B33 0 0 0
0 0 0 B44 0 0
0 0 0 0 B55 0
0 0 0 0 0 B66




(15)

where

B11 = B22 = Tsc2

B33 = B44 = Tsc3

B55 = B66 = −Tsc4
(16)

B. Cost Function

The cost function formulation can allow the optimization
of several important parameters such as VSI switching losses,
machine torque ripple minimization and harmonic content
minimization [8]. In current control the most important figure
of merit is the tracking error in the predicted stator currents
for the next sample. Therefore, the selected cost function is:

J[k+2|k] =‖ i∗αs[k+2] − îαs[k+2|k] ‖2 + ‖ i∗βs[k+2] − îβs[k+2|k] ‖2

+ λxy

(
‖ i∗xs[k+2] − îxs[k+2|k] ‖2 + ‖ i∗ys[k+2] − îys[k+2|k] ‖2

)

(17)
Notice that a second-step ahead prediction of the stator

current îs[k+2|k] is required for the delay compensation and
i∗s[k+2] represents the desired reference trajectory of the stator
currents. The tuning parameter λxy allows to reduce the
ASIMD losses [11]–[14].

C. M1 Control Method

It is feasible to determine each available vector for the VSI
in the (α − β) subspace, as shown in Fig. 2, which defines
64 sectors (48 different), which are given by two adjacent
vectors, being the first sector the one between vector V4−4
and vector V6−4, as shown in Fig. 3. The proposed technique
evaluates the prediction of the null vector and the two active
vectors that conform each sector at every sampling time and
evaluates the cost function separately for each prediction [15].
Each prediction is evaluated based on (3) and the only change
is in respect to the calculation of the input vector U[k] [7]. The
cost function, defined by (17), is evaluated for each case and
is the same as the one considered for the variable frequency
predictive method. The duty cycles, for the null vector d0 and
the two active vectors d1 and d2, are calculated by solving the
following equations:

d0 =
σ

J0[k+2|k]
(18)

d1 =
σ

J1[k+2|k]
(19)

d2 =
σ

J2[k+2|k]
(20)
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d0 + d1 + d2 = Ts (21)

where d0 corresponds to the duty cycle of a zero vector. By
solving (18)-(21), it is possible to obtain the expression for σ
and the duty cycles for each vector given as:

Jd[k+2|k] = J0[k+2|k]J1[k+2|k] + J1[k+2|k]J2[k+2|k]
+ J0[k+2|k]J2[k+2|k]

(22)

d0 =
TsJ1[k+2|k]J2[k+2|k]

Jd[k+2|k]
(23)

d1 =
TsJ0[k+2|k]J2[k+2|k]

Jd[k+2|k]
(24)

d2 =
TsJ0[k+2|k]J1[k+2|k]

Jd[k+2|k]
(25)

Considering these expressions, the new cost function, which
is evaluated at every sampling time, is defined as:

G[k+2|k] = d1J1[k+2|k] + d2J2[k+2|k] (26)

The two vectors which minimize (26) are applied to the
VSI at the next sampling time. A model of the ASIMD,
is used to predict its output. This prediction is carried out
for each possible sector of the six-phase VSI to determine
which one minimizes a defined cost function represented by
(26). Therefore the model of the real system must be used
considering all possible voltage sectors. Finally, after obtaining
the duty cycles and selecting the optimal two vectors to be
applied, a switching pattern procedure, shown in Fig. 5, is
adopted with the goal of applying the two active vectors
(v1 − v2) and two zero vectors (v0) [16], considering:

T0 = d0 step (27)

T1 = d1 step (28)

T2 = d2 step (29)

where step is the number of steps in a sampling time and the
modulator clock period used is Ts/step.
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Fig. 5. Switching pattern for the selected optimal vectors (M1).

