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CONTROL DE TORQUE DEL MOTOR DE INDUCCION EN UN SISTEMA DE
BOMBEO

CAMPO DE LA INVENCION
Esta invencidén se relaciona de manera general con el control
del desempefio de un motor de induccidn Y, mas
particularmente, con métodos para controlar el desempefio de

un motor de induccidn utilizado en un sistema de bombeo.

ANTECEDENTES DE LA INVENCION
En la industria del gas y el petrdlec, se utiliza en
ocasiones un motecr (por ejemplo un motor diesel, a gasolina,
a gas natural, o propano) para energizar un generador de tres
fases. El generador, a su vez, suministra potencia a un motor
de induccidn de tres fases utilizado para impulsar un aparato
de bombeo mecanico. Si se opera el motor de induccién en tal
sistema a velocidades variables, la capacidad de bombeo del
sistema se expande enormemente. Sin embargo, meétodos
anteriores proporcionaban velocidad de operacién variable de
la bomba en tales sistemas de bombeo gque no han sido
completamente satisfactorios. En un método utilizado
anteriormente para operar una bomba a una velocidad variable
en un sistema de bombeo impulsado por mctor, se suministra
potencia de voltaje y frecuencia variable a un motor de tres
fases que impulsa la bomba. Normalmente, en un sistema que
utiliza un generador como la fuente de potencia eléctrica, se
interpone un impulso de veélocidad variable electrénico
(a.k.a., un variador de frecuencia o VFD) entre el generador
Yy el motor de induccién para proporcionar frecuencias vy
voltajes wvariables al motor. Existen muchas desventajas
potenciales de utilizar una impulsién de velocidad variable,
gue incluye arménicos de voltaje generados sobre los cables
del motor que pueden dafiar al motor, los armbénicos actuales
generados en la entrada del VFD pueden ocasionar problemas
para el generador, la complejidad en el disefic VFD y/o la

necesidad de un transformador de salida costose cuando se
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utilizan mayores voltajes (mds frecuentemente cuando 1los

cables del motor son muy largos).

Para eliminar la necesidad de un variador de wvelocidad,
algunos métodos antericres emplean un sistema de potencia de
frecuencia variable que varia la velocidad y excitacién de un
generador de tres fases para preducir un voltaje y frecuencia
de salida deseados en un intento por alcanzar la operacién
deseada del motor de tres fases en la bomba. La patente
Estadounidense No. 7,170,262, otorgada a Pettigrew describe
un sistema variador de velocidad de este tipo, y describe la
operacidén de tal sistema en comparacidén con los sistemas
anteriores del tipoc que utilizan un variador de velocidad

como se describidé aqui anteriormente.

Desafortunadamente, los sistemas de potencia de frecuencia
variable, del tipo ejemplificado por Pettigrew, tienen
desventajas significativas, por ejemplo, intentar simplemente
controlar la salida del generador de tres fases puede no
producir la operacién deseada de la bomba. La velocidad de
salida del motor de induccidén que impulso la bomba variara
con base en factores tales como la carga de la bomba. Cuando
eso ocurre, el wusuario de tal sistema de potencia de
frecuencia variable no tendriéd el control precisoc de 1la
velocidad de la bomba y puede encontrar una variedad de
situaciones indeseables. Por ejemplc, la bomba puede operar a
una menor velocidad que la esperada, lo gue resulta en una
produccidén menos gque dptima o la bomba puede cperar a una
mayor velocidad de la deseada y experimentar un “secado de
bomba” © una condicién de “bomba apagada” gue hace que la
bomba funcione sin fluidc para ampliarse y lubricarse o la
bomba se apagard para permitir que el fluido recargue la
carcasa, haciendo gue se decante el sedimento en la bomba.
Estas condiciones resultaran en el dafic de la bomba, lo dque

resulta en una vida reducida.
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La presente invencién se dirige a superar las desventajas
descritas aqui, y adicionalmente, a mejorar el estado de la

técnica en la industria del gas y petrdleo.

BREVE RESUMEN DE LA INVENCION
En una realizacidén, se proporciona un sistema y método para
controlar la velocidad rotacional de un motor gue impulsa una
bomba. Al controlar la velocidad rotacicnal del motor en
lugar de la frecuencia del generador, la operacién de la

bomba se hace m&s precisa y se controla en forma exacta.

Se proporcicna un sistema para controlar la velocidad de un
motor que impulsa una carga. El motor se conecta
eléctricamente a un generador que es impulsado por un motor.
El generador incluye un campo controlable. El sistema incluye
un primer bucle de retrcalimentacidén configurado para limitar
la diferencia entre el flujo magnético en el rotor del motor
Yy un nivel comandado de flujo magnético en donde el flujo
magnético en el rotor se estima con base en la medicién de
las entradas eléctricas a los cables del motor. Se configura
un segundo bucle de retroalimentacidén para limitar la
diferencia entre la velocidad del rotor del motor y una
velocidad comandada en donde la velocidad del motor se estima
con base en una medicidén de las entradas eléctricas a los

cables del motor.

Se proporciona un método para controlar la velocidad de un
motor gue impulsa una carga. El motor se conecta
eléctricamente a un generador que es controlado por un motor.
El generador incluye un campo controlable y el motor tiene un
obturador. El1 método incluye realizar periddicamente 1las
etapas de medicidén de voltaje y entrada de corriente a los
cables del motor. Con base en las mediciones de voltaje en
las entradas de corriente a los cables del motor, se genera
una sefial gue representa un estimado de flujo del rotor del
motox, El estimade del flujo del rotor del motor se compara

con una senal de comando de flujo de rotor que se utiliza
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para generar una sefial que representa el error de flujo del
rotor. El método incluye adicionalmente la generacién de una
senial de comando de excitacién de flujo con base en la sefal
que representa el error de flujo de rotor con la sefal de
comando de excitacién de flujo que controla la excitacién del
campc del generador. Se genera una sefial que representa un
estimado de la velocidad del motor con base en las mediciones
del voltaje y las entradas de corriente al motor. Se utiliza
una comparacidén de la sefial de comando de velocidad con la
seflal que representa un estimado de la velocidad del motor
para generar una sefial que representa el error de velocidad
de motor. Se genera una sefial de comando de posicién de
obturador con base en la seflal que representa el error de
velocidad de motor. Se genera una sefial de comandc de
posicién de obturador coﬁ base en la sefial que representa el
error de velocidad de motor con 1la sefial de comando de

pesicidn de obturador que contrcla la posicién del obturador

del motor.

Se proporcicna adicionalmente un sistema de control de bomba
para controlar las entradas mecanicas a la bomba. La bomba se
acopla a un motor eléctrico y el motor eléctrico se acopla a
un generado controlado por un motor. El sistema de control de
bomba incluye una unidad de control de error que tiene una
pluralidad de dispositivos de interfaz. Un modelo de vector
del motor se accpla a por lo menos dos de los dispositivos de
interfaz. Un dispositivo de suma de flujo de rotor se
configura para proporcionar un estimado de error de flujo
acoplado al modelo de vecter del motor y uno de 1los
dispositivos de interfaz. Un dispesitivo de suma de velocidad
de motor se acopla al modele de vector del motor y un control
de error de velocidad de motor se acopla al dispositivo de
suma de velocidad de motor y uno de los dispositivos de
interfaz. El sistema de control de bomba incluye
adicionalmente un controlador supervisor acoplado al
dispositivo de suma de velocidad de motor, el modelo de

vector del motor, y el dispositivo de suma de flujo de rotor,
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en donde 1la velocidad del motor acoplado a la bomba se
controla mediante un primer bucle de retroalimentacién
configurade para proporcionar un comando de corriente ‘de
excitacidn al generador y un segundc bucle de
retroalimentacién confiqurado para preoporcionar un comando de
posicidén de obturador para el motor. En otra realizacién, el
sistema de contrcl de bomba incluye un linealizador de torgque
del motor que se configura un linealizar un comando de torque
del motor. El linealizador se acopla a por lo menos uno de
los dispesitiveos de interfaz, al control de velocidad del
motor y al modelo de vector del motor, en donde la ganancia
del sistema de la posicidén del obturador es casi constante.
Durante el arranque del sistema, se configura el <control
supervisor para fijarse a un nivel de flujo magnéticc para
reducir la carga sobre el motor. En una realizacién, el
controlador supervisor fija el flujc magnético a cero durante

el arrangque del sistema.

Otras realizaciones de la invencidén seridn mis evidentes a
partir de la siguiente descripcidén detallada cuando se toman

en conjunto con los dibujos acompanantes.

BREVE DESCRIPCION DE LOS DIBUJOS
Los dibujos acompafiantes se incorporan y forman parte de los
diversos aspectos ilustrativos de 1la descripcién de la
presente invencidn y, junto con la descripcién, sirven para

eXplicar los principios de la invencién. En los dibujos:

La FIGURA 1 es una realizacidén de ejemplo de un sistema de
control de motor de induccidn que tiene una unidad de control
de error de acuerdo con las enseflanzas de la presente

invencién:

La FIGURA 2 es un diagrama de blogques de una simulacién de
software Simulink realizado scobre un sistema similar al

Sistema de la figura 1; vy
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La FIGURA 3A-3P son descripciones graficas de los resultados

de la simulacién realizada en el sistema de la figura 2.

Aungue la invencidén se describird en relacidén con ciertas
realizaciones preferidas, no hay un intento por limitarla a
aquellas realizaciones. Por el contrario, se intenta que
cubra todas las alternativas, modificaciones y eguivalentes
como se incluye dentro del espiritu y alcance de la invencién

segun se define por las reivindicacicnes adjuntas.

DESCRIPCION DETALLADA DE LA INVENCION
Ahcra con referencia a la figura 1, se ilustra un sistema de
control de bomba 10. Come se explicard mas completamente
adelante, el sistema de contrcl de error 20 del sistema de
control de bomba 10 monitorea una o mas caracteristicas de la
entrada eléctrica a los cables y al motor 16 y, basado en lo
gue se observa, calcula las entradas mecanicas a la bomba 18
y ajusta la operacién del moteor 12 y el generador 14. Al
controlar las entradas mecédnicas a la bomba 18, la operacidn
de la bomba es més precisa, exacta y depende de lo gque se
proporcicnaria por un sistema que solc controla las salidas

eléctricas de un generador.

En la entrada 12 del motor ingresa aire y combustible y, al
quemar la mezcla de los mismos, genera una salida de motor
mecanica rotatoria 22. La salida del motor mecadnica rotatoria
22 depende de la posicién Ty, el combustible utilizade, 1la
densidad y la temperatura del aire, etc. El motor 16 puede
operar utilizando combustible diesel, gasolina, propancl
liquido,.gas natural u otros tipos de combustibles. El1 motor
12 se acopla en forma operativa a, e impulsa, al generador
14. A este respecto, la salida de mctor mecdnica giratoria 22
se acopla normalmente en forma directa a la entrada del
mecanismo de generador 14. AUn asi, otros tipos de conexiones
tal como las cajas de engranajes, correas, acoplamientos de
potencia hidraulica y similares se pueden emplear dependiendo

de la aplicacién particular. El generador 14 es un generador
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de tres fases sincrdnico, gue tiene un campo que se puede

controlar.

El generador 14 se acopla eléctricamente mediante cables
eléctricos a un motor, que se representa colectivamente en
16. En el sistema mostrado, la bomba es una bomba centrifuga
del tipo conocido como una bomba eléctrica sumergible (ESP},
asli tanto el motor 16 como la bomba 18 estan dispuestos
dentro de una carcasa por debajo del nivel terrestre y los
cables 16 son de una longitud considerable. En un pozo de
petrdleo tipico, por ejemplo, los cables 16 pueden tener
miles de pies de largo. A través de los cables 16, el
generader 14 suministra al motor 16 potencia eléctrica. En la
realizacidn ilustrada de la figura 1, el motor 16 es un motor
de induccidén de tres fases. Las entradas eléctricas del motor
16 se pueden caracterizar por los voltajes (V,) y las
corrientes (I,). El1 motor 16 genera una salida mecanica
rotatoria que se puede caracterizar mediante la velocidad de

bomba (Up) y el torque de bomba (Tp).

El motor 1€ se acopla mecanicamente a, e impulsa, la bomba
18, que se situa en o cerca a la parte infericr de la carcasa
del pozo o se sumerge parcialmente en el fluido que se bombea
{por ejemplc, petrdleo y/o agua). La bomba 18 genera una
salida de fluido que se puede caracterizar por, entre otrxos

parametros, la cabeza de bomba (Hp) y el flujo de bomba (Qp).

La unidad de control de error 20 esta, en general, en
comunicacidn eléctrica con el motor 12 y el generador 14. La
unidad de control de error 20 también se configura para
monitorear las entradas de voltaje (V,) y 1las entradas de
corriente (Ip) a los cables y al motor 16. La unidad de
controcl de error 20 incluye dispositivos de interfaz 24, un
modelo de vector del motor 26, un dispositivo de suma de
flujo de motor 28, un control de error de flujo de rotor 30,
un dispositivo de suma de velocidad de motor 32, y un cocntrol

de error de velocidad de motor 34. La unidad de control de
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error 20 también puede incluir opcionalmente un linealizador
de torque del motor 36. El dispositivo de interfaz 24 se
emplea de manera general para manipular o convertir las
sehales y datos enviadcs o recibidos mediante la unidad de
control de error 20. A este respecto, el dispositive de
interfaz 24 puede incluir numerosos componentes eléctricos
tal como, por ejemplc, dispositivos de entrada/salida en
paralelo, convertidos andlcocgos a digital (A/D), convertidores
digital a andlogc (D/A), sensores de voltaje y corriente,

estimadores de flujo, filtros, integradores y similares.

En la realizacidén mostrada, lcs dispositivos de interfaz 24
tienen dos salidas. La primera salida es el comando de
posicidén de cbturador (Tx.), gue se convierte desde el comando
de error de torque (Tec) del control de error de velocidad de
motor 34 o, en sistemas en donde se utiliza el linealizador
de torque del motor 36, la salida de comando de torgque
linealizado (T,c)del linealizador de torque del motor 36. La

segunda salida es el comando actual de excitacidn (Ei.) gque se

convierte desde el comando de error de flujo generado {Aec)

por el control de error de flujo de rotor 30.

Para las entradas, los dispositivos de interfaz 24 generan
tres senales de medicidédn de wvoltaje de motor (Vo) para
representar los voltajes (Vn) en cada fase de los cables vy
motor 16 y dos seflales de medicidédn de corriente de motor (Imm)
para representa las corrientes (I,) en dos de las tres fases.
La corriente de la tercera fase se calcula facilmente, debido
a que las corrientes de las tres fases deben sumar cero, pero

también se pueden medir.

