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Resumen-INTRODUCCION: Las nuevas demandas por mds estrategias de inyeccién que mejoren los procesos de
formacién de mezcla en el motor Otto se plantean desde una necesidad de potencia, eficiencia y emisiones bajas.
Modelos matemaéticos que describen el proceso de activacion del inyector GDI han sido desarrollados. Junto con estos,
nuevas estrategias que buscan reducir los retrasos entre la activacion y la apertura o cierre del elemento. Tales
estrategias buscan reducir tiempos de activacién y la no linearidad del inyector para pulsos de inyecciéon cortos
(menores a 1,2 mS). MATERIALES Y METODOS: El anilisis del sistema estético de la aguja del inyector permite
evaluar una nueva estrategia de activacidn. Los procesos fisicos de este sistema se encuentran implicitos en la onda
de corriente generada por la activacién. Anomalias en la onda de control permitieron relacionar el sistema mecéanico
con el electro-magnético. RESULTADOS: Mediante un doble solenoide se disminuyé el tiempo de ascenso de
corriente pico que genera la fuerza magnética para levantar la aguja del inyector. Esta estrategia prescinde de un
di
dt
concatenacion de flujo magnético mayor y mas veloz. Estos resultados iniciales permiten aplicar esta estrategia en un
inyector operativo.

voltaje Boost y disminuye la complejidad del circuito de control. La tasa de aument6 lo que indica una

Palabras clave- corriente pico, tiempo de activacién, campo magnético, solenoide, estrategia de control.

Abstract- INTRODUCTION: The new demands for more injection strategies that improve the mixture formation
processes in the Otto engine arise from a need for power, efficiency and low emissions. Mathematical models that
describe the GDI injector activation process have been developed. Along with these, new strategies that seek to reduce
the delays between the activation and the opening or closing of the element. Such strategies seek to reduce activation
times and injector non-linearities for short injection pulses (less than 1.2 mS). MATERIALS AND METHODS: The
analysis of the static system of the injector needle allows to evaluate a new activation strategy. The physical processes
of this system are implicit in the current wave generated by the activation. Anomalies in the control wave allowed to
relate the mechanical system with the electromagnetic one. RESULTS: By means of a double solenoid, the peak
current rise time which generate the magnetic force to lift the injector needle was decreased. This strategy dispenses

. . . di . T .
a Boost voltage and reduces the complexity of the control circuit. The d_; rate increased indicating a faster and higher

magnetic flux concatenation. These initial results allow this strategy to be applied to an operational injector.

Keywords- peak current, activation time, magnetic field, solenoid, control strategy.
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1. INTRODUCCION

La fase inicial de la combustién dice Heywood, estd
enteramente determinada por la mezcla alrededor de la
bujia [1]. Muchos afios antes Jovaj ya identificé que
mientras mds rdpido se evapore el combustible mejor serd
la combustién [2]. Una combustién rapida y completa es
sinbnimo de eficiencia y bajas emisiones. La
estratificacion de la mezcla y la operacién enteramente
cualitativa del motor Otto son técnicas actuales que
buscan cumplir las dos premisas anteriores. Ambas
técnicas son conseguidas exclusivamente en sistemas de
inyeccion directa. El control electrénico de los inyectores
GDI ha devenido en varias estrategias de inyeccién en
busca de aprovechar las ventajas termodindmicas de la
estratificacion. Pero debido a la ventana de aplicacion tan
estrecha que tiene esta estrategia existen muchos intentos
por mejorar el comportamiento del inyector en cantidades
cada vez menores que permitan expandir la formacién de
mezcla estratificada sin expandir el tiempo requerido. El
dinamismo de operacién presenta al control electrénico
una carga inmensa. El estado transitorio de los motores
con todas sus variables tiempo-dependientes siguen
impidiendo un grado ultra refinado de operacién.

El objetivo de esta investigacion fue el de proponer
una nueva estrategia de control electrénico para
inyectores GDI a través de tres etapas. La investigacion
se dividié en tres etapas: un estudio preliminar de los
inyectores GDI usados a nivel nacional y la identificacién
del control usado. Un andlisis de la relacién entre el
sistema electromagnético y el mecédnico del inyector con
el que finalmente se propuso un control del actuador
mediante un doble solenoide. Tal estrategia se evalud en
términos de rapidez de elevaciéon de corriente di/dt e
indirectamente en pardmetros como potencia requerida y
picos de voltaje. En la década de los noventa se cred el
primer sistema de inyeccién directa a Gasolina [44] y a
partir de este se desarroll6 todo el fundamento y técnica
que dié como resultado las tecnologias actuales [45]; todo
como consecuencia de una demanda por motores mas
eficientes y limpios propia de la época. Los motores
actuales buscan perfeccionar ambas condiciones para
poder ser todavia una solucién de movilidad en esta
década llena de restricciones ecolégicas.

Kekedjia, H., et al [7] trabaj6 en el modelado de un
inyector de GLP. Afirmd lo siguiente: la fuerza magnética
es inversamente proporcional a la distancia de la aguja, la
aguja estd en equilibrio absoluto cuando estd abierta, la
aguja y la armadura son equivalentes a dos masas unidas
por un muelle, todo inyector es no-lineal en aperturas
incompletas y una corriente baja de mantenimiento
disminuye el tiempo de cierre. Yin, Z., et al [8] describié
a la perfeccién las condiciones electromagnéticas que se
deben cumplir para abrir un inyector GDI. Llevo a cabo
esta experimentacién con cdmaras de alta velocidad y
osciloscopios. Kumar, A. et al [10] comparé transistores
para las demandas de alta frecuencia de conmutacion y
bajo consumo de potencia en los inyectores, la tecnologia
MOSEFET fue la mejor se acopld a los requerimientos.
Estos estudios respaldan el conocimiento base sobre el
cual parte el estudio. Di Gaeta et al [12] demostré a través
de un modelado matemdtico que es posible detectar
electricamente las pulsaciones de presién no solo del
inyector sino también de la bomba. Parotto, M., et al [5]
experimenté con dos métodos para corregir variaciones
de dosificacién entre inyectores de minimo 0,5 mg; una
estrategia detectaba la apertura por disminucién de la
presion en el riel y otra detectaba el cierre a partir de la
zona balistica del inyector. Estos estudios demuestran que
los sensores basicos detectan implicitamente todos los
procesos fisicos en el conjunto inyector-riel. Ademas,
Lu, H., et al [13] evalud las estrategias usadas para activar
inyectores GDI y resalta sobre todo que de todos los
métodos el que mejor resultados dio es el de pre-
energizacion. Logré disminuir 26% el tiempo de apertura.
Bianchi, G., M., et al [9] buscé disminuir el tiempo entre
dos activaciones consecutivas de un inyector, a través de
un modelo matemdtico disminuy6 el intervalo en 30%.
Descubrié que una parte los retrasos se originan en la
elasticidad inherente del material cuando la aguja
impacta. Yamakado, M., et al [11] propuso un inyector
dos solenoides 'y ventajas de
implementacién, pero no en tiempos de apertura. Estos
tres estudios demuestran los esfuerzos constantes por

con encontro

evitar la zona balistica de los inyectores y disminuir la
energia requerida para elevar o descender la aguja. Una
menor cantidad de energia se traduce en una disminucién
de los retrasos de apertura-cierre. Este estudio reconoce
las condiciones generales eléctricas de trabajo de los

11



inyectores para luego verificar estas en el modelo
matemadtico y asi derivar las ventajas que propone la
nueva estrategia.

2. FUNDAMENTO TEORICO

Hay muchos enfoques posibles para estudiar los
inyectores GDI y de cada uno se derivan conclusiones
distintas. Si bien el componente mecdnico determina,
entre otras cosas, la formacion del chorro [3]. Este trabajo
estudia la dosificacién de combustible como producto del
control electrénico (Pulso eléctrico) que gestiona el
sistema mecdnico del inyector. Por esta razén en esta
secciobn se expone el desarrollo cronolégico de la
tecnologia y el estado actual de su constitucién y control.

2.1 Sistemas GDI

En definitiva, hay dos momentos en la produccién de
sistemas GDI. Peter, H. organiza todos los sistemas
existentes en dos grupos: aquellos regulados por presién

y aquellos regulados por cantidad [1].

Tabla 1: version de sistemas GDI

Bosch

Siemens Bosch Bosch
Melco HDP2
lera G. HDP1 DECOS HDP5
» Hasta 50-100 40-120 50-250
Presion 45-53 bar 120 bar bar bar bar
Regul.
:fﬁllll ’ Mecénica Mecénica Mecéni Bomba Bomba
ca PWM PWM
LP
Re.g/ula ., Por Por Por Por
cién Por presién L . . .
HpP presion presién  cantidad cantidad
Renault, Volvo, Sistemas
Aplica Mitsubishi Opel, \A%Y GM, Turb
cién UL Mercedes  FSI Audi, oo
actuales
Benz Ford

Fuente: Autores

El suministro de combustible de baja presion es
mecanico o electronico; este dltimo es conocido como
sistema DECOS y regula la velocidad de la bomba de
combustible mediante PWM. Los sistemas regulados por
presion difieren entre si por la presencia de un retorno.
Para los sistemas mds actuales una vdlvula limita el
combustible que ingresa antes que descartar un exceso.
En la figura 1 se muestra la dltima generacion de los dos

principales elementos en el sistema GDI de Bosch GmbH
(principal referente en tecnologia).

Figura 1: Bomba HDP6 e inyector HDEVS.
Fuente: [3]

2.2 Inyeccion

El control electrénico de los inyectores tiene tres
funciones: dosificacion, adecuacidén y sincronizacién. [4].
El control debe determinar el ancho de pulso segin
demanda del conductor. Restringir la dosificacion de
acuerdo con el aire disponible y ejecutar la activacién
oportunamente para lograr una mezcla adecuada. Esta
libertad de sincronizacidn permite que aire y combustible
interactien entre ellos y con el entorno en periodos de
tiempo diferentes. Los motores GDI usan varios factores
para inducir esta interaccidn aire-combustible. Segtin el
mecanismo primordial de interaccién se consiguen
grados diferentes de estratificacion; definida como la
mezcla irregular de combustible en la camara. [5].

Tabla 2: tipos de formacién de mezcla

Dirigida por Dirigida por Dirigida por
pistén aire chorro
Central
Ubicacion
. Lateral Lateral (Transversal o
inyector o
Longitudinal
Movimiento Corriente
Cabeza de Geometria del
de la mezcla L, turbulenta de .
pistén . inyector
por aire
Geometria Depdsitos de
Cilindro compleja de carbén en bujia.
. mojado. admision. Fallas de
Desventajas . .
Aumentode  Comportamiento encendido.
Hes poco predecible Depésitos en
del aire inyector.

Fuente: Autores.
Solo las primeras generaciones (hasta 2005) del

sistema ocupé mecanismos de mezcla por pistén o por
aire [5]. Ambas estrategias producian altos niveles de HC
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y nada de beneficios en cuanto a NOx y potencia. En la
siguiente figura se aprecia graficamente las diferencias
entre las estrategias de formacién de mezcla.

v | EV

! v i EV

& ™. -

S - / Y R
YR ‘ ) e )

.“{ EV

F

3

"y ~ o~

)
_.;!:- E ==
1 2

Figura 2: tipos de formacién de mezcla
Fuente: [6]
1. Inyeccion guiada por piston 2. Inyeccién guiada por
aire 3. Inyeccién guiada por spray

2.3 Activacioén del Inyector

Un inyector GDI usa un circuito con doble riel de
alimentacién. Un voltaje boost que asegura la rdpida
saturacién de la bobina asistido después por un voltaje
nominal de bateria que mantiene las condiciones estables
de la bobina. Ya que se debe superar rapidamente la zona
balistica del inyector correspondiente al trayecto de
apertura total es necesario usar el voltaje boost. El tiempo
que se aplica este voltaje es constante pero monitoreado
por otro factor, la corriente. Para los inyectores GDI se
determinan umbrales mdximos y minimos de amperaje
con los cuales estd definida la apertura o cierre de la
aguja. Estos valores de corriente son producto de las
restricciones fisicas opuesta a la aguja. En otras palabras,
estos limites representan la fuerza que se necesita para
mantener abierta la aguja [7]. La siguiente figura muestra
un tipo de control por corriente que no usa inversion de
voltaje, se regula la condicién estable mediante una onda
pulsada de voltaje nominal y presenta un fuerte pico de
voltaje.

Figura 3: Onda de activacion del inyector.
Fuente: [8]

2.4 Circuito de Control

En la figura 4 se observan los componentes y
conexiones internas entre los elementos del circuito. Los
rieles de alimentacién son HV (voltaje boost) y voltaje
LV (nominal). Se utilizan tres transistores mosfet para
alimentar la bobina del inyector y dos para conmutar el
circuito a tierra. Los transistores H1 y H2 se protegen de
una polarizacién inversa mediante diodos. Los umbrales
de corriente por los
diferenciales ubicados en el Drain de los transistores L2
y L1. Aunque este circuito presente posibilidades de

son monitoreados circuitos

inversién de polaridad no todos los circuitos optan por
estas caracteristicas, tal es el caso de la Figura 3. De todas
formas estos circuitos son los que menos retrasos
presentan por activacién y su complejidad dificulta su
implementacién.

HV

[ | JTd N
<2 H3 F@

=

g
1]
(D

it

=
[4]
Lt

I

N
L4

|
I
|1

f [ r-—_ Injector —
— :|_
L2 :@ L1 E@
< Differential < Differential
= current Sense 2 = current Sense 1
- >
C L & |

ov

Figura 4: circuito de control inyector.
Fuente: [13]

2.5 Principios Fisicos del Solenoide
El movimiento de la aguja del inyector es producto de
una sistemdtica transformaciéon de energia. La energia
eléctrica es transformada a energia magnética y la energia
magnética es transformada en energia cinética. Segun la
Ley de Ampere dice que un campo magnético es producto
de la corriente que define una superficie [11]:

fﬁc H*dl = Icontenida [Ec. 1]

La intensidad de campo se entiende como la
extension de la influencia de las lineas de accion en la
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zona de influencia. Su densidad de flujo es la cantidad de
influencia y esta relacionada por la ecuacion [9]:

B = uoH [T] [Ec. 2]

H
Donde, uy = permeabilidad del aire [B]

Por lo tanto un campo tiene extension y magnitud de
influencia, en otras palabras, energia. La energia
magnética acumulada en el campo estd definida por [11]:

W =2, B*Hdv[J] [Ec. 3]

Esta energia es la que generar trabajo sobre otros
cuerpos ferromagnéticos como la armadura del inyector.
Segiin Edwards, J. D., un cuerpo que se encuentre
axialmente en un flujo magnético experimentard un
esfuerzo de traccién [9]:

BZ
F=—|N
2 IN]

Producto de esta fuerza existe un gasto de la energia

[Ec. 4]

magnética que luego es reforzado cuando el cuerpo
atraido concatena mayor densidad de flujo. No existe
flujo de combustible hasta que los orificios se descubran
y la inercia del fluido se venza (viscosidad) [25]. La
densidad de campo magnético por su parte es la cantidad
de flujo magnético delimitada por una seccidn. Defina por
[11]:

¢ =9 Bxds[Wb] [Ec. 5]

Dentro del solenoide, segtiin Faraday, una fuerza
electromotriz se genera en oposiciéon al aumento o
disminucién del flujo. [11]:

emf = —22 [v] [Ec. 6]

Pero este flujo es creado por la corriente que fluye en
el solenoide y por lo tanto:

=4
emf = —L = V] [Ec. 7]

De modo que la inductancia es el termino
proporcional que determina la oposicion del elemento a
transformar energia eléctrica en magnética y viceversa.

Determinado por:

L = ugn?nR?1 [H] [Ec. 8]
Donde:
N
n=7
R = radio
[ = longitud

N = vueltas de conductor por unidad de longitud
Uo = permeabilidad del aire

Con este conjunto de ecuaciones se definen los
procesos acaecidos en el inyector. Un voltaje aplicado
EMF en el solenoide genera un flujo de corriente I que
crea un campo magnético de magnitud H y con influencia
B en una superficie determinada que atrae un material
ferromagnético con una fuerza F.

3. MATERIALES Y METODOS
3.1 Método

Después de comprender el fundamento tedrico de los
procesos fisicos en el inyector se buscé identificar estos
principios en las ondas de control de inyectores GDI
usados a nivel nacional. Se tomaron en cuenta las
estrategias usadas. En base a los resultados preliminares
se extendi6 el fundamento tedrico para unificar los
sucesos electromagnéticos con los mecdnicos. En base a
estos resultados se experimentd tedrica y practicamente
con la idea propuesta para observar los resultados. La
posibilidad de usar un doble solenoide que permite
concatenar de forma maés rapida el campo magnético que
levanta la aguja del inyector; siendo los dos solenoides
idénticos, mientras uno permanece activado el segundo es
la Unica razén de concatenar un campo magnético mayor
y por lo tanto abre ele inyector. Dada la naturaleza de la
propuesta ningin mecanismo fue usado, sino que
solamente se estudié sobre una base puramente eléctrica-
electrénica y puesto que los resultados son medibles, pero
no observables se evalué la eficacia de la propuesta bajo
los siguientes pardmetros.

La fuerza magnética generada por el solenoide tanto
en la prueba base (estudio preliminar de inyectores GDI)
como en la prueba de simulacidn, es la misma y garantiza
la apertura del inyector. La variable dependiente fue la

. . . di . .
rapidez de elevacion de la corriente o influenciada por la

inductancia. Se buscé disminuir el tiempo de formacién
del campo magnético que levanta la aguja. Esta
formacion es restringida por la pendiente de crecimiento

. di P .
de la corriente TS Por tltimo, se evaluaron ventajas

secundarias por usar un doble bobinado bajo pardmetros
como: potencia disipada requerida, picos de voltaje
autoinducido, reduccién de voltaje de alimentacién y
simplificacion de circuito de activacion.
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3.2 Materiales

En el estudio preliminar se midieron variables de
control en inyectores GDI de tres vehiculos presentes en
el mercado nacional. Estas variables fueron medidas con
equipo especializado. La idea principal era modificar el
control electrénico tnicamente por lo que se mantuvieron
lineamientos o normativas aplicadas en la construccién de
solenoides para inyectores con respecto a su extension
espacial, material de constitucién o su caracterizacion.
Para el banco de pruebas se usé una plataforma de
software abierto y el mismo equipo de medicién usado en
el estudio preliminar.

3.2.1 Vehiculos de Estudio

Segtin un prondstico publicado en la web de Allied
Market Research [26] el mercado de sistemas de
inyeccion directa de gasolina en 2022 alcanzard un valor
de $9 712 millones de ddlares. Segmento de mercado que
lleva creciendo desde el 2015 a un ritmo de 20,7% anual.
Las empresas productoras de automdviles han encontrado
en los sistemas GDI una excelente solucién para el
aumento de eficiencia y potencia especifica de nuevos
motores. Cada vez mis se extiende el portafolio de
vehiculos con este sistema en el mercado ecuatoriano. Se
escogieron tres vehiculos de distinto afio de fabricacion.
La siguiente tabla muestra las unidades estudiadas.

Tabla 3: vehiculos estudiados.

Cruze CX3 Haval H6
Fabricante Chevrolet Mazda Great Wall
Afio de 2017 2018 2020
fabricacion
Motor LE2 Skyactive G GW4C20
Proveedor
sistema Delphi Denso Delphi
inyeccion
Inyector 69746NH  PEO113250B 28483708
usado
-
Imagen del ...h
inyector -
¢ B

Fuente: Autores

3.2.2  Equipo de medicion

Se us6 un osciloscopio automotriz Hantek 1008C. El
equipo tiene 2.4 MSa/s de tasa de muestreo y una

precision de tiempo base de +/- 50 ppm. Los canales
tienen una sensibilidad de 10mV/div. Este equipo cuenta
con las siguientes certificaciones: EN 55022:2010, EN
61000-3-2:2006+A1:2009+A2:2009, EN  61000-3-
3:2008, EN 55024:2010 [27]. Este equipo se usé para
medir el voltaje aplicad al inyector y comprender la
estrategia de control.

Figura 5: Osciloscopio Hantek 1008C
Fuente: [27]

Corriente fue medida con una probeta amperimétrica
HANTEK CC-65. La precision de la pinza se agrega a la
precision del osciloscopio. La siguiente tabla indica la
precision segin rangos de trabajo. En la figura siguiente
se puede observar la ilustracién del equipo. Esta se usé
para medir la corriente que fluye por los solenoides y
mediante la onda producida encontrar la pendiente de

., . dl
creacion de la corriente o

Tabla 4: precisién pinza amperimétrica.

Atenuacion
ImV/1I0mA  ImV/100mA ImV/100mA
Rango 1(2)81: 100mA-40A 40A-65A
Precisién +/- (1,5% +/- 2% +/- +/- (4% +/-
+/- 5mA) 20mA) 0,3mA)
Fuente: [28]

Figura 6: Pinza amperimétrica CC-65
Fuente: [27]
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3.2.3 Normativas de construccion

Conforme a la descripcion de la normativa AS40401
se asumié que los solenoides de los inyectores estudiados
cumplen con ella. Contiene lineamientos generales sobre
estindares de materiales o  construccion de
solenoides[29]. Con respecto a la caracterizacion de los
inyectores de inyectores GDI, SAE establece métodos
uniformes de prueba en banco bajo la normativa J2713
[30].

3.2.4  Equipo de control

Actualmente existen varias opciones de plataformas
Open Source. Se evaluaron tres propuestas
comercialmente disponibles y en la siguiente tabla se

justifica la eleccidn realizada.

Tabla 5: Opciones de plataforma Open Source

. Arduino
Raspberry Pi  BeagleBone UNO
Precio + +++ +
In’put No No Si
analogo
Output . .
PWM Si No Si
Interfaz No No si
propia
Aplicacion Comunicacion 0T Control
usual serial electrénico

Fuente: Autores.

Por todas las ventajas y el excelente costo el hardware
usado para generar los pulsos de control segin la nueva
estrategia fue Arduino UNO. Este controlador usa un
integrado ATmega328P. Posee seis entradas analdgicas y
seis entradas PWM. El cédigo fuente es abierto y existe
basta informacién de su programacion [31]. Se usé dos
entradas analdgicas como pardmetros de entrada para los
pulsos de activacién de los MOSFET que alimentan los
solenoides. Para controlar estos MOSFET se us6 dos
salidas PWM. Estas salidas simularon un trabajo del
solenoide con varias pre y post inyecciones. La siguiente
figura muestra una representacion del hardware descrito.

Figura 7: Arduino UNO
Fuente: [31]

4. RESULTADOS Y DISCUSION
4.1 Andlisis preliminar

La figura 8 muestra la onda de control del inyector
69746NH. La estrategia aplicada es una de tres etapas
[33, 25]. También conocida como una estrategia de
“Boost-hold” esta acompaiiada de un control pulsado que
disminuye la potencia disipada en el solenoide porque una
vez levantada la aguja la mayoria de las fuerzas
oponiéndose al movimiento han sido canceladas [34]. La
alimentacion es por doble riel y control PWM. Gracias a
la inversion de polarizacién la energia acumulada en el
solenoide se descarga rdpidamente, a esto se conoce como
Freewheeling.

Figura 8: Control inyector 69746NH
Fuente: Autores.

Yano se observa el uso de voltaje nominal a 2000
rpm para crear la corriente de cierre porque el
Freewheeling es suficiente para cerrar el inyector y
porque la mayor presion disminuye el pulso necesario, en
la tabla 6 se muestra el tiempo del pulso calculado y la
presién en el riel para todas las ondas analizadas. La
figura 9 expone esta condicion.
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Figura 9: Control inyector 69746NH 2000rpm
Fuente: Autores.

La figura 10 muestra la onda de control del inyector
PEO113250B. Esta onda de control contempla una
activacion sencilla sin control de apertura e integra un
control anti-rebote que aumenta la precision de cierre del
actuador [35]. Al cortar la alimentacidn del solenoide un
circuito de control de corriente calcula el momento
adecuado para alimentar por un breve tiempo el solenoide
con voltaje nominal. Esto crea una fuerza magnética que
desacelera la aguja, disminuye la fuerza eldstica de
retorno ejercida por el muelle y reduce la energia del
impacto contra el asiento del inyector.

Figura 10: Control inyector PEO113250B
Fuente: Autores.

A 2000 rpm esta medida es omitida, pero en este
caso particular la presion medida en el riel se ha
mantenido estable como se observa en la tabla 6. Este
hecho es explicado por una mayor tolerancia en
combustible inyectado en regimenes de mayor carga y
obsérvese también que el pulso de inyeccién tampoco
cambid.

Figura 11: Control inyector PEO113250B 2000rpm
Fuente: Autores.

El dltimo sistema estudiado fue el de un inyector
28483708. Esta estrategia de control tiene tres fases, pero
no tan refinada como la del inyector 69746NH. No se
aplica Freewheeling y por lo tanto el campo magnético se
desvanece naturalmente. Para asegurar un cierre rdpido
asegurando un lapso de inyeccién fijo al final se usa un

control PWM. Medida que apoya a disminuir la energia
del cierre del inyector. La figura 12 muestra el proceso
descrito.

Figura 12: Control inyector 28483708
Fuente: Autores.

Y nuevamente a 2000 rpm el control pulsado el
final del tiempo de inyeccién es omitido. La figura 13
muestra esta condicion.
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Figura 13: Control inyector 28483708 2000rpm.
Fuente: Autores.

Debido a la atenuacién 20:1 usada para capturar
el alto voltaje en los dos tdltimos vehiculos (PE0113250B
y 28483708) se observa ligeramente overshoot y
undershoot en la sefial. La tabla muestra parametros
importantes dentro de los cuales ocurrieron los pulsos de
inyeccion.

Tabla 6: Parametros inyeccién identificados.

69746NH PE0113250B 28483708
Método de Boost-hold Simple (anti- Boost-hold
control rebote)
tii 1,2 ms 1 ms 0,8 ms
P; 30 bar 30 bar 30 bar
ti2000rpm 0,8 ms 0,95 ms 0,6 ms
P2000pm 44 bar 30 bar 50 bar
Tmax 12 A 6 A 12 A
di/dt 40 A/ms 8,57 A/ms 40 A/ms
Vimax 64,8 v 40v 65v

tizpulso inyeccién ralent{
P;: Presion riel ralenti

Fuente: Autores.

El estudio estdtico del inyector se realizé para los

inyectores de mayor consumo de corriente y
especificamente se tomd en cuenta el inyector 69746NH
debido a una caracteristica presentada en la onda de
control que simplificé el modelo matemético y también
porque la onda de control es la que mayor complejidad
electrénica presenta. Esta caracteristica es explicada a

continuacion.
4.2 Doble solenoide

Ademds de ser evidencia del control aplicado, las
ondas de control medidas en los inyectores llevan

grabadas los sucesos fisicos que ocurren durante su
transcurso [36, 37]. Se ha visto que la inductancia media
la transformacién de energia eléctrica en mecdnica y
viceversa. Cuando la aguja del inyector se comienza a
levantar, la armadura de la aguja permite condensar un
mayor flujo magnético lo que permite que el solenoide
deje fluir mas corriente. Este suceso es estudiado en la
onda con una resolucién de tiempo adecuada. ParaIto, A.,
et al es necesario detectar un cambio de 20 mA durante
un microsegundo para definir el comienzo de elevacién
de la aguja del inyector [38]. Para Wieclawski et al ya se
puede detectar el cambio de inductancia en el solenoide
por la elevacion de la aguja del inyector en un marco de
tiempo de 50 microsegundos [39]. Wieclawski afirma que
“Aunque la disminucién en corriente es ligera puede ser
observada como un aplanamiento o curvatura de la
corriente”. La corriente disminuye porque parte de la
energia eléctrica que es transformada en energia
magnética es gastada en forma de energia mecanica
(elevacion de la aguja). Es por esta particularidad que se
ha escogido la onda de control del inyector 69746NH.

Figura 14: anomalia en control inyector 69746NH
Fuente: Autores.

En la figura 14 se observa una disminucién breve de
la corriente que no coincide con ningin pulso de control
ni limitacion de corriente del inyector 69746NH, de
hecho, poco después de este suceso el control cambia a
estado transitorio. La amplitud de esta desviacion es de
aproximadamente 50 mA y ocurre en un lapso de 20
microsegundos. Tal anomalia concuerda con las
descripciones hechas en [38] y [39]. Esto quiere decir que
el inyector después de 0,3 ms ha creado la fuerza
magnética necesaria para vencer todas las oposiciones del
sistema con una corriente de 12 amperios. A partir de esta
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informacién se model6 la estrategia de control con dos
solenoides.

De la Ecuacién 7 se deduce que mientras el
solenoide crea el campo magnético no hay corriente
estable y por lo tanto el solenoide actia como un
cortocircuito. Al resolver la ecuacién se obtiene un valor
de inductancia de:

L=1,62mH
Al medir la resistencia del solenoide se encontrd
un valor de:
R=10,60Q
El solenoide presenta una longitud de 25mm y un
didametro de 20mm. El calibre del solenoide es AWG 27.
La tabla 7 muestra las caracteristicas de este cable.

Tabla 7: Caracteristicas cable esmaltado AWG 27
R @ 1000 m
168, 82 Q
Fuente: Autores

Imax continua
0,288 A

Diametro
0,36 mm

Aunque el producto vectorial de la ley de Ampere

(Ecuacién 1) requiere un contorno cerrado la
tangencialidad del campo concatenado en el centro del
solenoide define la integral y se obtiene el siguiente

resultado:

b
Hf dlab = Hlab = nlabI

a
H = nl
Donde:
n = vueltas por metro

A
H=33336 —
m

No se realizé un andlisis metalografico del
nicleo ya que no se pudo obtener una muestra del
nicleo, atin sin ndcleo ferromagnético se obtuvo
excelentes resultados. Remplazando los datos en la
Ecuacion 2, se obtuvo:

B=419mT

Segin la Ecuacién 4 la armadura que estd
axialmente ubicada en el solenoide experimenta una
fuerza de:

F=69833N
Esta fuerza es contraria a la fuerza elastica, la
friccién y la presién del. Puesto que la posicién de la
perturbacién en la corriente de activacién del inyector
siempre ocurrié en el mismo lugar se descubrié que a

pesar del aumento de la presion sobre la aguja del inyector
siempre actuaban las mismas fuerzas con las mismas
magnitudes y sentidos. En consecuencia, los dos
solenoides se calcularon para concatenar la misma

intensidad de campo de 33 336 %. El cable usado para

24. La
siguiente tabla muestra las caracteristicas del conductor.

construir los nuevos solenoides fue AWG

Tabla 8: Caracteristicas cable esmaltado AWG 24
R @ 1000 m
84,19 Q

Imax continua
0,577 A

Diametro
0,51 mm

Fuente: Autores.