D. M2 Control Method

The PCC technique selects an optimal vector Sopt from the
minimization of the cost function in (17). Instead of applying
the chosen voltage vector to the ASIMD during the whole
switching period, which is the procedure in conventional FCS-
MPC schemes, the M2 method uses an optimal vector in
combination with the VSD theory to calculate the duty cycles
as follows:

τ =
1

2
+

3

4
M[Sopt] (30)

where τ =
[
τa, τb, τc, τd, τe, τf

]T
and M[Sopt] is

the ideal VSI model with the optimal vector selected. The duty
cycles, represented as τ , are associated with the VSI phases
and are normalized between 0 and 1. The computation of the
submodulation period is posed as an optimization problem
aimed to minimize the prediction error. This procedure can
be interpreted as a systematic application in one sampling
period of the optimal combination of more than one vector
in order to minimize the stator current error in (α − β) and
(x − y) subspaces [8]. A detailed block diagram of M1 and
M2 techniques for the ASIMD is provided in Fig. 4.

IV. SIMULATION RESULTS

A MATLAB/Simulink simulation program has been deve-
loped for the VSI connected to the ASIMD, and simula-
tion results have been analyzed to compare both PCC with
modulation techniques. Numerical integration using first order
Euler’s discretization method has been applied to compute
the evolution of the state-space variables in the time domain.
Table I shows the electrical and mechanical parameters for the
ASIMD. The MSE is computed as:

MSE(iφs) =

√√√√ 1

N

N∑

j=1

(iφs − i∗φs)2 (31)

being N the number of samples, iφs the measured stator
current, i∗φs the stator current reference and φ ∈ {α, β, x, y}.
While the THD is computed as:

THD(is) =

√√√√ 1

i2s1

N∑

j=2

(isj)2 (32)

being isj the harmonic stator current and is1 the fundamental
stator current.

The defined cost function in (17) with λxy = 0.01, was
selected to evaluate the dynamic performance of the proposed
PCC techniques, giving more priority to the (α − β) stator
current tracking. The value of the process noise and the

TABLE I
ELECTRICAL AND MECHANICAL PARAMETERS OF THE ASIMD

PARAMETER VALUE PARAMETER VALUE

Rr (Ω) 0.63 Ls (mH) 206.2
Rs (Ω) 0.62 P 3
Lls (mH) 6.4 Pw (kW) 15
Lm (mH) 199.8 Ji (kg.m2) 0.27
Lr (mH) 203.3 Bi (kg.m2/s) 0.012
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Fig. 6. THD analysis of the measured current iαs. Simulation results for current amplitude of 2 A and a frequency of 50 Hz: (a) M1; (b) M2.

TABLE II
PERFORMANCE ANALYSIS OF α STATOR CURRENTS, MSE [A], THD [%]

fe (Hz) MSE-M1α MSE-M2α THD-M1α THD-M2α
5 0.0858 0.0900 2.54 3.80
10 0.0856 0.0910 2.57 3.80
15 0.0866 0.0908 2.56 3.82
20 0.0855 0.0899 2.52 3.80
25 0.0864 0.0919 2.50 3.81
30 0.0861 0.0919 2.58 3.80
35 0.0851 0.0887 2.58 3.80
40 0.0868 0.0912 2.55 3.83
45 0.0865 0.0900 2.57 3.80
50 0.0865 0.0916 2.55 3.80

measurement noise can be determined by using the method
proposed in [14], as Q̂w = 0.0022 and R̂v = 0.0022. In all
cases, the efficiency of the M1 and M2 has been evaluated
under a load condition of 2 N·m, Vdc is set to 300 V, the
(x−y) current references are set to zero (i∗xs = i∗ys = 0) and a
sampling frequency of 10 kHz and 100 as the number of steps
per sampling time are used, making to the clock modulator
period equivalent to 1 µs.