El modelo de vector del motor 26 estd en comunicacidédn
eléctrica con los dispositivos de interfaz 24, el dispositivo
de suma de flujo de rotor 28, el contrclador supervisor 38,
el dispositivo de suma de velocidad de motor 32, y, cuandc se
emplea, el linealizador de torque del motor 36. E1 meodelo de

vector del motor 26 realiza diversas funciones matematicas
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utilizando las sefiales de medicidén de voltaje de motor (Vi) Yy
las sefiales de medicién de corriente de motor {Im) con el fin
de proporcionar estimaciones como se describe en la Patente
Estadounidense No. 7,117,120 otorgada a Beck et al., (la
Patente '120), que se incluye agqui como referencia. Por
ejemplo, el modelo de vector del motor 26 calcula y genera
los estimados del desempefio del motor de induccién 16 que
incluye la velocidad de motor en el eje del motor (Ug), el
flujo magnétiéo del rotor (Ar), y el torque mecénico del eje

del motor (Tge).

El dispositivo de suma de flujo de rotor 28 descrito en la

figura 1 recibe dos entradas, a saber el estimado de flujo de
rotor (Are) del modelo de vector de rotor 26 y el comando de

flujo de rotor (A, desde el controlador supervisor 38.

Durante la operacién regular, el comando de flujo de rotor

(Arg) Se mantiene de manera general en un valor constante para
mantener el torque apropiado (Tp) del motor. Sin embargo,

durante el arranque del motor 12, el comando de flujo de

rotor (A:c) se puede reducir enormemente o auin mantener en
cero para reducir la carga del motor 12. Basado en 1las
entradas recibidas, el dispositivo de suma de flujo de rotor

25 genera una salida, a saber, el estimado de error de flujo

(Mee) -

El estimado de error de flujo ({(Ae) se recibe por parte del
control de error de flujo de rotor 30. En general, el control
de error de flujo de rotor 30 es una estructura de bucle de
control disefiada para ajustar su salida para forzar el
término de error a cerc. En la realizacién de la figura 1, el
control de error de flujo de rotor 30 es un controlador
derivadc integral proporcicnal (PID). Sin embargo, se pueden
utilizar otros tipos de estructuras de control, tal como
integral-proporcional (PI), controladores légicos difusos, y

similares, se pueden utilizar como se conocen en la técnica.



10

15

20

25

30

35

10

El control de error de flujo de rotor 30 extrae el comando de

excitacién de flujo (ke) a los dispositivos de interfaz 24,

El dispositivo de suma de velocidad de motor 32 ilustrado en
la figura 1 recibe dos entradas, a saber el estimado de
velocidad de motor (Ug) del modelo de vector del motor 26 vy
el comando de velocidad de motor (Un) del controlador
supervisor 38. Basado en las entradas recibidas, el
dispositivo de suma de velocidad de mctor 32 genera una

salida, a saber el estimado de error de velocidad (U..).

El estimado de error de velocidad (Ue) es recibido por el
control de error de velocidad de motor 34. En general, el
control de error de velocidad de motor 34 es una estructura
de bucle de control disefiada para ajustar su salida para
forzar el término de error a cero. En la realizacién
ilustrada de la figura 1, el control de error de velocidad de
motor 34 es un controlador derivado integral proporcional
(PIB). Sin embargo, los otros tipos de estructuras de
control, tal Como el integral-proporcional (PI),
controladores 1légicos de pulsos, y similares, se pueden
utilizar como se conocen en la técnica. Como se muestra en la
figura 1, el controlador de error de velocidad de motor 34
genera y envia el comando de torque del motor (Te) al
linealizador de torque del motor opcional 36. Si el
linealizador de torque del motor 36 es omitido desde la
unidad de control de error 20, el ccmando de torgue del motor
(Tee} s8€ proporciona directamente a 1cs dispositivos de

interfaz 24.

Cuando se utiliza, el linealizador de torque del motor 36 se
utiliza ©para asegurar gue se correlaciona una entrada
particular con la accidén correctiva deseada y apropiada. Por
ejemplo, cuando se necesita un cambio de tres por cientec (3%)
de cambio en el torque del motor, se puede regquerir un cambio
de cbturador del diez por ciento {10%) . En tales

circunstancias, el 1linealizador de torque del motor 36
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manipula el comando de torgue del motor (Te.! recibido desde
el controlador de error de velocidad de motor 34 de tal
manera que se produce un comando de torque linealizado (Ti.).
La linealizacién del comande de torque asegura que la
ganancia de sistema del control de posicién de obturador sea
casl constante y, por lo tanto, mds facil de ajustar para una
respuesta optima. El comando de torque linealizade (Ti.) se
genera a los dispositivos de interfaz 24 y se proporciona al
motor 12. Como tal, se cambia la posicién del obturador segun
se necesite para correspcnder en forma correcta al comando de
torque del motor (Te.). Como se muestra en la figura 1, el
linealizador de torque del motor 36 recibe dos entradas, a
saber el comando de torque del motor (Te.) desde el control de
error de velocidad de motor 34 y el estimado de velocidad de

motor (Up) desde el modelo de vector del motor 26.

Con referencia aun a la figura 1, la mayor parte de los
componentes de la unidad de control de error 20 estdn en
comunicacién eléctrica con el controlador supervisor 38. En
particular, el control supervisor 38 suministra el comando de
velocidad de motor (Up) al dispositivo de suma de wvelocidad
de motor 32 y al comande de flujo de rotor (A.)al dispositivo
de suma de rotor de flujo 28. Los valores de estos dos
comandos se pueden derivar mediante la entrada de operador
manual, derivada de acuerdo con los métodos descritos en la
patente ‘120, o derivada mediante otros medios automdticos.
El controlador superviscr 38 recibe sefiales que representan
estimados de la velocidad de motor en el eje del motor (Uge)
en el torque mecanicco del eje del motor (Tg). El controlador
supervisor 38 también fija los ©paradmetros de operacidn
programables (designados por la letra “P” en un circulo) para
los dispositivos de interfaz 24, en modelo de vector del
motor 26, el control de error de flujec de rotor 30, el
control de error de velocidad de motor 34 vy, cuando se
utiliza el 1linealizadeor de torque del motor 36. Los
parametros de operaciédn programables incluyen ganancias,

coeficientes de filtro, tabla de valores, pardmetros de motor
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y similares. El controlador supervisor 38 también puede
recibir una variedad de otras entradas desde la unidad de
control de error 20 y el sistema 10 y genera una variedad de

otras salidas al sistema 10.

En operacién, el motor 12 dentro del sistema 10 se arranca

aunque mantiene el comando de flujo de rotor (A,.) en o casi
cero. Algun comando de flujo es de manera general necesario
para producir suficiente voltaje para el motor (I, para el
modelo de vector del motor 26 para que sea capaz de estimar
la velocidad del motor (Up). La velocidad del estator del
motor 16 se determina mediante el mbédulo de vector del motor
26 utilizando sefiales de medicién de veoltaje de motor (Vpm) y
{Im} Qque representa, respectivamente, los voltajes (V) vy
corrientes (I,) de las fases de los cables y motor 16.
Inicialmente, el controlador supervisor 38 también limita el
valor calculado de la pendiente del motor 16 a ceroc (0) de
tal manera gque el estimado calculado de la velocidad del
motor (Up) es la misma gque la velocidad rotacional eléctrica
del estator del motor 16 v, per 1o tanto, también

proporcional a la velccidad rotacional del motor 12.

El modelc de vector del motor 26 proporciona el estimado de
velocidad de motor (Up) al controlador supervisor 38. Una vez
el estimado de velccidad de motor (Up) alcanza un nivel

deseado o predeterminado, el controlador aumenta el comando

de flujo de zrotor (Au) a un indice deseado. En la
determinacién del nivel predeterminado o deseado, el
controlador 38 puede tener acceso y utilizar un parametro
fijo o una o mas tablas de valores disponibles. Cuando se
emplea una tabla de valcres, el contrclador supervisor 38
utiliza el estimado de velocidad de motor (Upe) para ubicar el
comando de rotor de flujo apropiado y correspondiente (Arc)
sobre la tabla de valores. En este momento, el controlador
supervisor 38 también aumenta, en un indice controlado, el

limite del valor calculadc de la pendiente del motor 16 de
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tal manera que el estimado calculado de la velocidad de motor
(Ure) llega a ser la velocidad rotacional actual del motor 16

y la bomba 18.

El dispositivo de suma de flujo de rotor 28 compara el
comando de rotor de flujo (A,) con el estimadc de rotor de

flujo (Ar) suministrado por el modelo de vector del motor 26.

Basado en esta comparacién, el dispositivo de suma de flujo
de rotor 28 genera el estimado de error de flujo (Ree). El

estimado de error de flujo (Ae.) se utiliza por el control de

error de flujo de rotor 30 en donde se determina el comando
de excitacidn de flujo (Aec). Luego el comando de excitacién

de flujo (Ae) pasa a través de los dispositivos de interfaz
24 y son recibidos por el generador 14 en la forma de comando
de corriente excitacién (Ei.). El comando de corriente de
excitacidn (Ei.) es recibido por y determina la corriente de
campo del generador 14 y cambia los voltajes (Dn) ¥y
corrientes (l,) de las fases de los cables y motor 16. El
proceso descrito anteriormente repite a una frecuencia
determinada. Cocmo tal, se opera un primer bucle de

retroalimentacién.

En todo momento durante la operacidén, el dispositivo de suma
de velocidad de motor 32 compara el comande de motor de
velocidad (Up.) con el estimado de motor de velocidad (Ugpe)
recibido desde el modelo de vector del motocr 26 y genera el

estimado de error de velocidad (Uge) .

A continuacién, el estimado de error de velocidad (Ug) es
utilizado por el control de error de velocidad de motor 34
para generar el comando de torque del motor (Tec). El comando
de torque del motor (Te.) se linealiza mediante linealizador
de torgue del motor 3¢ (cuando se utiliza la linealizacién
para generar el comando linealizado del torque) (Tic). E1
comando linealizado de torque (Ti.) se transforma a través de

los dispositivos de interfaz 24 y el comando de posicidén de
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obturador (T,.) se produce y suministra al motor 12. El
proceso descrito anterjormente se repite a una frecuencia
predeterminada. Como tal, se opera un segundo bucle de

retreoalimentacién.

El wmotor 16 impulsa la bomba 18 que cpera con base en el
comande de posicién de obturador (T,.) vy el comando de
corriente de excitacién (Ej.). Por lo tanto, la velocidad de
la bomba (Up) y el flujo de bomba (Q,) se manipulan en forma
precisa o se mantienen constantes segln se necesite para una
aplicacién particular mediante el uso de los primeros y

segundcs bucles de retroalimentacién.

Aquellos expertos en la técnica apreciaradn que la invencidn
supera asl 1la desventaja experimentada en los métodos
anteriores, tal como Pettigrew, que proporciona control de
velocidad de bomba variable al remover o] reducir
sustancialmente la posibilidad de que el céntrol de un
generador no se traducira en la operacién deseada del motor y
la bomba. De hecho, la realizacién de ejemplo del sistema 10
de la figura 1, de acuerde con la invencidn, se basa en
controlar el torque del motor en lugar de asumir la falla
frecuente de la salida de frecuencia deseada del generador lo
que resultard en la operacidén deseada del motor y la bomba

como en sistemas anteriores.

Como una ventaja agregada, la presente invencién, a través de
control preciso y el aumento de flujo de rotor, reduce el
pico partiendo de la corriente retirada por el motor y, en
forma correspondiente, la corriente que sea suministrada por
el generador. En los sistemas antericres en donde se opera un
generador a una frecuencia y voltaje y luego se conmuta el

W

motor en a través de 1la 1linea”, la corriente de motor
aumentard a un valor tanto como un mil por ciento (1000 %) de
la corriente de operacién del motor. Para manejar tales
corrientes de partida grandes, los sistemas anteriores

utilizan este método que requiere muchos componentes en el
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sistema gue son mucho mayores y mas robustos de lo gue elles
podran haber necesitado. La presente invencién reduce 1la
corriente pico a menos de un ciento cincuenta por ciento (150
%) de la corriente de operacién normal del motor, reduciendo
sustancialmente por lo tanto el peso, la complejidad y el
costo de los componentes requeridos para practicar la

invencidn.

Con el fin de probar y evaluar el sistema 10 (o un casi
equivalente del mismo), se realiza wuna simulacién por
computador utilizandc el programa Simulink desarrollade por
Math Works. La configuracién y arquitectura de la simulacién
se describe esquematicamente en el diagrama de bloques 40 de

la figura 2.

El motor modelado en la simulacién es un motor de cuatro
cilindros de las partes de demostracidn Simulink.
Adicionalmente, el contrcl de error de velocidad de motor 34
y €l control de error de flujo de rotor 30 scn contreladores
integrales proporcionales (PI). La simulacién produjo 1los
resultados descritos en las figuras 32 a 3B. Como se puede
ver en la figura 3B, la corriente méxima en el rotor
generader y el estator del motor durante el arranque fue de
aproximadamente 20 amperios, aungue las corrientes maximas
constantes fueron aproximadamente de 14 amperios. En la
figura 3C el flujo de rctor del motor (linea sélida) se ve
gque converge ligeramente scbre el comande de flujo de rotor
{lineas discontinlas). Adicicnalmente, en la figura 3D, la
velocidad del motor (lineas sélidas) converge sobre y se

mantiene en la velocidad comandada (lineas discontinutas).

Todas las referencias, que incluyen publicaciocones,
solicitudes de ©patente vy patentes mencionadas agui se
incorporan por la presente como referencia al mismo grado

comoc si cada referencia se hubiera indicade individual vy

especificamente para ser incorporada como referencia y se

establece aqui en su totalidad.
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Para propoésitos de esta descripcién, el término “acoplado”
significa la unién de dos componentes (eléctricos o
mecanicos) directa o indirectamente uno al otro. Tal unién
puede ser de naturaleza mévil o estacionaria. Tal unién se
puede lograr con dos componentes (eléctricos o mecanicos) vy
cualquier miembro intermedio adicional se forma integralmente
como un Unico cuerpo individual con uno o los dos componentes
y cualquier miembro adicional se une al otro. Tal unién puede
ser de naturaleza permanente o alternativamente puede ser

removible o liberable.