El calibre usado en el solenoide del inyector modelo
soporta una corriente continua mixima de 0,288 A pero
la corriente se eleva hasta 12 A. Esto es posible ya que los
periodos de flujo de la corriente son muy cortos y el
efecto Joule en el solenoide es minimo. Bajo esta misma
consideraciéon se trataron los nuevos solenoides. Se
mantuvo la geometria del solenoide en el inyector
modelo. Una longitud de 20mm y un didmetro de 20mm.
En esa distancia se alcanzan 39,17 vueltas lo que da una
relacion n = 1958,5 vueltas/m. Se usaron 2,46 m de
conductor lo que dio una resistencia R = 0,21Q. La
inductancia se calcul6 con Ecuacién 8, dio como
resultado una inductancia L. = 30uH. La tabla 9 resume
las caracteristicas del solenoide.

Tabla 9: Caracteristicas solenoide construido

@ 20mm
l 20mm
n 1958,5
L 30uH
R 0,210

Fuente: Autores.

La nueva estrategia de control consistié en lo
siguiente. Segun la ley de Ampere el campo magnético
creado por un conductor es proporcional a la superficie
que la corriente delimite con su circulacion. Esto quiere
decir que la sumatoria de las corrientes del mismo sentido
en un contorno definido serdn las que determinen la
intensidad de campo magnético, sin importar su origen.
Esta condicién permite distribuir la corriente total en
varios solenoides que generan la misma intensidad de

19



campo calculado H en el inyector modelo. En la figura 8
se observa una corriente de mantenimiento de 6 A. Luego
de ser levantada la aguja es necesaria esta magnitud de
corriente para mantener el movimiento de la aguja. Esto
quiere decir que sin el campo magnético generado por
esta corriente el inyector se cierra. La intensidad de

campo en esta condicién es de H = 16 668 %. El primer

solenoide crea esta intensidad de campo que no abre el
inyector. El segundo solenoide crea la intensidad de

campo restante de H = 33 336 % que vence todas las

fuerzas sobre la aguja en reposo. Los dos solenoides son

idénticos en constitucion y tienen las siguientes

caracteristicas. La constante de tiempo 7 es igual a:
L
=—=142,86 uS
T R U

Con esta constante se calcula la corriente maxima
que maneja el solenoide y se determina la duracién de los
pulsos de activacién. En la Ecuacién 7 se aumentd la
resistencia para completar el modelo fisico de Kirchoff
para un inductor. De este modelo se obtiene la solucién a
la ecuacién diferencial de la forma:

\% _¢+(R
I(t) = E(l —e t(L)> [EC 9]
De la Ecuacién 9 se obtiene una corriente maxima

de I14286 us = 36 A. Esta corriente es enorme para ser
soportada  continuamente

anteriormente. Para que el primer solenoide genere una

como ya se explico

intensidad de campo magnético H = 16 668 % necesita

una corriente de:
H
]=—=28,51A
n

Para calcular la corriente necesaria se despeja t de
la Ecuacién 9, como resultado la siguiente ecuacion:

=L v
t= R(ln V_I(t)*R) [Ec. 10]

Entonces el pulso de activacién para lograr 8,51
A es de:
t =23,03uS
El resto de intensidad de campo lo desarrolla el
segundo solenoide. Esta intensidad es de la misma
magnitud y por lo tanto requiere de los mismos
pardmetros de control, [ = 8,51 A y t = 23,03uS. El
segundo solenoide se activa mientras ocurre el pulso del
primero. El tiempo total tedrico para alcanzar la corriente
méxima es de:

t = 46,06uS

En este tiempo la aguja del inyector en teoria ya se
levanta. Después de este suceso hay que mantener la
corriente de 8,5 A tanto como sea requerido por el
comando de inyeccién. Ya que este trabajo no contempla
el estado transitorio del inyector mayor investigacion se
necesita para modelar el tiempo que tarda la aguja en
lograr su carrera maxima y el tiempo que tarda en
comenzar el movimiento del fluido (inyeccién de
combustible). Por este motivo se escogid arbitrariamente
un tiempo méiximo de 0,1ms. Luego de que el primer
solenoide es activado se usa una sefial PWM de 50% a
S50kH para mantener la corriente entre 8-8,5 A. El
segundo solenoide ya no estd activado.

4.3 Programacion de control

Arduino se program¢ para controlar dos MOSFET
de potencia de acuerdo con el siguiente circuito
mostrado en la figura 15.

[ b

LENL)

TRFZA™ L1

ARSI Bl == LENE]

14

e

) g M
Vi o § IRFT4axN
[

Figura 15: Circuito de control
Fuente: Autores.

Arduino activa L1 durante 46uS. A los 23uS L2 es
activado por los 23uS restantes. L.1 y L2 son concéntricos
y comparten el mismo medio permeable. Después de los
46uS L2 es desactivado y Arduino espera 10uS para
activa L1 con la sefial pulsada de 50kH al 50% de ciclo
de trabajo. Se produce esta sefial hasta completar 100uS.

4.4 Resultados

La siguiente figura muestra la onda de control
producida por Arduino con la programacién planteada.
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Figura 16: Control de arduino.
Fuente: Autores.

En Arduino se usaron los pines 9 y 10 (Onda azul y
onda amarilla respectivamente). Se observa claramente el
periodo durante el cual ambas ondas se superponen, en
este momento se genera la activacion de los dos
solenoides. Estas ondas de control producen el siguiente
comportamiento en el lado de potencia del transistor. La
figura 17 muestra los resultados finales.

Figura 17: Control de doble solenoide.
Fuente: Autores.

Lalinea violeta indica la onda de corriente generada.
Se observa un pico de 5,2 A. A continuacion, una zona de
mantenimiento y de baja intensidad. Los picos de voltaje
sin necesidad de inversién de la alimentacién son de +/-
33% del voltaje de alimentacién. La linea amarilla es el

voltaje medido en el Drain del transistor T1. La linea azul
es el voltaje medido en el Drain del transistor T2. EI pico
de corriente no es el calculado debido a un método de
conmutacién muy bdsico y por variacién en la inductancia
de los solenoides.

4.5 Andlisis de resultados

Los resultados de corriente son distintos a los
calculados como resultado de que: la baja corriente
manejada por Arduino (40 mA max.) no alcanza a abrir
totalmente el canal de conduccién en el MOSFET y se
produce una caida de voltaje maxima de 8v que es en
efecto el voltaje real aplicado al solenoide. Se requiere un
driver de MOSFET y mayor refinacion del circuito para
aumentar la rapidez de conmutacién (corriente
suministrada al GATE del transistor entre 2 'y 2,5 A) [40,
41, 42, 43]. Como el voltaje es menor al calculado existe
una saturacién anticipada del solenoide y por ende las
zonas planas de voltaje observadas antes de que termine
el pulso de control. Por otra parte, existe una mayor
conduccién de corriente en el segundo solenoide debido
al cambio de reluctancia en el circuito magnético
producto del campo magnético del primero y esto permite
variar la inductancia del segundo. De lo contrario se
esperaria una curva similar a la primera, importante notar
que se ha logrado esto sin un material permeable como
nicleo de ambos solenoides. Se espera que un material
ferromagnético refuerce mucho mas este
comportamiento. Los dos solenoides al ser de iguales
caracteristicas presentan las mismas magnitudes de
oposicién a la creacién de un campo magnético. Se
observa esto en la imitacién del voltaje en el Drain de T2
(linea azul) tanto cuando se abre el canal de conduccién
en T1 y cuando el solenoide crea una diferencia de
potencial al aumentar la corriente. El pulso total de
activacion es de 176 uS y la corriente méxima se consigue

en 60 uS. Tomando una linea recta entre el origen y el

. . . di A
valor maximo de corriente se obtiene un ol 86,67 -
m

En la siguiente tabla se resumen los cambios
conseguidos gracias a la estrategia y se compara con el
inyector modelo escogido.
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Tabla 10: Comparativa de solenoides.

Solenoide
inyector: Doble solenoide
69746NH
V alimentacion 64,8 v 12v
t para Iméax 0,3 mS 0,06 mS
Imax 12 A 52 A
di/dt 40 A/mS 86,67 A/mS

Fuente: Autores.

Figura 18: comparativa di/dt entre doble solenoide y
solenoide inyector 69746NH.
Fuente: Autores.

En la Figura 18 a la izquierda con linea violeta la
corriente producida por la estrategia de doble solenoide a
la derecha con linea amarilla la corriente del solenoide en
el inyector 69746NH. Esta comparaciéon visual del
aumento inicial de corriente de activacion con los valores
de la tabla 10 confirma que, aunque no se hayan obtenido
los valores de corriente calculados por imperfecciones en
el circuito de activacién o un célculo erréneo de
inductancia y por lo tanto una constante de tiempo t
equivocada, la estrategia si permite conseguir un aumento
de corriente rdpido sin necesidad de un voltaje Boost. Esta
rapidez de aumento permite concatenar mds rdpido el
campo magnético que abre el inyector. Lo que permitiria
disminuir el retraso entre la alimentacion del inyector y el
levantamiento de la aguja. En consecuencia, el
comportamiento no-lineal del inyector en tiempos de
inyeccién menores a 1,2 mS puede ser mejorado.

5. CONCLUSIONES

Varias ondas de control para inyectores GDI presentes
a nivel nacional se analizaron. Se reconocié métodos

propuestos en literatura que aumentan la precision de
cierre o rapidez de apertura. Dentro de la onda de
corriente se encuentran implicitos los procesos mecdnicos
que ocurren en el inyector. Se encontré que no existe
variacién de la fuerza sobre la aguja del inyector
proporcional al aumento de presién. El tiempo de retraso
de elevacion de la aguja en un inyector siempre es el
mismo. Una anomalia en una onda de control compleja
del inyector 69746NH permitié evaluar las condiciones
eléctricas-magnéticas que son requeridas para elevar la
aguja. A través de un doble solenoide se disminuyé el
tiempo requerido para aumentar la corriente hasta un
valor pico. Los resultados fueron buenos, aunque no
corroboran los cdlculos tedricos: un primer solenoide que
genere un campo de mantencién no solo elimina la
necesidad de alimentacién con doble riel y voltaje
elevado, sino que también permite una mayor
concatenaciéon de campo magnético debido a la
disminucién de reluctancia en el circuito magnético. El
segundo solenoide es capaz de conducir un mayor
amperaje debido a una mayor inductancia producto de la
mayor reluctancia. Refinacion en el circuito de control es
necesaria para alcanzar las cotas de corriente que cumplen
las condiciones eléctricas-magnéticas definidas. Sin
embargo, el tiempo de creacién del pico de corriente
teéricamente indica una disminuciéon del 200% esto
significa que sin un circuito de control complejo y una
estrategia de control de corriente que requiera de un
voltaje Boost si se ha conseguido mejorar las
caracteristicas de activacion eléctrica. La aplicacion de
este método en un inyector operativo es esencial para
corroborar este resultado.
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Chapter 3

Flow, Mixture Preparation and Combustion
in Four-Stroke Direct-Injection

Gasoline Engines

Hiromitsu Ando and Constantine (Dinos) Arcoumanis

3.1 Introduction

Since the launch of the first direct-injection (DI) gasoline engine in 1996, many
Japanese and European car manufacturers have introduced this technology into the
market with the expectation that it would spread worldwide. There was a commonly-
shared view that it represented one of the most effective fuel economy improvement
technologies for CO; reduction. Unfortunately, this technology hasn’t achieved
significant penetration into the mass production market even after 10 years from
its launch, despite its obvious scientific and technological advantages.

In this chapter, the basic features of direct injection gasoline engines and the
technologies adopted to realize them will be described. Then the technological
evolutions over the last 10 years, through worldwide efforts by researchers in both
industry and academia, will be reviewed and the prospects for the future of the
direct-injection gasoline engine technology summarized.

Finally, the latest developments, i.e. the spray-guided combustion system repre-
senting the most promising concept for meeting the future CO, targets, are presented
and examples are provided of the new generation of fuel injection systems that may
allow the mass production of stratified direct injection gasoline engines for automo-
tive applications.

3.2 Significance and Limits of the Direct-Injection Gasoline
Engine Technology

Itis generally accepted that the fuel economy improvements of DI gasoline engines
are due to their higher compression ratio, higher specific heat ratio, pumping loss
reduction (lean burn, EGR) and cooling loss reduction. The effects of these factors
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Fig. 3.1 Factors of fuel economy improvements

on fuel economy improvement are shown schematically in Fig. 3.1 and can be
summarized as follows:

e Although there are large effects in the low load region, their influence diminishes
at higher loads

e The effect of lean burn is large mainly due to the higher specific heat ratio rather
than reduction of the pumping loss.

e The effect of higher specific heat ratio is maintained even at higher loads.

e The reason the DI gasoline engine technology is so efTicient lies in its ability to
take advantage of all the factors shown in Fig. 3.1, that is, the higher specific heat
ratio realized by the stable lean burn, the higher compression ratio permitted by
various anti-knock measures, the pumping loss reduction through lean burn and
the cooling loss reduction through lowering of the burned gas temperature and
mixture stratification effects.

Although the fuel economy benefits of direct-injection gasoline engines compared
with their conventional port fuel injection counterparts were large at the timing of
their launch in 1996, they have gradually lost some of their advantages over the last
10 years or so. The main factors are the following:

e Port fuel injection engines have improved significantly

e Breakthrough transmission technologies have emerged

e Operating conditions for the lean operation of DI gasoline engines could not
be extended in order to meet the increasingly more stringent emission control
requirements.
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3 Flow, Mixture Preparation and Combustion in Four-Stroke DC Gasoline Engines 139

In addition, diesel engines have entered the European market with superior fuel
efficiency and outstanding performance which reduced the momentum for research
into DI gasoline engines.

The most distinctive evolution of port fuel injection engines has been the intro-
duction of Variable Valve Timing (VVT) technologies which are now quite standard,
Through the VVT, pumping loss reduction can be realized by using the Atkinson
cycle effect where valve overlap is reduced under low load conditions to reduce
the amount of residual gases. As a result of the improved combustion stability,
engine idle speed can be reduced to the same level as in DI gasoline engines. In
addition, by adjusting the timing of the valve overlap, hot exhaust gas is evacuated
selectively which results in a slight improvement of the anti-knock characteristics;
further improvement can be achieved through optimization of the thickness of the
coolant flow wall between the combustion chamber and the water gallery. This can
be realized through advances in the casting techniques which also contributes to the
improvement of the anti-knock characteristics.

Almost all of the fuel economy improvement technologies are aiming at the low
load conditions where thermal efficiency is rather poor. New transmissions such
as CVT. multi-stage AT, multi-stage MT and AMT (Automated Manual Transmis-
sion) are technologies able to improve the powertrain efficiency by minimizing low
load engine operation. The end result has been that the significant effects on fuel
consumption reduction introduced by the DI gasoline engine have been gradually
depreciated by the introduction of these transmission technologies.

Finally, although the evolution of the lean NOx catalyst technology has been
remarkable, as will be described later, and its efficiency almost exceeds 90% under
relatively wide ranging conditions, the efficiency of its competitor, the three-way
catalyst used by port fuel injection engines, frequently exceeds 99%. It can therefore
be argued that the efficiency of DI gasoline engines has been sacrificed in order to
achieve emission levels comparable to those of port fuel injection engines. However,
at present fuel consumption is attracting more attention than local exhaust emis-
sions due to the emphasis on global warming, which is responsible for the renewed
interest on DI Diesels and spray-guided stratified gasoline engines.

3.3 Technologies for Direct-Injection Gasoline Engines

It is well known that there are three basic concepts of direct injection gasoline
engines: wall-guided, air-guided and spray-guided (Table 3.1). The concept investi-
gated since the 1950 s had been the spray-guided concept in a configuration known
as narrow/close spacing which locates closely the fuel spray and the spark plug in
the central region of the cylinder head. [1, 2, 3, 4, 5, 6, 7]. In this concept, the
spark plug is projected into a specific region of the fuel spray in order to achieve
stable spark ignition and. as such, is it exposed to fuel droplets and/or a rich fuel-air
mixture which encourages soot formation and spark plug fouling leading to misfires.
It is only recently that the first encouraging signs have emerged for a successful
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implementation of the spray-guided concept in a production engine; more details
are provided later.

In 1996 a new concept called wide spacing was proposed [8]. This concept
locates the fuel spray and the spark plug at some distance from each other. The
fuel is injected towards the hot piston surface and the formed fuel vapour is directed
towards the spark plug through a combination of piston-bowl geometry and strong
in-cylinder bulk flow. The main advantage of this concept is that the spark plug
fouling problem is resolved since the fuel approaches the spark plug after vaporiza-
tion and mixing with air. The wall-guided engine concept used the following four
main technologies:

e An in-cylinder flow called the reverse tumble generated by the upright straight
intake ports.

e A swirl injector nozzle preparing well dispersed and atomized fuel spray at rela-
tively low injection pressures.

e A piston with a cavity designed to optimize fuel spray impingement and re-
direction towards the spark plug

e Mixing control mechanism combining a homogeneous mixture realized by injec-
tion during the early stages of the intake stroke and a stratified mixture realized
by injection during the later stages of the compression stroke.

After the launch of the first mass production DI gasoline engine in 1996, many
alternative systems have been introduced into the market, employing swirl or tumble
in place of the reverse tumble, injection systems using a swirl nozzle with an asym-
metric spray shape named casting net spray and achieved through a novel nozzle
hole design, and a fan-spray nozzle producing a two-dimensional thin shaped spray
through a slit located at the outlet of the nozzle hole [9, 10, 11, 12]. Both systems
are classified into the wide spacing concept, and have the common feature of using
an intense in-cylinder flow and a purpose-designed piston cavity. Although some
systems have been referred to as wall-guided and others as flow-guided, this classi-
fication seems to have little meaning since all first-generation DI gasoline engines
in production have employed guidance by flow and wall simultaneously and experi-
enced increased heat losses as a result of the complicated piston cavity with its larger
surface area. Flow-guided is probably a term introduced to highlight the necessity
for simplification of the piston crown geometry which more recently led to the
introduction of the air-guided concept. Existing wall-guided combustion systems
in production today are illustrated in Fig. 3.2 in terms of their corresponding piston
and spray configurations.

The spray-guided concept under intense development today offers the best poten-
tial partly because of the possibility of using a simpler piston geometry. In order
to realize the spray-guided concept, it is important to prevent impingement of fuel
droplets onto the spark plug. To achieve this, many ideas have been proposed such as
using an air-assisted injector, a spray collision injector, an outwards opening nozzle
and a multi-hole nozzle, the latter two combined with higher pressure injection
[13, 14, 15, 16, 17]. The targets are to dilute the fuel through air entrainment and
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Fig. 3.2 Wall-guided gasoline direct-injection engines

improved atomization and to prevent the concentration of large fuel droplets and
rich fuel vapour around the spark plug at the time of ignition through control of the
spray development as a function of the thermodynamic in-cylinder conditions. Out
of the emerging advanced fuel injection technologies, the multi-hole and outward-
opening nozzles shown in Figs. 3.3 and 3.4, have real potential for becoming a
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Upper nozzle
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Fig. 3.3 Mult-hole injector for spray-guided gasoline direct injection engines and its key

geometric parameters (spray and jet cone angle, hok: diameter D and length L)
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Fig. 3.4 Outward-opening injectors for spray-guided gasoline direct injection engines
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mass production technology. In case of the multi-hole nozzle, the spark plug can be
located between two of the sprays or over one of the sprays with a small aperture.

On the other hand, an outward-opening nozzle allows intense interaction between
fuel droplets and the surrounding air, with atomized fuel concentrated on the
outer periphery of the spray and the spark plug located in the recirculation zone
formed at the leading edge of the spray. Both nozzle types are able to prepare a
fuel-air mixture with near stoichiometric mixture strength around the spark plug
while avoiding direct fuel spray impingement on the spark electrodes. More details
about these two emerging fuel injection technologies and the generated sprays are
given in subsequent sections. Overall, it can be argued that the potential of the
spray-guided concept is much higher than the other two, despite its questionable
robustness relative to the wall-guided concept (Table 3.1) due to the fact that its
combustion development is controlled exclusively by the stability of the fuel spray
characteristics.

3.4 General Features of Direct-Injection Gasoline Engines

The distinctive features of the DI gasoline engine are centred on its potential to
achieve stable lean burn, to reduce and even eliminate engine-out unburned hydro-
carbon emissions, to improve the anti-knock characteristics and to control torque
precisely and quickly.
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3.4.1 Lean Burn

Combustion of a lean fuel/air mixture should be discussed from two viewpoints:
thermal efficiency and NOx formation. With respect to thermal efficiency, reduction
of pumping losses, reduction of heat losses and higher specific heat ratio are the
main advantages of lean burn. These are realized by increasing the total amount
of working fluid. lowering the mean bumed-gas temperature and increasing the
percentage of diatomic molecules in the working fluid. All these effects can be
achieved when the fuel-air mixture is overall lean. The DI gasoline engine which
can maintain stable combustion under overall lean mixture conditions has the best
potential to fully explore the thermodynamic advantages of lean burning.

With respect to NOx reduction. it is necessary to control the local equivalence
ratio to remain always lean and to suppress flame propagation. The first require-
ment is to lower the local temperature or oxygen concentration in the bumed gas
region to prevent or reduce thermal NOx formation. The local temperature of the
burned gas continues to increase by means of adiabatic compression realized in the
region ahead of the propagating flame. In particular, when combustion is controlled
by flame propagation, a non-uniform temperature distribution takes place in the
cylinder which results in substantial NOx formation in the high temperature region.
This is the reason for the second prerequisite for NOx reduction which is the elimi-
nation of flame propagation. The developing consensus on this point is that the ulti-
mate solution for satisfying the requirement for NOx reduction is HCCI combustion,
where simultaneous ignition of the mixture takes place across the cylinder volume
and any temperature increases maintain mixture homogeneity.

It can be argued from the above that, from the viewpoint of NOx reduction, the
direct-injection gasoline engine is not the optimal solution since the local combus-
tion field is generated by spark ignition and the resulting flame traverses the combus-
tion chamber tracing the fuel/air mixture with moderate local equivalence ratio. The
temperature of the burned gas zone continues to rise and generates large amounts of
thermal NOx. Therefore, the engine-out NOx emissions of direct injection gasoline
engines operating under lean overall conditions remain at relatively high levels of
about 0.2-0.35 of those in a conventional port fuel injection engine operating at
stoichiometric conditions which necessitates a sophisticated aftertreatment system
for reducing NOx.

When high output is desirable, it is necessary to operate the engine under stoi-
chiometric or slightly rich conditions, because it is the fuel quantity that determines
the engine output under conditions of fixed air mass. Therefore, lean engine opera-
tion with higher efficiency is quite restricted under realistic driving conditions. This
represents the essential limit to the advantages that can be offered by direct injection
gasoline engines.

3.4.2 Minimization of Fuel Escaping Power
Generating Combustion

In port fuel injection engines, a lot of fuel is captured in the oil film formed on the
cylinder liner surface and/or in the piston crevices. This fuel is scraped and released
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from the walls and cavities by the ascending piston during the exhaust stroke and is
burned rather quickly in the cylinder when the intake valves open. due to the intense
turbulence generated and the large amount of fresh air introduced into the cylinder
during the opening period of the intake valves. Although this fuel is not strictly
counted as unburned hydrocarbons, the fuel burned during the exhaust and intake
strokes which does not contribute to the work output of the engine should be treated
as escaped fuel. Tt is sometimes overlooked that escaping fuel is one of the most
important factors penalizing the thermal efficiency of port fuel injection engines. It
is thus very fortunate that DI gasoline engines, where the air around the cylinder
liner does not contain fuel, offer the possibility of minimizing the fuel escape and
enhancing further their thermal efficiency.

3.4.3 Improvement of Anti-Knock Characteristics

At higher loads, the DI gasoline engine operates by adopting the early injection
strategy where the combustion characteristics are identical to those of the premixed
port injection engine. However, improved engine performance can be realized by
the higher volumetric efficiency and the improved anti-knock characteristics.

In the case of port fuel injection engines, the latent heat of evaporation is supplied
by the surface of the intake port(s), the intake valves or the cylinder liner. In the case
of early direct injection, the fuel spray follows the piston and the impingement of
the liquid fuel on its crown can be carefully minimized. Therefore, the latent heat
is supplied to the fuel by the intake air and this causes eflicient charge air cooling:
it is estimated that the charge air is cooled by about 15K. This implies that the gas
temperature at the end of the compression stroke can be reduced by about 30 K,
which enhances the volumetric efficiency and suppresses knocking.

In the case of port fuel injection engines, significant transient knock can take
place during several cycles at the start of vehicle acceleration. Transient knock is
caused by selective transport of low boiling point gasoline components with their
lower octane numbers [18]. The direct injection engine, however, is not affected by
such transient knock because all of the gasoline components are transported into the
cylinder. A knock suppression period, caused by delay in the surface heating of the
combustion chamber, follows the transient knock period. As a result, in the case of
direct-injection gasoline engines that are not sensitive to transient knock, ignition
timing can be advanced by 10 s or more at the start of the acceleration period which,
in general. is sufficient to complete the vehicle acceleration.

For further improvements of the full-load performance, an alternative knock
suppression method named “two-stage mixing® has been proposed [ 19]. Since there
is consensus that the most distinctive feature of a direct injection engine is the
‘freedom of mixing’, ‘two-stage mixing’ takes advantage of this freedom for knock
suppression; Fig. 3.5 illustrates the relevant procedure. Fuel is injected into the
engine cylinder twice; the first injection takes place during the early stages of the
intake stroke to prepare a premixed very lean mixture while the second injection
takes place during the later stages of the compression stroke to prepare a stratified
mixture for ignition.
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Fig. 3.5 Characteristics of two-stage mixing [ 18]

This knock-prevention process can be explained as follows:

e The premixed mixture prepared by the first injection is too lean to cause
knock.

o The stratified mixture prepared by the second injection may form a stoichiometric
mixture at some locations, however, the life time of that mixture prior to ignition
is not long enough for knock precursor reactions to proceed.

Although in the case of a single late injection, a large amount of soot can be
emitted when the average mixture strength becomes rich, in the case of two-stage
mixing soot emission is not a problem except at very low engine speeds when the
average air/fuel ratio is 12. The process of soot formation and oxidation can be
explained as follows:

e When spark ignition takes place. only the stratified charge is ignited because the
surrounding premixed mixture is too lean to be ignited.

e Combustion products generated in the rich stratified mixture containing CO and
soot are transported by means of flame propagation into the surrounding lean
mixture,

e Soot acts as ignition site and ignites the very lean mixture beyond its flamma-
bility limit; in this process CO may assist ignition and soot is oxidized in the
combustion zone of the lean mixture.
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3.4.4 Precise and Rapid Torque Management

In terms of engine management, the direct injection gasoline engine technology
offers another advantage, the ‘freedom of control’, that is the potential of precise
and quick management of torque with the best possible robustness.

In the case of port fuel injection engines, engine torque is controlled by the
intake-air volume and, thus, is dependent on throttle valve operation. Even with an
electronic throttling system, a change in air intake is somewhat delayed because
the intake manifold with its large volume is located downstream of the throttle
valve. In the case of direct-injection gasoline engines, however, torque can be easily
controlled by just changing the injected fuel quantity while retaining the air intake
constant; to be more specific. the torque in each cylinder and at each engine revolu-
tion can be freely controlled. This freedom can be used in the idle stop application
[20] of a hybrid vehicle with a small capacity motor and in the advanced engine-
transmission integrated control system. To gain customer acceptance, the idle-stop
system needs to be able to achieve fast start and acceleration of the vehicle under
the standstill mode.

Figure 3.6 compares the starting process in a port fuel injection engine with that
of a direct injection engine. In the port fuel injection engine, the procedure for
the earliest re-starting process is as follows: (i) detect the cylinder under exhaust
stroke at the engine cranking, (ii) inject fuel into the port of the cylinder, (iii) the
injected fuel is carried into the cylinder during the intake stroke and is compressed
and burned. In the case of the direct injection gasoline engine, the cylinder under
compression is detected at the beginning of the engine cranking and fuel is injected
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Fig. 3.6 Starting process of port injection engine vs., direct injection engine [19]
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into this cylinder. The air temperature in that cylinder is already high enough
due to the heated cylinder walls even at the suspended engine operation, and the
fuel injected at the later stage of the compression stroke becomes ready for igni-
tion. with complete combustion taking place once the mixture is ignited. Conse-
quently, the delay in torque generation is minimized to one-fifth or one-tenth of
that in the port fuel injection engine. Accordingly, the vehicle can execute a desir-
able idle-stop without giving the driver any uncomfortable feeling. Recently, the
possibility to start the engine only by fuel injection, that is, without using the
starter motor has been considered. The applicability of this idea will depend on
the simplicity of the device to control the piston phase at the starting point of the
engine.

The concept of *freedom of control’” can be applied to hybrid electric vehicles
which require starting the engine when the vehicle is driven by the motor. Smooth
and gradual torque increase from zero is desirable to suppress the shock caused by
the torque gap. In the case of port fuel injection engines, however, it is difficult to
maintain stable combustion under extremely low air and fuel conditions and some
torque gap is inevitable. On the contrary, in a direct injection gasoline engine where
stable combustion can be realized by a very small fuel quantity while keeping an
overall very lean mixture, very low torque can be generated and the shock associated
with engine starting can be eliminated completely. This effect is quite distinctive in
a hybrid system using a small motor where frequent switching between motor and
engine takes place.