The comparison between both methods is first analyzed
under steady state condition and different electrical frequency
(fe) as shown in Tables II and III and Fig. 6, respectively. For
this test, the current reference (i∗αβs) in the (α− β) subspace
is set to 2 A. The obtained THD of the stator current in the
fundamental flux and torque production (α − β) subspace is
reduced in more than 30 % by using M1 in all analyzed cases
compared with M2. The M1 also reduces considerably the

TABLE III
PERFORMANCE ANALYSIS OF (x− y) STATOR CURRENTS, MSE [A]

fe (Hz) MSE-M1x MSE-M2x MSE-M1y MSE-M2y
5 0.2390 0.9985 0.1541 1.0814
10 0.2157 1.0208 0.2144 1.0426
15 0.2271 1.0211 0.2278 0.9914
20 0.2446 1.1093 0.2183 1.1479
25 0.2631 0.9340 0.2184 1.0609
30 0.2729 1.0655 0.2245 1.0736
35 0.2684 0.8996 0.2485 0.9445
40 0.2712 0.8571 0.2543 0.8699
45 0.2817 0.8754 0.2746 0.8682
50 0.3260 0.8332 0.3190 0.8723

electrical losses (see Table III) from 60 % to 87 % in relation
to M2, while both techniques offer almost the same behavior
in the current tracking in (α − β) subspace. Fig. 6 (upper)
shows the switching voltages in the VSI in a period of time,
showing the pattern of the two modulation techniques and the
THD of the measured stator currents, both at fe = 50 Hz.
The harmonic content in the frequency domain of both M1
and M2 techniques are shown in Fig. 6 (lower), where it can
be noticed a more distributed harmonic magnitude in M1 over
M2. In both cases, it highlights the harmonics in the switching
frequency of 10 kHz. Tables IV and V show a MSE and
THD analysis of the stator currents in the (α−β) and (x− y)
subspaces at fe = 50 Hz for both techniques in a small period
of time. Results in β and y axes are virtually the same of α
and x, respectively, and has not been included for the sake
of conciseness. For low values of i∗αβs M1 has a remarkable
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Fig. 7. Stator currents in (α-β) and (x-y) subspaces for current frequency of 50 Hz: (a) Amplitude of 2 A for M1; (b) Amplitude of 4 A for M1; (c)
Amplitude of 6 A for M1; (d) Amplitude of 2 A for M2; (e) Amplitude of 4 A for M2; (f) Amplitude of 6 A for M2.

TABLE IV
PERFORMANCE ANALYSIS OF STATOR CURRENTS, MSE [A]

i∗αβs (A) MSE-M1x MSE-M2x MSE-M1α MSE-M2α

1.0 0.1961 0.8983 0.0812 0.0900
2.0 0.2580 0.9048 0.0865 0.0916
3.0 0.3775 1.0176 0.1490 0.1456
4.0 0.5281 1.0120 0.1791 0.1556
5.0 0.6719 1.0779 0.2252 0.1680
6.0 0.6691 1.0600 0.2682 0.1733
7.0 0.7052 1.0869 0.2934 0.1743
8.0 0.7837 1.1002 0.3294 0.1858

better performance in MSE in x axis over M2 (about 80 %) and
this improvement is reduced as the reference current increases
(lowest improvement about 29 %). The results obtained on
Table V showing an improvement on M1 (about 45 % for low
values of i∗αβs over M2 regarding the THD in the (α − β)
subspace. However, on high values of i∗αβs it can be observed
that M2 has the same performance as M1, even better for some
values. Fig. 7 shows the trajectories of the measured stator
currents in the (α−β) and (x−y) subspaces for fe = 50 Hz,
i∗αβs values of 2, 4 and 6 A, and i∗xs = i∗ys = 0 A. A better
performance of M1 can be seen on this figure regarding the
(x− y) minimization, which represents the energy losses.

TABLE V
PERFORMANCE ANALYSIS OF (α− β) STATOR CURRENTS, THD [%]

i∗αβs (A) THD-M1α THD-M2α THD-M1β THD-M2β

1.0 4.01 7.01 3.88 7.24
2.0 2.55 3.80 2.57 3.81
3.0 2.29 3.36 1.99 3.25
4.0 1.83 2.54 1.78 2.54
5.0 1.64 1.85 1.59 1.71
6.0 1.52 1.63 1.71 1.46
7.0 1.34 1.18 1.38 1.19
8.0 1.09 1.12 1.11 1.12

Then, both techniques are compared under transient condi-
tions as shown in Fig. 8. In this case i∗αβs is varied from 2
to 4 A and a phase shift of π