El uso de los términos “un” y “uno” y “el” y similares se
refiere en este contexto de la descripcién de la invencién,
especialmente en el contexto de las siguientes
reivindicaciones se debe constituir que cubre el singular vy
el plural a menos que se indigque otra cocsa aqui o se
contradiga claramente por el contexto. Los términos “que
comprenden” “gue tienen”, “que incluyen”, y “que contienen”
se constituyen como términos abiertos (es decir, significa
“que incluyen, pero no se limitan a”) a menos que se indigue
otra cosa. La descripcidén de los rangos de los valcres aqui
esta Unicamente destinado a servir como un método abreviado
de referencia individual a cada valor separado que cae dentro
del rango, a menos gque se indique de otra forma aqui, y cada
valor separado se incorpore en la descripcién como si fuera
mencionade  individualmente aqui. El término seflal se
constituye por incluir todos los medics de datos de
comunicacidén y/o informacién que incluyen, pero no se limitan
a estructuras de datos comunicadas entre mdédulos y sus
rutinas en uno o mds programas de computador, transmisién de
datos en serie o paralelo y seflales andlogas. Todos los
métodos descritos aqui se pueden realizar en cualgquier orden
adecuado a menos gue se indigue de otra forma aqui o se
contradiga claramente por el contexto. El uso de cualquiera y
todos los ejemplos, o lenguaje de ejemplo (por ejemplo, “tal

como”) suministrado aqui, se pretende que aclare UuUnicamente
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la invencién y no posee una limitacién del alcance de 1la
invencién a menos que se reivindique de otra forma. Ningun
lenguaje en la descripcién se debe constituir como indicador
de cualquier elemento no reivindicado como esencial para la

practica de la invencién.

Las realizaciones preferidas de esta invencién se describen
aqui, incluyendo la mejor forma conccida por los inventores
para llevar a cabo la invencién. Las variaciones de aquellas
realizaciones preferidas pueden ser evidentes para aquellos
medianamente versados en la técnica luego de la lectura de la
anterior descripcién. Los inventores esperan que los expertos
empleen tales variaciones apropiadas, y los inventores
pretenden que la invencién no se practique de otra forma que
la descrita especificamente aqui. De acuerdo con lo anterior,
esta invencidn incluye las modificaciones y equivalentes de
la materia objeto mencionada en las reivindicaciocnes adjuntas
como lo permite 1la 1ley aplicable. Mas aln, cualquier
combinacién de los elementos descritos anteriormente en todas
las variaciones posibles de la misma estd abarcada por la
invencidén a menos que se indigque aqui de otra forma o se

contradiga de otra forma claramente por el contexto.
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REIVINDICACIONES

LO QUE SE REIVINDICA ES:

1.

Un sistema para controlar la velocidad de un motor gque
impulsa wuna <carga, en donde el motor se conecta
eleéctricamente a un generador que es impulsado por un
motor, dicho generador tiene un campo controlable, dicho

sistema comprende:

Un primer bucle de retroalimentacién configurado para
limitar la diferencia entre el flujo magnético en el
rotor del motcr y un nivel comandado de flujo magnético
en donde el flujo magnético en el rotor se estima con
base en la medicién de las entradas eléctricas a 1los

cables del motor; y

Un segundo bucle de retroalimentacidén configurado para
limitar la diferencia entre la velocidad del rotor del
motor y una velocidad comandada en donde la velocidad
del motor se estima con base en la medicién de las

entradas eléctricas a los cables del motor.

El sistema de la reivindicacién 1, en donde el motor
suministra torque y el nivel del comando de flujo

magnético se mantiene sustancialmente constante durante
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la operacidén regular del sistema, para mantener por 1lo
tanto un torque sustancialmente constante desde el

motor.

El sistema de la reivindicacién 1, en donde el motor
suministra torque y el nivel de comando de flujo
magnético se reduce durante el arranque del sistema,

reduciendo por lo tanto la carga sobre el motor.

El sistema de la reivindicacién 3, en donde, el nivel de
comando de flujo magnético se reduce sustancialmente a

cero durante el arranque del sistema.

El sistema de la reivindicacién 1, en donde el primer y
segundo bucles de retroalimentacién se configuran vy

conectan operativamente para:

Medir el voltaje y la entrada de corriente a los cables

del motor:

Generar una sefial gque representa un estimado del flujo
del rotor del motor con base en las mediciones de
voltaje y las entradas de corriente a los cables de

motor;

Comparar una sefial de comando del rotor con la sefial que
representa un estimado de flujo del rotor del motor para
generar una sefal que representa el error de flujo del

rotor;

Generar una seflal de comando de excitacidén de flujo con
base en la serial que representa el error de flujo de
rotor, la senal de comando de excitacidén de flujo

coentrola la excitacién del campo del generadoer;
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Generar una sefial que representa un estimado de la
velocidad del motor con base en las medicicnes del

voltaje y las entradas de corriente al mctor;

Comparar una sefial de comando de velocidad con la sefial
que representa un estimado de la velocidad del motor
para generar una seflal que representa el error de

velocidad de motor: y

Generar una senal de comando de posicidén de obturador
basado en la sefilal que representa el error de velocidad
de motor, la seflal de comando de posicién de obturador

controla la posicidén del obturador del motor.

El sistema de la reivindicacidn 5, comprende

adicionalmente:

Generar un comando de torque del motor; y
Linealizar el comando de torque del motor,
En donde la ganancia del control de posicién de
obturador es casi constante y mas facil de ajustar para

respuesta dbptima.

Un método para controlar la velocidad de un motor que
impulsa wuna carga, en donde el motor se conecta
eléctricamente a un generador gue es impulsado por un
motor, dicho generador tiene un campo controlable vy
dicho motor tiene un obturador, que comprende realizar

periddicamente las etapas de:

Medir las entradas de voltaje y corriente para los

cables del motor;

Generar una sefial que representa un estimado del flujo
de rotor del motor con base en las mediciones de las
entradas de corriente y voltaje para 1los cables de

motor;
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Comparar una seflal de comando de rotor de flujo con la
sefilal que representa un estimado del flujo de rotor del
motor para generar una seflal gue representa el error de

flujo de rotor;

Generar una sefial de comando de excitacién de flujo con
base en la sefial que representa el error de flujo de
rotor, la sefial de comando de excitacidén de flujo que

controla la excitacidén del campo del generador;

Generar una seflal que representa un estimado de 1la
velocidad del motor con base en las mediciones de las

entradas de voltaje y corriente al motor:;

Comparar una sefial de comando de velocidad con la sedal
que presenta un estimado de la velocidad del motor para
generar una sefial gque representa el error de velocidad

de motor; y

Generar una sefial de comando de posicidén de obturador
con base en la sefial que representa el error de
velocidad del motor, la seflial de comando de posicidén de
obturador que controla la posicién del obturador del

motor.

El métodec de la reivindicacién 7, en donde, el motor
suministra torque y el métodc comprende adicicnalmente,
sostener la seflal de comando de excitacidén de flujo
sustancialmente constante durante la operacidén regular
del sistema, manteniendo por lo tanto un torque

sustancialmente constante desde el motor.

El método de la reivindicacidén 7, en donde, el motor
suministra torgque y el métode comprende adicionalmente,

reducir la sefial de comando de excitacidén de flujo

1P
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durante el arranque del sistema, para reducir por 1lo

tanto la carga sobre el motor.

El meétode de 1la reivindicacién 9, que comprende
adicionalmente, reducir la sefial de comando de
excitacidén de flujo durante el arranque del sistema a

sustancialmente cero.

Un sistema de control de bomba para contrcolar las
entradas mecanicas a una bomba, la bomba se acopla a un
motor eléctrico, el motor eléctrico se acopla a un
generador impulsado por un motor, el sistema de control

de bomba comprende:

Una unidad de control de error que incluye:

Una pluralidad de dispositivos de interfaz;

Un mcdelo de vector del motor acopladc a por lo menos
dos de los dispositivos de interfaz;

Un dispositivo de suma de flujo de rotor configurado
para proporcionar un estimado de error de flujo acoplado
al modelo de vector del motor y uno de los dispositivos
de interfaz;

Un dispositivo de suma de velocidad de motor acoplado al
modelo de vector del motor; y

Un control de error de velocidad de motor acoplade al
dispositivo de suma de velocidad de motor y uno de los
dispositivos de interfaz; vy

Un controlador supervisor acoplado al dispositiveo de
suma de velocidad de motor, el modelo de vector del

motor, y el dispositivo de suma de flujo de rotor,

En donde la velocidad del motor acoplade a la bomba se
controla mediante un primer bucle de retroalimentacién
configurado para proporcionar un comandoe de corriente de
excitacién al generador y un segundo bucle de
retroalimentacién configurado para proporcionar un

comando de posicién de obturador para el motor.
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El sistema de control de bomba de la reivindicacién 11,
que comprende adicionalmente un linealizador de torque
del motor configurade para linealizar un comando de
torque del motor, el linealizador se acopla a por lo
menos uno de los dispositivos de interfaz, el control de
velocidad del motor y el modelo de vector del motor, en
donde la ganancia del sistema del control de posicidédn de

obturador es casi constante.

El sistema de control de bomba de la reivindicacién 11,
en donde durante el arranque del sistema el controlador
supervisor se configura para fijar un nivel de flujo

magnético para reducir la carga sobre el motor.

El sistema de control de bomba de la reivindicacién 13,

en donde el flujo magnético se fija a cero durante el

arranque del sistema.

El sistema de control de bomba de la reivindicacién 11,
que comprende adicionalmente el controlador supervisor
configurado para programar parametros de operacién para
los dispositivos de interfaz, el modelo de vecter del
motor, el control de error de flujo de rotor, y el

control de error de velocidad de motor.

El sistema de control de bomba de la reivindicacién 12,
en donde el linealizador de torque del motor se
configura para que se programe selectivamente por parte

del contrelador supervisor.
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RESUMEN

Se proporxcicna un sistema y método para controlar la
velocidad de un motor que impulsa una carga que se conecta
eléctricamente a un generador impulsade por un motor, a
través del wuso de un primer bucle de retroalimentacién
configurado para controlar el flujo de rotecr del motor al
contreolar la excitacidén de campo del generador, y un segundo
bucle de retroalimentacidén configurade para controlar la
velocidad del motor al controlar la posicién del obturador

del motor.
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INDUCTION MOTOR TORQUE CONTROL IN A PUMPING SYSTEM

FIELD OF THE INVENTION

[0601] This invention generally relates to controlling the performance of an induction
motor and, more particularly, to methods for controlling the performance of an induction motor
used in a pumping system.

BACKGROUND OF THE INVENTION

[0602] In the oil and gas industry, an engine (e.g., a diesel, gasoline, natural gas, or propane
engine) is sometimes used to power a three phase generator. The generator, in turn, supplies
power to a three phase induction motor used to drive a mechanical pumping apparatus. If the
induction motor in such a system is operated at variable speeds, the capability of the pumping
system is greatly expanded. However, prior approaches to providing variable speed operation
of the pump in such pumping systems have not been entirely satisfactory. In one previously
used approach to operating a pump at variable speed in an engine driven pumping system,
variable frequency and voltage power is delivered to a three phase motor driving the pump.
Typically, in a system using a generator as the source of electrical power, an electronic variable
speed drive (a.k.a., a variable frequency drive or VFD) is interposed between the generator and
the induction motor to provide variable volitages and frequencies to the motor. There are many
potential disadvantages to using a variable speed drive, including voltage harmonics generated
on the motor leads that can damage the motor, current harmonics generated at the input of the
VFD that can cause problems for the generator, the complexity in VFD design and/or the need
for an expensive output transformer when higher voltages are used (most often when motor
leads are very long).

[0003] To eliminate the need for a variable speed drive, some prior approaches employ a
variable frequency power system that varies the speed and excitation of a three phase generator
to produce a desired output frequency and voltage in an attempt to achieve the desired
operation of the three phase motor in the pump. US patent number 7,170,262, to Pettigrew
discloses a variable speed drive system of this type, and discusses the operation of such a
system in comparison to earlier prior systems of the type using a variable speed drive as
described herein above,

[0004] Unfortunately, variable frequency power systems, of the type exemplified by
Pettigrew, have significant drawbacks. For example, simply attempting to control the output of
the three phase generator may not produce the desired operation of the pump. The output speed
of the induction motor driving the pump will vary based on factors such as pump loading.
When that occurs, the user of such a variable frequency power system will not have accurate
control of the pump speed and may encounter a variety of undesirable situations. For example,
the pump may operate at a lower than expected speed, resulting in lower than optimal
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production or the pump may operate at a higher than desired speed and experience a “pump
dry” or “pump off” condition causing the pump to run without fluid to cool and lubricate it or
the pump will turn off to allow the fluid to refill the casing, causing sediment to settle in the
pump. These conditions will result in damage to the pump, resulting in reduced life.

[0005] The present invention is directed to overcoming the drawbacks described and, in
addition, improving the state of the art in the oil and gas industry.

BRIEF SUMMARY OF THE INVENTION

|06006] In one embodiment, a system and method for controlling the rotational speed of a
motor driving a pump is provided. By controlling the rotational speed of the motor instead of
the frequency of the generator, the operation of the pump is more precisely and accurately
controlled.

[0007] There is provided a system for controlling the speed of a motor driving a lcad. The
motor is electrically connected to a generator which is driven by an engine. The generator
includes a controllable field. The system includes a first control feedback loop configured to
limit the difference between the magnetic flux in the rotor of the motor and a commanded level
of magnetic flux wherein the magnetic flux in the rotor is estimated based on measurement of
electrical inputs to the motor cables. A second control feedback loop is configured to limit the
difference between the speed of the rotor of the motor and a commanded speed wherein the
speed of the motor is estimated based on a measurement of electrical inputs to the motor cables.

[0008] There is further provided a method for controlling the speed of a motor driving a
load. The motor is electrically connected to a generator which is driven by an engine. The
generator includes a controllable field and the engine has a throttle. The method includes
periodically performing the steps of measuring voltage and current inputs to the motor cables.
Based on the measurements of voltage and current inputs to the motor cables, a signal is
generated representing an estimate of rotor flux of the motor. The estimate of the rotor flux of
the motor is compared to a flux rotor command signal are used to generate a signal representing
the rotor flux error. The method further includes generating a flux excitation command signal
based on the signal representing the rotor flux error with the flux excitation command signal
controlling the excitation of the field of the generator. A signal representing an estimate of the
speed of the motor based on the measurements of the voltage and current inputs to the motor is
generated. A comparison of the speed command signal with the signal representing an estimate
of the speed of the motor is used to generate a signal representing the motor speed error. A
throttle position command signal is generated based on the signal representing the motor speed
error. A throttle position command signal is generated based on the signal representing the
motor speed error with the throttle position command signal controlling the position of the
throttle of the engine.
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10009] There is further provided a pump control system to control mechanical inputs to a
pump. The pump is coupled to a electric motor and the electric motor is coupled to a generated
driven by an engine. The pump control system includes and error control unit having a
plurality of interface devices. A motor vector model is coupled to at least two of the interface
devices. A rotor flux summation device is configured to provide a flux error estimate coupled
to the motor vector mode] and one of the interface devices. A motor speed summation device
coupled to the motor vector model and a motor speed etror control is coupled to the motor
speed summation device and one of the interface devices. The pump control system further
includes a supervisory controller coupled to the motor speed summation device, the motor
vector model, and the rotor flux summation device, wherein the speed of the motor coupled to
the pump is controlled by a first control feedback loop configured to provide an excitation
current command to the generator and a second control feedback loop configured to provide a
throttle position command to the engine. In another embodiment, the pump control system
includes an engine torque linearizer which is configured to linearize an engine torque
command. The linearizer is coupled to at least one of the interface devices, the motor speed
control and the motor vector model, wherein the system gain of the throttle position is near
constant. During system start up, the supervisory control is configured to set a level of
magnetic flux to reduce loading on the engine. In one embodiment, the supervisory controller
sets the magnetic flux at zero during the system start up.