The advantage of the DI gasoline engine in controlling the cycle- and cylinder-
resolved torque by tuning only the injected fuel quantity is used in the integrated
control of engine and transmission. In the case of CVT, for example, it is used to
compensate the harsh and tough trade-offs of the efficiency, drivability and dura-
bility. It is also used to solve the problem of the tensional resonance caused by the
connection of the shaft with poor rigidity to the pulleys with large inertia through
rapid torque management synchronized with the natural vibration of the system. It
can thus be argued that the strategies for resolving the trade-off problems using the
‘freedom of torque’ management approach may allow advances in various fields
where technological breakthroughs are urgently needed.

3.5 Possibility for Further Reduction in NOx Emissions

The worldwide enforcement of exhaust emission reductions and the trend towards
more stringent targets is creating difficulties for production direct injection gasoline
engines to meel future regulations. Although it cannot be denied that they are hand-
icapped relative to the mature three-way catalyst technology for port fuel injection
engines, the catalyst and the catalyst reaction control technologies for direct injec-
tion gasoline engines have also advanced. At present, the developed exhaust after
treatment system has the potential to meet the most stringent worldwide emission
regulations of Japan, Europe, U.S.A. and California, in particular.
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3.5.1 Advances in Lean NOx Catalyst Technologies

The first production direct injection gasoline engine adopted for NOx emission
control a selective reduction catalyst which is less sensitive to sulphur poisoning.
This has later been replaced by a NOx trap catalyst of higher performance as a
result of the worldwide trend in gasoline sulphur reduction. A NOx trap catalyst
operates by capturing NOx under lean operating conditions and converting it into
nitrate of alkali metals and alkaline-earth metals. When the engine operating condi-
tion changes from lean to rich during short acceleration periods, the nitrates are
converted into carbonates by means of the CO contained in the exhaust gas and the
adsorbed NOx is released.

The first NOx trap used Ba as a NOx adsorbing metal. Although it was known
that K shows better performance than Ba, K is lower in electronegativity and is
thermally unstable. It is, therefore, for the following reasons that the K adsorbent
has been unpopular in its use for automotive NOx control:

e The higher the catalyst temperature is, the more K adsorbent outpours from the
wash coat.
e K penetrates into the catalyst substrate.

Despite all its problems, recent advances of NOX trap technologies have been
remarkable and some solutions were found [21, 22]. The first solution is to mix K
adsorbent with zeolite for K stabilization, while the second solution is to coat the
substrate surface with Si which, due to its stronger chemical affinity to K, prevents
K penetration into the substrate. It was thus found that, by adding silica compound
to the wash coat, it is possible to have high-storage performance up to 550°C and
extended lean-operating region, while the heat resistance can be improved to 850°C.

Overall, progress of NOx trap technologies has steadily continued. New methods,
such as a method to stabilize K by adding MgO, a method to use Na in place of K and
a pore distribution optimization method [23, 24], were proposed. The most effective
breakthrough technology has been the introduction of metal substrates. Because the
problem of the K penetration can now be resolved, higher efficiency can be achieved
by the increase of doped K. Besides these NOx trap technologies, new direct NOx
decomposition catalysts using new materials such as La-Ba-Mn-In-Cu perovskite
or the oxides of Ba and CO were also proposed |25, 26, 27]. It is expected that one
of these advanced concepts for lean NOx catalysts will reach sooner or later mass

production.

3.5.2 Catalyst Reaction Control by Mixture Preparation
and Combustion Control

Various catalyst reaction control technologies that make use of the distinctive feature
of direct injection gasoline engines, the ‘freedom of mixing', have been proposed
[28, 29]. One of them is the method of ‘two-stage combustion’, illustrated in
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Fig. 3.7 Characteristics of two-stage combustion [28]

Fig. 3.7. The main fuel injection takes place at the later stages of the compression
stroke for achieving stratified charge combustion and combustion is completed at
an early stage of the expansion stroke: a second injection of a smaller amount of
fuel takes place at the later stage of the expansion stroke. Since a large amount
of excess air remains in the burned gas and its temperature is sufficiently high,
this supplementary fuel is easily burned and the exhaust gas temperature rises
rapidly; the end result is that the catalyst is warmed up quickly. Unfortunately, two-
stage combustion consumes approximately twice the fuel of conventional combus-
tion because this supplementary fuel is converted to heat rather than to work.
Therefore, increased fuel consumption has accompanied the concept of ‘two stage
combustion’.

To solve this problem, an additional method named ‘Stratified Slightly Lean
Combustion” was proposed where the fuel is injected at an early stage of the
compression stroke to realize a stratified slightly lean mixture. Figure 3.8 illustrates
the situation of the exhaust gas which contains substantial amounts of CO generated
in the slightly rich zone and O; remaining in the slightly lean zone: CO and O,
are carried over the catalyst surface where the light-off temperature of CO is as
low as 150°C. The catalyst is heated for several seconds up to this temperature in
order to start the catalytic oxidation of CO on its surface by the two-stage combus-
tion. Thereafter, the combustion mode is switched over to the stratified slightly
lean combustion where CO oxidation instantly begins on the catalyst surface and
HC oxidation is also induced because the catalyst surface is heated selectively to
a temperature higher than the light-off temperature of HC. In such a manner, the
stratified slightly lean combustion substantially reduces the time duration of the
two-stage combustion. The end result is that better fuel economy and faster catalyst
light-off can be simultaneously achieved.
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Fig. 3.8 Characteristics of stratified slight-lean combustion [28]

Two-stage Combustion

The NOx reduction method using a NOx-trap catalyst is basically a reversible
reaction of nitrate and carbonate. NOx is adsorbed by the formulation of nitrate
and desorbed by the formulation of carbonate. The desorbed NOx is then converted
into O, and N3 in the three-way catalyst located downstream of the NOX trap by
a reducing agent such as the CO present in the exhaust gas. During this process,
part of the CO in the exhaust is consumed for carbonate formulation which leads
to a shortage of the reducing agent to purify the desorbed NOx: the result is that
substantial NOx is temporarily emitted from the tail-pipe. The increase of engine-
out CO leads to more residual CO in the exhaust gas downstream of the NOx trap
catalyst, but it is not sufficient to reduce subsequent NOx levels since the desorbed
NOx also increases with CO emissions. Thus the catalyst needs to be provided with a
reducing agent that is less effective on NOx desorption. For such purpose, a method
of introducing an additional fuel injection for a very limited period during the
expansion stroke, to supply hydrocarbons to the three-way catalyst, was invented. A
large amount of K loaded onto the NOx-trap catalyst as adsorbent interacts with
electrons in the HC, and then the HC adsorption into the noble metal is disturbed.
Consequently, the HC emissions are not reduced by the NOX trap catalyst and flow
into the three-way catalyst downstream; this HC is decomposed into CO and H;
which achieve the reduction of the desorbed NOx. The end result of this control
technology is that NOx emissions at NOX purging are minimized.

In summary, these are the methods realized by the inherent advantage of direct
injection gasoline engines, the ‘freedom of mixing'. In the relevant research of cata-
lyst reactions, it is important to remember this important advantage and pursue any
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innovative ideas in an effort to solve the remaining problem of the quite complicated
NOXx trap catalyst system which remains a prerequisite for the future market success
of direct injection gasoline engines.

3.6 Present and Future Prospects

More than 10 years have already elapsed since the launch of the first mass produc-
tion direct injection gasoline engine. In the meantime, some non-engine break-
through technologies have emerged, other combustion concepts such as the Homo-
geneous Charge Compression Ignition (HCCI) have received worldwide attention,
diesel engines are now well established and recently the spray-guided concept using
either an outward opening nozzle or a multi-hole nozzle is emerging as the most
serious technology offering hope for the mass production of the direct-ignition
gasoline engine. Needless to say that continuation of the evolution of catalyst tech-
nologies and catalyst reaction control technologies is also very important to the
success of the spray-guided concept. It can also be argued that the outstanding
torque control capability of DI engines will be very useful in various applications
and may contribute to their popularity.

3.6.1 Stoichiometric DI Gasoline Engines

As research into the spray-guided concept has intensified and the expectations
from the wall-guided concept have diminished, a compromise mid-way solution,
the stoichiometric direct injection gasoline engine has started attracting a lot of
attention [30, 31, 32]. This is the concept which aims to achieve relatively modest
improvements in thermal efficiency through a higher compression ratio. In partic-
ular, the fuel is injected into the cylinder during the induction stroke and a homo-
geneous and stoichiometric mixture is available for ignition in a similar way to
PFI engines. This approach has the advantage of simultaneously reducing hydro-
carbon emissions, improving power and fuel economy while taking advantage of
the 99% or so efficiency of catalytic converters. These simultancous benefits are the
result of:

e High pressure (5-20-MPa) fuel injection and careful timing of injection which
prevent impingement of the fuel on the piston and cylinder walls leading to low
HC emissions.

e Charge cooling by the evaporating spray (~ 15 K) which allows higher compres-
sion ratios (~12:1) to be used, leading to increased power (up to ~15%) and a
very modest fuel economy advantage (3—5%) relative to PFI engines [33].

Further benefits can be achieved with cylinder deactivation or stratified-charge-
start options [34]. Although the overall fuel economy improvement is not signifi-
cant when it is applied to naturally aspirated engines. as shown in Table 3.2, the
homogeneous and stoichiometric concept offers higher potential when it is applied
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Table 3.2 Feasibility of gasoline dircct-injection applications

Features Sources Stoichiomewric Stoichiometric and lean
NA TC NA TC
Fuel economy Lean burn None None ++ 4+
High EGR tolerance - - - +
High copm. ratio + ++ + ++
Power Charge air cooling - = - e
2-Stage mixing + +H o+ +4+
Exhaust gas Catalyst warm-up by 2-stage + ++ + ++
combustion
Catalyst warm-up by stratificd - R - B
slight-lean
Necessity of NOx trap None None -~ -
Response Torque control by fuel quantity None None ++ ++
Quick start-up + for HEV or idle stop application

to turbocharged and/or supercharged engines. It has been argued for quite some time
that engine downsizing with turbocharging is one of the candidates for fuel economy
improvements, but the idea has not spread widely. To increase the knock limited
torque, it is required to lower the compression ratio resulting in lower thermal
efficiency. The improved anti-knock characteristics of the direct injection gaso-
line engine minimize the requirement for compression ratio reduction. Therefore,
the combination of turbocharging and direct injection gasoline engine technology
makes a lot of scientific sense since it takes advantage of all the positive aspects
of turbocharging but with no negatives as direct injection counterbalances these.
When combined with the downsizing concept, it offers the possibility that a certain
percentage of the thermal efficiency loss caused by ‘giving up® lean burn may be
recovered. In the case of a direct injection gasoline, engine turbo-lag which repre-
sents one of the generic weaknesses of turbocharging, can be reduced. Because the
engine is operated in the lean mode before the acceleration, the mass of exhaust
gas flowing into the turbine is larger than that of a port fuel injection turbocharged
engine. The rotational speed of the turbine and compressor before acceleration is
maintained at two or three times higher level than that of a port fuel injection
engine, thus reducing turbo-lag. Inferior low-end torque has been considered to be
another disadvantage of turbocharging: however, this problem has been improved
by advanced transmission. Through the rapid shift of the gear position or the pulley
ratio to switch the engine speed to high, the requirement for low-end torque has
been reduced. What remains an issue is the customers’ degree of acceptability of the
turbocharging concept. However, through turbocharging the driver and passengers
can experience the superb acceleration feeling during overtaking from high speed
cruising since, at the same gear position, the vehicle speed increases linearly with
increasing boost pressure. Although this is a big advantage for European drivers,
it is less so for Japanese drivers who cannot experience a similar feeling since the
speed limit in Japanese highways is only 100 km/h.
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3.6.2 Stratified Spray-Guided DI Gasoline Engines

As already mentioned earlier, more than 10 years after the introduction into the
mass market of the GDI Mitsubishi engine the expectations are that the wall-guided
concept (1st generation DI engine) will soon be replaced by the more promising
spray-guided concept where the injector and the spark plug are closely spaced in
the central part of the cylinder head (Fig. 3.9). The main reason for the introduction
of the spray-guided concept, despite its obvious technical difficulties, is that it is
capable of substantially expanding the speed-load range of the stratified-charge
operation, thus taking better advantage of its superior fuel economy relative to
the first generation DI engines. The expansion of the stratified-charge operating
range is due to the different mechanism for achieving fuel stratification which does
not depend on either the shape of the piston cavity or the in-cylinder flow. The
advantages of the spray-guided concept in terms of fuel-economy, HC and smoke
emissions are summarized in Fig. 3.2 relative to the two alternative configurations
of the wall-guided and air-guided systems. The close proximity of the injector to
the spark-plug results in short time separation between injection and ignition which
necessitates very accurate positioning of a vaporized fuel cloud of the right mixture
stoichiometry at the spark plug gap at the time of ignition. Although conceptu-
ally this seems rather straightforward, in practice it is very difficult to have high

Fig. 3.9 Cylinder head
configuration for
spray-guided concept [35]
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repeatability in the spray structure, mixture formation and ignition for every injec-
tion that takes place in the engine cylinder. It should be stressed that the local condi-
tions are quite unfavourable for robust ignition due to:

high gas-and liquid-phase velocities in the vicinity of the spark gap
the presence occasionally of large droplets

fluctuations in the spray cone angle

variations in the spark duration and its stretching during ignition
variations in the local pre-injection velocity field and air/fuel ratio.

It can thus be argued that the characteristics of the fuel injection system play the
dominant role in the repeatability of the combustion process which will determine
the chances of success of the spray-guided stratified DI gasoline engine concept as
a mass-production technology for automotive applications.

Two types of fuel injectors have been developed over the last 2 years specifically
for DI gasoline engines: the solenoid-actuated multi-hole injectors and the piezo-
electric outward-opening pintle injectors. Both offer significant advantages relative
to the swirl injectors, used extensively in the first-generation DI gasoline engines
based on the wall-guided concept (Table 3.3), and deserve further attention and
discussion.

3.6.2.1 Piezoelectric Outward-Opening Pintle Injectors

Contrary to the multi-hole injectors which show close similarities with their diesel
counterparts, the outward-opening pintle injector represents a relatively new design
purpose-built for the second-generation DI gasoline engines. Figure 3.10 gives
detailed information about their standard design as well as some of its numerous
variants which have been tested as means of understanding the all-important link
between needle internal design and spray charactenistics. The fuel from the rail and
high-pressure connecting pipe is entering into the nozzle gallery and is directed
towards the nozzle exit through three or four flow passages located at the space
between the lower needle guide and the nozzle body. Below the lower guide there
is a dead volume where the four high speed jets entering from the flow passages
are mixing before the fuel exits the injector in the form of a hollow-cone spray:
the direction of the spray is mainly determined by the seat angle of the pintle-type
needle. More details about the internal flow and its link with the spray character-
istics are provided in [37, 38. 39, 40] representing experiments and CFD calcula-
tions in both real-size and large scale models of outward-opening pintle injectors.
High speed spray images taken just at the nozzle exit at atmospheric back pres-
sure (Fig. 3.11) have revealed the formation of strings/ligaments originating at the
annular area of the opening pintle whose location is not fixed during the injection
period and their spacing varies as a function of the fuel flow rate. Although the origin
of these ligaments/strings has been attributed to the formation of a two-phase flow
inside the nozzle, associated with either cavitation or air entrainment, there are still
uncertainties in the cause-and-effect relationship between internal flow and spray
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Fig. 3.10 Outward-opening pintle injector. (#) Standard design details. (b) Nozze alternative
designs (¢) in-cylinder Mic and LIF images

structure. Independent of the mechanism of formation of the hollow-cone spray
and its emergence as clearly separated liquid ligaments rather than as a continuous
film, the penetration of this structure into the engine cylinder is a function of the
prevailing thermodynamic conditions (pressure/density/temperature). As Fig. 3.12
shows, the “streaky’ structure of the spray under nearly atmospheric conditions grad-
ually diminishes with increasing back pressure, giving rise to a more compact fuel
cloud with clearly identifiable leading edge vortices: Furthermore, the position of
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Fig. 3.11 High-speed sequence of spray images taken at the nozzke exit vicinity showing the initial
development of the strings (1-4), during the main injection period (5-8) and at the end of injection
(9-12) [57]

the leading edge vortex vares with cylinder pressure and, fortunately, higher back
pressure forces this vortex to remain close to the spark plug [41]; injection timing
thus offers some mechanism for controlling the position of this critical for ignition
vortex.

75us
ASOI

125pus
ASOI

200ps
ASOI

1bar ' 4bar ' 12bar

Fig. 3.12 High-speed sequence of spray images from a single injection event, showing the spatial
distribution of fuel at different chamber pressures [40]
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The creation of vortices at the spray edge and their stability in space relative to
the spark plug represent jointly the key to the success of the spray-guided concept.
In addition, the leading vortex grows in size as more fuel is injected [42], thus
offering some flexibility in the positioning of the spark plug for both stratified
and stoichiometric operating conditions. Due to the hollow spray configuration, air
is entrained from underneath, which creates an upwards air motion and sets up a
second, clockwise rotating vortex that balances the main anti-clockwise leading
edge vortex formed earlier (Fig. 3.13a). The two vortices together are converting
the Kinetic energy of the spray into rotational motion. thus effectively reducing the
spray penetration [42] and containing it near the spark plug. Interestingly enough, if
the same amount of fuel is divided into two separate injections separated by a small
dwell time. a third vortex is formed at the outer edge of the spray. which assists
in bringing the fuel cloud closer to the spark plug (Fig. 3.13b). Confirmation of
the degree of atomization and the ‘ignitability” of the spray has been provided by
PDA measurements of the droplets” size and velocity near the spark plug (Fig. 3.14)
which confirmed that the droplet velocities are lower and their size smaller in the
recirculation zone near the spark plug than in the leading edge zone. However, in
the case of split injection the opposite trend has been observed [41].

The relative positioning of the spray’s “ignitable” recirculation zone with respect
to the spark gap is illustrated in Fig. 3.15 for two extreme cases representing unsuc-
cessful ignition and associated with large injection-to-injection, variations of the
spray cone angle. In one case (Fig. 3.15a) the spray impinges on the electrodes as a
result of air trapped at the needle head which gives rise to a spray cone angle larger
than the nominal and, in the other (Fig. 3.15b) the cone angle is smaller than the
nominal, representing the well-known phenomenon of hydraulic flip where air is
trapped this time on the cartridge side.

§2.1ms ASOI

(@) (b)

Fig. 3.13 Planar Mie images showing the liquid fuel distribution at four time steps from a (a)
single and (b) split injection cvent [42]

1.5 ms ASOI .7SASO| : j 2.1ms ASOI
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Fig. 3.14 High-speed images taken at four time steps during a single injection event with superim-
posed averaged PDA data (D, droplet diameters and velocities): fuel temperature is at 90°C [42]

The combustion stability and robustness of an outward-opening pintle injector
were examined in an optical engine under stratified charge conditions [42]. A stable
operating window for misfire-free combustion was identified, extending over 4-6
CAD, with partial burns and misfires increasing as the rich and the lean burn zones
were approached (Fig. 3.16a); this operating window of £2.5 CAD is defined in
terms of phase shifting the ignition from the end of injection at the given operating
conditions (Fig. 3.16b).

Finally, the effect of flash-boiling on the spray generated by an outward-opening
pintle injector has been investigated in a spray chamber [43]: flash-boiling occurs
when the fuel temperature is high and the cylinder pressure is low as in the case
of a warmed-up engine starting with nearly closed throttle. The results shown
in Fig. 3.17 have revealed that at low fuel temperatures and back-pressures (non-
flashing) the recirculation zone at the spray edge almost diminishes but increasing
fuel temperature initiates flash boiling (superheated state) which increases the spray
frontal area and restores the leading edge vortex. Nevertheless, the spray formed by
the outward-opening pintle injector maintained its characteristic spray throughout
these fuel temperature variations, with a small reduction in spray penetration occur-
ring at flash boiling.
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Fig. 3.15 Outward-opening pintle injector spray instability. (a) Wide angle spray and (b) narrow
angle spray [57]

In concluding, it has to be stressed that, in addition to the previously identified
advantages of the sprays formed by pintle injectors, the piezoelectric actuation of
the needle available in all production outward-opening pintle injectors adds signif-
icantly to its *market value’. Despite their much higher cost than multi-hole injec-
tors, the emerging piezoelectric outward-opening pintle injectors allow very rapid
opening and closing times and, therefore, short injection durations, multiple injec-
tions per engine cycle, and control of needle lift through voltage adjustment (thus the
ability to change the fuel mass flow independent of injection duration). Furthermore,
there is consensus that these injectors exhibit reduced tendency for fouling and
spark-plug wetting. It is, therefore, not surprising that Mercedes-Benz and BMW
have introduced into the market the first spray-guided stratified DI gasoline engines
for medium-size passenger cars equipped with piezoelectric outward-opening pintle
injectors [35. 44, 45].

3.6.2.2 Solenoid-Driven Multi-Hole Injectors

This type of injector is geometrically very familiar to the automotive industry due
to its popularity or, better, dominance of the direct-injection diesel engine market. It
has many advantages, as already indicated in Table 3.3, which have encouraged its
early use in research and development of various spray-guided configurations and
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Fig. 3.16 (a) Stable combustion window for stratified charge operation. (b) Example of injection
tming and the stable combustion window (shaded area)

(a) (b)

Fig. 3.17 Spray chamber measurements of multi-hole (Mack background) and pintle outward
opening nozzle (white background) sprays in non-flashing (fop row) and flashing (bottom row)
conditions at chamber pressures of (a) 0.3 bar and (b) 0.8 bar [42]
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concepts, but also some disadvantages such as a tendency for injector fouling and
spark-plug wetting.

The main advantage of multi-hole injectors has been the enhanced flexibility
in the geometry and spatial orientation of the nozzle holes (see Fig. 3.18) which

Fig. 3.18 Possible configurations of multi-hole nozzle injectors [47]
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(a) (b) (c)

Fig. 3.19 Comparison of sprays generated by (a) multi-hole, (b) outward opening and (¢) swirl
pressure atomizers

allows a wide variety of hole numbers (6-12), hole sizes, hole pattern (symmetric
and asymmetric) and length-to-diameter ratios (L/D). The generated sprays from
cach of these holes have very different structure than those generated by pintle
and swirl-type injectors. as shown in Fig. 3.19; their fishbone structure, which has
been for many years the subject of intense investigations by researchers in industry
and academia involved with diesel engines, is closely linked not only with the
internal nozzle flow but also with the air-entrainment pattern (Fig. 3.20a). Sprays
from multi-hole nozzles are characterized in global terms by the overall spray cone
angle, the individual jet cone angle and its tip penetration (Fig. 3.20b and also
Fig. 3.3). Concerning the local spray characteristics, these are quantified by phase
Doppler anemometry (PDA) in terms of droplet velocities and sizes (diameter) visu-
ally represented as in Fig. 3.21 by spheres of various size (pum) and vectors of
various length (m/s). Under atmospheric conditions and typical injection pressures,
sprays from multi-hole injectors [46. 47, 48] can exhibit typical droplet sizes in
the range 10-20 pum and droplet velocities well exceeding 100 m/s which leads to
steep velocity gradients near the spark plug. According to [49], an increase of L/D,
through reduction of the hole diameter, gives rise to smaller droplet sizes while the
spray angle increases with decreasing L/D.

As mentioned earlier, multi-hole injectors are considered to be more susceptible
to fouling (Fig. 3.22) due to their proximity to the spark plug which facilitates

1.02 ms ASOI

Fishbone structure

Countor-rotating
vorSices forcing aie-
entrainment

(a) (h)

Fig. 3.20 Example of air-entrainment in multi-hole nozzle sprays. (a) Schematic representation
[42]. (b) Mie spray image [58]
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Fig. 3.21 Droplet sizes and velocities from a 6-hole nozzle superimposed on a shadowgraphy
spray image [58]

Fig. 3.22 Multi-hole injector
nozzle fouling due 1o carbon

deposits
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contact of the propagating flame with the external nozzle surface in a high tempera-
ture gas environment. At the same time, the need for spark ignition of the mixture in
the recirculation zone at the spray edges, in a region of steep velocity gradients, can
casily lead to spark electrode wetting. As Fig. 3.23 shows, one of the jets/sprays
from the multi-hole injector strikes the ground electrode producing a stream of
large droplets: this could be the result of a small variation in the individual spray
cone angle leading to poor spray targeting of the spark gap area. As discussed in
[50], concerning the same figure, although the orientation of the ground electrode
facing the oncoming spray shields the spark plug from the spray plume and reduces
the local fuel velocities at the time of spark. the formed wake behind the electrode
causes strong fluctuations and degrades ignition stability. In the worst case, misfire
takes place which is totally unacceptable in production engines: conditions which
are unfavourable to robust ignition and early flame-kernel growth include [33]:

high gas-and-liquid-phase velocities

large number of droplets

steep temporal gradients in air/fuel ratio

poor design and orientation of spark plug electrodes.

Another factor which has recently attracted attention is nozzle cavitation as a
mechanism that contributes to spray instability and can cause significant cone angle
fluctuations. Although most of the understanding about the onset and development
of cavitation comes from diesel injectors [51, 52, 53], confirmation about the various
forms of in-nozzle cavitation has been provided by experiments, supported in some
cases by CFD calculations, in real-size and enlarged multi-hole injectors [38, 54];
further evidence was provided by experiments in a real-size. single-hole injector
[55]. In particular, there are at least three types of cavitation in the nozzle of multi-
hole gasoline injectors:

e geometric cavitation in the holes

e string or vortex-type cavitation in the sac volume
needle cavitation originating in the vicinity of the needle and extending to the
opposite hole.

? Y%

-

Fig. 3.23 Example of — Center
spray/spark plug interaction Electrode
in a finng direct-injection 3
spark-ignition engine [S0]
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It is generally accepted that all these cavitation types are affected and controlled
by needle lift, radius of curvature of hole inlet, sac volume and hole orientation
and geometry. In addition, string cavitation is the most likely cause of spray cone
fluctuations but the detailed link with the spray structure is still relatively unknown
in multi-hole injectors.

Another thermodynamic effect which can change significantly the fuel distri-
bution at the nozzle exit and the resulting spray structure is flash boiling, a
phenomenon occurring when the fuel temperature is high and already discussed
in connection with the sprays generated by pintle injectors. As Fig. 3.24clearly
shows, at high fuel temperatures and low ambient pressures, the individual sprays
are rapidly atomized to such a degree that it becomes impossible to distinguish
the spray plumes; although flash boiling is highly desirable from the atomiza-
tion point of view, it can only take place within a very narrow window of engine
operating conditions and it is not considered important as an atomization mecha-
nism. However, in relative terms, it can be argued that the effect of flash boiling
is much more pronounced in the sprays generated by multi-hole rather than pintle
injectors.

Overall, it can be argued that the solenoid-driven multi-hole injector is a simpler
and less expensive system than piezoelectric outward-opening pintle injectors
offering significant advantages in terms of the flexibility for adjusting the spray
configuration to the engine geometry, the narrow cone angle of individual sprays,
and the control of tip penetration and atomization through injection pressure and
timing of injection (back pressure). Although experiments in single and multi-
cylinder engines employing multi-hole injectors have been promising, it is widely
accepted that further refinement of their design is needed to ensure stable ignition
and combustion with acceptable gaseous and particulate emissions. Faster opening

Flash-boiling Gasoline Sprays. Fuel: 95 Octane Summer
T=293 K . T=35K T=372 K

t=0.29 ms

Fig. 3.24 The effect of pressure/temperature on the flash boiling of gasoline sprays from multi-hole
nozzle injectors [56]
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and closing times combined with much higher than today’s injection pressures may
make multi-hole injectors directly comparable to the piezoelectric outward-opening
pintle-type injectors that, at present, seem to be the preferred fuel injection system.

3.7 Conclusions

Following nearly 10 years of refinement of the first-generation direct-injection gaso-
line engines, based on the wall-guided concept, the second-generation of stratified
DI engines are now entering the mass market equipped with the highly sophisticated
piezoelectric outward-opening pintle injectors. In the meantime, stoichiometric DI
engines have reached production, taking advantage of the outstanding efficiency of
three-way catalysts. All three initiatives highlight in a very consistent way that the
concept of direct in-cylinder fuel injection is here to stay due to its unquestionable
advantages relative to port fuel injection. Further developments in the technology of
NOx catalysts and high pressure multi-hole injection systems are expected to assist
the spray-guided combustion mode in establishing itself as the preferred gasoline
engine technology concept of the future, Nevertheless, it can be argued that unless
the DI gasoline engine is either turbocharged and/or supercharged, it won't achieve
its fuel potential and may never reach ‘mass production” status at a time of intense
competition from advanced diesel and hybrid gasoline/diesel engine systems. It thus
remains to be seen whether the many years of research into two-and-four stroke
direct-injection gasoline engines will have the desired outcome for the global auto-
motive industry in producing a second-generation supercharged/turbocharged DI
gasoline engine which will compete directly with the most advanced diesels in terms
of fuel efficiency, performance and exhaust emissions and be superior to the most
advanced port-injection engines.
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Figura 4 42

This is mainly because of the sase with which
Ihay con ba controlled by elactronic systams.
Stepper motors fail ino the fallowing three
dstinct groups, the basic principles of which are
shown n Figure 4.42

» varable reluctance motors
» permanent magnet (PM) motors
» nybrid motors

The uncarlying principla is the same for aach

type, All of them have been and are beng used m
various vehic’a applications, The basic design for a
permanant magnet stepper Motor Comprises two
double stators. The rotar is often made of barium-
ferrite in the form of ¢ sintered annular magnet. As
the windings are anergised in one directon then the
other, the motar will rotate in 90" steps. Half step
can be achigved by switching on two windings. This
will cause the rotor 1o line up with the 1wo stator
poes and implament o half step of 45°. The direction
of rotation « determined by the order in which the
windings ara switchad on or off or reversed. The man
sdvantages of » stepper motor are that feedback of
poaition is not required, This is becausa the motor
€an be indexed 10 a known sStanting point and then a
cnlculated number of steps will move the motor to
any suitable position.