2 rad at t = 0.1 s. Both tech-
niques have almost the same behavior in transient conditions,
highlighting M2 over M1 in terms of lower current peaks.
Finally, the cost function minimization is analyzed, as depicted
in Fig. 9 for M1 (blue) and M2 (black), showing a slightly
better reduction of the cost function and smaller peaks for M1
over M2. By analyzing the computational cost, it is notorious
the amount of calculation needed for M1 over M2, because
it needs to compute three cost functions in a sampling time,
showing a disadvantage regarding real-time implementation.
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V. CONCLUSION

This paper has presented an exhaustive comparative study
between two enhanced PCC with fixed switching frequency. It
has been shown that both techniques, M1 and M2 are powerful
alternatives to current control of conventional and multiphase
induction motor drives (with a properly adaptation of both
methods). While, in transient conditions, both techniques have
very similar dynamics, M2 is a slightly better option, in
steady states, the M1 method provides a huge reduction of
the electrical losses in the ASIMD compared with the M2.
The M1 controller also has a better performance over M2,
analyzing the MSE in the (α − β) subspace (about 5.6 %
of reduction) and THD (about 32.9 % of reduction) obtained
with different current frequency references. On the other hand,
M2 proves to have a good performance with high current
amplitude references, even better than M1 in the (α − β)
current tracking (about 45 % of reduction over M1).

From the computational cost perspective, it is expected that
M2 will have lower computational load than M1 due to this
latter controller needs to compute three cost functions at each
sampling time while M2 only needs to compute one cost
function as a conventional PCC and then apply a PWM.

It is worth mentioning that it is possible to obtain an
equivalent efficiency with a PCC without modulator, but it
will need a significant smaller sampling time (around 5 times
smaller). The experimental validation of both techniques will
be shown in a future work.
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ABSTRACT

Considering the ongoing paradigm for the use of more renewable
energy sources, wind energy conversion systems are considered
mature technologies. The fault tolerance is one of the most
sought-to capabilities for wind energy conversion systems. The
ability to maintain operation even after an open-phase fault,
allows the system operators to maintain energy production, pre-
senting tangible economic benefits, and the inherent redundancy
of six-phase machines by providing the desired fault-tolerant
capability with no extra hardware. As a result, different control
schemes have been developed in the literature considering linear,
non-linear and predictive structures. The latter, also known as
finite-set model predictive control techniques are distinguished
by a variable switching frequency which causes noise, large
voltage and current ripples at low sampling frequency. This
paper presents a speed control with an enhanced predictive
current control technique with fixed switching frequency applied
to the six-phase wind energy conversion systems. Simulation
results show the efficiency of the proposed technique, demon-
strating that it is a viable alternative to conventional predictive
controllers.

Keywords: Multiphase induction generator, predictive control,
wind energy conversion systems.

1. INTRODUCTION

The development of wind energy conversion systems (WECS)
has matured to which it is ready to become generally accepted
power generation technology. High-power WECS allow the
analysis of new topologies, where multiphase WECS have
been subjects of intense research in the last decade [1]. The
additional degrees of freedom of the multiphase WECS bring
the possibility of the fault-tolerant capability with no extra
hardware, which is particularly appreciated in WECS [2], [3].
In order to control the variables of the multiphase WECS,
several control strategies have been studied. Some of the most
applied methods are the vector control or field oriented control
(FOC) with an inner current control loop and the direct torque
control (DTC). On one hand, DTC has some disadvantages
such as: variable frequency behavior, weakness in torque control
at very low speed and torque and flux pulsations due to the
hysteresis bands in comparators. On the other hand, FOC has
good current behavior, but it contains one speed control loop,
one flux control loop, four current control loops and some
transformation models for different coordinate frames for the

six-phase case [4]. So, the complexity and cost of the control
system is increased.