[0010] Other embodiments of the invention will become more apparent from the following
"detailed description when taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings incorporated in and forming a part of the specification
illustrate several aspects of the present invention and, together with the description, serve to
explain the principles of the invention. In the drawings:

{0012] FIG. 1 is an exemplary embodiment of an induction motor control system having an
error control unit in accordance with the teachings of the present invention;

[0013] F1G. 2 is a block diagram of a Simulink software simulation performed on a system
similar to the system of FIG. 1; and

[0014] F1G. 3A-3D are graphical depictions of the results from the simulation performed on
the system of FIG. 2.

[0015] While the invention will be described in connection with certain preferred
embodiments, there is no intent to limit it to those embodiments. On the contrary, the intent is
to cover all alternatives, modifications and equivalents as included within the spirit and scope

of the invention as defined by the appended claims,
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DETAILED DESCRIPTION OF THE INVENTION

[0016] Referring now to FI1G. 1, a pump control system 10 is illustrated. As will be more
fully explained below, the error control system 20 of the pump control system 10 monitors one
or more characteristics of the electrical input to the cables and motor 16 and, based on what is
observed, calculates the mechanical inputs to the pump 18 and adjusts the operation of the
engine 12 and generator 14. By controlling the mechanical inputs to the pump 18, the
operation of the pump is more precise, accurate and dependable than would be provided by a
system which only controls electrical outputs of a generator,

[0017] The engine 12 intake ingests air and fuel and, by combusting the mixture thereof,
generates a rotary mechanical engine output 22. The rotary mechanical engine output 22 is
dependent on the throttle position Ty, fuel used, air temperature and density, etc. The engine
12 may operate using diesel, gasoline, liquid propane, natural gas or other types of fuels. The
engine 12 is operably coupled to, and drives, the generator 14. In that regard, the rotary
mechanical engine output 22 is typically directly coupled to the mechanical input of the
generator 14. Even so, other types of connections such as gear boxes, belts, hydraulic power
coupling and the like may be employed depending on the particular application. The generator
14 is a synchronous three phase generator, having a field which can be controlled.

[0018] The generator 14 is electrically coupled by electrical cables to a motor, which are
collectively represented at 16. In the system shown, the pump is a centrifugal pump of the type
known as an electrical submersible pump (ESP), so both the motor 16 and the pump 18 are
disposed within a well casing far below ground level and the cables 16 are of considerable
length. In a typical oil well, for example, the cables 16 may be thousands of feet long.
Through the cables 16, the generator 14 supplies the motor 16 with electrical power. In the
illustrated embodiment of FIG. 1, the motor 16 is a three phase induction motor. The electrical
inputs to the motor 16 can be characterized by the voltages (V,,) and currents (I,,). The motor
16 generates a rotary mechanical output that may be characterized by pump speed (U,) and
pump torque (Tp).

[0019] The motor 16 is mechanically coupled to, and drives, the pump 18, which is situated
at or near the bottom of the well casing and immersed or partially immersed in the fluid (e.g.,
oil and/or water) being pumped. The pump 18 generates a fluid output that may be
characterized by, among other parameters, pump head (H;) and pump flow (Q,).

[0020] The error control unit 20 is, in general, in electrical communication with the engine
12 and the generator 14. The error control unit 20 is also configured to monitor the voltage
inputs (V) and current inputs () to the cables and motor 16. The error control unit 20
includes interface devices 24, a motor vector model 26, a rotor flux summation device 28, a
rotor flux error control 30, a motor speed summation device 32, and a motor speed error control

34. The error control unit 20 also optionally includes an engine torque linearizer 36.



Reference No. 506614-PCT

[0021] The interface devices 24 are generally employed to manipulate or convert the
signals and data sent or received by the error control unit 20. In that regard, the interface
devices 24 can include numerous electrical components such as, for example, parallel
input/output devices, analog to digital (A/D) converters, digital to analog (D/A) converters,

current and voltage sensors, flux estimators, filters, integrators and the like.

[0022) In the embodiment shown, the interface devices 24 have two outputs. The first
output is the throttle position command (Tyc), which is converted from the torque error
command (T..) of the motor speed error control 34 or, in systems where the engine torque
linearizer 36 is used, the linearized torque command output (Ty.) of the engine torque linearizer
36. The second output is the excitation current command (E;c) which is converted from the flux
error command (Ae) generated by the rotor flux error control 30.

[0023) For inputs, the interface devices 24 generate three motor voltage measurement
signals (Vinm) to represent the voltages (Vy,) on each phase of the cables and motor 16 and two
motor current measurement signals (Inm) to represent the currents (I;,) on two of the three
phases. The current of the third phase is easily calculated, since the currents of the three phases
must total zero, but could be measured as well.

[0024] The motor vector model 26 is in electrical communication with the interface devices
24, the rotor flux summation device 28, the supervisory controller 38, the motor speed
summation device 32, and, when employed, the engine torque linearizer 36. The motor vector
mode] 26 performs several mathematical functions using the motor voltage measurement
signals (Vmm) and the motor current measurement signals (Inm) in order to provide estimations
as described in U.S. Patent No. 7,117,120 to Beck et al. (the 120 patent), which is included
herein by reference. For example, the motor vector model 26 calculates and outputs estimates
of the performance of the induction motor 16 including the motor speed at the motor shaft
(Ume), the magnetic flux of the rotor (i), and the mechanical torque of the motor shaft (Trme ).

|0025] The rotor flux summation device 28 depicted in FIG. 1 receives two inputs, namely
the rotor flux estimate (1) from the motor vector mode! 26 and the rotor flux command (A)
from the supervisory controller 38. During regular operation, the rotor flux command (A) is
generally kept at a constant value to maintain proper torque (T,) of the motor. However, during
starting of the engine 12, the rotor flux command () may be greatly reduced or even held at
zero to reduce the loading on the engine 12. Based on the inputs received, the rotor flux
summation device 28 generates an output, namely the flux error estimate (hec).

[0026] The flux error estimate (A¢.) is received by the rotor flux error control 30. In
general, the rotor flux error control 30 is a control loop structure designed to adjust its output to
force the error term to zero. In the illustrated embodiment of FIG. 1, the rotor flux error control
30 is a proportional-integral-derivative (P1D) controller. However, other types of control
structures, such as proportional-integral (PI), fuzzy logic controllers, and the like, could be used
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as is known in the art. The rotor flux error control 30 outputs the flux excitation command (kec)
to the interface devices 24.

10027) The motor speed summation device 32 illustrated in FIG. 1 receives two inputs,
namely the motor speed estimate (Up,) from the motor vector model 26 and the motor speed
command (Unc) from the supervisory controller 38. Based on the inputs received, the motor
speed summation device 32 generates an output, namely the speed error estimate (U.).

[0028] The speed error estimate (Ue) is received by the motor speed error control 34. In
general, the motor speed error control 34 is a control loop structure designed to adjust its output
to force the error term to zero. In the illustrated embodiment of FIG. 1, the motor speed error
control 34 is a proportional-integral-derivative (PID) controller. However, other types of
control structures, such as proportional-integral (P), fuzzy logic controllers, and the like, could
be used as is known in the art. As shown in FIG. 1, the motor speed error control 34 generates
and sends the torque engine command (Te) to the optional engine torque linearizer 36. If the
engine torque linearizer 36 is omitted from the error control unit 20, the torque engine
command (T.) is provided directly to the interface devices 24.

[0029] When used, the engine torque linearizer 36 is used to ensure that a particular input is
correlated with the appropriate and desired corrective action. For example, when a three
percent (3%) change in engine torque is needed, a throttle change of ten percent (10%) may be
required. In such circumstances, the engine torque linearizer 36 manipulates the engine torque
command (Te.) received from the motor speed error control 34 such that a linearized torque
command (7)) is produced. Linearizing the torque command ensures that the system gain of
the throttle position control is near constant and, therefore, easier to tune for optimum response.
The linearized torque command (Tic) is output to the interface devices 24 and provided to the
engine 12. As such, the throttle position is changed as needed to correctly correspond to the
engine torque command (T..). Asshown in FIG. 1, the engine torque linearizer 36 receives two
inputs, namely the engine torque command (T.;) from the motor speed error control 34 and the
motor speed estimate (Up,) from the motor vector model 26.

[0030] Still referring to FIG. 1, most of the components of the error control unit 20 are in
electrical communication with the supervisory controller 38. In particular, the supervisory
controller 38 delivers the motor speed command (Up,) to the motor speed summation device 32
and the rotor flux command () to the flux rotor summation device 28. The values of these
two commands may be derived by manual operator input, derived according to the methods
described in the ‘120 patent, or derived by other automatic means. The supervisory controller
38 receives signals representing estimates of the motor speed at the motor shaft (Uy,) and the
mechanical torque of the motor shaft (T). The supervisory controller 38 also sets the
programmable operating parameters (designated by the letter ‘P’ in a circle) for the interface
devices 24, motor vector model 26, rotor flux error control 30, motor speed error control 34
and, when used, the engine torque linearizer 36. The programmable operating parameters

include gains, filter coefficients, lookup table values, motor parameters and the like. The

B\
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supervisory controller 38 may also receive a variety of other inputs from the error control unit
20 and the system 10 and generate a variety of other outputs to the system 10.

[0031] In operation, the engine 12 within the system 10 is started while maintaining the
rotor flux command (A.c) at or near zero. Some flux command is generally necessary to
produce enough motor voltage (I,,) for the motor vector model 26 to be able to estimate motor
speed (Up). The stator speed of the motor 16 is determined by the motor vector module 26
using motor voltage measurement signals (Vimm) and (Imm) representing, respectively, the
voltages (V) and currents (1) of the phases of the cables and motor 16. Initially, the
supervisory controller 38 also limits the calculated value of the slip of the motor 16 to zero (0)
so that the calculated estimate of the motor speed (Uy,) is the same as the electrical rotational
speed of the stator of the motor 16 and, therefore, also proportional to the rotational speed of
the engine 12.

[0032] The motor vector model 26 provides the motor speed estimate (Up,) to the
supervisory controller 38. Once the motor speed estimate (Up,) reaches a predetermined or
desired level, the controller ramps up the rotor flux command () at a desired rate. In
determining the predetermined or desired level, the controller 38 may access and utilize a fixed
parameter or one or more available look up tables. When a look up table is employed, the
supervisory controller 38 uses the motor speed estimate (U,) to locate the appropriate and
corresponding flux rotor command (A} on the look up table. At this time, the supervisory
controller 38 also increases, at a controlled rate, the limit on the calculated value of the slip of
the motor 16 so that the calculated estimate of the motor speed (Up) becomes the actual
rotational speed of the motor 16 and pump 18.

[0033] The rotor flux summation device 28 compares the flux rotor command (A.) with the
flux rotor estimate (Ar) provided by the motor vector model 26. Based on that comparison, the
rotor flux summation device 28 generates the flux error estimate (Aec). The flux error estimate
(Aee) 15 used by the rotor flux error control 30 where the flux excitation command (Ae.) is
determined. The flux excitation command (A..) then passes through the interface devices 24
and is received by the generator 14 in the form of the excitation current command (E;.). The
excitation current command (E;;) is received by and determines the field current of the
generator 14 and changes the voltages (Vy,) and currents (1) of the phases of the cables and
motor 16. The process described above repeats at a predetermined frequency. As such, a first
control feedback loop is operated.

[0034) At all times during operétion, the motor speed summation device 32 compares the
speed motor command (Up,.) with the speed motor estimate (Uy,) received from the motor

vector model 26 and generates the speed error estimate (U,.).

[0035] Next, the speed error estimate (U,,) is used by the motor speed error control 34 to
generate the torque engine command (T¢.). The torque engine command (T,,) is linearized by

the engine torque linearizer 36 (when linearization is used) to generate the torque linearized



Reference No. 506614-PCT

command (Ty). The torque linearized command (T.) is transformed through the interface
devices 24 and the throttle position command (Ty) is produced and delivered to the engine 12.
The process described above repeats at a predetermined frequency. As such, a second control
feedback loop is operated.

[0036] The motor 16 driving the pump 18 operates based on the throttle position command
(Txc) and the excitation current command (E;;). Therefore, the pump speed (U,) and the pump
torque (Ty) are accurately controlled and the pump head (Hp) and the pump flow (Q;) precisely
manipulated or held steady as needed for a particular application by the use of the first and
second control feedback loops.

[0037] Those having skill in the art will appreciate that the invention thus overcomes the
disadvantage experienced in prior approaches, such as Pettigrew, to providing variable pump
speed control by removing or substantially reducing the possibility that the control of a
generator will not translate into the desired operation of the motor and the pump. Indeed, the
exemplary embodiment of the system 10 of FIG. 1, according to the invention, relies on
controlling the torque of the motor instead of the often faulty assumption that the desired
frequency output of the generator will result in the desired operation of the motor and the pump
as in prior systems.

10038] As an added advantage, the present invention, through precise control and ramping
up of rotor flux, reduces the peak starting current drawn by the motor and, correspondingly, the
current that needs to be provided by the generator. In prior systems where a generator is
operated at a frequency and voltage and then the motor is switched on “across the line,” motor
current will peak at a value as much as one thousand percent (1000%) of the operating current
of the motor. To handle such large starting currents, prior systems using this approach required
many components in the system to be much larger and more robust than they would otherwise
have needed to be. The present invention reduces the peak current to less than one hundred
fifty percent (150%) of the motor’s normal operating current, thereby substantially reducing the
weight, complexity and cost of components required for practicing the invention.

10039] In order to test and evaluate the system 10 (or a near equivalent thereof), a computer
simulation was performed using the Simulink program developed by MathWorks. The set up
and architecture of the simulation is schematically depicted in the block diagram 40 of FIG. 2.

[0040]  The engine modeled in the simulation was a four cylinder engine from the Simulink
demonstration parts. In addition, the motor speed error control 34 and the rotor flux error
control 30 were proportional-integral (PI) controllers in the simulation. The simulation yielded
the results depicted in FIGS. 3A to 3D. As can be seen in FIG. 3B, the peak current in the
generator rotor and motor stator during starting was approximately 20 amperes, while the
steady state peak currents were approximately 14 amperes. In FIG. 3C the rotor flux of the
motor (solid line) is seen to converge smoothly on the rotor flux command (dashed line).
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Further, in FIG. 3D, the motor speed (solid line) converged on and maintained at the
commanded speed (dashed line).