Figure 4 .43 N e

The stepper motor, when used 10 control ile speed,
is # small electro-mechancal device that allows
aither an air bypass circuit o a thrattle opening to
ater in position depending on the amounts that

the stepper i3 ndexed imoved in known steps)
(Figure 4,43),

Stepper motors ara used 10 contro! the (die spesd
whan an ISCV is not employed. The stepper may
have four or five connections back to the ECU. These
enable the control unit to move the motor in & series
of 'steps’ as the circuits are earthed 10 ground. These
devices may also be used 10 control the position of
control flaps, for axample, as part of & heating ana
ventilstion system

Tha individus! sarth paths can be checked usng

the oscilloscope. The waveforms should be similas
on each path. Variations 10 the example shown

here may be seen between different systems
[Figure 4. 44 ang Figure 4 45)

4.3.4 Solenoid actuators

The basic operation of solenokd actustars is very
simple. Tha term ‘solenoid’ actually means ‘many
coils of wire wound onto a haliow tube’. This is

often misusad but has become so entrenchad that
terms ko “starter solenoid’, when really it is o starter
actuator or relay, are In common use. A good sxample
of a solenoid actuator is o fue! injector.

When the windings sre energised, the amature is

an injector remans open s very small, under various
operating condtions, between 1.5 and 10ms being
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ocal The time it takes sn injector to open and
m&cﬂuiwmﬁdm Some
Sysiems use ballast resistors in senes with the fuel
nectors. This allows: Bnd resistance
Operating windings to be used. thus speeding up
reaction time

Other types of solenoid Actuators, for example goor
‘ock actuators, have less critical reacton times.
Howwver, the basic principie remains the same.

4.3.4.1 Single-point injector

Single-point injection is #ls0 sometmes referred 10 as
throttie body injection (Figure 4.48).

A singla injector is used fon larger angines two
Injectors can be used) in what may have the outward
appearance to be a carburettor nousing,

The resuitant waveform from the single-point system
Shows an in'tlal injection period followed by volitage-
puising of tha injector in the remander of the trace.
Thes “current miting’ section of the waveform IS caled
the suppiementary duration and is the part of the
Iniection trace that expands 1o ncrease lusi quantity

Figure 4.45 I

This shows better In 3 currant rather than voltage
waveform (Figures 4.47 and 4.48),

4.3.4.2 Multi-point injector

This injector is an #lectro-machanical device which is
fed by a 12V supply. The voltage will only be present

Figure 4 .47
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when the engine is cranking or running becouse

t 15 controlied by a relay that operates anly when
@ speed sgnal s avadisble from the engine. Early
Systems had this feature built into the ralay, most
modern systems control the relay from the ECU
(Figure 4.49)

The length of time the injector is heid open will
cepand on the input signals seen by the ECU fram

1S various engine sensors. The durstion of open time
or injactor duration’ will vary 10 compensate for cold
engine starting and warm-up periods. The duration
time will a'so expand under acceleration. The injector
will have a constant voltage supply while the engine
1S running ana the earth path will be switched via the
ECU. the result can be seen in the example wavelorm
{Figure 4.50). Whan the eanh is removed., a voitage is
induced Into the injector and a spike approaching 60V
is recarded,

The height of the spike will vary from vehicle

to vehicle. f the value is approximately 35V, It

s because a Zener diode is used in the ECU to
clamp the voltage. Make sure the top of the spike

13 squared off, indicating the Zener dumped the
remainderof the spike. If it s not squared, this
indicates the spike is not strong anough to make the
Zener fully dump, meaning there is & problem with a
weak injector winding. If a Zener diode is not used In
the computer, the spike from a good injector will be
60V or more.

Multi-point injection may be either sequential o
simultaneous. A simultaneous system will fire all foue
injectors at the same time with esch aylinder recewing
two injaction pulses per cycle (720° crankshaft
rotation). A sequantisl system will receive st one
injaction puise per cycie, which is timed to coincide
with the opening of the inlst valve.

Monitoring the injector waveform using both voltage
and amperage sllows display of the ‘correct’ time that
the injector is physically open. The current waveform
(the one starting on the zero line) shows that the
wavetorm is ‘split’ into two dafined sreas.
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ABSTRACT

Considering the world-wide market for GDI engines, the
imtroduction of tighter polluting emussion legislation,
additional costs, vehicle fuel economy amnd pollutants
reduction become substantial drivers. Focusing on particulate
reduction, direct mjection gasoline engines require advanced
combustion strategies. The mam kvers used are mjection
splitting in order to reduce wall impingement (due to lower
penetration) and higher rail pressure level to reduce droplet
size. To reach this target it is necessary to tmprove precision
m term of mjected quantity in the small quantity region with
high fuel il pressure and dunng the actuation of multiple
imjections. As a consequence of the requirements of high
quantities at full load, known GDI solenoid mjectors show an
unacceptable spread m terms of small mjected quantity when
the energizing time 15 small such that the injector works in
the ballistic zone. Following these premises an electromic
approach is needed. New hardware and software solutions
should be mtegrated into the ECU i order to match the new
wyectors performance requirements. This paper presents two
different strategies developed by Magneti Marelli: the first
one 15 based on rail pressure measurement, the second one 15
based on injector electric signal analysis. Results i terms of
correction of imected quantity using Magneti Marelli
solenoid njectors are presented. The developed strategies
demonstrate the possibility to work with multiple small
ijections at high presswre without changing injector
hardware.

INTRODUCTION

As a consequence of the introduction of EU6 enussion
legislation a particulate number (PN) lmit wall be defined;
the main variables mfluencing the formation of such pollutant
are combustion and fuel metering This paper will focus on
the second one, that is fuel metering At first we must

Copyngle © 2013 SAE Intermahonal
Hoe 1042712013-01-025%

consider using multiple injections; splitting the total amount
of fuel requested by each stroke allows smaller (and shorter
i time) single mjections; this leads to a lower jet penetration
mto the combustion chamber [1] thus reducing wall wetting
and decreasing particulate formation. Parameters like droplet
size, spray fargeting, injection pressure and mjectors holes
geometry help the reduction of pollutants in addition to the
accuracy of the small injections focused on this paper.
However the management of small injections forces the use
of the injectors in ther ballistic mode. A new mechatronic
approach is needed in order to fulfill the new performances
requested in this operating range and to overcome the
limitations deriving from tolerances of mass production
mjectors. According to these considerations Magneti Marelli
ts currently developing solutions to control mjectors in
ballistic area with increased precision. The challenge for new
systems 15 the availability of feedback information to allow
observation and control of the mjected quantity.

Magneti Marelli 1s now evaluating two possibilities. The first
one considers the elaboration of injectors control signal, read
by a specific hardware with a specific software en-board to
detect needle closing time: electromagnetic achiator
energizing time is then adjusted in order to exactly achieve
the comrect injection target. The second one evaluates the
signal coming from the pressure sensor, and afier a specific
calculation the fuel quantity is modified to exactly achieve
the correct injection farget. Magneti Marelli aims to enable
operations range down to 0.5-1 mg with minimal deviations,
Magneti Marelli development of both strategies is presented
m this paper and the results of injectors fuel metermg before
and after electronic corrections are compared.
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In the range of small injections the injector needle does not
reach its full lift.

Full
lift

pasdusalanaliadisudiniaa
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Figure 1. Simulation of needle lift behavior at small
pulse-width

When injection times are very short the needle motion
follows a parabolic trajectory without reaching the upper
position; this is usually known as the ballistic range. Figure 1
shows a simulation of the needle movement using different
electric commands; it &5 clearly evident that ballistic motion
comresponds to the smaller energizing times. Many key
factors such as sprmg forces, electro-magnetic forces, needle
strokes, friction variations and squish are known as needle lift
dynamic medifiers due to manufacturing tolerances and
ageing cffects on solenoid injectors. Up to now this range has
not been used, because of lower requirements and most of all
because of componemts tolerances. The availability of the
ballistic area of operations will open the way to fuuther
advances in combustion concept and particularly in the
emission optimization field. Magneti Marelli approach is 1o
develop different algorithms to exactly control the injected
fuel quantty during ballistic operations also, These models
simulate components aging and the effects of modifications
m environmental conditions as system pressure and fuel
temperature.

The starting pomt was the analysis of different altematives in
term of electronic control unit (ECU) strategies. with the
intent that guarantee small imjections with low tolerance. At
the beginning it was not possible to predict which was the
best strategy and most of all which strategy would be able to
work correctly on the real engine. Two separate projects were
started following two different physical approaches,
principally for the leaming phase:

1. “Pressure DRE™: measure of the rail pressure with specific
methods and claboration of the data to find out the whole
injections characteristic. This function is called P-DRE

2. “Closing time DRE" measure of the electric signals
mterchanged between ECU and injectors and elaboration of
the data to find out the closing time of each njector as a
function of fuel pressure and command pulse width. This
fumction will be called Te-DRE

rirr ol N ot gl - Kings Misdew Usmgua, Frider, Septeriber 14, 3518

Both approaches allow the ECU to manage the small
injections corrections. Each of the strategies presented m this
paper is split in two paralle] phases;

1. Learning phase. Dunng this phase the algontiun
measures and analyzes the data and then maps them in its
memory.

2. Correction phase. Using data collected during learming
phase this algonthm can correct the pulse-width of each
injector command to exactly achieve the mjected guantity
requested by the engine.

DRE (Dynamic Range Extension) 1s the name given to
Magneti Marelli solutions.

1.P-DRE

P- DRE Description

The physical concept behind this strategy 1s the following: in
a closed system there is a direct comrelation between the fuel
quantity that leaves the system and the reduction of fisel
pressure in the same system. Typical GDI systems show this
characteristic, being composed by an high pressure pump,
high pressure piping, a rail and a defined mumber of GDI
injectors; fuel leakage is generally negligible and GDI
mjectors, unlike diesel mjectors do not have any mtermal
leakage or back flow. The high pressure pump. equipped with
demand controlled electro-mechanic valve, is a mandatory
component; this feature, together with injections control,
allows the ECU to seal the hydraulic circuit.

The mam challenge is the possibility to have precise
measures of rail pressure using the standard automotive fisel
pressure sensor. Two different software algorithms were
developed in order to measure the injected fuel and reach the
highest possible precision allowed by the available hardware.
Both solutions show advantages and disadvantages, see table
1

Table 1. Advantages and disadvantages of P-DRE

algorithm developed
Advantages Disadvantages
Algorithm #1 | Fast leaming One shot learning
Algorithm #2 | Continvous learning | Slow learning

The two algorithms can work together thus enhancing the
advantages and mimmizing the disadvantages.

P- DRE Observations

Pressure pulsations inside firel rail are taken into account for
both algonthms through the introduction of specific models.

P-DRE strategy assumes mjectors shot to shot behavior to be
repeatable with small deviations. It is important to underline
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the independency of this solutions from the injectors (but
very low fuel leakage is a mandatory characteristic).

P - DRE Methodology

Both algorithms were developed starting from stmulations;
after this mitial phase, a simplified laboratory control
circnitry  was  built; encouraging results followed long
sessions of labomatory tests and finally a dedicated software
algorithm was embedded in a Magneti Marelli electronic
engine control unit reaching the performances described in
the next paragraphs.

P- DRE Hardware

One of the major points of mterest of the pressure strategies
is that they don't need any special hardware, It means that, for
each of the performed tests, a Magneti Marelli standard GDI
ECU and a standard antomotive fuel pressure sensor were
used. The strategy measures the pressure drop, inside the mil,
produced by single or multiple fuel injections. The ECU
samples the signal from the pressure sensor to know the fuel
rail pressure value, Fuel pump and imjectors commands
follow each a specific pattern and the measured pressure drop
15 automatically converted into an mjected quantity value:
this is stored mto maps indexed by corresponding pulse-width
and mjections number. Separate maps are available for each
mjector. The pressure sensor choice needs a  finther
explanation: even though standard sensors can be used, it is
also true that the measurement precision is proportional to the
full scale of the sensor. The concept to keep in mind is that
increasing GDI systems fuel pressure the precision of the
measuwre may decrease. This paper presents results found
usmg a Magneti Marelli GDI ECU and a standard automotive
pressure sensor with a full scale of 260 bar.

Figure 2. Laboratory hydraulic layout

Figure 2 shows the laboratory hydraulic layout used for test
execution. Every injected fuel quantity was measured using
an analytical balance. The test bench contains: four Magneti
Marelli GDI injectors from IHP3 family, a fuel rail, a fuel
pressure sensor, a pipeline to feed the rail, a pressure
regulation valve and an ECU. The electronic control wunit
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receives the pressure signal and sends commands to the valve
and to the four injectors. The fuel rail pressure target can be
set to a fixed value between 0 and 250 bar. The nlet fluid
temperatare is kept constant. Every software vanable is
monitored by a connected laptop. When calculating the fuel
mjected quantity from measured delta pressure, fuel
temperature may have a relevant influence. The calculation
physically depends on the volume of the hydraulic circuit and
on the bulk module. This last physical entity, that is the bulk
module, depends on the fuel temperature. In P-DRE strategies
the transformation (delta pressure to fuel quamtity) and the
temperature relationship are taken into account with specific
models.

P-DRE Laboratory Results

Many tests were performed to calibrate the algorithms and to
mnalyze the system, the results are presented m this paper:
they are related to the four GDI IHP3 mjectors, that are
representative samples of production spread. Using an
analytical balance, and scanming the entire pulse width region
for each injector, a characteristic curve was found precisely;
to increase the precision of the measure a large number of
mjections for each pomt was repeated. The focus was on the
average behavior, because this strategies were not thought to
correct the shot to shot dispersion. The whole characteristic
curve, measured at a controlled level of ral pressure, is
shown on figure 3.

35
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Figure 3. Selected injectors characleristic curve

Figure 4 shows a detail of the mjector charactenstic (figure
3). Inside lincar operating range (from 4mg up to over 30mg)
the fuel quantity dispersion is less than 10%, same as
solenoid mjectors from other manufactures [2]. Under 4mg
the relationship between pulse duration of mjector command
and fuel injected quantity becomes non-linear. It is generally
possible to find different behaviors recogmizable in three
different arcas.
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Figure 4. Injector characteristic curve detailed on small
quantities

In the first one, below 2mg the valve needle moves in
ballistic mode; then, in the second area, from 2 mg to 3 mg,
there 15 a transition zone where relationship can mvert and so
fisel quantity may even decrease when pulse-width increases,
The third area, over 3 mg, is completely linear. It is possible
to analyze the dispersion among mjectors belonging to the
same family: the spread of smallest fuel injected quantites
may be over 50% as illustrated i figure 5. The precision of
mjections of small fuel quantties in ballistic zone mmst be
increased in order to have the capability to manage multiple
fuel mjections at low engine load.
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Figure §. Dispersion of 4 injectors with and without
DRE correction using algorithm #1
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When the strategy runs the ECU uses the leaming phase to
build the injectors characteristic curve from few selected
points. Data are collected mnto dedicated maps (one map for
each injector), then correction phase may start. The test of
correction data shows that errors are well below 20% for both
algorithms, see figure S for algorithm #1 and see figure 6 for
algorithm #2. These two figures show the dispersion with and

without the correction with & focus on the injection of small
fuel quantities.
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Figure 6. Dispersion of 4 injectors with and without
DRE correction using algorithm #2

Even the spread of the ballistic range is very small compared
with the uncorrected value of the original injectors.

The target of Magneti Marelli P-DRE strategy is to reach a
maximum dispersion of 20% when injected fuel quantity goes
down to 0.5mg.

P- DRE Vehicle Results

The expenence and the practice developed and camied out in
the hiydraulic laboratory for many months were transferred on
the final environment of the DRE strategies that is in a
vehicle with a GDI engine. Having tnied and tested the
algorithms m their 1deal workplace they were moved to the
real one. Working on the vehicle 1t was necessary the check
that the new boundary conditions could not affect negatively
the functionality of the software. This transfer phase was
implemented for both pressure based DRE strategies.

EYPrY—

Figure 7. Vehicle hydraulic layout
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The test was performed on a roller test bench: the hydranlic
layout is shown in figure 7: the intemal combustion engine is
equipped with a high pressure fuel pump and four Magneti
Marelli GDI injectors from IHP1 family. In this case it is
possible to evaluate the results only in an indirect way due to
the impossibility to measure the fuel injected quantity of each
injector directly on the engine. Duning the leaming phase the
system works with constant fuel rail pressure and the
algorithm inside the ECU collects the information, The
injected fuel quantities comesponding to the electrical
commands are measured and their values are stored into the
permanent memory of the ECU, Once the leaming phase is
finished the system uses the collected data to correct the
injected quantities for the engme working point in use.

Qd [mg/shot]

& njon Cyl #1
wo@ inj on Cyl #2
= &~ injon Cyl #3
= % —injon Cyl #4

Tj [us]

Figure 8. Hydraulic characteristic of the four selected
injector for engine tests

Four injectors were selected, exactly as in laboratory
environment, as a representative sample of production
dispersion, see figure 8. But in this case a comparison of
direct results was necessary in order to evaluate the effects
of the strategy. This paper describes the results of the tests
made with three different injection conditions with idle
engine speed:

1. Simgle fuel injections {figure 9).

2. Split fuel mjections, up to 3 pulses per stroke with a
defined DT (figure 10): injectors work in ballistic mode when
engine works at engme low load conditions. As already
described this behavior normally shows a big dispersion.
Correction is switched off.

3. Split fuel mjections, up to 3 pulses per stroke with a
defmed DT(figwre 10). Same as before, but comection is
switched on.
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Figure 9. Current signal of four injectors driven with
single injection
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Figure 10. Current signal of four injectors driven with
multiple injections

The output variables are: engine speed, fuel rail pressure and
the four gas temperatures from exhaust manifold. The engme
management system (EMS) in the vehicle was originally
programuned to control fuel injectors only in the lmear part of
their characteristic. When the split of fuel injection is active,
the single fuel injection patiem 15 transformed m & multiple
fuel injection pattern. The total fuel quantty requested by the
engme (i.c. 4-6 mg i engine idle speed conditions) is divided
m three small foel injections, each of them contributes to the
combustion process with a fuel quantity of 1,5-2 mg. This
fuel quantity 1s small enough to shift the injectors commands
mto the ballisic zone, without changmg any other
combustion parameter.

The engine management system was not programmed for the
management of multiple imections: for this reason the
perfarmances of the engme get worse immediately after
splitting. Cylinder #1 temperature drops, because mjector #1
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is too lean when it is used in ballistic area; engme speed and
fuel rail pressure become highly irregular. The EMS is not

programmed for multiple injections, so it is not correct to
compare result when DRE correction is OFF.

Figure 11. Vehicle results

Figure 11 shows that, after switching ON the correction of
DRE, it is possible to have similar engine performances
{exhaust gas temperature, rpm and rail pressure) even in fuel
imjection splitting conditions. This means that DRE correction
works as previewed,

2. Tc-DRE
Te- DRE Description

The closing tume strategy works differently. The strategy
starts from the following concept: the knowledge of the real
hydraulic opening time of each injector depends on the
knowiedge of injector real closing time.

1Al

S % W W % e W R W wes
[us]
Figure 12. Current profile at a generic pulse widih

GDI injectors command has a cwrent profile like in figure
12, and a voltage profile as shown m figure 13. A very high
voltage value is applied to its terminals, the curent rises
abruptly generating a large electromagnetic force that attracts
the needle opening the fuel passage. When the electrical
signal stops, the electromagnetic force drops to zero because
the coil is quickly de-energized by a large value of negative
voltage and the needle is pushed against the valve seat by the
action of the spring load closing the fuel passage.

Figure 13. Voltage profile at a generic pulse width

The ijected fuel quantity is a function of the mjector flow
rate and depends directly on the opening and closing time of
the needle. Past experience says that opening response fime
of series production of MM injectors is quite similar from one
mjector to another, It can be assumed that there 15 a direct
correlation between fuel injected quantity and injector closing
time. Hence the knowledge of the closing time allows the
precise estimation of the real hydraulic opening period. There
15 an offset linked to the delay in the repeatable behavior
during the opening time. The results of a simulation, i figure
14, show the injector flow rate with mcreasing energizing
time in the range of small fuel injected quantities. The
assumption of this strategy is that the opening dynamic can
be considered to be repeatable for every injector.

-3
+ — e —r— T " 1%10
0.00 0.20 0.40 0.60 0.80 1.00

Figure I4. Simulation af injector flow rate with
increasing pulse-width in small injections range
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Te - DRE Observations

The closing time strategy analyses the needle dynamic; fuel
mjected quantity is a result of mechamical movements and
static mjector flow rate. Figure 14 shows, in a CAE
simulation of mnjector behavior. the slope boundaries of the
flow rate curves during opening and closing phase of the
needle. The transitory phase of the flow rate may be
considered as negligible. It is useful to have the highest
precision mn the series production of fuel mjectors in term of
static flow rate, because it is a parameter that the strategy of
closing time does not have the possibility to correct. It must
highlighted that presswre strategy (P-DRE) can also correct
differences of static flow rate,

Te-DRE strategy assumes that injector shot to shot behavior
1s repeatable with small tolerances. The strategy works only
with specific ijectors, like Magneti Marelli mjectors of [HP3
family.

Tc - DRE Methodology

The ECU measures automatically the closing time extracting
the necessary information from the electric signal (figure 12
and figure 13). Duning the early phases of the development
Magneti Marelli technicians compared the electrical signal
with a knock sensor in order to detect which was the signal
perturbation that carry the closing time mformation. The
results of the validation process showed that the information
had been chosen correctly. The second challenge was the
defmition of the method to extract the information
automatically using only special algonthms and circuits. This
was achieved using an appropriately designed hardware.

= I
=1
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Hydrmdic
woliwue bards wr s e

Figure 15. Te-DRE design

Figure 15 shows the T¢-DRE design: three main vertical
groups are presented;

1. Hydraulic component. The injectors are driven by the
power signal recerved by the ECU power stage,

2. Hardware, It is the ECU hardware made by the power
stage and all the electronic circuitry in charge of signal
treatinent,

3. Software. It is the main ¢lement, the software elaborates
the data received by the hardware extracting the closing time
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information saved on maps. The cakulation of injectors
command is performed considering the engine request and
the closing time.

The grouping of signal reatment, data processing and closing
time management forms the Tc-DRE perimeter.

Te - DRE ECU Hardware

The ECU measures the closmg tume with a mathematical
elaboration of electrical signals. This requires the presence of
a special hardware circuit inside the ECU for the signal
conditioning (amplifier and filter) and for the signal
processing (fast acquisition at least at 300KHz). Closing
times must be measured with a precision of about 1-2
microsecond, especially mn ballistic mode.

Tc - DRE Laboratory Hardware

Tests were performed in hydraulic laboratory. The layout of
the bench is the same that was described in the P-DRE
strategy and was shown in figure 2.

Tc - DRE Laboratory Hardw

Having a look at figare 16 is it possible to appreciate how
much the closing time changes during the ballistic use of the
injectors (fuel mjection times below 300us). The function
requires the highest precision in the closing tfime
measurement due to the high slope to detect the right
information. As it was expected, when the electric command
of the injector is quite large its behavior is out of the ballistic
range and the closing time becomes constant. When the
needle reaches the fully open position (figure 1), the closing
flight becomes independent from the pulse-width.
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Figure 16. Closing time function of pulse-width

Figure 17 and figure 18 show a detail of the charactenistic
curve of some of the injectors from Magneti Marelli THP3
family that were selected to test the strategy, The
characteristic curve is displayed with the command values
corresponding to the small fuel injections area. The
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dispersion of fuel injected quantities for each injector is
clearly visible: moreover it is possible 1o evaluate its value, in
terms of relative deviation, in figure 19. This family of
injectors has a very high dispersion under 3mg per stroke,
The target of this strategy is to have a maximum dispersion of
20% with injected fuel quantity down to 0.5mg.

The strategy is tested on one injector at a time m laboratory
environment, The injector is driven and corrected to obtain
the requested fuel injected quantity, When the closing time is
known, using a closed loop control, the strategy defines the
correct command to reach the requested target. Figure 20
shows the results that have been obtained in term of relative
deviation compared to the requested target. The figures show
how the strategy provides good results: the most part of the
deviation points are well under the predicted target at 20%
with the exception of one injector.
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Figure 17. injector characteristic of 9 injectors analyzed
with closing time strategy
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Figure 18. injector characteristic of 9 injectors analyzed
with closing time strategy detailed on small quantities
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Figure 19. Injected quantity dispersion versus quantity
target of injectors without DRE activation af small
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Figure 20. Injected quantity dispersion versus quantity
target with DRE activated at small quantities

SUMMARY/CONCLUSIONS

The study presented in this paper describes Magneti Marelli
strategies to control GDI injection events at small quantities.
To comply with Euro 6 legislation, precise fuel metering s a
key factor to optimize mixture formation. injection strategies
and combustion. Small quantity injection events correspond
to operation in the ballistc mode. In this range production
injectors have an unacceptable spread. To comply with the
new challenging targets an electronic aid approach is
necessary to mmprove the perfornmance of mechanical
mjectors. Two different families of strategies were described.
One is pressure based, using information contained in the rail
pressure signal. With specific algonthms the ECU is able to
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leam the characteristic curves of the individual injectors and
to adjust the drive signal to obtain the desired mjection
quantity. The second strategy described in the paper works by
analyzing the signals used for driving the imjectors
themselves. Measuring the injector closing time the ECU
denves, by software ¢laboration, a signal adjustment for each
injector and each pulse width, thereby obtainmg the targeted
injected quantity. Performance, results and comparisons with
normal operation were descnibed for each stmtegy, The
results lead to an extension of the linear range down to 0.5mg
with acceptable tolerances in terms of individual mjection
event quantity errors.
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electro-magnetic modelling and simulation of a range of phivsical pbenotmens
and devices, including fuel-imjector solenoids, using the finite element method.

1 Introduction

The application of ordmary circuil equations to describe the behaviowr of fast-acting
automotive fuel injector solenoids is often maccwrate and time-consuming
(Cvetkovic and Subic, 2000; Subi¢ and Cvetkovic, 2001), Solenoids consist of magnetic
components and other materials that are characterised by non-linear behaviour.
As solenoid dimenstons get smaller, non-linear effects have a more profound impact on
its operational performance. Unfortumately, traditional tools for simulating circuits are
clumsy at best in predicting the behaviowr of fuel mjector solenoid componeats,
However, special software stumlators combine cirenit theory for analysing cwrrents and
voltages. equations of motion to compute mechanical mteractions, and Fimte Element
Analysis (FEA) to compute magnetic fields and compensate for potential non-linearities,
Design engineers who consider such effects can confidently typify designs and avoid
unforeseen difficulties that previously would have shown up only in hardware.

The mam objective of this research is to mprove the operational performance of a
fuel imyector solenoid by increasing its attraction force and reducing its response time
(Cvetkovie, 2001). Tius objective has been achieved by applying several modelling and
simmlation procedures that resulted in a new intelligeat process for minsnrisation of fuel
injector solenoid designs and the reduction of fuel mjector response time.

Miniaturisation of the fuel injector solenoid, consists of four specific steps.
Firstly, several fuel injector solenoid models, each characterised by a particular
plunger pole shape, are modelled and simulated in order to miniaturise the phnger
(moving component), plugnut (stationary component) and determine the maximum
attraction force possible. The second step involves determming the plunger length
charactenstic using a range of fuel myector solenoid 2D models. The third step focuses on
minmaturising the yoke (case) and introducing the permanent magnet in a 3D modelling
environment for a range of fuel injector solenoid maxdels. In the last step permanent
magnet principles has been adopted to finally yield a miniatunised fuel injector solenoid
model within a 2D environment. The outcomes of all four steps are verified using
appropriate computational sinmlations.

In this research, modelling and simulation of fast acting fuel myector solenowds 15
undertaken using Ansoft’s (1997a, 1997b) Maxwell 2D/3D and Electro-mechanical
System Simwulator (EMSS) software packages. The general procedure for designing the
fast acting fuel mnjector solenoid commences with the preparation of a first-pass model
for FEA. This includes selecting preliminary geometry for the fuel injector solenoid, such
as the coil and associated mechanical parts, particularly those that moved In this
particular study, a computational model of the basic physical fuel mjector solenoid 1s
constructed. This model is in the form of a 2D and 3D cross-section. In order to progress
with the FEA, it is essential to make several assumptions, such as the range of drive
currents, materials and their amnbutes, and boundary conditions, which dictate
how the magnetic fields behave at solenoid component interfaces and at the edges
(Alotto et al., 1996). The design of fuel injector solenoids involves frequent calculations

117



Virtual design and development of compact fast-acting fuel injector 311

of atwaction force and response time. Simmlation of both the electromechanical
component and circuitry of fuel mjector solenoid system using EMSS is required in order
to answer the following questions:

e Does the plunger closes quickly enough?
e How much energy the device needs?
e What waveshape typifies the transient current runming through the coil after closure?

2 Brief theoretical background

Solenoid actuators are electro-mechanical devices that convert electrical energy imto
mechanical energy associated with linear motion. Generally, solenoid devices are used in
a wide range of mechanical applications, such as fuel-injection systems, starting motors,
Anti-lock Breaking Systems (ABS) etc, This research focuses primarily on a solenoid of
a fast acting automotive fuel injection system for petrol engines, as shown in Figure 1.
The purpose of a solenoid i this application is to control how long the mjector 15 open
and therefore how much fuel goes mnto the system.