In this paper, the speed control is performed based on FOC
technique whereas the inner current control loop is based on
finite-control-set model-based predictive control (FCS-MPC)
technique applied to a six-phase induction machine (IM). For the
outer speed control loop, a proportional integrator (PI) controller
is implemented and the design is based in a technique detailed
in [5]. The inner current control loop based on FCS-MPC
strategy offers its advantages such as fast transient response
and multi-objective control [6], [7]. As the quality of the model
of the system has direct influence on the quality of resulting
controllers, this paper also includes an enhanced model based
on rotor current estimators proposed in [8], [9]. Despite the
benefits and constantly improvements in the design of FCS-MPC
controllers, it has several issues to solve for researchers, such
as the variable switching frequency of this control technique.
This paper tackles this issue by the implementation of a fixed
switching frequency for the inner predictive current control
(PCC) based on the method studied in [10], [11]. The method
selected for this paper combines PCC and a pulse-width mo-
dulation (PWM) technique which provides the fixed-switching
frequency as well as a reduction in the losses of the six-phase
IM. Moreover, this technique is easy to extended to conventional
and n-phase IM and it only incorporates a small computational
burden to the implementation time.

2. MATHEMATICAL MODEL OF THE
SIX-PHASE WECS

Traditionally, the mathematical model of the six-phase IM is
simplified by using vector space decomposition (VSD) described
in [12]. Therefore, the transformation matrix T, is used to
map the six-phase components (i.e. voltages and currents)
into three-orthogonal sub-spaces, namely α − β, x − y and
z1 − z2. A detailed scheme of the system, which consists
in an asymmetrical six-phase IM fed by a dc-link (Vdc)
and a six-phase voltage source inverter (VSI), is provided in
Fig. 1. The VSI exhibits a discrete nature, which yields to
26 = 64 possibilities, and 49 different vectors, as shown in
Fig. 2. By considering the gating signals arranged in the vector
S = [Sa, Sb, Sc, Sd, Se, Sf ], where Si ∈ {0, 1}, the stator
voltages, U(t) = [vαs, vβs, vxs, vys], can be obtained from the
ideal VSI model M[S] as:

U(t) = Vdc TM[S] (1)



Fig. 1. Scheme of the six-phase IM fed by two 2-level VSI.
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Fig. 2. Space voltage vectors and switching states in the α − β and
x− y sub-spaces for a six-phase VSI.

a d b e c f

T =
1

3




1
√

3
2

− 1
2

−
√
3

2
− 1

2
0

0 1
2

√
3
2

1
2

−
√

3
2

−1

1 −
√

3
2

− 1
2

√
3

2
− 1

2
0

0 1
2

−
√

3
2

1
2

√
3

2
−1

1 0 1 0 1 0

0 1 0 1 0 1




α

β

x

y

z1
z2

(2)

where an amplitude invariant criterion was used.

M[S] =
1

3




2 0 −1 0 −1 0
0 2 0 −1 0 −1
−1 0 2 0 −1 0
0 −1 0 2 0 −1
−1 0 −1 0 2 0
0 −1 0 −1 0 2



ST (3)

being modeled as the ideal six-phase VSI for two isolated
neutrals configuration.

Then, by using a state-space representation, the model of the
system is given by:

Ẋ(t) = A(t) X(t) +B(t) U(t) +H$(t) (4)

Y(t) = CX(t) + ν(t) (5)

being U(t) the input vector of the state-space system,
X(t) = [iαs, iβs, ixs, iys, iαr, iβr]

T the state vector, Y(t) =
[iαs, iβs, ixs, iys] the output vector and A(t) and B(t) are
matrices related on the electrical parameters of the machine.
The process noise is represented by $(t), H is the noise weight
matrix, C = [1, 1, 1, 1] and ν(t) the measurement noise. A
detailed explanation of the machine model is not included here
for the sake of conciseness and can be found in [11].

3. PROPOSED CONTROL METHOD

A. Outer speed control

A PI controller with a saturator is selected for the speed control
loop, which is based on the indirect vector control technique
because of its simplicity. For this technique, the PI speed
controller is used to obtain the dynamic reference current i∗qs.
This current reference, which will be used by the PCC, is
generated from the electric angle estimation used to transform
the current reference, originally in the dynamic reference frame
d−q, to the α−β sub-space. The process of the slip frequency
(ωsl) estimation is executed in the same way as the indirect field
orientation methods, from the electrical parameters of the six-
phase IM (Lr = 3Lm+Llr and Rr) and the reference currents
in the dynamic reference frame (i∗ds, i

∗
qs).