[0041] All references, including publications, patent applications, and patents cited herein
are hereby incorporated by reference to the same extent as if each reference were individually
and specifically indicated to be incorporated by reference and were set forth in its entirety
herein.

[0042) For purposes of this disclosure, the term "coupled” means the joining of two
components (electrical or mechanical) directly or indirectly to one another. Such joining may
be stationary in nature or moveable in nature. Such joining may be achieved with the two
components (electrical or mechanical) and any additional intermediate members being
integrally formed as a single unitary body with one another or the two components and any
additional member being attached to one another. Such adjoining may be permanent in nature
or alternatively be removable or releasable in nature.

[0043]) The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the invention (especially in the context of the following claims) is to be construed to
cover both the singular and the plural, unless otherwise indicated herein or clearly contradicted
by context. The terms “comprising,” “having,” “including,” and “containing™ are to be
construed as open-ended terms (i.e., meaning “including, but not limited to,”) uniess otherwise
noted. Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, unless
otherwise indicated herein, and each separate value is incorporated into the specification as if it
were individually recited herein. The term signal is to be construed as including all means of
communicating data and/or information including, but not limited to data structures
communicated between modules and subroutines in one or more computer programs, serial and
parallel data transmission and analog signals. All methods described herein can be performed
in any suitable order unless otherwise indicated herein or otherwise clearly contradicted by
context. The use of any and all examples, or exemplary language (e.g., “such as™) provided
herein, is intended merely to better illuminate the invention and does not pose a limitation on
the scope of the invention unless otherwise claimed. No language in the specification should
be construed as indicating any non-claimed element as essential to the practice of the invention.

|0044) Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein, Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by

applicable law. Moreover, any combination of the above-described elements in all possible
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variations thereof is encompassed by the invention unless otherwise indicated herein or
otherwise clearly contradicted by context.
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WHAT IS CLAIMED IS:

1. A system for controlling the speed of a motor driving a load, wherein the motor
is electrically connected to a generator which is driven by an engine, said generator having a
controllable field, said system comprising:

a first control feedback loop configured to limit the difference between the magnetic
flux in the rotor of the motor and a commanded level of magnetic flux wherein the magnetic
flux in the rotor is estimated based on measurement of electrical inputs to the motor cables; and

a second control feedback loop configured to limit the difference between the speed of
the rotor of the motor and a commanded speed wherein the speed of the motor is estimated
based on measurement of electrical inputs to the motor cables.

2. The system of claim 1, wherein, the motor delivers torque and the commanded
level of magnetic flux is held substantially constant during regular operation of the system, to
thereby maintain a substantially constant torque from the motor.

3. The system of claim 1, wherein, the motor delivers torque and the commanded
level of magnetic flux is reduced during start-up of the system, to thereby reduce loading on the
engine.

4, The system of claim 3, wherein, the commanded level of magnetic flux is
reduced substantially to zero during start-up of the system.

5. The system of claim 1, wherein, the first and second control feedback loops are

configured and operatively connected for:

measuring voltage and current inputs to the motor cables;

generating a signal representing an estimate of the rotor flux of the motor based
on the measurements of the voltage and current inputs to the motor cables;

comparing a flux rotor command signal with the signal representing an estimate
of the rotor flux of the motor to generate a signal representing the rotor flux error;

generating a flux excitation command signal based on the signal representing the
rotor flux error, the flux excitation command signal controlling the excitation of the field of the
generator;

generating a signal representing an estimate of the speed of the motor based on
the measurements of the voltage and current inputs to the motor;

comparing a speed command signal with the signal representing an estimate of
the speed of the motor to generate a signal representing the motor speed error; and

generating a throftle position command signal based on the signal representing
the motor speed error, the throttle position command signal controlling the position of the
throttle of the engine.

6. The system of claim 5 further comprising:
generating a torque engine command; and

11
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linearizing the torque engine command,
wherein the gain of the throttle position control is near constant and easier to
tune for optimum response.

7. A method for controlling the speed of a motor driving a load, wherein the motor
is electrically connected to a generator which is driven by an engine, said generator having a
controllable field and said engine having a throttle, comprising periodically performing the
steps of:

measuring voltage and current inputs to the motor cables;

generating a signal representing an estimate of the rotor flux of the motor based on the
measurements of the voltage and current inputs to the motor cables;

comparing a flux rotor command signal with the signal representing an estimate of the
rotor flux of the motor to generate a signal representing the rotor flux error;

generating a flux excitation command signal based on the signal representing the rotor
flux error, the flux excitation command signal controlling the excitation of the field of the
generator;

generating a signal representing an estimate of the speed of the motor based on the
measurements of the voltage and current inputs to the motor;

comparing a speed command signal with the signal representing an estimate of the
speed of the motor to generate a signal representing the motor speed error; and

generating a throttle position command signal based on the signal representing the
motor speed error, the throttle position command signal controlling the position of the throttle
of the engine.

8. The method of claim 7, wherein, the motor delivers torque and the method
further comprises, holding the flux excitation command signal substantially constant during
regular operation of the system, to thereby maintain a substantially constant torque from the
motor.

9. The method of claim 7, wherein, the motor delivers torque and the method
further comprises, reducing the flux excitation command signal during start-up of the system, to
thereby reduce loading on the engine.

10. The method of claim 9, further comprising, reducing the flux excitation
command signal during start-up of the system to substantially zero.

11. A pump control system to control mechanical inputs to a pump, the pump
coupled to an electric motor, the electric motor coupled to a generator driven by an engine, the
pump control system comprising:

an error control unit including:

a plurality of interface devices;
a motor vector model coupled to at least two of the interface devices;

12
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a rotor flux summation device configured to provide a flux error estimate
coupled to the motor vector model and one of the interface devices;
a motor speed summation device coupled to the motor vector model; and
a motor speed error control coupled to the motor speed summation device and
one of the interface devices; and
a supervisory controller coupled to the motor speed summation device, the motor vector
model, and the rotor flux summation device,
wherein the speed of the motor coupled to the pump is controlled by a first control
feedback loop configured to provide an excitation current command to the generator and a
second control feedback loop configured to provide a throttle position command to the engine.

12 The pump control system of claim 11, further comprising an engine torque
linearizer configured to linearize an engine torque command, the linearizer is coupled to at least
one of the interface devices, the motor speed control and the motor vector model, wherein the
system gain of the throttle position control is near constant.

13. The pump control system of claim 11, wherein during system startup the

supervisory controller is configured to set a level of magnetic flux to reduce loading on the
engine.

14.  The pump control system of claim 13, wherein the magnetic flux is set at zero
during system startup.

15, The pump control system of claim 11, further comprising the supervisory
controller configured to program operating parameters for the interface devices, the motor

vector model, the rotor flux error control, and the motor speed error control,

16.  The pump control system of claim 12, wherein the engine torque linearizer is
configured to be selectively programmed by the supervisory controller.

13
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ABSTRACT

A system and method are provided for controlling the speed of a motor driving a load
that is electrically connected to a generator driven by an engine, through use of a first control
feedback loop configured to control the rotor flux of the motor by controlling the field
excitation of the generator, and a second control feedback loop configured to control the speed
of the motor by controlling the throttle position of the engine.

14

SN2



SOrnNgia
SI1ONI

R V.



12 14 16 18
H
Air Vm Y _ P
Cables T |
Fuel Engine Generator and p Pump Qp
—_— Motor \ —
Txc ‘ﬁEic

25 S s S R :
1 v L]
: 2414 ® Interface Devices !
' L}
1
‘ T & Vim 30 :
: Ic v /\/ '
N 1]
) ® Engine Unme Rotor Flux Aec '
' Torque - Modo) Error '

Linearizer ode Controt '
' ® o ® :
: Tec L} I —'--.‘---I
: . ~
] L}
. Motor Speed . Supervisory 20
v 3 Error ! Controller L 38
! Control P . Yme
: ® S
1 L}
: ! Setup/Tuning
. ' Parameters
: '
1 1
L}

€/
108L01/0107 OM

F¥6¥LT0/0102SN/1Dd



\o

IVEG Coni‘rolg e
H Senna? Sriving vadshiz

i ingiation naclor
The saotet fiux rference i
B2 40 2e6 ANt thi prgion staned
1o ah izl spod L When e
angine saies |, the ruotar Sux mfeenon 30 100WY SpR%d
arg samped up 6 a gl st 2o

inta

Maoter Speod Cmed fadis) T

L
rkr Spead “
Conimend hih
#oler Spaed
Hagulgtor

i
i

4

I,

Kty 5

o

ey
Fayp e—Pifen

H

Vaoter Faux
Fegitater

Birew 10 B

iyss

Fof 8
pes:

en

Seoue

Linly

€/

TO8LOT/010Z OM

P6¥LTO/0F0ZSN/LDd



WO 2010/167801 PCT/US2010/027494

3/3

Throttle Position Command

0 5 10 15 20 25

FIG. 3A

Generator Rotor & Motor Stator Currents
20 '

10 |

0 i ] 1 | | 1

0 S 10 15 20 25

FIG. 3B

Motor Flux Regulator Command & Simulated Response

1 1 T

FIG. 3C

Motor Speed Regulator Command & Simulated Response

200 . ? . . .

—-— -

100




P IV NGIDYNEILNG
[ anusios

m zoﬂu.ﬁ..._.zmwmxn
.
.
_,




PATENT COOPERATION TREATY

PCT

PCT/US2010/027494

INTERNATIONAL SEARCH REPORT

{PCT Articie 18 and Rules 43 and 44)

Applicant's or agent's file reference

506614-PCT

FOR FURTHER

ACTION as well as, where applicable, itemn 5 below.

see Form PCT/ISA/22Q

International application No.

PCT/US2010/027494

Intemational filing date (daymonthiyear)
16 MARCH 2010 (16.03.2010)

{Earliest) Priority Date (day/month/vear)
16 MARCH 2009 (16.03.2009)

Applicant

UNICO, INC. et al

This International search report has been prepared by this Intemational Scarching Authority and is transmitted to the applicant according
1o Article F8. A copy is being transmitied to the Intemational Bureau,

This international search report consists of a total of 3 sheets.
D It is also accompanied by a copy of each prior art document cited in this report.

1. Basis of the report

4. With regard 1o the title,

5. With regard to the abstract,

a translation of the intemational application inte
transiation furnished for the purposes of international search (Rules 12.3(a) and 23,1(b))

b. D This international search report has been established laking into account the rectification of an obvious mistake
authorized by or notified to this Authority under Rule 91 (Rule 43.65is(a)).

c. E] With regard to any nucleotide and/or nmine acid sequence disclosed in the international application, see Box No. 1.

6. With regard to the drawings,
a. the figure of the drawings 10 be published with the absuact is Figure No.
as sugaested hy the applicant.
D as selected by this Authority, because the applicant failed to suggest a figure.
D as selected by this Authority, because this figure better characterizes the invention.
b. I:] none of the figure is 1o be published with the abstract.

a. With regard to the language, the international search was carricd out on the basis of

the international application in the language in which it was filed

, which is the Tanguage of a

2. D Certain claims were found unsearchable (See Box No. II)

3 D Unity of invention 1s Jacking (Sce Box No. 111}

the text is approved as submitted by the applicant.
D the text has been established by this Authorily to read as follows:

g the text is approved as submitted by the applicant.
D the text has been established, according to Rule 38.2, by this Amhority as it appears in Box No, JV. The applicant
may, within one month from the date ol mailing of this international search report, submit comments to this Authority,

Forin PCT/ISA/210 (first sheety (July 2009}



INTERNATIONAL SEARCH REPORT

International application Mo,
PCT/US2010/027494

A. CLASSIFICATION OF SUBJLCT MATTER

FO4B 49/06(2006.01)i, HO2P 27/06(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

FO4B 49/06; HOZP 6/16; FO4D 15/00; FO2M 3708

Minimum documentation searched (classification system followed by classification symbols)

Korean utility models and applications for utility models
Japanese utility models and applications for utility modcls

Documentation searched other than minimum documentation to the extent that such documents are mcluded in the fields searched

Electronic data base consulted during the international search {name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: pump, motor, control, engine, gencrator

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Sec claims 1-5, figure 2.

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A JP 2004-353624 A (AISIN SEIKI CO., LTID.) 16 December 2004 1-15
See paragraph {0020]-[004C], figure 1.
A IP 2004-108296 A (KEIHIN CORP) 08 April 2004 =15
Sce paragraph [0008]-[0013], figure 3.
A JP 2007-211781 A (MITSUBISHI ELECTRIC CORP} 23 August 2007 1-15
See claims 1-5, figure 3.
A JP 11-082316 A (HITACHI LTD.) 26 March 1999 1-15

D Further documents are listed in the continwation of Box C.

See patenl family annex.

* Special categories of cited documents:

"A"  document defining Lhe general siate of the art which is not considered
to be of particeler relevance

"E"  earlier application or patent but published on or after the intemational
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of citation or nther
specinl reason (as specified)

"O"  decement referring 10 an o:al disclosure, use, exhibition or ather
means

"P"  decument published prior 10 the international filing date but later
than the priority date claimed

oo

e

e

g

later dosument published afer the international filing date or priority
dote and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance, the claimed invention cannot be
considered novel or cannat be considered to involve an inventive
siep when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered o involve an invemtive slep when the document is
combined with one or nare other such documents,such combination
being obvious to a person skilled in the ant

dacuinent member of the same patent family

Date of the actual completion of the intemational search

28 SEPTEMBER 2010 (28.09.2010}

Date of mailing of the intemational search report

28 SEPTEMBER 2010 (28.09.2010)

Name and mailing address of the ISA/KR

Korcan Intellectual Property Office
Government Complex-Daejeon, 139 Seonsa-ro, Seo-
gu, Dagjenn 302-701, Republic of Korea

Facsimilc No. 82-42-472-7140

Auhorized officer .

Telephone No.  82-42-481-8432

PARK, Heon Young

Form PCTASA/210 (second sheet) {July 2009



INTERNATIONAL SEARCH REPORT

Intemnational application No.