Figure 1  Basic fuel injection system used in modern vehicles
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Today. every new model vehicle has a fuel injector. There is an increasing focus now on
simple devices such as solenoid actuators to make the fuel injectors more efficient and
smaller, which would result in smaller fuel injectors, and eventually smaller engines,
However, beside miniaturising the solencid actuator it is also of interest to improve its
operational performance. The operational performance of the fuel injector solenoid
depends on two major factors, such as the response time and attraction force of the
plunger. The fast actuation of fuel injector solenoid 1s influenced by the response time or
the elapsed time from the initial switch on, wmtil the plunger is in the fully attracted
position. The energising time for a solenoid to complete a given stroke, measured from
the beginning of the imtial pulse to the seated or energised position, is influenced by the
attraction force of the plunger. An increase in the attraction force would lead to a
reduction m the response time or the cnergised time. From this relation the fuel
consumption can be mimmised and the overall engine operation can be improved.
The fuel injector is an electromechanical device that sprays and atomises the fuel.
The principle is sumilar to the way a perfume spray atommises perfume. With direct fuel
mjection, the fuel is sprayed directly into the throat of the inlet port. In addition. the
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mjector must vary the quantity of fuel to suit the engine operating conditions.
This is achieved by varying the time that the injector is open. The required conical spray
pattem is obtained by pumping the fuel through a pintle-type nozzle (Hillier, 1996).
Fuel flow takes place when the nozzle valve is opened by a solenoid.

3 Computational modelling of fuel injector solenoids

Computational modelling and simulation of fast acting fuel injector solenoids involves
the development of a suitable computer model of the actual physical system and an
analysis using this model for the purpose of either understanding the behaviour of the
system or evaluating vanions scenartos (within the limits imposed by the set of design
criteria). It is necessary to idennfy the relationships between the design parameters of the
solenoid device and their effects on solenoid’s performance. This is achieved by deriving
a set of mathematical equations relating the structural, fimctional and performance
parameters of the solenoid design. There are several factors that affect the switching time
of the fuel mjector solenoid. including: weight, attraction force and plinger cross
sectional area, apphied voltage. stroke and magnetic path length, munber of coil turns, and
other factors (Takashi and Yoshihisa, 1995).

3.1 Overview of 2D and 3D maodels

The onginal fuel mjector solenoid actuator has been accurately measured prior to
modelling in order to determine the essentinl component dimensions, such as length and
width of phinger, coil, yoke etc. From this point, the collected data is used to model a
virtual 2D and 3D fuel injector solenoid model. The dimensions of the virtual 2D mode!
are identical to the origmal fuel myector, as shown m Figure 2. Also, the input
parameters, such as the weight of the plunger and the mumber of coil twrns had to be
determmed. The purpose of modelling the ongmal fisel injector solenoid actuator is to
build a base model that will be used then as a basis throughout the mniaturisation
process (Cvetkovic and Subic, 2000; Cvetkovic, 2001).

The main objective of this process is to develop a mmiature fuel injector, compared to
the acrual fuel injector. Four specific miniaturisation procedures are further developed
and used to determine the maximum attraction force charactenstic for a range of fuel
injector solenoids. These procedures will be evalnated before a miniaturiased fuel injector
solenoid is finalised as follows:

*  Modelling and simulation of various plunger pole shapes. This will be done in order
to determine the relationship between the pole shape and operational performance for
a range of solenoid actuators in terms of maximising the attraction force.

e Modelling and sinmlation of various plunger lengths. This will be undertaken in
order to determine the relationship between the plunger length and artraction force at
a particular stroke,

*  Modelling and simmlation of 3D solenoid actuator. The main design differences
mclude a rectangular shape of the plunger, compared to the cylindrical shape plunger
used for 2D solenoid models, This particular procedure consists of seven models.
The modelling principle is stmilar to the plunger pole shape and length procedures.
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For the modelling and simulation of a miniatunsed 3D solenoid. it is inportant to
introduce as few components as possible, mimaturise the yoke component, and
assign a permanent magnet to a solenoid actuator in order to obtain the maximim
attraction force.

e Modelling and sinmlation of 2D permanent magnet solenoid actuator. Several 2D
solenoid models that include permanent magnets will be investigated in order to
determune the relationship between the vanous permanent magnet properties and the
attraction force.

Figure 2 2D cylindrical cross-sectional (Jeft) and physical (right) fuel injector solenoid model
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The reduction of fuel injector solenoid response time has gain increased importance m
fuel injection systems for petrol engines. To control such engines precisely, it is
important for the fuel injector solenoid to achieve a fast response operation time of 1 ms,
which 15 more than 20 tumes faster than the conventional fuel injector solenoid,
The response time is the elapsed time from the initial switch on uatl the plunger
15 in the fully attracted position. In order to analyse the reduction of the response
tme of fuel injector solenoid acmators, an appropriate mathematical model is required,
capable of simulating the electronic, mechanical and magnetic system behaviour
(Subic and Cvetkovic, 2001; Cvetkovic, 2001). The main focus of this resecarch is
modellmg of the mechanical system bebaviour. The reduction of fuel mnjector solenoid
response time will be investigated here using the following three main modelling
approaches:

o standard EMSS fuel injector solenoid model
e spring characteristic EMSS fuel ijector solenoad model
e phmnger rebound decay EMSS fuel injector solenoid model (bounce effect).
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3.2 Modelling, simularion and control of solenoid actuation

3.2.1 Mintatrisation procedures: modelling and sinudation of plunger pole
shapes

The mam objective of plunger pole shape procedure is to exanune the influence of
vanous phlinger pole shapes m relation of the attraction force charactenstics. In order to
improve the thrust or attraction force of solenoid actuators, there are several features that
need to be evaluated accurately. From the theoretical point of view, the reluctance
needs to be decreased and the flux density on the plunger increased. However,
from the modelling and simulation point of view, it is necessary to simulate the 2D
Maxwell axisynunetric plunger pole shape solenoid model in order to determine the
virtual attraction force (Cvetkovic and Subic, 2000; Cvetkovic 2001).

Solenoids can provide different force vs. displacement profiles by varying the angle
or the shapes of the plunger pole or other surfaces between the two members, such as
plugnut. In general, a flat surface provides high forces at small gaps, while a shaper
angle can provide higher forces at large gaps, as shown in Figure 3. In order to examine a
more uniform force/air gap relation, several pole and plugnut contact areas have been
geometncally modelled using the standard 2D Maxwell axisymmetric solenoid.
The geometry is systematically reduced in relation to the onginal fuel injector solenoid
as required. The affects of intemal and extemal changes in the magnetic circuit, affect
force charactenstics

Figure 3 Different plunger pole shapes of the solenoid actuator
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3.2.2 Mimaturisation procedures: modelling and simulation of various
plunger-length models

The development of phinger length solenoid models is similar in principle to the
plunger pole shape solenoid models. In order to determine the force-stroke characteristics
for various plunger lengths, a particular method is used here to determine the highest
attraction force at a specific stroke for a set phnger length, as shown in Figure 4
From the theoretical background and the mathematical models developed to date, it can
be seen that the strength of the magunetic field 1s different at each position inside the coil
(Cvetkovic and Subic, 2000; Subic and Cvetkovic, 2001; Cvetkovic, 2001). The most
effective actuation or the strongest attraction force actng on the plunger would most
probably occur in the centre of the coil. The modelling and smmulation of solenoid
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actuators is therefore conducted in order to determine the strongest attraction force
possible. As in the case of the pole shape model, the following objectives are being
targeted:

e minatunsation of the plunger

e determining the highest attraction force possible in the solenoid actuator.

Figure 4 Plunger length miniatuisation approach for solenoid actuntor model
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3.2.3 Miniaturisation procedures: modelling and simulation of 3D solenoid
actuator model

The 3D solenoid actuator model is developed using a sumilar principle as the one used to
develop the plunger pole shape and plunger length models in previous sections. A wide
range of models have been explored and ultimately used to mimaturise the size of key
solenoid components, such as yoke. The developed models are based on the following
main design intents:

e introduce as few components as possible in the solenoid actuator model
e mimatrise the yoke component
e assign a penmanent magnet to the solenoid actuator,

The mitial 3D model aims at creatmg simple geometry and introducing as few
components as possible in the solenoid actuator system. This model does not have top
and bottom sleeves (plugnut). Also the coil and plunger are shified in (-2) direction by
1 mum (by the thickness of the bottom sleeve). The next model investigated has the voke
length reduced by 8.4%. Due to the reduction in yoke length by 8 4%, the attraction force
of this model is reduced to 1.65 N. Considering that a gap is created when the top and
bottom sleeve are excluded from the solenoid actuator system, it 1s possible to insert a
penmanent magnet in this space to replace the top sieeve. The purpose of inserting a
permanent magnet into the solenoid actuator 18 to determine if the attraction
force has improved. The size of the solenoid actuator is reduced when the top and
bottom sleeves are excluded and the attraction force is increased to 2.15N at 0 mm
stroke. The permanent magnet solenoids (also known as magnetic latching or self-holding
solenoids) utilise the attraction force advantage of a high performance permanent magnet.
When the coil is energised, the plunger moves toward the pole piece. Once energised, and
the plunger movement has occurred, the plunger wall remain i the energised (holding)
position. The coils magnetic field and the permanent magnetic field are additive,
To release the solenoid from the ‘*hold’ position, the coil field must cancel the permanent
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magnet field or reverse its direction, and the current must flow in the opposite direction.
Figure 5 shows a miniaturised permanent magnet component displaced at various
positions between the yoke and coil.

Figure § 3D permanent nmgnet solenoid models
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The magnet shifted in (-z) direction by 0.52 mum, (or by the thickness of the maguet).
Considering that the minmaturised dimensions of the solenoid have been established. it is
necessary next to determine the maximum attraction force developed by the associated
three models. The computational results indicate the highest attraction force of 2.49 N at
stationary plunger position. Therefore. it can be concluded that the location of the magnet
component definitely affected the attraction force of the solenoid actuator.

3.2.4 Miniaturisation procedures: modelling and simulation of 2D solenoid
actuator with permanent magnet

The miniaturised 3D solenoid actuator model is constructed using a permanent magnet in
order to generate the maximum possible attraction force. Further miniaturisation of the
permanent magnet solenoid actuator will be conducted within the 2D Maxwell
environment. The artraction force is investigated here i relation to the 2D solenowd
model size. The plunger type used in this model is of the flat pole shape, as shown
in Figure 6. The permanent magnet, positioned between the coil, yoke and plunger,
1s identical to the 3D permanent magnet solenoid model. The type of matenal assigned is
Neo35, The overall stroke of the solenoid actuator is 3 mm, with the air gap of 0.165 mm
In order to define the vector properties for magnetisation and polarisation, the vector’s
angle of magnetisation from the global x-axis 1s set to 0° (pointing to the right hand side).
When developmg a mmiaturised permanent magnet model, the feature of magnet
arientation is of great importance.
Four different vector directions have been mvestigated, including 0°, 90°, 180°
and 2707, This investigation has two main objectives:
e 1o determine the highest attraction force that can be developed in the four vector
directions
e touse the particular direction to model four additional models with different
permanent magnet properties assigned to the geometrical magnet object.
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Figure 6 Direction of the permanent magnet solenoid models
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Table 1 provides a summary of all fuel ijector solenoid models and parumneters used m
the simulations. Figure 7 shows the schematic of the so-called evolution process used in
thus research to achieve a mimatursed fuelled imjector solenowd

Table 1 Sunnnry of all solenoid parameters and matenal properties

2D plunger pole
shape and 2D

Solenotd plunger length 2D permanent
modelsparameters solenord 3D solenowd mognet solenosd Lonee
Voltage 12 12 12 \)
Cotl resistance 104.3 27 629.3 (€)
Mass of plunger 0.75 047 0.4 (2)
Stroke 5 247 3 (ten)
Cotl-current 552 207 134 (AT)
Coil tums 4800 4679 7033 (n
Airgap 0.5 0.2% 0.168 (men)
Phmger $5430 $5430 55430
Yoke Cold rolled steel Cold rolled steel 55430
Boonet Cold rolled steel - Brass
Plugnut S5430 $S430 55430
Cuil Copper Copper Copper
Sleeve (tube) Brass Brasy Brass
Magnet - Neods Neo35, NdFed s, NdFe3o0,

SmCo24, SmCo28
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Figure 7 Evolution process of fuel injector solenoid
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3.2.5 Reduction of response thme: standard EMSS fuel infector solenoid

The electromechanical fuel injector solenoid system consists of magnetic, electrical and
mechanical subsystems, The electrical subsystem consists of DC voltage pulse, 12V, coil
resistor element, 14.5 Q, number of coil mms, 315 and a coil current of 827 mA
(Subic and Cvetkovic, 2001). The mechanical subsystem consists of loads on mechanical
device, such as extemally applied force (-0.01813 N), gravitational force acting on a
mass and the mass of the plunger. The force source value is determined from plunger
mass (1.85 g) times the acceleration due to gravity 9.8 kg-m’sec: or -0.01813 N,
The Standard EMSS model is investigated here on the plunger weight basis. Mechanical
subsystem is set at four different weights, 1.55, 1,70, 1.85 and 2.00 g The magnetic
subsystem (fuel injector solenoid model) is connected to both of these subsystems via
four ports. The main objective of system simmlation is to calculate the minimum response
tume for the solenoid to close after the coil is energised.

3.2.6 Reducrion of response rime: spring characteristic EMSS fuel injector
solenoid

The mamn objective of the spnng model 15 to create a more realistic virmal model. Ideal
sprimg parmmeters exhibit negligible mass and mechanical losses. A linear ideal spring 15
included to produce a force directly proportional to the relative displacement of the two
ends of the spring. Since the force at one end of the spring must be equal and opposite to
the force at the other end, the force is transmitted through the spring in a manner smuilar
to the way current passes through an inductor. The model consists of an extemally
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applied force, gravitational force acting on a mass, and two springs with different relaxed
lengths, as shown in Figure 8. The long spring's relaxed length equals the length of the
plunger stroke of 0.3 mm,

Figwre 8 Spring model of the solenoid fuel mjector

x3

lcosl
148

Eleciricol Sysiem
Mogpetic Syciers

The principle of switch operation is relatively simple. By energismg the solenoid coil a
maguetic force is generated, which pulls the plunger in a closed position. The long
spring’s relaxed length equals the length of the plinger stroke of 0.3 mm. The short
spring (at rest and out of contact when the plunger is in the fully open position) prevents
the phinger from ‘hmmmering’ down against the plugnut (plunger stop). An electrical
switch in series with the short spring models causes this effect by closing when the
plunger reaches the short spring position. When the plunger contacts the short spring. it is
near the mminmnum gap position, and the switch closes m order to activate the short spring
force. Switching occures automatically as a result of setting the positive and negative
control termumals of the switch to monitor plunger position. De-energising the coil
allowes the long spring to push the plunger back open. At this stage of the sprmg EMSS
fuel mjector solenoid modelling, the plunger position moves from 0.3 mm to 0 mm.
The plunger contacts the short spring at a gap of 0.08 mm. From the mitial plinger
posttion of 0.3 mm to a position of 0.08 mm. the short spring is out of the circuit. Long
spning operates only at that position. Current probes placed m the circuit branches
provide data to charactense the interaction of the forces. As a load, the long spring with
the setting force of ~1.71 N and a spring constant of 7.8 N/m is used. The short spring
force i1s 6.53 N and spring constant 81.6 N/m. The position threshold 15 at 0.08 mm.

3.2.7 Reduction of response time: plunger rebound decay model

The plunger rebound decay model is developed due to constant plunger opemng and
closing movement in the nozzle of the injector. There are several factors that influence
the motion of the plunger, such as the effects of liquid-induced forces, spring preload
forces, and most importantantly the rebound forces (Subic and Cvetkovie, 2001;
Cvetkovic, 2001). The rebound force represents both the elastic and inelastic collision
forces between the plunger and plignut. These particular factors are included in order to
improve the realism of the developed virmal approach to reducing the response time of
fuel injector solenoids. In adition, it is also important to stabilise the plunger motion at its
closing time. Considering that the plunger represents an integral part of the jection
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nozzle, its smooth and rapid operation plays an important part in the overall design of the
fuel injector.

In most of the mechanical system applications, the mechanical stops that are included
in mass and inertia models are represented by very high damping values or damping
coefficients. These are switched on when the mass position exceeds one of the position
limits. Most of the time, they behave as ideal stops. However, a real stop could cause a
rebound effect or have different cushioning bebaviour., These ‘bounce effects’ are
modelled m Maxwell Spice as shown in Figure 9.

Figure 9 EMSS rebound delay cirenit model
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This circuit operates on the principle that when the stop matenal compresses, there is a
spring-like restormng force proportional to the amount of compression. Also, a lincar
damping coefficient 15 included representmg energy loss dunng matenal compression.
The startmg position or the stroke is 0.3 mm. The circuit senses when the mass
travels beyond 0 mm, and develops a signal proportional to the amount of negative
displacement. The Voltage Controlled Current Source (VCCS) G/ in Figure 9 uses
position as a control voltage, with a gain of —1. The current represented mass position is
forced through a nonlinear resistor to produce the control voltage ¥CTRL. The VCCS G2
mjects the spring force into the mass. Its gam of 900 represents the stop’s spring
constant K, N/m. The voltage-controlled switch simunlates rebownd dampmg. Without this
damping, the position would show mmlitiple bounces. After the system reaches steady
state, the source and spring forces are i balance, The mvestigation of such models has
been used in this research for validation of general procedwres and techniques developed.
In the case of EMSS modelling, the manpulation of physical parameters of the fuel
mjector solenoid (such as mass and the starting position of the moving phmger, mimmum
md maximum positions, and damping coefficients) have been mcluded in order to
mnprove the fast acting fuel iyjector solenoid.
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4 Optimisation of fuel injector solenoid design

4.1 Miniaturisation of a fuel injector solenoid

The first section of this paper assesed modelling and simulation approaches involving a
range of 2D and 3D models, which have been essential in the process of solenoid
miniatunisation. Throughout the miniaturisation process, each step has been evaluated
separately, so that every feature of the fitel injector solenoid could be mimaturised as
much as possible until the main condition is satisfied, The second section assessed the
response time of the ongmal fiel imjector solenoid. The virtual results were compared to
determine the minimum possible response time operation. The process of mimaturisation
of fuel mpector solenoids has been undertaken by modelling standard cylindrical
axisymmetrical solenoids with a conical type plunger. From this model, sinmlations
were done for various plunger pole shapes, The simulations of force vs. displacement m
the solenoid enabled application of the plunger pole shape solenoids for either long or
short strokes,

The essential feature of the plunger pole shape design 1s in fact the surface area
manipulation. Since the pole face area and flux density are related to the attraction force,
the Magmeto-Motive Force (MMF) is also related to magnetic flux density. The attraction
force is proportional 1o the square of the magnetic flux density in the air gap. Therefore, it
could be determined that the attraction force is dependent on the square of MMF, on the
effective cross-section of the plunger, and on the inverse square of the air gap. The initial
computation involves the flux line plots of plunger pole shapes. These computational
plots are important in establishing the shortest magnetic flux path possible across the air
gap. Eight-plunger pole shape solenoid models are analysed. From the resultant plots of
Iinear flux paths across the air gap for shapes (5)47) it is possible to predict that these
shapes will have the highest attraction force at 0 mm stroke. The strength of the flux
density must be mamtained across the air gap in order to achieve the highest attraction
force (the three plots have shown this charactenistic). Next, the parametric solution is
generated by sweeping the plunger displacement from 0 mm to 5 mm. Considering that
the standard 2D solenoid model used in this case, operates at 552 ampere-tums AT, the
closest force results can be found by correlating 600 AT plot, as shown in Figure 10.

Figure 10 Parametric force vs. stroke computations at 600 (AT)
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From this plot, it can be concluded that at the maxunum MMF, and stationary plunger
position. shapes (4), (5) and (7) show the strongest attraction force. As for middle range
plunger displacements, shape (3) is the most effective. Considering the surface area of all
the pole shapes, shape (1) is the largest. and as a result, it is most suitable for longer
plunger displacements. However, shape (3) has the smallest surface area, and it's best
operation in terms of attraction force is at stationary plunger displacement.

The design of plunger length solenoxd represents the next step in the minaturisation
process. The method aims to determine the highest attraction force at a particular stroke
for a particular phunger length. The plunger will exhibit the maximum attraction force
when the maximum magnetic field is in the centre of the coil. Accordingly, the air-gap is
positioned at the middle of the coil where the maximmm force can occur. The force vs,
stroke relationship is generated for (11) different solenoid models at 600 AT. At the
stationary phmger position, models (5), (6) and (7) develop the maximum force of around
2.77 N. Plunger lengths in this case are 19, 19.5 and 20 mm. As plunger displacement is
mcreased by increments of 1 mm, models (8) and (9) will develop the maximum force of
2 N. At 2 mun stroke, the maximmm force 1s developed by models (10) and (11), 21.5 and
22 mum plunger length respectively. In comparison with the plunger pole shape approach,
the results here ndicate that the attraction force has mcreased. This mcerease in force 1s
due primarily to an increase in the plunger length. From this approach, it has been
determined that the attraction force s not necessarily mereased as the plinger length
mereases, The plunger length needs to be optimal in order to achieve the maximum
attraction force, Therefore, it is necessary to improve the miniaturisation process in order
to achieve a maximum aftraction force by developing an appropriate 3D solenoid model.

The 3D solenoid actuator presented here 1s based on a completely new solenoid
design. The maimn design differences include the rectangular shape of the plunger,
compared 1o the cylindrical shape used in previous 2D solenoid models. By ncorporating
three important approaches, seven models have been developed. For the modelling and
sumulation of the mumiatunised 3D solenoid, it is important to mtroduce as few
components as possible, mimaturise the yoke component, and assign a permanent
magnet to the solenoid actuator. Models (5){7) have a permanent magnet of smaller
thickness, and the magnet component is gradually displaced at three different positions
between the yoke and top of the coil. Model (6) has the highest force of 2.5 N at 0 mm
stroke. This proves that inclusion of permanent magnets in solenoids has the potential to
increase the attraction force. Overall, the fuel injector solenoid has been miniaturised by
now, and the force level has reached the approxumate constant level m comparison to 2D
solenoid models. Now, the permanent magnet concept 1s adopted back mto 2D modelling
and simulation of the final mimiaturised solenoid device,

The fuel mjector solenoid size is reduced even further in this way, whereby the
mimatunsed model is now capable of developmg the highest possible attraction force,
The plunger type used i this model is of the flat pole shape, with the permanent magnet
stationed in between the coil, yoke, and plunger, similar to the 3D permanent magnet
solenoid actuator. Since the MMF of the system is 134 AT and the overall stroke of the
solenotd actuator is 3 mum, with the air gap of 0.165 mun, it is clear that all key parameters
have been minmmised to a certain extent. The dynamic magnetic flux distribution
of the simulated permanent magnet solenoid represents the best indicator of the suitability
and quality of developed solenoid designs. The strongest attraction force has been
achieved in 07 direction. At 0°, 200 AT, the maximum force is —3.04 N, Considering that
07 is the preferred permanent magnet direction, the following investigation involves four
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additional magnet properties, such as NdFe30, NdFe3S, SmCo24, and SmCo28. It has
been determined that the model with Neo3S permanent magnet achieved the highest
attraction force, but at the expense of highest energy consumption. Figure 11 shows that
Neo3$ permanent magnet has the highest attraction force compared to other properties.

Figure 11 Force vs. stroke characteristic for various penmanent magne! properties
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At the stationary plunger position, 100 AT, Neo3S property has developed a force of
-2.6 N, and at longer strokes, it reached saturated level, around —1 N until its operation
was completed The other properties exhubit irregulanties in attraction force over the
complete plunger displacement. At 200 AT, the maximum attraction force 15 32N
The dynamic charactenistics (magnetic flux density) of the permanent magnet solenoids
from Omm to 3mm stroke are analysed with respect to achieving the maximmum
attraction force, as shown in Figure 12. Due to an increase in plunger displacement. the
magnetic flux density is mainly concentrated in the upper part of yoke

Figure 12 Magnetic flux density of 2D permanent magnet solenoid dynamic characteristics

In this approach, the miniaturisation process was flexible, accwrate, and the CPU tme
could be significantly reduced. For the developed minsatrisation process the dunensions
of essential solenoid components, (such as coil, yoke, plunger lengths and widths) have
been compared and llustrated in Figwre 13 (left)

As a result, the computation of the respective attraction force for the models m
question has improved, as shown in Figure 13 (nght), The development of the 2D
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permanent magnet solenoid led 10 a new miniaturised fuel injector solenoid with the
maximium attraction force.

Figure 13 Miniahwrisation process (lefl) and force vs. stroke comparison (right) for vanoas
2D and 3D solencid models
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4.2 Reduction of fuel infector solenoid response time

The imtial step in finding the fast response solution mvolves the effects of the plunger
weight of solenoid actuator. The weights range from 1.55 g to 2.00 g At final stroke
displacement, 0.3 mm, the smaller weights of the moving phmger, 1.55g, give the
longest response time. However, for shorter strokes, from 0.2 mm to 0 mm, the response
time 1s shorter. In case of a plunger of 2.00 g, at 0.3 mm stroke, the response time is the
shortest. But at shorter strokes, from 0.2 mm to 0 mm. the response time is the longest.
The weight of the moving plunger has a significant effect on the response time of
the solenoid.

In the spring characteristic model, the plunger position moves from 0.3 mm to 0 mm.
The plunger contacts the short spring at a gap of 0.08 mun. From the initial plunger
position of 0.3 mm to a position of 0.08 mm, the short spring is out of the circuit. At this
position only long spring operates. At the mmtial position. the response time was
1.194 m sec and at 0.25 mm, the response was 0.717 m sec. In comparison to the standard
EMSS models, the response time is reduced by 0,050 m sec.

In the rebound delay model, a 1.665 N step force is applied to a plunger mass of
1.85 g. Considering the operation principle of the rebound delay circust, there is a
spring-like restonng force proportional to the amount of compression. Due to this
operation, there is a hnear damping coefficient representing energy loss dunng matenial
compression. Similar to the spring model, the starting position or the stroke is 0.3 mm.
Thus type of control operates on the feedback principle, and m terms of response time, the
results seem to be effective. Initially, the response time was 1.121 msec, and at 0.25 mm,
the response time was 0.404 m sec. Overall, these results prove the effectiveness of the
‘boumce model’ in terms of rebound delay, which resulted in shorter response time,
Figure 14 illustrates the response fime minimisation process by comparmg the three
principle models developed in this research,

The rebound EMSS model is more complex than the standard and spring models
previously considered. It resulted in minimum response time. A comparative analysis of
the response times achieved by the three models 1s shown i Figure 15.
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Figure 14 Process of reducing the response time of the fuel injector solenoid

T~

Figure 15 Comparison of the response times achieved using the three models
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S Discussion of results

The initial process of miniaturisation of the fuel imector solencids has been undertaken
by modelling the essential surface area features of the plunger pole shape design,
Our initial modelling and simulations revealed that solenoids can provide different
force vs. displacement profiles by varying the angle or the shapes of the plunger
pole or other surfaces between the two members, such as plugout (Dyck et al, 1999,
Yoon et al,, 1997), In general, a flat surface provides high forces at small gaps, while a
sharper angle can provide higher forces at large gaps, as shown in Figure 3. The design of
plunger length solenoid was the next step in the miniatunisation process. The method was
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established to determine the highest atraction force at a particular stroke for a particular
plunger length. The results showed that the increase in attraction force was due o an
increase in plunger length From this approach, it has been determined that the
attraction force was not necessanily increased as the plunger length was increased.
In order to wnprove our miniaturisation design, 8 3D solenoid actuator was developed,
The computational results proved that inclusion of permanent magnets in the solenoid
mcreased the attraction force despite the optimisation of yoke geometry. At this stage the
permanent magnet (Neo35) concept was adopted back into 2D ‘final’ miniatunsed
solenotd model which generated the maximmum attraction force when compared to other
permanent magnet properties.

Reduction of fuel injector response time has been achieved through virtual modelling
and simulation, The virmal fuel injector solenoid modelling and sunulation consisted of
three EMSS models. The three EMSS models mcluded the standard EMSS fuel injector
solenoid model, spning characteristic EMSS model, and plunger rebound decay EMSS
model (bounce effect). The reduction of respouse tume was certamly achieved by
the three EMSS models. Finally, the minmmwm virtual response time was 1.12 msec,
developed by EMSS Rebound Delay Model. Throughout this research, a new approach
for miniaturisation. force improvement and respose time reduction was flexible, accurate
and allowed for siuple adaptability to other solenoid actuator applications.

6 Conclusion

The presented research focused on the modelling and simmlation of fast acting fuel
injector solenoids. The main objective of the presented design approach was to improve
the operational performance of existing fuel injector solenoids by reducmg their size and
response time, while increasing the attraction force required for effective actuation
performance. Using the developed approach, the mitial size of a typical automotive firel
mjector has been reduced by 35%, the attraction force increased by 26% and the response
time reduced by 76%. The modelling and simmlation procedures have been successful in
reducing the response time that is typically difficult and tedious to achieve through
experimentation of tiral-an-error. In this rescarch, the minimum response time was
achieved by using the wvirtual solenowd rebound delay model The simplicity and
cffectivencss of the developed methods allow for quick and accurate design and
evaluation. The developed modelling and simulation approaches have greatly unproved
the operational performance of the fuel injector solenoid as confirmed through comrelation
of computational results.
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Further Development of Solenoid Operated
Gas Injectors with Fast Opening and Closing

ABSTRACT

The existing state of the art in solenoid operated
injectors technology promotes their use mainly for
gasoline manifold injection in spark ignition engines.
The attempts to use such injectors for direct fuel
injection are hampered by slower and less repeatable
dynamic response, as compared with hydraulically or
mechanically operated diesel injectors. Also, the impact
of the solenoid overheating and the resulting loss of
power, is considered detrimental for such injectors when
installed in the cylinder head of an engine. The next
(third) generation of solenoid operated injectors is
dealing with all these disadvantages. First, it is using a
special inductive driving circuit for the solenoid to boost
the opening of the injector needle by amplifying the
supply voltage, but only for a very short instant of time.
Second, it is utilizing the differential angle in the conical
needle seat to reduce the unbalanced pressure force
acting on the injector needle when closed; this allows the
injector to open at higher gas pressure or to use a
stronger return spring to accelerate its closing. The
paper explains the principles of these improvements and
simulates the injector’s behaviour on a computer.