B. Inner predictive current control

The current control is performed by FSC-MPC approach. This
PCC technique uses the model of the system, Eqs. (1)-(5), to
predict for each valid switching state of the six-phase VSI the
performance of the variables to be controlled at every sampling
time. Therefore, the model of the system must be discretized.
A forward Euler model approximation is used:

X̂[k+1|k] = X[k] + f
(
X[k], U[k], Ts, ωr[k]

)
(6)

being Ts the sampling time and [k] the current sample. As the
computation of the control signal requires high computational
cost, which is comparable with Ts, so a second-ahead of predic-
tion of the variables is required for delay compensation. This
second-ahead prediction is implemented and the rotor current
is estimated by using rotor current estimator based on Kalman
filter recently proposed in [8], [9].

C. Cost function

Once the second-step ahead prediction is obtained, an opti-
mization process is applied every sampling period, where a
cost function is minimized by a determined premise. The cost
function is considered to evaluate the stator currents tracking by
the quadratic error of the α− β (related to energy conversion)



Fig. 3. Block diagram of the proposed speed control with the predictive-fixed current control.

and x− y (related to Joule losses) sub-spaces of the system as
follows:

gj [k+2|k] =
(
i∗αs[k+2] − ipαs[k+2]

)2
+
(
i∗βs[k+2] − ipβs[k+2]

)2

+ λx
(
i∗xs[k+2] − ipxs[k+2]

)2
+ λy

(
i∗ys[k+2] − ipys[k+2]

)2

(7)

where gj is the cost function of each combination voltage space
vector (see Fig. 2), λx and λy are tuning parameters which give
more importance to α−β or x−y sub-space, i∗s[k+2] is a vector
containing the reference for the stator currents and ips[k+2] is the
second-ahead predicted stator currents.

D. PCC-fixed implementation

The PCC technique determines an optimal vector Sopt through
the minimization of the cost function in (7). Then, the PWM
method uses the optimal vector and the VSD theory to calculate
the duty cycles as follows:

τ =
1

2
+

3

4
M[Sopt] (8)

where τ =
[
τa, τb, τc, τd, τe, τf

]T and M[Sopt] is
the ideal six-phase VSI model with the optimal vector selected.
The duty cycles, presented as τ , are related with the VSI output
and are normalized between 0 and 1. This procedure can be
analyzed as a systematic application in one sampling period of
the optimal combination of the optimal vector and a null vector
in order to minimize the stator current error in α−β and x− y
sub-spaces [11].

E. Optimizer

The proposed predictive model needs to include all 64 possibili-
ties to consider all possible voltage vectors. But Fig. 2 shows
the redundancy of the switching space vectors by showing only
49 different vectors (48 active and 1 null). This approach is
commonly considered as the optimal solution. Now, for a generic
multiphase machine, where n is the phase number and ε is the
search vector space (49 for the six-phase IM), the proposed
optimization algorithm generates the optimal switching signal
set Sopt and then it applies a modulation technique based on
PWM to obtain a fixed switching frequency response.

Algorithm 1 Proposed optimization of the algorithm

1. comment: Algorithm initial values.: gjo :=∞, i := 1
2. while i ≤ ε do
3. Si ← Si,j ∀ j = 1, ..., n
4. comment: Calculate the stator voltages. Eqn. (1).
5. comment: Calculate the prediction of the measurement
stator current states Eqn. (6).
6. comment: Calculate the prediction of the unmeasurable
rotor current states applying the method proposed in [8], [9].
7. comment: Calculate the second-ahead prediction of the
stator currents X̂[k+2|k].
8. comment: Minimize the cost function. Eqn. (7).
9. if gj < gjo then
10. gjo ← gj , Sopt ← Si
11. end if
12. i := i+ 1
13. end while
14. comment: Calculate the modulation indices through the
selected optimal vector. Eqn. (8).