Information on patent family members PCT/US2010/027494
Patent document Publication Patent family Publication
¢cited in search report date member(s) date
JP 2004-353624 A 16.12.2004 None
JP 2004- 108296 A 08.04. 2004 Nane
JP 2007-211781 A 23.08. 2007 Nane
JP 11-082316 A 26.03. 1959 JP 4087931 B2 21.05.2008

Form PCT/ISA/210 (patent family annex) (July 2008



PCT/US2010/027494

PATENT COOPERATION TREATY

From the
INTERNATIONAL SEARCHING AUTHORITY

To:

CJ;OWE LAWRENCE P C T

REINHART BOERNER VAN DEUREN P.C. 2215 WRITTEN OFINION OF THE
PERRYGREEN WAY ROCKFORD IL 61107 USA INTERNATIONAL SEARCHING AUTHORITY

(PCT Rube 43bis.1)

Date of mailing
(day/month/year) 28 SEPTEMBER 2010 (28.09.2010)

Applicant's or agent's file reference FOR FURTHER ACTION

506614-PCT Sce paregraph 2 below
International application No. International filing date {day/monhiyear) Priority datefdemvmonth/year)
PCT/US2010/027494 16 MARCH 2010 (16.03.2010) 16 MARCH 2009 (16.03.2009)

International Patent Classification (IPC) or both national classification and IPC

FO48 49/06(2006.01)1, HOZP 27/06(2006.011

Applicant
UNICO, INC, etal

1. This opinion contains indicaticns relating to the following items:

Box No. [ Basis of the opinion

Box No. Il Priority

Box No. IV Lack of unity of invention

BoxNo. V. Reasoned statement under Rule 43bis. F(a)(i) with regard to novelly, inventive step or industrial applicability,
citations and explanations supporting such stalement

[:] Box No, Il Non-esiablishment of opinion with regard to rovelty, inventive step and industrial applicability
D Box No. V1 Certain documents cited

Box No. VII  Cerlain defects in the international application

[]

Box No, VIIT Certain observations on the internationa application

2. FURTHER ACTION
If a demand for international preliminary examination is made, this opinion will be considered to be a wrilten opinion of the
International Preliminary Examining Authority ("IPEA") excepi that this does not apply where the applicant chooses an Authority
other than this one to be the IPEA and the chosen IPEA has notificd the International Bureau under Rule 66.1bis(b) that writien
opinions of this International Searching Autherity will not be so considered.

If this opinion is, as provided above, considered Lo be a written opinton of the IPEA, the applicant is invited 1o submit to the
IPEA a written reply together, where appropriate, with amendments, before the expiration of 3 months fromn Lhe date of mailing
of Form PCT/ISA/220 or before the expiration of 22 months from the priority date, whichever expires later.

For further options, see Form PCT/SA/220.

3. TFor further details, sce notes to Form PCT/ISA/220.

Name and mailing address of the ISA/KR Datc of completion of this opinion | Authorized officer
Korean Intclicctual Property Office
Government Complex-Dagjeon, 139 —— . 1
Sconsa-ro, Seo-gu, Dacjeon 302 28 SEPTEMBER 2010 (28.09.2010} | PARK, Heon Young
=701, Republic of Korea

Facsimile No, 82-42-472-714¢ Telephone No.§2-42-481-8432

Form PCT/ISA/237 (cover sheet) (July 2009



. International application No.
WRITTEN CGPINION OF THE
INTERNATIONAL SEARCHING AUTHORITY PCT/US2010/027494

Box No. I Basis of this opinion

1. With regard to the Yanguagc, this opinion has been established on the basis of :

E the international application in the language in which it was filed

[L] & wanstation of the international application into , which is the language of a
translation furnished for the purposes of international search {(Rules 12.3{a) and 23,1(k))

2. D This opinion has been cstablished taking into aceount the rectification of an obvieus mistake awthorized by or notified

to this Authority under Rule 31 (Rule 435i5.1(a))

3. With rcgard to any nucleotide and/or amino acid sequence disclosed in the international application, this opinion has been
established on the basis of:

2. a sequence listing filed or furnished
on paper
[:' in slectronic form

b. time of filing er furnishing
coninined in the international application as filcd,
[:I filed together with the internationgl application in clectronic form.
D furnished subsequently to this Authority for the purposes of search.

4. D In addition, in the case that imore than one version or copy of a sequence listing has heen filed or furnished, the required
statemnents that the information in the subsequent or additioan] copies is identicat to that in the application as filed or does

not go beyond the application as {iled, us appropriate, were fumished.

5. Additignal comments:

Fortn PCT/ISA/237 (Box No. I July 2009



WRITTEN OPINION OF THE international application Mo,
INTERNATIONAL SEARCHING AUTHORITY PCT/US2010/027494

Box No. V Reasoned statement under Rule d3bis.1(2)(i) with regard to novelty, inventive step or industrial applicability;

cltations and explanations supporting such statement

1.

Statement
Novelty (N) Claims  !-15 YIS
Claims  NONE NO
Inventive step (18) Claims 115 YES
Claims ~ NONE NO
Industrial epplicability (JA)  Claims  1-13 YES
Claims ~ NONE NO

2. Citations and explanations ;

Reference is made to the following documents:

Di: JP 2004-353624 A (A1SIN SEIXI CO., LID.) 16 December 2004
D2: JP 2004-108296 A (KEIHIN CORP) 08 April 2004
D3 JP 2007-211781 A (MITSUBISHI ELECTRIC CORP) 23 August 2007
D4: JP 11-082316 A (HITACHI LTD.} 26 March 1999

1. Novelty and inventive Step

D1 relates to a molor-driven tiquid pump comprising a control device (20), a ligquid
pump {11), a micro—computer (21}, and an electric motor (i2}. D2 relates to a fluid
pump system capable of keeping constant a feed fluid pressure without using a pressure
Sensof, a pressure rtegulater, or a part such as a return pipe. D3 relales to a motor
control device for a water supply pump stopping a motor of the water supply pump when
water in the water supply pump is used up. D4 relate to a variable speed control device
for a pump drive motor in which the combined load characteristics of an inverter,
motar, and pump in an area exceeding a commercial frequency are clarified and
specified.

1.1 ¢laims 1-6, c¢laims 11-15

Each of independent claims 1 and 11 relates fo a system for controlling the speed of a
motor driving a load characterized by comprising & first control feedback loop, and a
second control feedback loop. The first control feedoack foop configures to limit the
difference between the magnetic flux in the rotor of the motor and a commanded level of
magnetic flux: the second control feedback loop configures to limit the difference
between the speed of the rotor of the motor and a commanded speed.

Norne of the documenis D1-D4, though directed to a device for controlling a pump, show
the features of claim 1 or claim 11 mentioned above. Accordingly, claims 1 and 11 are
not anticipated by any of the documents, nor are they obvious by the documents. taken
alone or in combination.

Therefore, claim 1, claims 2-6 dependent on claim 1, c¢laim 11, and ciaims 12-15
dependent on claim 11 meet the requirements of novelty and inventive step under PCT
Article 33(2) and 33{(3).

1.2 claims 7-10

Though independent claim 7 defines a method relating to a method for controliing the
speed of a motor driving a load, the discussion on the novelty and inventive step of
claim 1 is applicable because cialm 7 shares the features of the claim 1 which is
neither anticipated nor obvious by the prior art documents.

{Continucd in Supplemental Box,)

Form PCT/ISA/237 (Box No. V) (July 2009)




Imernational application No.
WRITTEN OPINION OF THE

INTERNATIONAL SEARCHING AUTHORITY PCT/US2010/027494

Supplemental Box

In case the space in any of the preceding bexes is not suiTicient.
Continuation of ;

Box V

Therefore, c¢laim 7. and claims 8-10 dependent on claim 7 meet the requirements of
novelty and inventive step undar PCT Article 33{(2) and 33(3).

2. Industrial Applicabitity

Claims 1-15 meet the requirement of industrial applicability under PCT Article 33(4).

Form PCT/ISA/237 (Supplementa) Box) (July 2009




(12) INTERNATIONAIL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property ()rganization I' \
P07

International Bureau

(43) International Publication Date
23 September 2010 (23.09.2010)

OO 06O O 0 0

(10) International Publication Number

WO 2010/107801 A3

(51) International Patent Classification:
FO4B 49/06 (2006.01) HO2P 27/06 (2006.01)

(21) International Application Number: (74)
PCT/US2010/027494

(22) International Filing Date:
16 March 2010(16.03.2010) (81)

(25) Filing Language: English
(26) Publcation Language: English
(30) Priority Data;
61/160,498 16 March 2009 (16.03.2009) us
12/724,120 15 March 2010 (15.03,2010) us

(71) Applicant (for all designated States except US): UNICO,
INC. [US/US); 3725 Nicholson Road, Box 3505,
Franksville, Wisconsin 53126-0505 (US).

(72} Inventors; and (84)
(73) Inventors/Applicants (for US onlv): BECK, Thomas L.
[US/US]: 16220 Durand Avenue, Union Grove, Wiscon-
sin 53182 (US). DRY, Michael D. [US/US]; 2415 Floyd
Drive, Racine, Wisconsin 53404 (US). GARLOW, Mark
E. [US/US]; 5117 41st Street, Kenosha, Wisconsin 53144
(US). LUCAS, Michael O. [US/UST. 2615 96th Street,
Franksville, Wisconsin 33126 (US). MACDONALD,
Michacl A. [US/US]; 5110 Old Farm Road, Racine, Wis-

consin 53402 (US). PETERSON, Ronzld G. {US/US],
RO! Blaine Avenue, Racine, Wisconsin 53403 (US),

Agent: CROWE, Lawrence; Rcinhart Boerer Van
Deuren P.C., 2215 Petrygrecen Way, Rockford, llinois
61107 (US).

Designated States (unless otherwise indicated, fur every
kind of national protection availuble): AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, 1D, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW_ MX, MY, MZ, NA, NG, NJ,
NO, NZ, OM. PE, I'G, PH, PL, PT, RO, RS, RU, 8C, SD,
SE, 8G, 8K, SL, 8M, ST, 8V, 8Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional proteciion available); ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, 8D, SL, 8Z, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR. HY, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
TR}), OAPL (BF, BI, CF, CG, C1, CM, GA, GN, GG, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next pagef

(54) Title: INDUCTION MOTOR TORQUE CONTROL IN A PUMPING SYSTEM

FIG. 1
2 14 1A 18
5 T 9 i 7
Aur -% Vi up " "y
4 - Cablas ot —
Fual Ergme Geneato R - and Tg . Punigp Qp
> L L Worer > —t
BT $E {
?‘/L4i ® Interfacs Davices I=
T, Y mm$ 'mim 7 30
-51 v " /1/
Engne Umo -
Torque -
Linaarizer
3671
TacT
Muar Soeed Suparvisosy 20
Unng Contolor -3

SewxTuang
Perameters

2010/107801 A3 ]| .00 0 0O A

Q
=

(57) Abstract: A system and method are provided for controtling the speed of a motor driving a load that is electrically conngcted
to a generalor driven by an engine, through use of a first control feedback loop configured to controf the rotar flux of the motor by
controlling the field excitation of the generator, and a second control feedback loop contigured fo contral the speed of the motar
by controlling the throttle position of the engine.



WO 20107107801 A3 TN DIRTEGE 00 A0 0000 O A A

Published: (88) Date of publication of the international search report:
()
—  with international search report (Art. 21(3)) 13 January 2011



INTERNATIONAL SEARCH REPORT Imemalinn;al application No.
PCT/US2010/027494

A, CLASSIFICATION OF SUBJECT MATTER

FO4B 49/06(2006.01)i, HO2P 27/06(2006.01 )i

According to International Palent Classification (IPC) or to both national classification and 1°C

B. FIELDS SEARCHED

Minimum documentation scarched (classification system followed by classification symbols)
FO4B 4946 1102P 6/16; T04D 13/00; FO2M 37,08

Documentatton searched other than minimum documentation lo the extent that such documents are included in the tields searched
Korean vulity models and applications for utility models :
Japanese utility models and applications for utility modcls

Elcetronic data base consulted during the international search (name of data base and, where practicahle, scarch terms used)
cKOMPASS(KIPO tnternal) & Keywords: pump, molor, control, engine, generator

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Calegory* Citation of document. with indication, where appropriate, of the relevant passages Relevant to claim No.

A JP 2004-353624 A (AISIN SEIKI CO.. LTD.) 16 December 2004 1-15
See paragraph [0020]1-[0040]. figure 1.

A JP 2004-108296 A (KEIHIN CCRP) 08 spril 2004 1-15
See paragraph [0008]-[0013], figure 3.

A IP 2007-211781 A (MITSUBISHL ELECTRIC CORPY 23 August 2007 1-15
See claims 1-5, figure 3.

A JP 11-082316 A (HITACHI LIL.) 26 March 1999 1-15
See claims 1-5, [igure 2.

I__—I Further documents are listed in the continuation of Box C. @ Sce pateni family annex.
* Special categories of cited docaments: “T" later document published after the intemational filing date or priority
"A"  document defining the general state of the arf which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying {1 invention
"E"  earlier application or putent but published on or afler the international  "N"  document of particular refevance; the claimed invention cannot be
filing date considered novel or camot bz considered 1o involve an inventive
"L documemt which may throw doubis on priority ¢laim(s) or which is step when the document is taken alone
cited 1o establish the publication date of ¢itation or ather "Y" document of particular relevance: the claimed invention cannat be
special reason (as specified) considered to involve an inventive step when ihe document is
0" document referring w an oral diselosure, use, exhibition or olher comtbined with one or more other such documents.such eambination
means being obvious 10 a person skilled in the ant
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual complction of the international search Date of mailing of the intcmational search report
28 SEPTEMBER 2010 (28.00.2010) 28 SEPTEMBER 2010 (28.09.2010)
Name and mailing address of the ISA/KR Authonized officer
Korean Intellectuat Property Oftice
Government Complex-Dacjeon. 138 Seonsa-ro. Sco- PARK, Heon Young
gu. Dagjeon 302-701, Republic of Korea
Facsimile No, 82.42-472-7140 Telephone No.  82-42-481-8432

Formn PCT/ASA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT International applicasion No.

Information on patenl family members PCT/US2010/027494
Patent documeni Publication Patent family Publication
cited in search report date member(s) dale
JP 2004-353624 A 16.12.2004 None
JP 2004-108296 A 08.04. 2004 None
JP 2007-211781 A 23.08.2007 None
JP 11082316 A 26.03. 1955 JP 4087931 B2 21.05.2008

L__

Form PCT/ASA/210 (patent family annex) {July 2009



TUYNQIDYNUILNI
NOIDYOITRNG



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

D o f‘*‘f‘% OO A
Y ’51 (10) International Publication Number

(43) International Publication Date
23 September 2010 (23.09.2010)

¥

= WO 2010/107801 A2

(51) Internatinnal Patent Classification:
FO4B 49/06 (2006.01) HOZP 27/06 (2006.01)

(21) Internatinnzl Application Number:
PCT/US2010/027494

(22) International Filing Date:
16 March 2010 (16.03.2010)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
61/160,498 16 March 2009 (16.03.2009) us
12/724,120 15 March 2010 (15.03.2010) us

(71) Applicant for all designated States except US): UNICO),
INC. [US/US]; 3725 Nicholson Road, Box 303,
Franksville, Wisconsin 33126-0505 (US).

(72) Tnventors: and

(75) Inventors/Applicants for US orzhy); BECK., Thomas L.
[US/US]: 16220 Durand Avenue, Union Grove, Wiscon-
sin 53182 (US). DRY, Michael D. [US/US]: 2415 Floyd

consin 53402 (US), PETERSON, Rounsld G. |US/UST;
801 Blainc Avenue, Racine, Wisconsin 33405 (US).