INTRODUCTION

Recently, there is a trend towards the use of gaseous
fuels, such as natural gas and hydrogen, in automotive
engines. This work is stimulated by the expected
shortage of conventional fuels in the near future and by
pollution regulations.  However, several specific
problems, such as on-board storage difficulties,
backfiring, knock and pre-ignition, as well as engine
power decrease, limit the efficient use of gaseous fuels

Harry Kekedjian and Tadeusz Krepec
Cencordia Univ,

in Otto-cycle engines. Therefore, research has started
recently to use natural gas and hydrogen in Diesel-cycle
engines, which allow for higher thermal efficiency than
the lower compression engines with fuel supply through
the intake manifold.

This paper describes the follow-up development in
solenoid operated injectors for direct gas injection into
the cylinder of a high compression engine, using
microprocessor technology. This concept was first
proposed by Krepec (Ref. 1) and realized by
Giannacopoulos and Miele, using commercially available
diesel injectors modified towards solenoid use (Ref. 2 &
3); next, a second generation of the gas injectors was
developed, investigated and optimized by Kekedjian and
Hong (Ref. 4). Finally, the third generation of
redesigned and improved gas injectors is being
developed, as described in this paper.

PROBLEMS ASSOCIATED WITH SOLENOID
OPERATED HIGH PRESSURE GAS INJECTORS

In the R & D work on direct injection of gaseous
fuels into the cylinder of a diesel engine, there are
several problems which have to be overcome. These
are:

1. Control of nozzle opening. In some earlier cases
(Ref 5 & 6), the researchers used the existing diesel fuel
injection pump and a modified diesel injector with a
hydraulic actuator made to move the injector needle and
to open the nozzle when the pressure wave from the
pump arrives. In other cases, a solenoid actuator was
used (Ref. 2,7 & 8) to move the injector needle
according to the signal from an electronic control unit.
While the first method was rather acceptable for a
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development work, due to the high additional cost of a
fuel injection pump, the second method, more feasible
for the use of modern electronic injection control, is still
not developed enough to be implemented. Some of the
intermediate solutions, to use mechanical actuation with
solenoid operated timing control, are already in use, but
are only limited to special engine designs, like 2-stroke
Detroit Diesel (Ref. 9).

2. Control of nozzle leakage. In the case of gaseous
fuel injection, the leakage problems are more severe than
with liquid diesel fuel injectors, due to much lower gas
viscosity. While the gas pressure does not have to be as
high as the liquid fuel pressure (gas does not need to be
atomized) the gaseous jet penetration requires substantial
pressure at the range of 100 bar; then, this pressure must
be maintained inside the injector during 90 % of the
engine cycle time with minimum leakage through the
nozzle valve seat into the cylinder. The problem is
aggreviated by the fact that no soft material can be used
for the nozzle seat sealing, because the nozzle is
protruding into the combustion chamber and such
material should resist the high temperature.

3. Nozzle valve seat wear. It can be expected in a
gaseous fuel injecting nozzle that the valve seat in the
nozzle body will wear more rapidly than in a liquid fuel
injecting nozzle. There are two reasons: one is the
smaller damping of the nozzle needle movement when it
approaches the seat at high velocity, as compared with
diesel fuel which is providing a better cushion for the
seat; second is the less effective cooling of the needle
seat, as compared with the liquid fuels which are
absorbing the heat from the nozzle at higher rate.

4. Injector needle bouncing and post injection. The
lack of liquid fuel between the injector needle and the
nozzle body, as well as the reduced tight fit surface
between these two parts in an injector with pressure
balanced needle (Ref. 4), increases the tendency of the
needle to bounce on both ends: at the needle upper stop
and at the seat. While in a properly designed injector,
the upper stop bouncing should not affect the injector
discharge characteristic, in such injectors where the
needle lift is very small (Ref. 7), this type of bouncing
can alter the injected fuel discharge rate and,
consequently, the injected fuel dose. Also, the injection
repeatability can be affected by bouncing at the upper
stop of the needle when a small fuel dose is being
injected (example: at idle). The bouncing at the needle
seat is more harmful. It can lead, not only to the post-
injection, but also to faster nozzle seat wear,

5. Solenoid force, duty cycle and cooling. One of the
reasons that solenoids are not recommended as actuators

for diesel injectors, is their sensitivity to the high
temperature which affects their force output. Being
installed directly in the cylinder head of an engine, they
are heated much more than the solenoid injectors of
gasoline engines installed in an intake manifold. At the
same time, the requirements regarding application of
their force in diesel engines are higher than in gasoline
engines, due to the strictly controlled injection timing,
the requirement for faster opening and the much higher
injection pressures involved. In this situation, the
solenoid duty cycle and cooling have a big impact on the
solenoid force.

6. Solenoid injectors optimization. It would appear
that the gas injection system consisting of a constant
pressure fuel supply rail and solenoid actuated injectors
operated in on-off manner, is the simplest fuel injection
system. It is, to some extent, for gasoline injection in SI
engines, but it is not for diesel engines. The existing
injector opening and closing delays depending on the gas
pressure, solenoid temperature, spring preload, nozzle
opening characteristic, moving parts inertia and, to a big
extent, on the solenoid driving circuit, make the design
of the solenoid injector for diesel engines the subject of
a complex optimization process (Ref. 4).

In the development of the third generation of
solenoid operated injectors for direct injection of gaseous
fuels, the above problems have been, to some extent,
answered.

INJECTOR DESIGN

Fig. 1 shows the comparison of basic design
configurations of the second and the third generation of
gas injectors. Both, in the bottom part, conform to the
"S" size of the conventional diesel injectors. The
following modifications have been made to the third
generation injectors to accomodate them better for
effective and reliable operation (Fig. 2).

1) More powerful, but shorter solenoid was adapted.

2) Solenoid body was attached to the upper cap.

3) Electric wires have been fastened with plastic seals.

4) Incoming gas was directed around solenoid to absorb
heat

5) Latier spring was more conveniently located.

6) Needle seat was made with a reversed differential
angle.

7) Injector needle rod, connecting the needle to the
solenoid core, was made more elastic to reduce the
needle bouncing.

In the two previous generations of injectors, the
conventional CAV diesel injector body was modified and
used along with the nozzle. For the third generation, a
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special, custom made body was manufactured to match
the size of a commercially available solenoid and to
allow for the change in the gas inlet location for
improved solenoid cooling.

In this design, the solenoid body is firmly held up
against a copper spacer and the cap by two screws that
bolt directly into the solenoid. The created sub-assembly
can then be screwed onto the injector’s body without the
concern of damaging the solenoid.

A larger diameter spring and a special retainer have
been placed inside the injector body, so that the bottom
face of the body can be used as a stopper for the needle,
as it is in the original diesel injectors. The needle lift is,
thereby, accurately set and is independent on the gap
between the solenoid core and the bottom of the core
cavity, as long as this gap is larger than the needle lift
itself.

There are more changes introduced in the injector
design to address the specific problems with solenoid
operated gas injectors, as mentioned above. They will
be discussed in detail in the following sections.

a. s

.
STROKE {

SPRING
-~

Fig. 1 Comparison of basic design configurations of
second (a) and third (b) generation injectors

CHOICE OF SOLENOID

The most appropriate choice for the third generation
of solenoid injectors became the Lisk L7, short 0.875 "
body length, short stroke solenoid. This solenoid
provides considerably more force than the Lisk LS, long
1.25", short stroke solenoid used in second generation
injectors, This would guarantee opening at higher gas
supply pressures and allow for the solenoid core to be
further away from the solenoid backstop. Working with

a larger air gap effectively reduces the time delay
between the current and the force developed by the
solenoid. The delay between the voltage applied and the
current developed is also reduced, since the inductance
of the solenoid is inversely proportional to the air gap
between the solenoid core and the backstop. Tests
performed to illustrate these effects are included

in solenoid model. Another important feature of the L7
short body solenoid is that the inertia added to the
injector needle assembly is far outweighed by the
increase in force and, therefore, does not reduce the
acceleration of the needle. The excess in available force
makes it possible to find the best position of the core to

obtain the optimum performance.
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Fig 2 Third Generation of Solenoid Actuated

Injectors

CONTROL OF INJECTOR OPENING FORCE

In the presented injectors, the injector needle is
practically pressure balanced, after fully open.
However, when closed, it is not fully balanced because
of the gas pressure force not acting on the needle seat
surface, In conventional diesel injectors, this surface is
determined by the outside seat diameter, as shown in Fig
3a, because of the different cone angles in the nozzle
seat and on the needle tip. The difference in the angles
is about 50 min and is creating a circular contact line
between both parts which increases the specific contact
pressure and improves the sealing,

Because the unbalanced pressure force is delaying
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the nozzle opening by the solenoid, it was found
beneficial to the injector operation to change the
direction of the differential angle, so that the inside seat
diameter is creating the circular sealing line, as shown in
Fig. 3b. This has two advantages:

1) it reduces the unbalanced needle tip surface diameter
and, therefore, the solenoid force required to lift the
neadle, allowing the same injector to operate with
higher gas pressure,

2) it reduces the length of the seat circumferencial
contact line and, therefore, the gas leakage rate.

For the seat case shown in Fig, 3, the seat sealing
diameter Dss will change from 3.2 mm to 2 mm, and
the surface on which the unbalanced pressure force is
acting will be reduced to only 40 % of the previous
area. This will reduce the pressure force to only 40 %
of that for the nozzle with conventional seat, allowing
for the injector opening with 2.5 times higher gas
pressure; or this would allow to use a higher spring
preload, thus reducing the time of the injector closing.

REVERSED
DIFFERENTIAL ANGLE

CONVENTIONAL
DIFFERENTIAL ANGLE

Fig. 3 Moadification of the nozzle needle seat from:
a- Conventional to
b- With reversed cone angles

NEEDLE BOUNCING SUPPRESSION

There are two situations at which the needle
bounces. The first occurs when the injector fully opens
and the needle hits the stop on its way up. The second
occurs when the injector is closing and the needle hits

the nozzle seat on its way down. The needle bouncing
can particularly be increased in an injector for gaseous
fuels, due to the fact that the gas has much lower density
and viscosity than the liquid fuel. Fig. 4 shows the
comparison of injector needle bouncing when there is no
gas pressure and with 100 bar gas pressure; both, upper
stop bouncing and seat bouncing can be well indentified.
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Fig. 4 Comparison of needle bouncing
a- Without pressure
b- With 100 bar pressure

To reduce bouncing, an approach was adapted based
on the following reasoning. As can be seen in Fig. 2,
the moving mass is polarized in two locations: the
solenoid core at the top and the needle at the bottom.
Near the middle the masses are joined together by a thin
wall pipe. This section can behave similar to a stiff
spring. By varying this area, the stiffness of this section
can be altered. This concept of two masses connected
by a spring uses the inertia of the core and the spring
load of the elastic rod to absorb the kinetic energy stored
in the needle after its tip hits the nozzle seat. This can
be best illustrated in Fig. 5. In the first diagram, the
two masses connected by the spring (elastic pipe), are
moving as one unit towards the seat. As the needle hits
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its seat, the momentum of the core mass compresses the
elastic pipe, reducing it by the distance Al, as illustrated
in the second and the third diagrams. Thus, the
compression of the rod exerts a force on the needle mass
that holds it on its seat and suppresses the springback.

%/1/»’,“”'/%

Fig. 5 Incorporated damping illustration

If the stiffness of the elastic rod is too high, the response
approaches that of a single mass and the result is a large
bounce. Reducing the rod stiffness has the effect of
delaying the springback action to the point at which the
needle is on the verge of moving away from its seat.
This analysis has been confirmed by the simulation
results of the injector’s dynamic response, as will be
shown later,

INJECTOR OPENING AND CLOSING CONTROL

Developing a strategy for controlling the current
passing through the solenoid of the gas injector is as
vital to its performance as its mechanical design. A
microprocessor controls the fuel dose by varying the
duration of the pulse sent to the solenoid driver circuit.
However, problems usually arise due to the non-linearity
in the case of short duration of injection and from
variations in the fuel discharge characteristics resulting
from the injector wear or the solenoid temperature
increase. These issues should be kept in mind when
planning the control strategy for the injector.

The following were the objectives for solenoid
control scheme:

- minimize the opening and closing delays of the
injector,

- limit the current passing through solenoid when not
needed,

- ensure that the injector opens at gas pressure over 100

bar,
- boost initial solenoid voltage up to 100 V using a
regular 12 V supply.

To fulfil these objectives, a new type of driving
circuit was designed with an initial current boost that
would minimize the opening delay of the injector. This
initial current should almost instantaneously rise to a
sufficiently high value. After the injector fully opens,
the current should be limited to the minimum holding
value for a required duration of time. This desired
performance can be achieved with the circuit shown in
Fig. 6.

Fig. 6 Injector driver circuit

To avoid the use of a high voltage power supply, the
boost to the solenoid force is provided from the
capacitor which is charged up during the time when the
injector is not in operation. A similar technique was
proposed by Green et al (Ref. 7), where the use of a
DC/DC converter was suggested for charging up the
capacitor to a voltage greater than the supply voltage.
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In the proposed circuit, the task of charging the
capacitor is simply achieved by interrupting the current
flowing through an inductive coil in order to create an
instantaneous large potential difference which is next
used to channel the current to the capacitor, through a
diode which prevents the capacitor from discharging.
Although, boosting the solenoid current using an
inductive coil, is an original approach, subsequent
limiting of the current is not an uncommon technique in
injector driver circuits (Ref. 10). It prevents
unnecessary heating of solenoid by an excessive current
and it reduces the injector closing delay, since the
solenoid force does not have to decay from a higher
level, to allow the injector needle to move downwards.

NOZZLE VALVE SEAT WEAR AND LEAKAGE

The work on needle bouncing limitation, did lead to
the attempt to limit the needle seat wear. As discussed
in the introduction chapter, direct fuel injection requires
a hard steel to steal seat contact and sealing. With
reduced needle damping by gaseous fuels and with
shorter circumference of the seat contact line, the seat
wear is becoming an important issue,

Because the seat wear is caused by the seat
hammering with the needle tip during the nozzle closing,
the simulation of the forces acting on the seat surface
from the needle has been made with the results shown
later.

Regarding the nozzle seat leakage, there is not much
choice, only to accept the hard seat steal-to-steal sealing
connection using the differential angle configuration, as
discussed above. The present steel heat treatment and
grinding technology is able to produce almost perfect
stable and desired geometrical shapes, and the
experience with the good quality diesel fuel injectors is
showing that such a sealing in case of gaseous fuel
injectors can also produce satisfactory results,

MATHEMATICAL MODEL OF SOLENOID
OPERATED INJECTOR

To investigate all the above phenomena, it was
necessary to simulate the solenoid operated injector’s
behaviour and for that reason a mathematical model of
such injector has been created. It is split into four
sections: the steady state and transient solenoid model,
the electrical model, the mechanical model and the fuel
flow model.

I. Steady-state and transient solenoid model. The
characteristic of a solenoid is the relationship between
the solenoid force as the result of the current and in
function of time, as well as the inductance variations
versus the solenoid core position. A simple procedure

was adopted for gathering experimental data rather than
using the existing theory which only defines the steady
state characteristic of the solenoid and neglects the
transient, More over, the existing theory is also based on
some experimental magnetization data required to relate
the magnetic flux to the solenoid curreat and the
solenoid force to the magnetic flux. The procedure used
here, directly relates the force of a particular solenoid to
the current in the winding for various working air-gaps,
as well as the solenoid inductance, to the working air-
gap.
The experimental setup consisted of a fixture which
holds the solenoid in place and a piezoelectric force
transducer which measures the force exerted by the
solenoid core for various solenoid currents at a fixed
core position, This setup is shown in Fig. 7. Current
was read using an inductive clamp-on meter. The circuit
used for the tests was a basic driver circuit consisting of’
one switching device which applies voltage to the
solenoid.

CORE SOLENOID

TRANSDUCER

ADJUSTING
SCREW

Fig. 7 Experimental fixture for solenoid testing

Fig. 8 shows the oscilloscope traces of the current
and force, subject to a 12V square pulse at a constant
airgap of 0.6mm. From the oscilloscope traces, the
relationship between the steady state force and current
could easily be read. However, the force seems 1o lag
behind the current. This is best seen in Fig. 9, where
the current was almost cut-off and the force reduced
instantaneously at a certain decay rate. Approximating
the force-current delay by a first order response, the
force decay could be recorded as the first order time
constant,

The time constant for current rise, in response to the
applied voltage, was also taken, in order to evaluate the
inductance of the solenoid. Note that for the
force/current time constant and the inductance, there are
1wo separate relationships that can be used in the model,
While one is for lower voltage applications, the other is
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for higher voltage applications, as in the proposed driver

dr dF,
circuit. Both these parameters are sensitive to large n ol & «a
current, resulting from saturation in the iron path of the Furg *mg * P =g @
solenoid, as the magnetic flux increases.
The results of the experiments are represented where, F_ = solenoid force
. i = solenoid current
A Sas gap = solenoid working gap
! 1 J f(i,gap) = steady-state relationship between
solenoid force and current from
o : ] Figure 10
7 = solenoid force/current time
’l‘ constant from Figure 11
. : CH1
litedim -1, FORCE (N)
20— ——
P
ks — e
| r/‘;—__j_—’_ 406
0.8
CHY . gua v 5 ms cH2 A — S ———

Fig. 8 Oscilloscope trace of solenoid current and
force subject to a 12V pulse at an airgap of 0.6mm;
7 = time constant (L/R)
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CURRENT H : CURRENT (A)
i
: Fig. 10 Graphical representation of solenoid force
[ : vs. current for various airgaps
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Fig. 9 Extension of oscilloscope trace of solenoid HIGHER VOLTAGE ~~_
force decay at 0.6mm air-gap, from Fig. 8, with an R e
enlarged time base 0.0002 - : el
graphically in Fig. 10 through 12. Using the 0 -
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models can be related by the following non-linear first AIRGAP (mm)

order approximation:
Fig. 11 Graphical representation of solenoid
force/current time constant for various airgaps
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Fig. 12 Graghical representation of solenoid
inductance vs, airgap

The experimental data were stored in data files and used
in the program. Linear interpolations were performed
for intermediate values.

2. Electrical model, The electrical model was used
to simulate the behaviour of the current in the solenoid,
when the appropriate signals are sent to the driver circuit
at the time of injection.

A capacitor, which is already charged to a high
voltage, discharges through the solenoid. Once the
capacitor is discharged down to 12V, the diode prevents
it from discharging further. This can be expressed as
follows:

dL
LG iR =V, - fia @

v,-v,'-%fmr for V,>12v @)

or,

@

L2 v, = 12V

dL
atta tRh M

where, V, = capacitor voltage
V¢, = initial capacitor voltage

C = capacitance

For the remainder of the injection time, the current
is limited to a value that maintains a force slightly larger
than the total force which tries to prevent the injector
from staying open. The value of the current is found

from the steady state force/current relationship which
was presented in the previous section.

3. Mechanical model. The mechanical

n used for the injector model is shown in

Fig. 13. From this diagram, we can see the nozzle seat

and the needle stopper modelled as a very stiff spring

and damper. This was done in order to simulate the

needle bouncing. The moving masses (needle and core)

are attached by spring and damper which represents the

incorporated damping system used to suppress the
bouncing of the needle.

Y/,
N L[,,

-

o] et

—~ %
Nz
4
T

Fig. 13 Mechanical representation of injector model

The mechanical system consists of two moving
masses; the needle and the solenoid core. The resultant
forces on the needle and core can be expressed as
follows:

F,o-Fy Fy v Py -Fy-Foy-

= B e = W~ B s
F,=Fy-Fy-Fy -F,-F,-F,
(5)
where, F, = resultant force on needle
F, = resultant force on core
F,. = spring force of rod on needle
F.. = damping force of rod on needle

F,,. = spring force of rod on core
F,. = material damping force of rod on core
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F,. = pressure force on needle

F,. = pressure force on core

F,, = friction force on needle

F,. = friction force on core

F,.. = force of return spring

F, = force of nozzle seat on needle

Fimee = material damping force of seat
Fugper = force of needle stopper on needle
F pusoppee = miaterial damping force of stopper

The spring and material damping forces of the rod
on the needle and core are dependant on the relative
position and velocity of the two masses. The
expressions for these forces are:

Fy, = K [y, - %) (©)
Fyp=d LV, - V) N
Fpe = K. 0. - %) ®)
F,, =d_[V.-V) ®

where, K = spring constant of rod
Yeeste = Needle position
Y. = Solenoid core position
d,..« = damping value for rod
Viese = needle velocity
Ve = core velocity

The spring constant of the rod is related to its modulus
of elasticity. The damping value which is a result of
internal material damping is difficult to predict.
Nevertheless, a value corresponding to a typical 60%
reduction of kinetic energy is assigned.

The pressure forces acting on the needle and core
masses depend on the position of the needle, When the
injector is closed, there is a portion of the needle tip
(D,.) exposed to the back pressure and the corresponding
area at the other end is exposed to the injector pressure.
‘Therefore, the respective pressure forces on the needle
and core are:

F.=AP, F.=AP (0

where, A, = unbalanced area
P, = back pressure
P, = injector pressure

When the needle is beyond the critical lift,
corresponding to the critical flow at the nozzle orifice,
the pressure on the needle tip is assumed to be
approximately equal to half of the supply pressure since
the flow is sonic. Therefore, the pressure force is
significantly lower due to the reduced unbalanced area
and differential pressure across the entire axially moving

mass. The critical lift is dependant on the nozzle orifice
diameter and can be found from the geometry of Figure
3, by equating the seat and orifice areas and solving for
lift.

The damping caused by viscous forces and friction
can best be obtained experimentally by observing the
dynamics of the nozzle needle movement.
Proportionality coefficients can be assigned to the
velocity and the square of the velocity to account for
these factors and then be incorporated into the model.
As demonstrated in Fig. 4, the density of the gas is a
major factor in the damping of the moving masses.

The force of the return spring is acting on the core
mass and is expressed by the following:

F oF, +K3, (11)

where, K, = spring constant of return

spring
F,.. = return spring preload

The nozzle seat and needle stopper are modelled as
very stiff springs with internal material damping. The
spring constants and material damping values can be
approximated by evaluating the compression of the seat
and stopper experimentally. This can be done by
assigning appropriate values that would transfer 40% of
the kinetic energy to spring energy, while the rest is

dissipated in the form of damping.
The seat forces act only when the needle is in contact
with the seat and can be expressed as:
P = Ko (12)
Fou=d, V., (13)

where, K, = spring constant of seat
d.... = damping value of seit

The force from the stopper acts only when the needle
position exceeds the maximum needle lift. This is
expressed as follows:

Fapper = Kappels = Yo (19
Fou =dol, 1s)

where, K. = spring constant of needle stopper
Yo = maximum lift

Qpper = damping value of stopper

The accelerations of the moving masses can then be
found from the following expressions:
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a = = and a, =—= (16)

where: a, = acceleration of needle
a, = acceleration of core

The velocities of the moving masses can then be updated
by integrating the accelerations and similarly the new
positions can be updated by integrating the velocities.

4. Fuel fMow model. The fuel flow through the
injector nozzle is a function of the critical flow area
which is a function of the needle position, The critical
flow area begins at the nozzle seat and then switches to
the nozzle orifice when the needle reaches the critical
lift.

The flow through the injector nozzle is sonic and can
be expressed as a function of the critical flow by using
the following expression:

Pl k., 2.5 Gn
oy ‘-JC'J TRy

where, m, = mass flow rate of fuel

The injected fuel dose is then found by integrating the
fuel flow rate.

SIMULATION

Fig. 14 shows an oscilloscope trace of the solenoid
current and the needle lift when applying a 12 V pulse
to the injector, without fuel pressure, for 5.5 ms. The
equivalent simulated result can be seen in Fig.15,

LIFT = CURRENT A

—— 20
QA 1ma
1.2f { 1
1.ogus CLRRENT : &
}
0.8 ; I
0.8 s o
0.4 NEEDLL
T
0.2 :
o /\ on
VA
on: 8V @ L&V
TINE

Fig. 14 Recorded injector response for a 5.5 ms, 12
V pulse, without fuel pressure
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Fig. 15  Simulated injector response for a 5.5 ms,
12 V pulse, without fuel pressure

The simulation shown in Fig. 16 is the dynamic
response of the injector using the proposed driver circuit
at an injector pressure of 100 bar. This can be
compared with the actual response that was shown in
Fig. 4b.

LIFT (mm) CURRENT (A)
14
1.2 CURRENT 20
1
08 10
0.6
0.4
0.2 NEEDLE
LIFT .10
0
2 -1 0 1 2 3 4 5 6 7 8
TIME (ms)
Fig. 16  Simulated response using proposed driver
circuit at a fuel pressure of 100 bar

The above dynamic responses were obtained for a
stiffness of 160 MN/m, of the section joining the needle
and the core. The simulated response, using a 6 MN/m
elastic thin wall tube can be seen in Fig. 17.
Effectively, the needle bouncing amplitude has been
reduced as compared with that in Fig. 16. However,
only the reduction of bouncing at the upper stop is well
visible; at the seat, the bouncing magnitude seems to be
approximately the same. This may be due to the fact
that the absolute bouncing amplitude is already low in
both cases,
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Fig. 17 Simulated injector response with suppressed
needle bouncing
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Fig. 18 Dynamic force on nozzle seat with stiff rod

This assumption was, to some extent, confirmed by
the simulation results of the force acting on the needle
seat which is responsible for the springback of the
needle. These are shown in Fig. 18 for the stiff rod and
in Fig. 19 for the elastic rod. As seen, the dynamic
force, which contributes to the seat wear, is significantly
lowered with the elastic rod (approximately by 35%).
This creates the possibility to reduce the seat wear,
particularly in the case of the fatigue impact. Another
interesting feature here is the two seperate peaks of the
seat force. This is a result of the delay, created by the
elastic rod, between the core mass and needle mass, as

they hit the seat.

It should be noted that, in order to reduce the
stiffness of the section joining the core and the needle,
one can reduce the cross sectional area (smaller diameter
or thin wall tube), or increase the length of the rod, or
use a different material with a lower modulus of
elasticity.
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Fig. 19 Dynamic force on nozzle seat using elastic
rod

The obtained results are clearly showing the potential
of the elastic rod approach and are encouraging further
research in this direction,

CONCLUSIONS AND RECCOMANDATIONS

The following improvements have been proposed in
the design of solenoid operated injectors for direct
injection of gaseous fuels in high-compressed internal
combustion engines:

1. The use of inductive coil in the driving circuit, for
boosting of the solenoid force, allowed for:

a) fast opening of the injector, requiring less than
0.7 ms to reach maximum flow from the nozzle,

b) lower heat release by the solenoid due to very
short duration of high current (only 1.4 ms), i.e.to
a duty cycle of only 3.5 % approximately,

¢) use of electric power supply of 12 V only to
generate 100 V across the solenoid coil.

2. The use of relatively long stroke solenoid did allow
for:
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a) higher injector needle stroke, well exceeding the
critical needle lift corresponding to the seat critical
flow area, that is equal to the nozzle orifice flow
area; this made the injector not sensitive to the
needle bouncing at the upper stop,

b) larger gap between the solenoid core and the core
backstop that reduces the time delay between the
current and the developed force, as well as
between the applied voltage and the developed
current, since the inductance of solenoid is
inversely related to this gap.

3. Reversed differential angle in the nozzle seat and on
the needle tip cones, contributing to:

a) reduced unbalanced pressure area that allows for
the use of higher gas pressure or higher spring
load for the same solenoid force and reduces the
injector opening delay,

b) lower gas leakage rate due to the shorter sealing
contact line between the nozzle seat and the needle
tip.

4. Elastic insert separating the two masses concentrated
on both sides of the injector rod, that is contributing
to:

a) reduced needle bouncing, mainly at the upper stop
and to a lesser extent in the seat, leading to
improved injection stability when fully open and
to reduced post-injection tendency, when closed,

b) reduced seat wear, as implied from the reduced
needle bouncing; this indicates less springback
forces between the seat and the neadle.

The above conclusions require more, mainly
experimental  investigations, and the use of a
multiobjective optimization procedure because of the
complexity of the factors affecting the dynamic response
of a solenoid operated injector for direct gas injection.
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Abstract

In-cylinder direct-injected technology provides a flexibie and
accurate optimization for internal combustion engines to reduce
enission and impeove fuel efficiency. With increasingly stringent
requirements for the emissions of nitrogen oxides (NO,) and CO,, the
comtent of injections in an engine combustion cycle has reached 7 to
9 times in gasoline direct injection (GDI) and the diesel engine with
high-pressure common rall (HPCR ). Accurate control of botls time
and quantity of injection is critical for engine performance and
emissjons, while the dynanc response of lnjector spray
chamcteristics is a key factor.

1o this paper, a test bench was built for monitocing the dynamic
response of solenoid injectors with high-speed micro-photography
and synchronous current collection system. Expenimental studies on
the dynmnic response of GDI and HPCR 0lenoid injecton were
camried out. Compamtive study showed that there was a high
cotrelation of the delay time of opening and closing of solenoid
valves with solenoid current. The solenoid valves would not open
until rate reached 10 o threshold value. When they closed,
there was a bump in current curve. Based on the above, the dynamic
chamcteristics of solenoid valves such s opening delay and closing
delay could be obtained. As for HPCR injectors, by moaitoring and
analyzing the pressure of injector inlets, injection durmtion could be
further decomposed into opening peocess, full-open process and
closing process. Compared with GDI ingectors, the change of
mjection pressure had a great influence on the opening delay and the
closmg delay of HPCR mnjectors, but actual fued injection duration
was different.