TABLE I
ELECTRICAL AND MECHANICAL PARAMETERS

Six-phase IM

PARAMETER SYMBOL VALUE UNIT

Stator resistance Rs 0.62 Ω
Rotor resistance Rr 0.63 Ω
Stator inductance Lls 0.0064 H
Rotor inductance Llr 0.0035 H
Magnetizing inductance Lm 0.0666 H
System inertia Ji 0.27 kg·m2

Viscous friction coefficient Bi 0.012 kg·m2/s
Nominal frequency fa 50 Hz
Number of pole pairs p 3 –
Electrical Power Pw 15 kW

4. SIMULATION RESULTS

A MATLAB/Simulink simulation program has been designed
for a six-phase IM fed by a six-phase VSI in order to analyze
the proposed PCC with fixed switching frequency for WECS.
Numerical integration using first order Euler’s discretization
method has been applied to compute the evolution of the state-
space variables in the time domain. Table I presents the mechan-
ical and electrical parameters for the six-phase IM. The mean
squared error (MSE) and the total harmonic distortion (THD)
have been used as indices of performance for the controller. The
MSE is computed as:

MSE(iφs) =

√√√√ 1

N

N∑

j=1

(iφs − i∗φs)2 (9)

where N is the number of samples, iφs the measured stator
currents, i∗φs the stator current references and φ ∈ {α, β, x, y}.
As for the THD is computed as follows:

THD(is) =

√√√√ 1

i2s1

N∑

j=2

(isj)2 (10)

being isj the harmonic stator currents and is1 the fundamental
stator current.

The efficiency of the proposed PCC technique for the six-phase
IM has been tested, under a fixed load torque. For every case, a
sampling frequency of 10 kHz, the clock modulator frequency
equivalent to 1 MHz, a torque load of 15 Nm and a fixed
dynamic reference current (i∗ds = 1 A) have been used. In
Fig. 4 it is shown the switching voltage output for phase a in
a period of time and a THD analysis of iαs, which presents
the harmonics amplitude values, highlighting the values for
the frequency switching and its multiples. Fig. 5 shows the
trajectories of the measured stator currents in the α − β and
x − y sub-spaces for a reference amplitude of 9.13 A and a
frequency of 9.7 Hz.

Then in Fig. 6, it is shown results regarding the rotor speed
tracking and the stator currents behavior. The six-phase IM was
tested with a low speed of 200 rpm connected to a torque
load of 15 Nm. The stator currents show a stable behavior,
even in the transient condition. For a efficiency analysis, it was
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Fig. 4. THD analysis of the measured current iαs. Simulation results
for current amplitude of 9.13 A and a frequency of 9.7 Hz.
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Fig. 5. Stator currents in α − β and x − y sub-spaces for current
frequency of 9.7 Hz and an amplitude of 9.13 A.

calculated the MSE to show that the proposed algorithm has
an optimal response for low speed conditions and a connected
full load. The obtained MSE, for a fixed speed reference of
200 rpm, are 0.7891 A, 0.7481 A and 0.845 rpm for iαs, iβs
and ωr respectively. Finally in Fig. 7, it is presented a rotor
speed tracking with a reversal condition, showing the response
of the speed control algorithm and the PCC tracking of the stator
currents in the α− β sub-space.
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Fig. 6. Simulation results for a fixed speed reference ω∗r condition of
200 rpm.
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Fig. 7. Simulation results for a fixed speed reference ω∗r of 100 rpm
and a reversal condition.

5. CONCLUSION

In this paper, a speed control with an inner predictive-fixed
current predictive control is proposed. One of the main disad-
vantages of traditional finite-control-set model-based predictive
controller is its variables switching frequency. This paper solves
this issue by combining the predictive controller with a pulse
width modulator. The efficiency of the proposed method is
confirmed by the presented simulation results. The proposed
controller exhibits excellent performances in steady state as
well as in dynamic process. Furthermore, the average switching
frequency of the proposed method is even lower than the con-
ventional predictive controller, which means smaller switching
losses. Considering that the proposed controller only introduces
the computation of the duty cycles, the extension to conventional
and n-phase cases is easier than other conventional methods.
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