(74) Agent: CROWE, Lawrence; Rcinhart Boermer Van
Deuren P.C., 2215 Perrvgreen Way, Rockford, Ulinois
61107 (US).

(81) Designated States (unless vtherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, BG, ES, FI, GB, Gb, GE, GH, GM, GT,
HN, HR, HU, ID, TL, IN, I8, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ,  NA, NG, NI,
NQO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, 8C, SID.
SE, 8G, SK, SL, 8M, 5T, 5V, 8Y, TH, TJ, TM, TN, TR,
TT.TZ,UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

{84) Designated States (wnfess otherwise indicated. for cvery
kind of regional protection available); ARTPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, 8L, 8Z, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

Q
=

{57) Abstract: A system and method are provided for controlling the speed of a motor driving a load that is elecirically connected
to a generator driven by an cngine, through use of a tirst control feedback loop configured to contro] the rotor flux of the motor by
controtling the field excitaiion of the generator, and a second conirol feedback loop conligured to control the speed of the motor
by conirolling the thratile position of the engine.

= Drive, Racine, Wisconsin 53404 (US). GARLOW, Mark IM), luropean (AT, BI, BG. CH, CY, CZ, DE, DK, EL,
= E. [US/US); 5117 41st Street, Kenosha, Wisconsin 53144 ES, FI, FR, GB, GR. :HR—' HU, IE, IS, l:l', LT, LU, LV,
= (US). LUCAS, Michael O. [US/US]. 2615 96th Street, MC, MKI; MT, NL. NO, PL, PT, R01_-‘>Es(.5‘: SK, SM,
= Frkevill, Wisconsin 53136 (US) MACDONALD, [t} OAPL(BF, BJ. CF. CG, €L CM, GA.GN. GQ. GW,
= Michael A. [US/US]; 5110 Old Farm Road, Racine, Wis- » MR, NE, SN. TD, TG).
= [Continued on next page/
= (34) Title: INDUCTION MOTOR TORQUE CONTROL IN A PUMPING SYSTEM
= FIG. 1
= 12 “ 18 18
—— 2
j— Alr é 5 Vm Uy N 9 )
— Fuel Engine — Ganerato” \'r.- : (;EEET T - Pump Oy
= Tae AEy, I
72 e R R O e e
— L] /‘—'1 ® trterfara Deviees |
== Sl lmm
. — 1'IK:T Vm.‘ /\/Ju
E Engne Yo Molor Roto Flix by .
— . e [ Nl A
—— 361 ® ®
= : W e e
= L M":{%: “@ b | o prem %
o
< %ﬁ:ﬁ::::?;"s
-
ot
= o
I~
=
i
.
—]
o
=
ol



WO 20107107801 A2 100000 OO0 A

Published:

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2010/107801 PCT/US2010/027494

INDUCTION MOTOR TORQUE CONTROL IN A PUMPING SYSTEM

FIELD OF THE INVENTION

[0001]  This invention generally relates to controlling the performance of an induction
motor and, more particularly, to methods for controlling the performance of an induction
motor used in a pumping system.

BACKGROUND OF THE INVENTION

{0002]  In the oil and gas industry, an cngine (e.g., a diesel, gasolinc, natural gas, or
propane engine) is sometimes used to power a three phase generator. The generator, in turn,
supplies power to a three phase induction motor used to drive a mechanical pumping
apparatus. If the induction motor in such a system is operated at variable speeds, the
capability of the pumping system is greatly expanded. However, prior approaches to
providing variable spced operation of the pump in such pumping systems have not been
entirely satisfactory. In one previously used approach to operating a pump at variable speed
in an engine driven pumping system, variablc frequency and voltage power is delivered to a
three phase motor driving the pump. Typically, in a system using a generator as the source
of electrical power, an electronic variable speed drive (a.k.a., a variable frequency drive or
VFD) 1s interposed between the generator and the induction motor to provide variable
voltages and frequencies to the motor, There are many potential disadvantages to using a
variable speed drive, including voltage harmonics generated on the motor leads that can
damagc the motor, current harmonics generated at the input of the VFD that can causc
problems for the generator, the complexity in VFD design and/or the need for an expensive
output transformer when higher voltages are used (most often when motor leads are very
long).

[0003] To eliminatc the need for a vanable speed drive, some prior approaches employ
a variable frequency power system that varies the speed and excitation of a three phase
gencrator to produce a desired output frequency and voltage in an attempt to achieve the
desired operation of the three phase motor in the pump. US patent number 7,170,262, to
Pettigrew discloses a variable speed drive system of this type, and discusses the operation of
such a system in comparison to earlier prior systems of the type using a variable speed drive
as described herein above.
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[0004]  Unfortunately, variable frequency power systems, of the type exemplified by
Pettigrew, have significant drawbacks. For example, simply attempting to control the
output of the three phase generator may not produce the desired operation of the pump. The
output speed of the induction motor driving the pump will vary based on factors such as
pump loading. When that occurs, the user of such a variable frequency power system will
not have accurate control of the pump speed and may encounter a variety of undesirable
situations. For example, the pump may operate at a lower than expected speed, resulting in
lower than optimal production or the pump may operate at a higher than desired speed and
experience a “‘pump dry” or “pump off” condition causing the pump to run without fluid to
cool and lubricate it or the pump will turn off to allow the fluid to refill the casing, causing
sediment to settle in the pump. These conditions will result in damage to the pump,
resulting in reduced life.

[0005] The present invention is dirceted to overcoming the drawbacks described and, in
addition, improving the state of the art in the oil and gas industry.

BRIEF SUMMARY OF THE INVENTION

{0006] In one embodiment, a system and method for controlling the rotational speed of
a motor driving a pump is provided. By controlling the rotational speed of the motor
instead of the frequency of the generator, the operation of the pump is more precisely and
accurately controlled.

[0007] There is provided a system for controlling the speed of a motor driving a load.
The motor is electrically connected to a generator which is driven by an engine. The
generator includes a controllable field. The system includes a first control feedback loop
configured to limit the difference between the magnetic flux in the rotor of the motor and a
commanded level of magnetic flux wherein the magnetic flux in the rotor is estimated based
on measurement of clectrical inputs to the motor cables. A second control feedback loop is
configured to limit the difference between the speed of the rotor of the motor and a
commanded speed wherein the speed of the motor is estimated based on a measurement of
electrical inputs to the motor cables.

[0008] There is further provided a method for controlling the speed of a motor driving a
load. The motor is electrically connected to a generator which is driven by an engine. The
generator includes a controllable field and the engine has a throttle. The method includes

periodically performing the steps of measuring voltage and current inputs to the motor
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cables. Based on the measurcments of voltage and current inputs to the motor cables, a
signal 18 generated representing an estimate of rotor flux of the motor. The estimate of the
rotor flux of the motor is compared to a flux rotor command signal are used to gencratc a
signal representing the rotor flux error. The method further includes generating a flux
excitation command signal based on the signal representing the rotor flux error with the flux
excitation command signal controlling the excitation of the field of the generator. A signal
representing an estimate of the speed of the motor based on the measurements of the voltage
and current inputs to the motor is generated. A comparison of the speed command signal
with the signal representing an estimate of the speed of the motor is used to generate a
signal representing the motor speed error. A throttle position command signal is generated
based on the signal representing the motor speed error. A throttle position command signal
is generated based on the signal representing the motor speed error with the throttle position
command signal controiling the position of the throttle of the engine.

[0009]  There is further provided a pump control system to control mechanical inputs to
a pump. The pump is coupled to a electric motor and the clectric motor is coupled to a
generated driven by an engine. The pump control system includes and error control unit
having a plurality of interface devices. A motor vector model is coupled to at least two of
the interface devices. A rotor flux summation device is configured to provide a flux error
estimate coupled to the motor vector model and one of the interface devices. A motor speed
surmation device coupled to the motor vector model and a motor speed error control is
coupled to the motor speed summation device and one of the interface devices. The pump
control systern further includes a supervisory controller coupled to the motor speed
summation device, the motor vector model, and the rotor flux summation device, wherein
the speed of the motor coupled to the pump is controlled by a first control feedback toop
configured to provide an excitation current command to the generator and a second control
fecdback loop configured to provide a throttle position command to the engine. In another
embodiment, the pump control system includes an engine torque lincarizer which is
configured to linearize an engine torque command. The linearizer is coupled to at east one
of the interface devices, the motor speed control and the motor vector model, wherein the
system gain of the throttle position is near constant. During system start up, the supervisory
control 1s configured to set a level of magnetic flux to reduce loading on the engine. In one
embodiment, the supervisory controller sets the magnetic flux at zero during the system
start up.

[0010] Other embodiments of the invention will become more apparent from the
following detailed description when taken in conjunction with the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings incorporated in and forming a part of the
specification illustrate several aspects of the present invention and, together with the
description, serve to explain the principles of the invention. In the drawings:

[0012] FIG. | is an exemplary embodiment of an induction motor control system having
an error control unit in accordance with the teachings of the present invention;

[0013] FIG. 2 is a block diagram of a Simulink software simulation performed on a
system similar to the system of FIG. 1; and

(0014] F1G. 3A-3D are graphical depictions of the results from the simulation
performed on the system of FIG. 2.

[0015] While the invention will be described in connection with certain preferred
embodiments, there is no intent to limit it to those embodiments. On the contrary, the intent
15 to cover all alternatives, modifications and equivalents as included within the spirit and
scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE INVENTION

[0016] Referring now to FIG. 1, a pump control system 10 is illustrated. As will be
more fully explained below, the error control system 20 of the pump control system 10
monitors one or more characteristics of the electrical input to the cablies and motor 16 and,
based on what is observed, calculates the mechanical inputs to the pump 18 and adjusts the
operation of the engine 12 and generator 14. By controlling the mechanical inputs to the
pump 18, the operation of the pump is more precise, accurate and dependable than would be
provided by a system which only controls clectrical outputs of a generator.

{0017] The engine 12 intake ingests air and fuel and, by combusting the mixture thercof,
generates a rotary mechanical engine output 22. The rotary mechanical engine output 22 is
depcndent on the throttle position Ty, fuel used, air temperature and density, etc. The
engine 12 may operate using diesel, gasoline, liquid propane, natural gas or other types of
fuels. The engine 12 is operably coupled to, and drives, the generator 14. In that regard, the
rotary mechanical engine output 22 is typically directly coupled to the mechanical input of
the generator 14, Even so, other types of connections such as gear boxes, belts, hydraulic
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power coupling and the like may be employed depending on the particular application. The
generator 14 is a synchronous three phasc generator, having a field which can be controlled.

[0018] The generator 14 is electrically coupled by electrical cables to a motor, which
are collectively represented at 16, In the system shown, the pump is a centrifugal pump of
the type known as an electrical submersible pump (ESP), so both the motor 16 and the
pump 18 are disposed within a well casing far below ground level and the cables 16 are of
considerable length. In a typical oil well, for cxample, the cables 16 may be thousands of
fect long. Through the cables 16, the gencrator 14 supplies the motor 16 with ¢lectrical
power. In the illustrated embodiment of FIG. 1, the motor 16 is a three phase induction
motor. The electrical inputs to the motor 16 can be characterized by the voltages (V) and
currents (I,). The motor 16 generates a rotary mechanical output that may be characterized
by pump speed (Uy) and pump torque (T ).

[0019]  The motor 16 is mechanically coupled to, and drives, the pump 18, which is
situated at or near the bottom of the well casing and immersed or partially immersed in the
fluid (e.g., oil and/or water) being pumped. The pump 18 generates a fluid output that may
be characterized by, among other parameters, pump head (H,) and pump flow (Q,).

[0020] The error control unit 20 is, in general, in electricai communication with the
engine 12 and the generator 14. The error control unit 20 is also configured to monitor the
voltage inputs (V) and current inputs (1,,) to the cables and motor 16. The error contro!
unit 20 includes interface devices 24, a motor vector model 26, a rotor flux summation
device 28, a rotor flux error control 30, a motor speed summation device 32, and a motor
specd error control 34. The error control unit 20 also optionally includes an engine torque
linearizer 36.

[0021] The tnterface devices 24 arc generally employed to manipulate or convert the
signals and data sent or reccived by the error control unit 20, In that regard, the interface
devices 24 can include numerous clectrical components such as, for example, paraltel
input/output devices, analog to digital (A/D) converters, digital to analog (ID/A) converters,
current and voltage sensors, flux estimators, filters, integrators and the like.

(0022] In the embodiment shown, the interface devices 24 have two outputs. The first
output is the throttle position command (Ty), which is converted from the torque error
command (T} of the motor speed error control 34 or, in systems where the engine torque
linearizer 36 is used, the linearized torque command output (T\.) of the engine torque
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lincarizer 36. The second output is the excitation current command (E;.) which is converted
from the flux error command (X..) generated by the rotor flux error control 30.

[0023] For inputs, the interface devices 24 generate three motor voltage measurement
signals (Vo) to represent the voltages (Vo) on each phase of the cables and motor 16 and
two motor current measurement signals (I nm) to tepresent the currents (1, on two of the
three phases. The current of the third phase is easily calculated, since the currents of the
three phases must total zero, but could be measurcd as well.

10024] The motor vector model 26 is in electrical communication with the interface
devices 24, the rotor flux summation device 28, the supervisory controtler 38, the motor
speed summation device 32, and, when employed, the engine torque lincarizer 36. The
motor vector model 26 performs several mathematical functions using the motor voltage
measurement signals (Vo) and the motor current measurement signals (Imm) in order to
provide estimations as described in U.S. Patent No. 7,117,120 to Beck et al. (the *120
patent), which is included herein by reference. For example, the motor vector model 26
calculates and outputs estimates of the performance of the induction motor 16 including the
motor speed at the motor shaft (U,y,), the magnetic flux of the rotor (L), and the
mechanical torque of the motor shaft (T, ).

[0025] The rotor flux summation device 28 depicted in FIG. 1 receives two inputs,
namely the rotor flux estimate (A,.) from the motor vector model 26 and the rotor flux
command (A.) from the supervisory controller 38. During regular operation, the rotor flux
command (A.) is generally kept at a constant value to maintain proper torque (T,) of the
motor. However, during starting of the engine 12, the rotor flux command (A.) may be
greatly reduced or even held at zero to reduce the loading on the engine 12. Based on the
inputs received, the rotor flux summation device 28 generates an output, namely the flux
error estimate (Ay).