Introduction

In-cylinder direct-injected technology provides a fiexible and
acourate optitnization for internal combustion engines to reduce
emission and improve fuel efficiency. With increasingly stringent
tequirements for the emissions of NO, and CO., the content of
mjections i an engine combustion cycle has reached 2 to 3 times in

the diesel engines of GDI and HPCR. The tread requires excellently
rapid and preciae delay of high-speed solenoid mjectors [1.2.3).
Besides nozzle parameter and injection rate scheduling. the star of
injection plays  significant role, because the ais in cylinders is
influenced by the movenwat of pistoas [4,5.6]. Electronically
controllable solenoid-driven injectors for common mil fuel injection
system have been widely used for dynamic Joad response and
accurate fuel injection. But improvements in the major design
features of these iyjectors are stll required to reduce actual injection
delay time and implement the usability of multiple injections
[759.10]. Therefore, It is of great significance to thoroughly
understand electroaic injector dynamic response and accurnte
measurensent, wiich is good for the sinmlation of electronic coatrol
fuel injection, the improvement of the performance of engine
working process and the optimization of control strategy.

With regard to the dynatic resp detection studies of solenoid
valves or needles, there are many methods at home and abroad. In
mechanical injectars, inductive or lall displacement sensors are often
installed at the end of needle valves to measure needle valve lift
However, in electronic injectors, there is not enough space for the
sensors. In addition, the changed magnetic field of electromagnetic
injectars affects the measuring accumcy of the sensors, %o traditional
methods cannot get applied to electromagnetic injectors [ 11} Shijie
AN [12] builds the test bench of solenoid valve response by installing
acceleration sepsors on solenoid valve suction plate. At the same
time, the movement process of electromagoetic valves is got through
analyzing acceleration value, and dynamic response characteristics
are tested, Jun Wang [13] puts forward the measure method of needle
valve Lift based on laser displacement sensors which can measure
needle valve movement. Jinbao Zheng [14,15] designs pressure
measuremnent systemn which can accurately measwure the pressure of
nozzle volume in electric solenoid common-rail system. On basjs of
the pressure curve of nozzle vohune, the delay of opening and closing
of needles and injection dumation can be calculated. Pressure curve
can also reflect needle movement. Seoksu Mooa [16] uses a novel
technique to monitor the movement of mjector needle valves by
multi-exposed X-ray phase-contrst mages. R Payrl ete. [17,18]
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present a methodology for modeling standard common-rail diesel
injection systemn based on the acquisition of silicone molds, and then
their visualization is found in an electronic microscope. A one-
dimensional mode] has been obtained to analyze the dynamic
behavior of solenoid-opernted injectors. The previous studies are
limited to the movement of a single needle or an electromagnetic
valve, but little attention is paid to the corresponding relation between
neadle movement and onginal fuel injection signal, These methods
can oaly be limited to a particular study. It is difficult for universal
application. In addition, the sensors installed on injectors destroy the
original basic structure of imjection system, 50 real response
characteristics cannot be got.

In this paper, a new contactless detection method was put forward on
bagis of the analyses of current-pressure characteristics without any
change of injectors, Solenoid current was measured by high-precision
current sensors, and meanwhile high-speed photography was
employed to detect injection spray process. By comparing the spray
pleture with correspoading solenoid current and analyzing the
features of current signal, especially of the moment when spray
started and closed, a detection method based on magneto-resistive
sensors was got. This could provide dynamic response time, opening
and closing delay and actual injection duration. In addition, by
monitoring and analyzing the pressure of injector inlets, injection
duration could be further decomposed into opening process, full-open
process and closing process.

Experimental Setup

In present work, both a GDI injector and a HPCR injector are chosen
for experiments, but there are some differences with regard to their
structures and using conditions. The GDI injector uses
clectromagnetic valves to realize fuel injection. Fuel injection finishes
when electromagnetic valves cover orifices under the effect of spring
force. For the HPCR injector. when zolenoid valves are deactivated,
spring-controlled valves will close outlet-throttles. As a result, the
pressure on top of elongated rod Is equal to rail pressure. The area in
which high pressure acts is significantly greater than the exposed area
of needle valves, offering réquired force to keep the needle valves
closed. When injection trigger signals activate solenoid valves,
control valves are open and the pressure in control chambers
decreases, With the decrease in the pressure of control chambers, rail
pressure acting slong lower region opens needle valves. The pressure
difference between control chambers and sccumulation chambers
controls the speeds of needle opening and closing.

GDI Injector Test System

Test system mainly consists of fuel injection system, high-speed
microscopic imaging system and synchronous data acquisition system
(DAQ). The fuel injection system consists of accunstlator, injector
and ECU, The high-speed microscopic imaging system consists of
high-speed camera, microscope lens and LED cold light source with
high brightness. The synchronous data acquisition system consists of
NI DAQ acquisition device, high-precision current sensor and
pressure sensor. The schematic diagram of GDI injector test system is
shown in figure 1.
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Figure | Schematic diageam of GDI mjector test system

Fnergy

In this test system, the energy accummlator is driven by high-pressure
nitrogen which can provide 1-200 bars adjustable and steady pressure
fuel. ECU sends injection pulse width signal and the injector
completes injection according to fixed parameters, Meanwhile
synchronization TTL signal sent by ECU triggers high-speed camera
system and synchronous data acquisition system. Current signal and
pressure signal are collected by synchronous data acquisition systens.
At lngt, unages and sensor signals are matched and compared.

HPCR Injector Test System

In present work, HPCR injector test system coasists of high-pressure
common-mil system. temperature control system. DAQ system and
ijection control system. The schematic diagram of HPCR injector
test system is shown in figire 2.

AASAILA R A L

~ 5

Compuier

Frgure 2. Schematie diagmam of HPCR myjeetar test system

In HPCR system, common-rail pressure is established by electric
machinery with the maximun pressure of 1600 bars. The injector is a
p-type injector with the nozzle-hole diameter of 0.16 mm and the
needle valve lift of 0.25 mun. The pressures at the inlet of the Injector
and the solenoid valve cumrent are detected. Coasistent with GDI
injector test system, current signal and pressure signal are collected
by DAQ system, and they are matched with spray images,

Experiment Method

Test equipment is connected according to the structure of test device,
To ensure each spray imnge corresponds to the pulse width signal of
fuel injection, current signal and pressure signal, fuel pressure is fit
and the rate of high-speed camera and synchronous data acquisition
system are set with the same frequency. The solenoid valves of
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injectors are controlled by ECU. When ECU sends injection signal to
fuel mjectors, tngger signal is sent to high-speed camera and
synchronous data acquisition system at the same time. The high-
speed mucroscopic cunera System records spray process near nozzle
holes, and NI DAQ collects pulse width signal, curvent signal and
pressure signal and then sends them to computerns

Set the st time of the pulse width signal of fuel injection as a
benchmark when a full fuel injection controlled by ECU is
completed. The spray process filmed by high-spaed caunera system is
analyzed firstly. The start tune of spray means opening time 15
determined according to nozzle local microscopic imaging, Sinlarly,
the closing delay time of solénoid valves can be determined. Then,
the key feature of current curve is analyzed when spray starts and
ends. The opening delay time and the closing delay time of electronic
controlled injectors can be obtained on basis of this. Finally,
combined with the characteristics of injector inlet pressure during the
process of injection, injection duration can be further decomposed
into opening process, full-open process and closing process. Test
conditions are shown in table 1, and the impact of pressure change is
also taken into account.

Table 1 Test conditwons

GDI imector HPCR mpector
Injection pulse widih (ms) 3 2
Injection pressure (M%) 6. 9. 12, 40, 60, RO, 100,
15, 1% 120, 140, 160
Camern speed(fps) 40000 40000
Resolution 320%320 320%320

Results and Discussion

The test results will be carried out separately from the GDI injector
and the HPCR injector.

GDI Injector

Adjust fuel pressure to meet the range of the working conditions of
direct injection gasoline engine. Fuel injection pulse width is 3 ms.
The frequency of data acquisition which collects the signals of pulse
width, current nnd voltage is same with shutter speed,

Spray Images and the Signal of Current

The pressure of GDI injectors is so high that spray characteristics at
opening and closing moment have cbvious difference. Figure 3 shows
the spray images af the opening and closing moment of solenoid
valves. Figure 4 demonstrates that the working process of the injector
obtauns pulse width signal and current signal

In figure 4, square wave signal below the signal of the injector is
pulse wiith signal. and the top one is current signal. The two
positions of A and D are current curve positions when the
synchronized camera with high speed captures spray images at

1

opening tite and closing tise. The interval between point A and the
opening time of electromagnetic valves is defined as the opening
delay time of solenoid valves (T ). The interval between point D and
the closing time of electromagnetic valves is defined as the closing
delay time of solenoid valves (T ;). In this text, the conditions are that
Ty 15 0.350 ms and T, Is 0.575 ms, Actual injection duration ks 3.250
ms, longer than the pulse width.

To find the feature points of current curve which represent opening
moment and closing moment, the curve is processed with derivation.
Eigure 5 shows current curve and cumrent rale curve

In figure 5, position A is the moment of solenoid valve opening when
current rate reaches the maximum position. In this process, current is
gradually increasing, and electromagnetic force becomes larger.
When electromagnetic attraction is equal to the sum of spring
peejoad, pressure and the gravity of ball, solepoid valves begin 10
move. When they begin to move, electrical energy is rapidly
converted into Kinetic energy, and at the same time the current rate of
coils is rapidly reduced. During the closing of solenoid valves,
magnetic flux becomes small. An induced electromotive force is
generated in the coils, which hinders coil current from becoming
further smaller Due to self-induced EMF effiect, coil current becomes
large, Jeading to a bump (position D) in figure 4. Thus, by analyzing
the characteristics of current curve, T , and T, can be acquired.

25us 380p

2 The moment of the start of the spray

3550ps

3575
b The meenent of the end of the oy
Figure 3 Speay umages when solenoid opens and closes

There is a high correlation of the delay of opening and closing with
solenoid current. What's more, the injector will not speay until current
rate reaches to a threshold value. When injector spray is stopped,
there will be a bump in current curve
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Figure 5 Detectad ugnals i the operation process of wmjectors

Compare Current Signal with Pressure Signal
Eigure 6 shows the drive current of the injector and inlet pressure
wiich are acquired by NI DAQ synchronous data acquisition system.
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Figure 6. Drive current and pressure curve

The upper curve shows the current change in the process of spray. The
other curve is the synchronous mlet pressure of the injector. Savitzky-
Gola method is used to process the pressure curve to eliminate noise, In
the picture, with current incentive gradually increasing, injector inlet
pressure doesn’t immediately fall at the opening time of solenoid
valves at A point, but presents a certain delay. The pressure gradually
drops at A position. Moreover, when injector solenoid valves close,
injection pressure has a delay time. The duration from Ato D is equal
to T It means that the injection duration detenmined by current signal

is same with that by pressure signal. During the process of solenoid
valves openmg and closing. pressure fluctuation has kess effect on
peessure trends which are monotonic. Thus, it can be found that the
time from a to d is the duration of solenoid valves opening. the time
from b to ¢ is solenoid valves fully openung: the time from ¢ to d is the
duration of solenoid valve closing. Corresponding fuel injection
regulation can be got from the opening time and the closing time of
solenosd valves detenined by current signal, pressure change and
injector flow characteristics.

Effect of Fuel Injection Pressure on GDI Injector Response
In the case of a certain control strategy. the chamcteristics of solenoid
valves under different fuel injection pressures are compared. Figure 7
shows the delay time under different injection pressures.

~o— (yenmg deley
@ Clowing delay

1~

T T T
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Tegecthon presssrn My

Dicley Ve

Figure 7 Delsy tune under difforent injection presmumes

In the figure, there is a fluctuation in response to the needle valves at
different pressures. The fluctuation vadue is 25 ps, but the duration of
overnll injection does not change. In short, the fuel injection pressure
corresponding to GDI solenoid valve injectors is very small.
Compared with fuel duration, it 15 negligible.

HPCR Injector

Compared with the GDI injector, the HPCR injector is more complex.
1t includes power delay, mechanical delay and hydmulic delay. The
solenoid valve and the needle value are two key components during
spray process. In GDI injection system. when solenoid valves move,
injection starts. However, in HPCR injection system it is just a
prerequisite for speay.

Spray Images and the Corresponding Signals

High-speed solenoid valve injectors take advantage of "Peak-Hold"
control mode. In the initial stage of injector pulse width signal. coil
current is rapidly increased by instantaneous high voltage to buprove
the response speed of injector needle valves. When they open, the
current in coils is reduced by PWM control to keep them open. Figure
§ shows current and cumrent rate during injection process, Eigure 9
shows pressure and its dertvative at the inlet of the injector during
injection process.

As shown in figure 8, the 1op curve means current signal; the middle

one implies current mte:; the square wave points pulse width signal
Pogition A is the start of injection signal, and position B is the end of
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injection signal. Figure 9 shows pressure signal curve, first-order
denivative and second-order derivative of pressure signal curve from
top to bottom during single injection. At the momeat of position A, the
eatrance pressure of the injector begins to decrease slowdy. In figure S,
position A_ s the moment of solenoid valves opening when current rate
reaches the maxinaun position. In this process, current ks gradually
increasing. and electromagnetic force becomes larger. When
electromagnetic attraction equals to the sum of spring preload, pressure
and the gravity of ball. solenoid valves begin to move. When they
begin to move, electrical energy is rapidly convertad mio kinetic
energy, and the current rate of coils is mpidly reduced. During the
clozing of solenoid valves. magoetic flux becomes small. At the same
time, an induced electromotive force is generated in coils, which
hinders coil cumrent from becoming further smaller. Due to seif-induced
EMF effect, coil currént becomes large, leading to a bump (position a.)
appearing in figure 3. T, is the delay of solenoid valve opening. and T,_
is the delay of solenoid valve closing. Thus, by analyzing the
characteristics of current curve, T, and T_ can be acquired. The
conclusion ks consistent with the research of the GDI injector.
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Figiee 9 Pressure and 11y denrvonve dunng mjection process

In figure 9. the needle opens at the moment of n_, and the entmnce
pressure begins to decrease fast. The second-order derivative of
pressure signal curve shows that change rate begins to increase
gradually at the moment of n, when the injector begins to inject. In
figure 9. the needle closes at the moment of n_, and the first-order
derivative of pressure signal curve reaches the maximum at the same
time. The injector is stopped to inject at the moment of n . Thus. t_is
the delay of needle opening, and 1, 15 the delay of needle closing.
Moreover, actual injection duration is fromn, to n_ Figure 10 shows
some speay images when the needle valve opens and closes.

o. The moment of start of spray

b The moment of end of spray

Firgure 10 Spray mages when the needle valve opens and closes

Effect of Fuel Injection Pressure on HPCR Injector Response
Injection pressure gradually increases from 40 MPa to 160 MPa, and
dynamic characteristics are studied. Eigure 11 shows opening delay
and closing delay under different injection pressures. Figure 12 shows
actual injection duration under différent injection pressures.

—&— opening delay
& cosng delay

\
e
A

Fgure 1] Pressure md it denvative duning injection process
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As shown in figure |1, with the increase of injection pressure, the
opening delay and the closing delay of needles are gradually
becoming short, and tend to balance. Unlike the GDI injector, the
change in fuel injection pressure has significantly impacted on the
HPCR injector. When fuel injection pressure is less than 100 MPa,
the opening delay and the closing delay of injector needle valves are
large. and hydraulic delay is the main reason.

R v g oetry T g s [ wnn womcten A

Figure 12 Pressure and its derivative durmg imjection process

As shown in figure 12, although fuel injection pressure gradually
changes, actual injection duration keeps the same trend, and it is
longer than injection pulse width. The test result is consistent with
GDI injector result.

Conclusions

A new non-contact detection method is put forward to research the
dynamic response of electronic injectors with high-speed micro-
photograply and synchronous current-pressure collection system,
which solves the problems of electromagnetic interference and
structure ammangernent,

There is a high correlation of the delay time of the opening and the
closing of solenoid valves with solenoid current, The solenoid valves
will not open until current mte reaches to a threshold valwe. When
they close, there will be a busup in current curve. On basis of this, the
dynamic charactensstics of solenoid valves such as opening delay and
closing delay can be obtained for the GDI injector. As for the HPCR
injector, by monitoring and analyzing the pressure of the injector
infet, injection duration can be further decomposed into opening
process, full-open process and closing process.

For GDI and HPCR injectors, sctual injection is longer than injection
pulse width, With the change of injection pressure. actual injection
always keeps the same trend. For dynamic response charscteristics,
the HPCR injector is more sensitive to pressure change.
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ABSTRACT

Injection rate profile is a powerful tool to control engine
performance and emission levels. In particular, the
Common Rall (C.R.) injection system has allowed flexible
fuel injection in Dl-diesel engines by permitting a free
mapping of the start of injection, injection pressure, rate
of injection and, in the near future, multiple injections..
This paper deals with improvements of stable operating
condition limits of the Common Rall injector for multiple
injection purposes. The focus was to optimize the
behavior of the solenoid valve in order to reduce the
minimum time interval between fwo consecutive
injections required for system stability. An extensive
experimental characterization of the valve has been
performed in order to measure the main mechanical and
electrical parameters of the assembly components. The
experimental and the numerical studies have allowed
optimizing the current profile and consequently the
design of the anchor pin-ring assembly of the solenoid
valve. A new solencid valve electronic driving circuit has
been designed for this purpose. This optimization
allowed reducing the minimum valve switching time of
about 300 Ps. Numerical expectations have been
confirmed by the first application of the new driving circuit
in valve driving.

INTRODUCTION

DI diesel engines represent the most promising
powertrain due to their high fuel conversion efficiency
once their NOx and soot emissions are kept within the
stringent imits imposed by regulations. Common Rail
(C.R.) injection systems have offered remarkable
improvements in emission and noise reduction by a free
mapping of the injection profile [1-8]. To meet the further
stringent requirements of EURO IV standards, the

Common-Rail Injection Systems

G. M. Bianchi and P. Pelloni
DIEM - University of Bologna

F. Filicori
DEIS - University of Bologna

G. Vannini
University of Ferrara

technology of the injection actuation and control must be
improved. Recently, the trend toward increasing boost
pressure and Injection pressure through the use of C.R.
injection systems allowed steps forward in meeting the
emissions standards. On the other hand, today, the
simultaneous reduction of NOx and soot represents a
challenge for engine designers. Many emission
technologies are found fo reduce NOx while increasing
soot or vice versa. C.R. injection systems revealed to be
a effective means to achieve this goal, thanks to the
independence of injection pressure on engine speed,
flexibility in mapping injection timing and duration,
feasibility of high injection pressure, and the peossibility to
implement multiple injections [2,3-4,8]. Common multiple
injections are currently oriented to implement pilot, main
and post-injection [8]. Nevertheless, limitations are still
present in achieving stable and repeatable control of the
small amount of fuel injected during pilot and post-
injections, that was found to dramatically influences the
combustion process and emissions [4,8]. Promising
strategies in limiting the engine-out emission levels are
represented by multiple injections, which split the main
injection into two or more pulses, whose timing and
duration are optimized depending on combustion and
injection systems characteristics [9-13]. The multiple
injection strategy is currently limited by the performance
of the conventional electro-injectors adopted in mass
production engines [7,8,14], In the Common-Rail
injection systems, the needle is actuated by a solenoid
driving valve which controls the pressure on the upper
and lower needle seats. The major drawback of solenoid
valve actuation resides in the compromise that must be
found between supplying a minimum quantity of fuel
during pilot injection and guaranteeing a high enough
injection rate during the main injection. The Ilatter
requirement, that is obtained by fully opening the needie,
determines a minimum characteristic operating time of
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the injector. This problem is compounded at high injection
speeds, where the total combustion duration is too short
to allow for multiple injections. In order to overcome this
drawback, Renner et al. [4] have already presented
promising results controlling the injection timing by
means of piezo-electric actuators instead of the
conventional solenoid valves. The piezo-electric actuator
has the main advantage to drastically reducing the time
of valve opening, as well to exert higher force levels,
which can be used to increase the injection rate. Since
the latter technology is still far from being feasible for
mass production, efforts are currently spent in improving
the conventional solenoid valve dynamics. Contribution in
this area have been brought by Ganser [14] who
conceived a double stop solenocid valve. The results
showed that the proposed design allowed a better control
of the initial shape of the injection rate.

The aim of this work is to optimize the electric control of
the solenoid valve in order to reduce the minimum
switching time for multiple injection purposes. The study
has been performed by developing an electro-mechanical
model able to simulate the valve behavior. Mechanical
dynamics and electromagnetic circuits have been
experimentally characterized. Mode! predictions in terms
of predicted current profile and magnetic force at different
air-gap were compared versus measurements. The
application of the model has revealed that a better control
of the valve opening and closing may be achieved by
optimize the current profile and the anchor-pin assembly.
A more flexible electronic circuit for the valve driving has
been conceived and designed which aliows more suitable
current profiles aimed at reducing valve switching-off
time. The promising numerical results were confirmed by
the first application of the improved solencid valve driving
circuit

CURRENT COMMON RAIL INJECTOR DESIGN

The injector considered in this research, shown in Figure
1, is the mass production C.R. injector for automotive D.I.
diesel engines. The injector body presents an
accumulation volume, in the bottom needle seat, and a
control volume, in the upper part of the needle seat. Both
volumes are fed at the same rail pressure. In the closed
needle position, the two volumes are fed at the same
pressure and the resulting force on the needle cancel
each other, and hence the needle is pushed down by the
spring force. The needle opening is driven by the
solenoid valve placed in the upper part of the injector
body and presented in Figure 2. The solenocid valve
controls the pressure in the control volume and behaves
as an on-off valve, By actuating the solenoid valve, the
anchor is attracted by the excited solenocid coil and is
pushed up. The anchor, in contact with the pin by means
of the spring S2, moves the pin up, determining the
opening of the ball valve and, hence, a fast pressure drop
in the control wolume. This results in a fast lift of the
needle from its seat and, in tumn, in hole opening.

Injection ends at the end of the electric excitation. From
this instant the anchor-pin assembly is pushed down by
the force of the spring S7 determining the ball-valve
closing and therefore the raise of the pressure in the
control volume. As a result the needle is pushed down by
hydrodynamic forces, closing the holes.

Volume
Figure 1. Commeon rail Injector with enlarged view on
solenoid valve [8]

~ SPHERE
Figure 2. Schematic sketch of the solenoid vaive

In the configuration illustrated, the anchor and pin are
separated components. This design of the valve
assembly replaced a former one where anchor and pin
constituted a single component, This update was
necessary to reduce the probability of the ball-valve re-
opening caused by the valve bouncing back against its
stop because of its non-zero impact velocity. The two-
component-configuration allows reducing the impact
energy since the kinetic energy of the pin can be
absorbed by the spring.
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The design of the mass production injector currently on
the market brings the following limitations [16].

1. Minimum elapsed time between two consecutive
injections equal to 1.8 ms at fully opened valve.

2. Delay between current impulse and start of valve lift
of 20 Jis.

3. Minimum valve fully opening time equal to 300 jis.
CONTRIBUTION OF THE WORK

In this work the authors aimed to reduce the minimum
switching time through the definition of a proper current
profile. In particular the work aimed to:

1. Reduce the valve opening time
2. Eliminate the extra-displacement of the pin

3. Reduce the kinetic energy of the moving elements at
the end of the lift and therefore the impact kinetic
energy.

4. Design a new improved electronic control circuit.

The research has been performed by using an integrated
numerical-experimental approach. In the first phase, an
electrical-mechanical model has been developed and
experiments have been performed in order to evaluate
the electro-mechanical parameters used in the model. In
the second phase, the model has been applied to the
simulation of the solenoid valve solely. Numerical
predictions have been compared to the experimental
measurements of anchor. In a third phase a new electric
driving circuit has been designed and applied to the
control of the solenoid valve in order to check the
feasibility of the numerical optimization in actual
operating conditions. Finally, an electro-mechanical
optimization of the solenocid valve dynamic has been
performed. The capability of the new electronic circuit in
reproducing the optimized numerical current profiles has
been experimentally tested.

MEASUREMENT BENCH

In order to validate the electro-magnetic model,
measurements of the inductance and magnetic force
acting on the anchor at different supplying currents for
fixed air-gap values were performed on a test bench. A
micrometric feed screw was used to set the anchor-
position and therefore the air-gap value, The test bench
is presented in Figure 3. The displacement of the anchor
has been brought outside the solenoid valve by using the
hole used for fuel return to the tank when the ball valve
opens. The force has been measured by using a strain-
gage load cell with a primary temperature compensation.
The cell is supplied at a constant tension of 5 V. This
means that magnetic force has been measured for a fixed
anchor position or, in other words, for a fixed air-gap
value. In this first analysis the diesel fuel presence inside
the valve was not considered since the interest was only
in evaluating the magnetic force.

The inductance was measured by using an HP bridge
supplied at 100 mA current at 100 Hz frequency. The
value of the current has been chosen considering the
compromise between avoiding saturation and neglecting
the magnetic hysteresis effect. The frequency upper
value was limited by the need to keep the losses in the
iron small, because they are neglected in the model.
Because of uncertainties below 50 Jm air-gap, the
measurements of the inductance and magnetic force
have been carried out for air-gap values larger than 100
Jim. These uncertainties were attributed to the difficult pin
centering below 100 ilm of displacement. Reasons for
this were found in the lack of hydrodynamic forces in the
absence of fuel.

Figure 3. Test bench
SOLENOID VALVE DYNAMIC MODEL

In order to study the behavior of the solenoid valve, an
electrical-mechanical numerical model has been
developed. Equations have been solved using the
Matlab-Simulink environment. Based on the previous
description, the dynamic electro-mechanical behavior of
the scolencid valve can be modeled by using a simple-
forced harmonic oscillator [7,17], described by a one
dimensional momentum equation:

my ¥ ex ¥ (F, * kx)= Fr "
where m is the mass of the moving components, ¢ the
coefficient of viscous damping and k the spring elastic
constant, F, is the total spring pre-load, and F is the
sum of the force applied to the mass along the valve axis.
Since the model considers only the dynamics of the
solenoid valve disconnected from the injector, the
contribution of the force induced by pressure in the
control volume Is not considered. The friction between
the anchor and pin are neglected.

In order to accurately model the anchor-pin assembly
movement, the system dynamics have been split into
three phases:

A. In the first one, the simulation starts from the instant
of the electric excitation and ends when the anchor
impacts against the stop-block, i.e., at zero air-gap
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condition. The anchor and the pin are assumed to
behave as one component because of spring S2,
which keeps them always in contact, Hence, the
velocity of the pin is assumed to be the same as that
of the anchor. The mass m’ of the system is the sum
of the mass of both pin and anchor, The force of the
spring S7 and spring S2 is accounted for by using an
equivalent stiffnress k. The governing equation
assumes the form

mitci+(F,+kx)=F @
where the force F is the magnetic force that varies as
a function of the air gap, i.e., as function of anchor
displacement x. The variable dumping coefficient c is
used as a shock absorber to simulate the impact
force arising when the anchor kicks the stop-block at
x=50 §im (i.e., zero air-gap condition). As it will be
pointed out later, the actual current profile, visible in
Figure 6, presents a second peak aimed at reducing
the anchor bounce effect after impact.

. In the second phase (i.e, for pin displacement x
larger than 50 im), the anchor is assumed to remain
stopped against the block (at x= 50 im, at zero air-
gap condition), while the pin continues moving
because of its inertia converting its kinetic energy
into the elastic energy of spring S7. When this energy
transfer is completed, the spring releases its elastic
energy pushing down the pin again until it comes
back in contact with the anchor (i.e, at x= 50 jim).
Hence, the system consist of the pin and the spring
only, and its mass is m”. The initial velocity of the pin
Is assumed to be the final velocity of the anchor-pin
assembly at the end of phase A. Hence, the
governing equation is:

m'E+ ek *(F, g *kgx)=0 @
where x is the pin displacement, m" is the mass of
the pin, F,g; and kg are the pre-load and the
stiffness of the spring S1. Internal spring dumping
effects are included. In this phase the second spring
S2 does not play any role since it pushes the anchor
against the seat.

. The third phase begins when the pin, pushed down
by the spring S1 hits the anchor at x=50 Jim, pushing
it down, neglecting anchor bouncing back. This
hypothesis is reasonable for the modeling purposes
since the second cument peak visible in Figure 6
Induces an increase of the magnetic force which
keep the anchor at its upper stop position (i.e., x=50
m). Then, after the contact has occurred, the
anchor which is kept in contact with the pin by the
spring S2, Hence, the velocity of two components,
assumed to behave as only one, is evaluated from a
momentum balance. The mass m’ of the system is
the sum of the mass of both pin and anchor. The
force of the spring S7 and spring S2 is accounted for
by using an equivalent stiffness k. The model
assumes the form

mitci+(F,+kx)=F @
The variable damping coefficient ¢ is used as shock
absorber to simulate the impact force arising when
the ball-valve, and therefore the pin, kicks the seat at
x=0 Jim. In the baseline configuration, the magnetic
force F is equal to zero during valve closure
operations. It will be different from zero in the
optimization control profile proposed below.

EVALUATION OF THE MAGNETIC FORCE: THE
ELECTRICAL MODEL

The evaluation of the magnetic force has been performed
according fo the following path. The magnetic force by
which the anchor is driven is obtained by applying a
current to a solenoid coil. This in turn induces a magnetic
flux. The governing equation of the electrical circuit is:

d@

v ¥ —

dt (5)

where ris the electrical resistance, v the tension and @is
the total magnetic flux. Since the current i is a non-linear
function of the anchor position x and magnetic flux (i.e.,
i=f(x,@®), as proposed by Filicori et al. [16] for modeling
the variable-reluctance motors, the current can be
expressed as the sum of two terms: one, which depends
on the reluctance, the other that represents a purely non-
linear term:

=700 @+ wid ®)

where J(x) represents a position-dependent term
associated to the air-gap reluctance and W(@ describes
the non-linear effects in the iron part of the flux path
related to magnetic saturation. The non linear term W(@
may be expressed by a monotonic function:

K
wld=>v@

n=| (7)
where ¥, represents the coefficients and the order of the
expansion, respectively. The zero-order term has been
neglected since the magnetic hysteresis is practically
negligible in the case considered. Substituting Eq. (7) into
Eq. (6), one obtains:

K.
i=G(x) @ D v, @
n=2 (8)

where the first-order term of polynomial expansion has
been included in the term G(x) [16}:

Gl )=J()* ¥, ©

Finally, according to Filicori et al, [168], the magnetic force
F may be evaluated as:
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EXPERIMENTAL EVALUATION OF THE ELECTRICAL
PARAMETERS - Measurements have been performed in
order to evaluate both the electrical and mechanical
parameters. As regards the electrical part of the modei,
the linear and the non-inear terms G and W have to be
measured. if small amplitude sinusoidal currents are
applied, the non-linear term can be neglected since the
iron saturation is almost absent. Hence, from Eq. (8) it
follows that

i=cly] @ ifi->0 (11)

Since G(X) is the inverse of the inductance H, it can be
easily evaluated from the measurement of magnetic
inductance at different air-gap conditions (i.e, anchor
positions). In Figure 4, the dependence of G(X) on the
air-gap is presented for air-gap value above 100 im. A
linear approximation was adopted in the model to
evaluate G(x) in the range of interest (i.e, 0<x<50 jim).