[0026] The flux error estimate (A..) is received by the rotor flux crror control 30. In
general, the rotor flux error control 30 is a control loop structure designed to adjust its
output to force the error term to zero. In the illustrated embodiment of FIG. 1, the rotor flux
error control 30 is a proportional-integral-derivative (PID) controller. However, other types
of control structures, such as proportional-integral (P1), fuzzy logic controllers, and the like,
could be used as is known in the art. The rotor flux error control 30 outputs the flux
excitation command (A..) to the interface devices 24.
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10027} The motor speed summation device 32 illustrated in FIG. 1 receives two inputs,
namely the motor speed estimate (Upe) from the motor vector model 26 and the motor speed
command (Umc) from the supervisory controller 38. Based on the inputs received, the motor

speced summation device 32 generates an output, namely the speed error estimate (Uee).

[0028) The speed error estimate (U..) is received by the motor speed crror control 34.

In general, the motor speed error control 34 is a control loop structure designed to adjust its
output to force the error term to zero. In the illustrated embodiment of FIG. 1, the motor
speed error control 34 is a proportional-integral-derivative (PID) controller. However, other
types of control structures, such as proportional-integral (PI), fuzzy logic controllers, and
the like, could be used as is known in the art. As shown in FIG. 1, the motor speed error
control 34 generates and sends the torque engine command (Te) to the optional engine
torque linearizer 36. If the engine torque linearizer 36 is omitted from the error control unit
20, the torque engine command (Te.) is provided directly to the interface devices 24.

[0029] When used, the engine torque linearizer 36 is used to ensure that a particular
input is correlated with the appropriate and desired corrective action. For example, when a
three percent (3%) change in engine torque 1s needed, a throttle change of ten percent (10%)
may be required. In such circumstances, the engine torque linearizer 36 manipulates the
engine torque command (T..) received from the motor speed error control 34 such that a
linearized torque command (Ti) is produced. Linearizing the torque command ensures that
the system gain of the throttle position control is near constant and, thercfore, easier to tunc
for optimum response. The linearized torque command (T,.) is output to the interface
devices 24 and provided to the engine 12. As such, the throttle position is changed as
needed to correctly correspond to the engine torque command (T.:). As shown in FIG. 1,
the engine torque linearizer 36 receives two inputs, namely the engine torque command
(Tec) from the motor speed crror control 34 and the motor speed estimate (Upne) from the
motor vector model 26.

[0030] Still referring to FIG. I, most of the components of the error control unit 20 are
in electrical communication with the supervisory controller 38. In particular, the
supervisory controller 38 delivers the motor speed command (Upy) to the motor speed
summation device 32 and the rotor flux command (A) to the flux rotor summation device
28. The values of these two commands may be derived by manual operator input, derived
according to the methods described in the ‘120 patent, or derived by other automatic means.
The supervisory controller 38 receives signals representing estimates of the motor speed at
the motor shaft (Uy,.) and the mechanical torque of the motor shaft (T.). The supervisory
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controller 38 also sets the programmable operating parameters (designated by the letter ‘P’
in a circle) for the interface devices 24, motor vector model 26, rotor flux error control 30,
motor speed error control 34 and, when used, the engine torque linearizer 36. The
programmable operating parameters include gains, filter coefficients, lookup table values,
motor parameters and the like. The supervisory controller 38 may also receive a varicty of
other inputs from the error control unit 20 and the system 10 and generate a variety of other
outputs to the system 10.

[0031]  Inoperation, the engine 12 within the system 10 is started while maintaining the
rotor flux command (A.) at or near zero. Some flux command is generally necessary to
produce enough motor voltage (1) for the motor vector model 26 to be able to estimate
motor speed (Une). The stator speed of the motor 16 is determined by the motor vector
module 26 using motor voitage measurement signals (V) and (1) representing,
respectively, the voltages (Vi) and currents (1,,) of the phases of the cables and motor 16.
Initially, the supervisory controller 38 also limits the calculated value of the slip of the
motor 16 to zero (0) so that the calculated estimate of the motor speed (Une) is the same as
the electrical rotational speed of the stator of the motor 16 and, therefore, also proportional
to the rotational speed of the engine 12.

[0032] The motor vector model 26 provides the motor speed estimate (Uy,.) to the
supervisory controtler 38. Once the motor speed estimate {Upy) reaches a predetermined or
desired level, the controller ramps up the rotor flux command (A,.) at a desired rate. In
determining the predetermined or desired level, the controller 38 may access and utilize a
fixed parameter or one or more available look up tables. When a look up table is employed,
the supervisory controller 38 uses the motor speed estimate (Upe) to locate the appropriate
and corresponding flux rotor command (A on the look up table. At this time, the
supervisory controller 38 also increases, at a controlied rate, the limit on the calculated
value of the slip of the motor 16 so that the calculated estimate of the motor speed (Uyy,e)
becomes the actual rotational speed of the motor 16 and pump 18.

[0033] The rotor flux summation device 28 comparces the flux rotor command (A,.) with
the flux rotor estimate () provided by the motor vector model 26. Based on that
comparison, the rotor flux summation device 28 gencrates the flux error estimate (A). The
flux error estimate (A..) is used by the rotor flux error control 30 where the flux excitation
command (A.) is determined. The flux excitation command ()..) then passes through the
interface devices 24 and is reccived by the generator 14 in the form of the excitation current

command (E;c). The excitation current command (Ei.) is received by and determines the
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field current of the generator 14 and changes the voltages (V) and currents (I,,) of the
phases of the cables and motor 16. The process described above repeats at a predetermined
frequency. As such, a first control feedback loop is operated.

[0034] At all times during operation, the motor speed summation device 32 compares
the speed motor command (Upc) with the speed motor estimate (U,.) received from the
motor vector model 26 and generates the speed error estimate (U,,).

[0035] Next, the speed error estimate (Ue) is used by the motor speed error control 34
to generate the torque engine command (T,.). The torque engine command (Tc) is
lincarized by the engine torque linearizer 36 (when linearization is used) to generate the
torque linearized command (Ty.). The torque linearized command (T} is transformed
through the interface devices 24 and the throttle position command (Ty) is produced and
delivered to the engine 12. The process described above repeats at a predetermined
frequency. As such, a second control feedback loop is operated.

[0036] The motor 16 driving the pump 18 operates based on the throttle position
command (Txc) and the excitation current command (Eic). Therefore, the pump speed (U,)
and the pump torque (T,,) are accurately controlled and the pump head (H,) and the pump
flow (Q,) preciscly manipulated or held steady as needed for a particular application by the
use of the first and second control feedback loops.

{0037] Those having skill in the art will appreciate that the invention thus overcomes
the disadvantage experienced in prior approaches, such as Pettigrew, to providing variable
pump speed control by removing or substantially reducing the possibility that the control of
a generator will not translate into the desired operation of the motor and the pump. Indeed,
the exemplary embodiment of the system 10 of FIG. 1, according to the invention, relies on
controlling the torque of the motor instcad of the often faulty assumption that the desired
frequency output of the generator will result in the desired operation of the motor and the
pump as in prior systems.

10038] As an added advantage, the present invention, through precise control and
ramping up of rotor flux, reduces the peak starting current drawn by the motor and,
correspondingly, the current that needs to be provided by the generator. In prior systems
where a generator is operated at a frequency and voltage and then the motor is switched on
“across the line,” motor current will peak at a value as much as one thousand percent

(1000%) of the operating current of the motor. To handle such large starting currents, prior
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systems using this approach required many components in the system to be much larger and
more robust than they would otherwisc have needed to be. The present invention reduces
the peak current to less than one hundred fifty percent (150%) of the motor’s normal
operating current, thereby substantially reducing the weight, complexity and cost of
components required for practicing the invention.

{0039} In order to test and cvaluate the system 10 (or a near equivalent thereof), a
computer simulation was performed using the Simulink program developed by MathWorks.
The set up and architecture of the simulation is schematically depicted in the block diagram
40 of FIG. 2.

[0040} The engine modeled in the simulation was a four cylinder engine from the
Simulink demonstration parts. In addition, the motor speed error control 34 and the rotor
flux crror control 30 were proportional-integral (PI) controllers in the simulation. The
simulation yielded the results depicted in FIGS. 3A to 3D. As can be scen in FIG. 3B, the
peak current in the gencrator rotor and motor stator during starting was approximately 20
amperes, while the steady state peak currents were approximately 14 amperes. In FIG. 3C
the rotor flux of the motor (solid ling) is seen to converge smoothly on the rotor flux
command (dashed line). Further, in FIG. 3D, the motor speed (solid line) converged on and
maintained at the commanded speed (dashed ling).

[0041]  All references, including publications, patent applications, and patents cited
herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

{0042] For purposes of this disclosure, the term "coupled” means the joining of two
components (electrical or mechanical) directly or indirectly to onc another. Such joining
may be stationary in nature or moveable in nature. Such joining may be achieved with the
two components'(clectrical or mechanical) and any additional intermediate members being
integrally formed as a single unitary body with one another or the two components and any
additional member being attached to one another. Such adjoining may be permanent in

naturc or alternatively be removable or relcasable in nature.
(0043} The usc of the terms ““a” and “an” and “the” and similar referents in the context

of describiny the invention (especially in the context of the following claims) is to be
construed to cover both the singular and the plural, unless otherwise indicated herein or

10
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clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.¢., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of values hercin are mercly
intended to serve as a shorthand method of referring individually to each scparate value
falling within the range, unless otherwise indicated herein, and cach separate vatue is
incorporated into the specification as if it were individually recited herein. The term signal
i$ to be construed as including all means of communicating data and/or information
including, but not limited to data structures communicated between modules and
subroutines in one or more computer programs, serial and parallel data transmission and
analog signals. All methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context. The use of any and
all examples, or exemplary language (e.g., “such as”) provided herein, is intended merely to
better illuminate the invention and does not pose a limitation on the scope of the invention
uniess otherwise claimed. No language in the specification should be construed as

indicating any non-claimed element as essential to the practice of the invention.

[0044] Preferred embodiments of this invention arc described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Morcover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or
otherwise clearly contradicted by context.

11
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WHAT IS CLAIMED IS:

1. A system for controlling the speed of a motor driving a load, wherein the
motor is electrically connected to a gencrator which is driven by an engine, said generator
having a controllable field, said system comprising:

a first control feedback loop configured to limit the difference between the magnetic
flux in the rotor of the motor and a commanded level of magnetic flux wherein the magnetic
flux in the rotor is estimated based on measurement of clectrical inputs to the motor cables;
and

a second control feedback loop configured to limit the difference between the speed
of the rotor of the motor and a commanded speed wherein the speed of the motor is

estimated based on measurement of electrical inputs to the motor cables.

2. The system of claim 1, wherein, the motor delivers torque and the
commanded level of magnetic flux is held substantiaily constant during regular operation of
the system, to thereby maintain a substantially constant torque from the motor.

3. The system of claim 1, wherein, the motor delivers torque and the
commanded level of magnetic flux is reduced during start-up of the system, to thereby
reduce loading on the engine.

4, The system of claim 3, wherein, the commanded level of magnetic flux is
reduced substantially to zero during start-up of the system.

3. The system of claim 1, wherein, the first and second control feedback loops

are configured and operatively connected for:

measuring voltage and current inputs to the motor cables;

generating a signal representing an estimate of the rotor flux of the motor
based on the measurements of the voltage and current inputs to the motor cables;

comparing a flux rotor command signal with the signal representing an
estimate of the rotor flux of the motor to generate a signal representing the rotor flux error;

generating a flux excitation command signal based on the signal representing
the rotor flux error, the flux excitation command signal controlling the cxcitation of the field
of the generator;

generating a signal representing an estimate of the speed of the motor based
on the measurements of the voltage and current inputs to the motor,

12
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comparing a speed command signal with the signal representing an estimate
of the speed of the motor to generate a signal representing the motor speed error; and

generating a throttle position command signal based on the signal
representing the motor speed error, the throttle position command signal controlling the
position of the throttle of the engine.

6. The system of claim 5 further comprising:
generating a torque engine command; and
lincarizing the torque engine command,
wherein the gain of the throttle position control is near constant and easier to
tune for optimum response.

7. A method for controlling the speed of a motor driving a load, wherein the
motor is clectrically connected to a gencrator which is driven by an engine, said generator
having a controilable field and said engine having a throttle, comprising periodically
performing the steps of:

measuring voltage and current inputs to the motor cables;

generating a signal representing an estimate of the rotor flux of the motor based on
the measurements of the voltage and current inputs to the motor cables,

comparing a flux rotor command signal with the signal representing an cstimate of
the rotor flux of the motor to generate a signal representing the rotor flux error;

generating a flux excitation command signal based on the signal representing the
rotor flux error, the flux excitation command signal controlling the excitation of the field of
the gencrator;

generating a signal representing an estimate of the speed of the motor based on the
measurements of the voltage and current inputs to the motor;

comparing a speed command signal with the signal representing an estimate of the
speed of the motor to generate a signal representing the motor speed error; and

gencrating a throttle position command signal based on the signal representing the
motor speed error, the throttle position command signal controlling the position of the
throttle of the engine.

8. The method of claim 7, wherein, the motor delivers torque and the method
further comprises, holding the flux excitation command signal substantially constant during
regular operation of the system, to thereby maintain a substantially constant torque from the
motor.
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9. The method of claim 7, wherein, the motor delivers torque and the method
further comprises, reducing the flux excitation command signal during start-up of the
system, to thereby reduce loading on the engine.

10.  The method of claim 9, further comprising, reducing the flux excitation
command signal during start-up of the system to substantially zero.

11. A pump control system to control mechanical inputs to a pump, the pump
coupled to an electric motor, the electric motor coupled to a generator driven by an engine,
the pump control system comprising:

an error control unit including:

a plurality of interface devices;

a motor vector model coupled to at least two of the interface devices;

a rotor flux summation device configured to provide a flux error estimate
coupled to the motor vector model and one of the interface devices;

a motor speed summation device coupled to the motor vector model; and

a motor speed error control coupled to the motor specd summation device
and one of the interface devices; and

a supervisory controller coupled to the motor speed summation device, the motor
vector model, and the rotor flux summation device,

wherein the speed of the motor coupled to the pump is controlled by a first control
feedback loop configured to provide an excitation current command to the generator and a
second control feedback loop configured to provide a throttle position command to the
engine.

12. The pump contro!l system of claim 11, further comprising an engine torque
linearizer configured to linearize an engine torque command, the linearizer is coupled to at
least one of the interface devices, the motor speed control and the motor vector model,

wherein the system gain of the throttle position control is near constant.

13. The pump conirol system of claim [ 1, wherein during system startup the
supervisory controller is configured to set a level of magnetic flux to reduce loading on the
engine.

14, The pump control system of claim 13, wherein the magnetic flux is set at

zero during system startup.

14
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15. The pump control system of claim 11, further comprising the supervisory
controller configured to program operating parameters for the interface devices, the motor
vector model, the rotor flux error control, and the motor speed error control.

16.  The pump control system of claim 12, wherein the engine torque linearizer is
configured to be selectively programmed by the supervisory controller.
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