Since from Eq (6) one can explicitly determine the
unknown non-inear term W(@:

H’H-:-G‘.\'l. (12)

samples of the non-linear term W(@ can be determined
after the computation of G(x) from measurements at
different current and flux at a fixed anchor position (i.e,
W(® does not depend on x). The magnetic flux can be
evaluated from force measurements since it is:

=%, @l) .

1 dG
x/ W e
From experiments the coefficients ¥, and the order K

defining the polynomial expansion of W(@) was obtained
by means of the least-square method.

MODEL VALIDATION

Figure 5 compares measured and predicted magnetic
forces versus current at 100 jim of air-gap. As shown in
Figure 5, the model performs quite well providing an
estimation of the force that is in good agreement with
respect to the measured values in a wide range of
currents.

Since this check might not be sufficient to bring
confidence in the model, a simulation of solenoid valve
dynamics was performed by applying the measured
current profile shown in Figure 6. The predicted and

\ngae
T

measured anchor lifts are compared in Figures 7, which
reveals that the anchor lift profile is reproduced with
reasonable accuracy.
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Figure 4. Measured G(x) versus air-gap
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Figure 6. Measured (actual) current profile
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Figure 8. Predicted dynamic behavior of valve: anchor
and pin displacement and anchor velocity

NUMERICAL ANALISYS OF VALVE DYNAMICS

The previous numerical analysis could be useful to
investigate the valve behavior and to obtain some
information for optimization purposes. Figure 8, where
the velocity profile of the anchor is shown versus time,
reveals that two impacts occur, The first one takes place
during the opening phase, when the anchor stops at the
blocks with a velocity of about 0.4 m/s. The second
impact occurs during the closure operation when the
anchor, and therefore the pin (i.e, we remind that in this
phase the anchor and the pin are strictly in contact) end
their lift with a velocity of about 0.2 m/s. Since the pin
pushes down the ball-valve, this causes the ball-valve to
impact with a considerable kinetic energy against its seat.

The analysis also reveals that long time is lost in
compressing and relaxing spring S7, after the anchor has
stopped against the block (i.e., x=50 jim). Beyond 50 im,
the pin continues moving up to 78 im until its kinetic

energy is totally converted into the elastic spring energy.
Then the elastic energy is released again to the pin,
which is pushed down. This determines a non-active time
spent when the anchor and pin are not in contact. This
extra-displacement of the pin of about 56 Jim (split
between up- and down-lift) results in a minimum non-
active time and therefore in Iincreasing the injection
duration. In fact, the return of the pin takes a
displacement time of 56 % longer than that required
starting from the zero air-gap condition.

Ancther interesting issue is that the maximum electric
tension used in the baseline valve is of the order of +30V,
which is relatively smaller in comparison with that
admitted by the solenoid. Moreover, in the baseline
tension control, only a small negative tension of the order
of —20V is used to decrease the current. These two
features result in a slower raise and decrease rates of the
current, respectively, This contributes to increase further
the solenoid valve switching time, which is found to be of
about 850 is (Figure B), too long for multiple-injection
purposes,

The question is whether this interval can be reduced in
order to comply the stringent actuation ime requirements
of multiple injection strategies.

OPTIMIZATION OF THE SOLENOID VALVE

The previous analysis has shown that a more rational
electronic control is needed in order to shorter the
characteristic operating time. Moreover also the anchor-
pin assembly design may be improved once the
dynamics of the moving parts are optimized, i.e., the
impact energy in opening and closure is reduced if not
eliminated. The improvement path has followed three
main stages, First, a new driving electronic circuit was
designed; second, numerical simulations were performed
in order to find the proper electronic driving strategies.
Finally, experimental tests were carried out in order to
check the capabilty of the electronic circuit in
reproducing the desired current profile suggested by
simulations.

THE ELECTRONIC CIRCUIT FOR EFFICIENT
SOLENOID VALVE CONTROL = In order to improve the
dynamic behavior of the solenoid-valve system, a
suitable electronic circuit for the control of the current
profile in the solenoid has been developed. The circuit,
shown in Figure 9, conftrols the solenoid current by
means of a two-quadrant, DC/OC step-down switching
converter, consisting of the two Insulated-Gate Bipolar
Transistors (IGBT) T1, T2, which are controlled by the
Injection Control Unit (ICU) through the transistor driver
circuits (DR), and the two diodes D1, D2,
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Figure 9, The electronic driving circuit for the scienoid
valve actuation

The step-down converter is fed by a boost switching
converter which provides an output voltage, v., much
greater than the battery voltage. A value of v.=100 V,
which is compatible with the maximum voltage rating of
the solenoid, has been chosen in order to allow for the
high di/dt values required by the optimized current profile
described in the following.

The capacitor C has been included not only in order to
reduce the output voltage ripple of the boost converter,
but also to store the electro-magnetic energy which Is
“recovered" by the step-down converter when a decrease
in the solenoid current (i.e. a decrease in the energy
stored in the magnetic field) is required, according to the
current profile chosen. By choosing a suitably farge
capacitance value for C, the voltage v. can be kept at a
nearly constant value over the entire injection cycle.

Recovery and storage in the capacitor C of the magnetic
energy stored in the solenoid, or of the mechanical
energy of the moving equipment, is important in order to
limit the average power consumption of the injection
circuit Energy recovery is possible since the two-
quadrant step-down converter allows for bi-directional
power flow, since the solenoid currents are only positive,
but the solenoid voitage v can controlled, through Pulse-
Width-Modulation (PWM) techniques, with positive or
negative values in the range: -v SveS v,

In particular, when both T1 and T2 are turned on (i.e.
they behave almost as short circuits), the solenoid is
directly connected to the voltage v, so that a large,
positive voltage v.=v,. is applied at the solenoid; in such
conditions, according to Eq. (5) and Eq. (6), where the
term ri Is nearly negligible due to the small value of r, a
large, positive d@ut (i.e. fast increase of the current and,
consequently, of the solenoid force) is obtained. This
means that the electric energy, taken from both the
capacitor and the boost converter through the positive
current i=ig, is transformed into magnetic or mechanical
force during the valve opening phase.

On the other hand, when one transistor is turned off (i.e.
it behaves almost llke an open circuit) the associated
“free-wheeling diode" (i.e., D1 for T1 or D2 for T2) is
turned on, so that the current solenoid is practically short-
circuited, while no current i flows. In such conditions the
magnetic flux and the corresponding current are nearly

constant, since d@dt=v,=0, while no electric energy flows
from the capacitor or the boost converter, Thus, the only
energy transformation which can take place is the
conversion of magnetic into or from mechanical energy
during the opening or closing movements of the valve.

Finally, a third state can be forced on the step-down
converter from the ICU, by turning off both the transistors
and, consequently, by turning on both the diodes D1 and
D2. This state involves a fast decrease of the solenoid
current and force, owing to the large negative voltage
V= -v,.. In such conditions, owing to the negative current
i=-is, magnetic and, possibly, also mechanical energy
(during the closing phase of the valve) is converted into
electric energy and stored in the capacitor C.

The possibility of freely imposing at any time one of the
three above-described possible states for the step-down
converter allows for very flexible control of the solenoid
current and force, so the optimized current profile
described in the following can be directly implemented by
suitably controlling through the ICU the circuit in Figure 9.
Moreover, owing to the intrinsic circuit capability of
recovering and storing energy, a relatively small average
power consumption is invoived although the peak
powers required for fast valve opening and closing are
quite high, due to the need for fast energy transfer.

OPTIMIZATION OF THE CURRENT PROFILE - Once a
more fiexible electronic circuit was designed,
improvements in solenoid valve control was been
conceived. The first step was aimed at eliminating the
extra-displacement of the pin by controlling the
approaching velocity of the anchor-pin assembly close to
the zero air-gap condition. In particular, the latter goal
was achieved by reducing the cument rapidly and
therefore reducing the magnetic force close to the end of
the anchor lift. Since a reduction of the velocity might
increase the valve switching time, a faster initial current
raise obtained by applying higher voltages could
compensate this drawback. The consequent faster initial
lift might compensate the slower motion of the anchor-pin
assembly approaching the zero air-gap condition. In
order to increase the magnetic force, which depends on
current time-derivative, a much higher tension (i.e., 100
V, as previously said) was adopted. The new current
profile was found to comply to material specifications.

The braking action on the moving part of the valve is
operated by a negative tension pulse of -100V close to
anchor block (Figure 10). This high negative tension
determines a higher negative value of the current time-
derivative (Figure 11) and, in turn, a faster reduction of
the magnetic force. Ending earlier the magnet excitation,
the anchor-pin is subject to the breaking force of the
contrast spring S7 only. By optimizing the timing and the
duration of the negative tension pulse, it is possible to
obtain a zero velocity at the end of the lift (50 jim). In this
case, the return phase can start immediately because
the spring can release immediately its elastic force
without loosing time in absorbing, and then releasing, the
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kinetic energy of the pin. Figures 11, 12 and 13 compare
the two different control strategies in terms of current
profile and pin-anchor displacement and velocity,
respectively. The main result is to eliminate the impact
during the opening phase and to drastically reduce, by
200 jis, the total valve switching time.

FULLY CURRENT-CONTROL CLOSING - The first
benefit of this electronic control is to avoid the impact of
the anchor against its block: this suggests that a new
single-component design of the anchor-pin assembly is
possible because the bounce back danger is eliminated.
The new configuration is designed by eliminating the
spring S7 whose aim was to mantain contact between
anchor and pin. An overall weight reduction of 3.1 g was
obtained. Despite the fact that dramatic improvements
have already been obtained by optimizing the tension
profile, the analysis of Figure 13 shows that the impact
velocity (0.2 m/s) remains high and dangerous because
the impact energy could damage the ball-valve seat In
the same fashion, it was conceived to drive the valve also
during the closure phase by intreducing a double tension
pulse as visible in Figure 14, The second tension pulse
induces a current pulse to 24 A (Figure 15), and therefore
a magnetic force. The latter determines a braking action
on the anchor pin-assembly opposite to the pushing
spring force reducing the final velocity close to zero (0.07
m/s), as shown in Figure 17, It must be highlighted that
this velocity is also the velocity of the ball-valve at impact
against its seat The use of a re-designed pin valve
assembly balances the slight increase of the valve
switching-off time resulting from the current-driven
closure. As overall result, by combining the reduction of
valve moving part weight and the fully electronic control
the opening phase could be further reduced by 10 jis and
the closing phase by about 30 jis, Therefore, the overall
switching time for a fully opened operation was reduced
by about 30%, from 850 jis to 610 Jis (Figure 17). Finally,
an experimental investigation was carried out in order to
check the capability of the new driving circuit. Figure 18
shows the comparison between the optimized measured
and predicted current profile.

It is worth nothing that the numerical optimization is
feasible and that the driving circuit performance agrees
with the simulations., In particular the new electronic-
circuit appears to be able to reproduce with good
agreement the double-pulses numerical current profile.
The actual timing of the pulse matches the predicted one
giving raise fo encouraging expectations when
experiments are be performed on actual injector supplied
with diesel fuel.
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CONCLUSIONS

The aim of this work was to optimize the electric control
of the solenoid valve in order to reduce the minimum
switching time for multiple injection purposes. The study
has been performed by developing an electro-mechanical
model able to simulate the valve behavior. Mechanical
dynamics and electromagnetic circuit performance has
between properly characterized.

The application of the model has revealed that a better
control of the valve opening and closing may be achieved
by optimizing the current profile and the anchor-pin
assembly.

An improved more fiexible electronic circuit has been
developed in order to define sultable tension and current
profiles for valve driving purposes.

Simulation has revealed that a proper and optimized
electronic control of both the opening and closure phases
allowed reduction of about 30% in the operating
switching time of the solenoid valve.

This strategy eliminates the impact problems and
therefore it expected to improve the long-term reliability of
the components with particular emphasis on ball valve

The promising numerical results were confirmed by the
first experiments where the solenoid valve was driven by
means of the new electronic circuit.
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Study of the Injector Drive Circuit for a high
pressure GDI Injector
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Abstract—In order to meet future ensssion regulations, increase
the power production and redoce fhe foel consumption the
modern SI engines uses the electronic actuators such as solenoid
injector, idle alr contrel actuator, valve timing actustor ete.
Engine performance and cmissions are mainly depending on the
accurate control of both the injection timing and fuel injection
quantity of the njector. In order to fully explodt the advantages
of modern GDI injector, the electronic system should be capable
of driving a high speed solenoid njector at a very fast switching
frequency cffickently and with less power comsumption. The
electric driving circult is required to be designed with o fast
response and precise comntrol. The most serfous problem which
decreases the mjector performance is the response time delay of
the injector. There ave many reasons for the delay In opening and
closing of dectromechanical Injector such as voltage drop,
lmitation of imjector driving ciremit, electromagnetic
Interference, ete,

In this paper, an tnjector drive cireuit has been designed and
amalyzed for driving a high pressure lnjector. Also, PYWM control
using NE 555 timer has been introduced for quickening the cut-
off response time. In the process of designing an injector drive
circuit high frequency switching component lke MOSFET, IGBT
and powey transistor has been ased, Comparison of response
time Detween these three injector driving ctreuit has been given
using NI Multsim. Analysis of switching characteristic among
the three injector driving cirealt was carrfed out. In the end,
switching charncteristic and femperature sweep of all the three
IDC have been plotted.

Keywords—Infector; Injector driver clrealt; power electronics;
infector characteristic; PWM control

I INTRODUCTION (HEDING 1)

Gasoline Direct Ijjection (GDI) is a type of fuel mjection
system in which the highly pressurized fuel s injected directly
mo the combustion chunber of each cviuxder through a
solenoid fuel inyector. The foel is supplied to the mjector via a
conunon rail fuel line. Benefits of GDI engines as compared to
the contemporary PF1 (Port Fuel Injection) engines ase
enhanced foel economy, improved transient response and
better air‘fuel ratio control[1]. The solenoid fuuel mjector is an
electromechanical device, which is operated using electric
power. It mamly compnses of an induction coil, which when
enecrgized by Direct Current (DC), behaves as an
electromagnet and pulls the pantle valve open In order 1o
further mprove the foel economy, achieve supenior dnving
performance. and meet the requirements of stnngent emssion
regulations, it is necessary 1o develop a precise and efficient

[978-1-5090-2807-8/16/$31.00 ©2016 IEEE]

control algorithm for the firel injector. A defined control over
pintle valve opening and closing time duration can be
achieved by employing a suitable IDC for the fuel mgjector [2-
4]. Zhang et al. have also tried to optimeze the driving cireuit,
They projected a  coupled simmlation of injector
clectromagnetic, pintle (needle) ngid body motion and
computatonal flud dynamics (CFD) model. to generate
optimal values of 1st stage current, st stage cn-time and 2nd
stage current. Two-stage current shapes were found to be the
optimal power strategy for dnving the fuel imector under
different supply pressures. Key parameters, such as the
1“stage current, the 15t stage on-time, and the 2* stage current
were obtained according to the magnetic force requirement. It
belps us to get a better analysis of the performance of the
driving circuits [4]. Tsai and Yu smadied the design of an
electrical dnve for the high-pressure GDI myjector for a 500cc
motorbike engine. They designed a programmable mjector
drive cirowst, and simulated using PSpice enviromment, They
concluded that the driving parameters (such as two constant
pulse time and adjustable PWM dunes) can be optimized by a
predetermined cuvent coatrol algorithm [5]

Huang ef al expluned the design of current controlled drive
circuit. They tried to optumze the mjector drive circut by
controlling the current across the solenoid, which further
increased the response speed of the valve. Experimental
results show that current drive cirenit is feasible and reliable to
execute for real workl application [6) Hardik and
Shrikmishoa took up rather simple approach in designing a
driver circuit and ended vp with quite an efficient design
They ecmployed a 555 tmer configured m  the
monostablemode along with an IC TLP250 in their design.
The output of the circuit was used to drive the injector. They
concluded that their circuit was working successfully and
efficientlyand thetr circuit was compatible with their mjector
[7]Johuhas put forward a simulation methodology that helps
the injector drive designer overcome the challenges mvolved
m designing a complex imjector drive cmcuit. The results
obtained from the simmlation were compared with those of
prototype hardware to establish the accuracy and suitability of
tlus simmlation process (8] Quang et al mvestigated the
different types of power losses associated with a solenoid
imgector with the help of software simlation. They concluded
that there were remarkable differences in the power losses and
the performances of the mjector, when it worked within
different driven strategies. In view of the fact that power
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losses cannot be directly measured, the simulation results were
validated by comparnng to experimental results [9].

Lu et al studied the dynamic characteristics of a lngh speed
servo-hydraulic solenoid mygector for diesel engine with
different driving circuts and control methods. They also
proposed a pre-energized control strategy founded on dual
power supply i order to hmprove the response time of the
njector. They concluded that the injection delay (both opening
and closing) is inversely proportional to the supply voltage.
They also added that the pre-energized opening strategy
significantly improved the opening response time of the
mjector [10]. Yamakado et al have come up with a
producible battery dnven fuel injector, with a dual coil
structure, that eliminates the need of voltage step-up circuitry.
They have also mvestigated the dynamic charactenstics

and design concept of their proposed fuel injector. They
concluded that the injector ensures reliable fuel myection and
optimizes the flow characteristics by controlling the opening
coil energization time according to the changes in the battery
voltage, hamess resistance and firel pressure [11].

In this paper, an injector drive cirenit for a High Pressure GDI
injector has been investigated. We designed and simmlated
various injector driving circuits with the belp of NI Multisim.
We employed three different switching elements, Power
MOSFET, Power Transistor and IGBT, and compared their
performances. We tried to make the mjector circuit response
quicker by decreasing the closmg time of the injector using
PWM control m the last stage (ie. holding current stage).
Since the induction coil of the solenowd injector draws a ot of
current duning its operation, a significant amount of power
losses is observed in the ciremit. We have also included
analysis of thermal dissipation in our simulation results, As we
know, increase in the heat dissipation of the driving circuit
leads to extra power loss and thus decreases the efficiency of
the circuit and drains the battery quickly. Therefore, it is very
important to munimize the heat dissipation m the circuit in
order to make it move efficient.

This paper has been organized in the following sections,
Section 2 discusses the electrical modeling of the drive circuit
parameters. It points out the advantages of current dnve
mjectors over a voltage drive mjectors for controlling the fuel
injector. The third section talks about the working mechamism
of current driven injectors. Section 4 talks about designing an
mjector drive circuit using three different switching elements,
namely Power MOSFET, Power transistor and IGBT. Section
5 depicts the simulation results that we obtained after
analysisof the injector drive circuits.

II.  ErLEcCTRICAL MODELLING OF INJECTOR

In carly days. EFI system used to prefer voltage-drive
mjcdmm“h:h!hcnwumubsmmblehgmopunngad
closing of valve, wiich resulted in less efficient dynamic
coutrol of flow.To decrease this delay time, current dnven
mjectors are adopted. These injectors have many advantages
over voltage<driven injectors such as faster response time and
also protection of solenoid from over voltage. All these

advantages of cwmrent-drive injectors directed the auto
industries to espouse current-drive circuit.

Fuel Injectors are designed for fast response under
high pressures, which requires careful selection of the power
drive crcuit, The power input to the injector creates a
magnetic force to open the pintle valve. Since magnetic force
is directly proportional to square of supply current therefore,
the pintle will move only when magnetic forces are greater
than opposing force (includmg spring and  friction
forces). Thus, it can be concluded that the threshold of the
pintle movement depends on the threshold level of excitation
current in the coil. In other words, fast response of injector is
very much dependent on the threshold current of the driving
circuit. Throughout this paper, fuel injector is mostly showed
as RL load because of solenoid mside it. The goveming
equation for the simple resistor-inductor cireut (RL Circuit)
using KVL as:-

Vini= GmnjReou + Lcw'd;—‘_:l M
Where,
Ving = the voltage across the coil
Reou - the resistance of the cotl
Leow = the nductance of coil.

From the above equation (1) we can find the expression of
current flowing through the coil.

y Vin e 0 =t
ignj- (0 si{.u-e a }-,—:_{A(l-c 7) )

L

Where,
= clectmical time constant,
Applyma ampere’s law on the electrical subsystemn of the fuel
inyector, the following expression for Inductance value of Fuel
Injector is obtained: -
Ny sdin
Lcm"—z—"'—_!! RV (3)

Where,
the no of turns in coll
the permeability i the air
the pintle height
putle disk diameter
the air gap
the non-magnetic strip width.
We obtained the geometric parameters ofcommonly used GDI

injectors as presented in table 1[4].

ipasyz
oW ®nnn

Tabie LP: 1 for 1k Jeul [4
Tujector Parameters Notations Value Unit
Pintle disk dinmeter d 10 .
Pintle height h 262 mm
Nomi-maguetic strap width w 08 .
Penmeability 1y 1.25¢-6 -
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Number of cail huns N 160 .
Alr gap Ax 001 o
Caloudated Inductance

I, DESIGN OF INJECTOR DRIVE CIRCUITS

Three types of dnving circuit have been designed and
simulated considering R L as fuel injector circuit =~

o Three-stage Power Transistor driving circuit

e Single pulse IGBT driving circuit

e Three-stage Power MOSFET dnving circuit.

A bnef analysis of all the three driving circwit is provided
based on the simulation which we performed on NI
Multisim As already discussed i previous section, GDI fuel
mjector can be electrically modellked by senies RL
load Therefore to increase the electromagnetic force, the
resistance should be decreased to its mminmm possible value.
As a result, current through the solenoid coil would be
mcreased, which would result in an increase i the
clectromagnetic force, yielding an increase in the opening
speed of the pintle valve.

In modem Fuel injector driving system based on Power
MOSFET. manufacturer mostly use three stage drive current
those three stage drive current are:-

e Peak curent stage

e Bypass current stage

e  Holding current stage

Initially, peak current is high so it can be used to quickly

open the solenoid valve. It helps the fuel injector by increasing
the opening speed of valve. As soon as the pintle s opened to
it maximum position, drive circuit decreases the drive current
to bypass current, which is lower than peak current. It protects
the modem fuel injector form transient high voltage which can
lead 10 damage of the solenoid. After stabilizing the dynamic
flow of fuel, drive current changes to stage (i) ie. holding
current stage. In this stage, drive current is in the minimum
level, It helps in keepmg the valve in maximum opening
position and also protects the mjector from high cument in
long term Furthenmore, the closing speed of mjector is very
high because drive cwrent is very low and decrease to zero
instantly. This helps in decreasing the closing time and
making the system more efficient and decreasing the overall
response delay.
We took a different approach to make the mjector dnve
system more responsive. PWM control has been mtroduced in
the last stage ie, holding cwrent stage of the Three-stage
Power MOSFET dnve circuit to increase the closing speed of
injector drive cireuit.

A Three-stage Power Transistor circuit

Firstly. a three-stage power wansistor cirewir to control the
fiuel mjector has been designed. As shown in Fig.1, pulse
generator 1s used to create three different pulse widths to dnve

the power transistor in three different stages cwvent for

replicating the signal from ECU.
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Fig 1 Tuwe stage Power Tranuator Ingector Drivimg circwt

Resistance (R1) and capacitance (C1) across the Injector work
as snubber circuit. It is added to protect the fuel Injector from
abrupt voltage rise and thus prevent fuel imector from getting
damaged Oscilloscope 15 used to analyze gate signal and
voltage across collector and emitter. Reason behmd driving
the circut in three different currents (i.e. 144, 9A, 6A) is 1o
have better control over firel injectors. It helps the IDC to have
better and accurate control over fuel Injector.

B. Single-Pulse IGBTs Based Injector Driving Circuit
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Fig 2. Single Pubse IGBT Bazed Isector driving ciroumt

Fig.2 shows the single pulse IGBT based injector driving
circuit that we designed using NI Multisim. In real time
situation, # photocoupler IC 817 is also usually added with the
mjector dnving circuit 1o avoid the noise mterference from
power electronics switching. We adopted proper measures to
protect the solenoid from surge voltage (by means of snubber
circuit) as well as the IGBT from over voltage(by means of a
freewheeling diode) The purpose of adding diode D1 and
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resistance R4 is to filter the signal and decrease the noise. It
belps the ECU to have a better control over the IDC.

C. Three-stage Power MOSFET driving circuit

In order to have a better analysis and study on injector
driving circuit for fuel mjector, we decide to design one more circuit
using Power MOSFET.
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Fig 3 Tizee.stage Power MOSFET Based lnjector Denvmg Corcust

We included three-stage Power MOSFET based
dnving circuit to have a better control on the injector as
compared to other switching elements as shown in Fig 3.
Three stage current for optimum performance are 14A (Peak
Current), 9A (By-pass current) and 6A (Holding cwrent), In
our design, we have also mcluded PWM control m last stage
1o decrease the closing speed and for making the system
response faster. For our research, we are using pulse generator
to simulate signal from ECU

IV,  SDMULATION AND ANALYSIS OF INJECTOR DRIVING
CIRCuTT

Various driving circuit for the GDI Injector were

designed and sumulated. A driving circunt using three stage
power transistors was designed and simulated using NI
Multisim. The frequency was kept fairly lugh to smulate the
environment of high-speed fuel injections. But the heat
dissipation of the circuit was very high which lead to
nefficient working of drive circuit and increase in power
wastage across the cirenit. Using this dnve circust can also
lead 1o decrease in efficiency of the IC engine,
To improve the performance of the drive circmt, single pulse
IGBT nnd three stage power MOSFET drive circuit were used
to control the Fuel Injector. Abnormalities in the working of
Single pulsed IGBT dnive circuit were observed. This
abonommal working can also lead to irregular fuel squirt from
the mjector or metal fatigue on the nozzle head. However, as
observed from the simulation results Single pulse IGBT Dnive
circuits performed better as compared to the three-stage Power
transistor driving circuit.

Performance of driving circuit was further improved by using
power MOSFET, because of its high switching speed, and
introducing PWM control in it. This controls the fuel mjector
precisely and more accurately as compared to the other two
dnvmg circunts. Hence, it can also help in increasing the
efficiency of an IC engine.Simulation result of all three
circuts is briefly analyzed below paragraph:-
A Three-stage Power Transistor driving circuit

The circuit model of three stage power transistor
circut was built and simulated in NI Multisim platform
(Fig.1). We have set different pulse conduction times to
generate the three stage driving current and simulate three
stage current (14A, 9A, 6A) in IDC. In this case, Pulse
generator was used to create three different pulse widths to
dnve the mjector dnve circmts and control the pintle valve. In
the proposed IDC, only one of the power transistors is tumed
on and the other two power transistors are tumed off. This
helps in both generating three stage driving current as well as

driving the solenoid valve.
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Fig 4 Smatchmg Respomne of Powsr Transistor

As it can be casily observed in Fig 4, there is a delay while
turning on and off the transistor which increase the response
tiune of this circuit and thus decrease the efficiency of fuel
mjector. According to simmlation result as shown in Fig$,
thermal dissipation increased abruptly and lead to power
wastage and heat dissipation. The mam reasons behind the
wcrease in thermal dissipation were swrge cumrents and
voltage. Thus, the GDI injector cannot be perfectly controlled
by three-stage power transistor circuit,
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Fig 5 Tempersture sweep of the theee-stage Power Transstor
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B. Single-Pulse IGBTs Driving Circuit

In automotive power clectronics, gates are mostly
control by the ECU. Based on the reading of the vanous
momECUgcnamesuplﬂsesigmluhichnmsonlhc
injector dnving circunt for a given time and thus forces the
mectormmnmmmopemngpomkmnrhbkcf&m
can be seen in both tum-on and mm-off switching waveforms
as shown in Fig.6. Gate voltage exhubits a step, remaining at a
constant level while drain voltages rises or falls during
switching.

T
Figé Swiching u:pma of IGBT
When IGBT and MOSFET are turned on under the
same condition, they exhibit almost the same kind of
waveform and behave in the similar way. Therefore, it can
easily be concluded from their waveform that opening titme
will almost be the same for single pulse-IGBT and MOSFET
based injector driving circuits. However, tuming-off an IGBT
is very different fromm MOSFET. At the end of switching
event, IGBTs have a tail cwrrent which is absent in case of
MOSFET. This tal 15 caused by minority carmiers trapped in
the “base™ of the bipolar output section of the IGBT causing
the device to remain tumed on and thus lead to abnormal
behavior of Fuel Injector [12]. Unlike power transistors, we
cannot remove these camers to speed up switching, as there is
1o external connection to base output of IGBT and thus limits
the switching speed. Due to this limitation, three stage Power
MOSFET driving circuit is preferred over a single pulse IGBT
dnve cirewit. It allows more precise and accurate control of
fuel imector and thus helping i increasing the engine
performance and fuel efficiency. It can be observed in Fig 7
temperature sweep of single pulse IGBT dnive circuit vanes
(l)e:sascummloothulhmlb(‘nthe temperature range of
C-100°C
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Fig 7 Tempemture sweep of the Smgle-pulse IGBT
C. Three-stage Power MOSFET driving cirenit

With the help of three stages driving circut (different
amplitude of current), we were also able to get fast response
from the injector driving circuit along with betier accuracy. As
observed from Fig 3, introducing a PWM signal in last stage
of the circmt, we were able to make mnjection more accurate
and fast,

From Fig.8, we can see that there is a delay tnme of
0.016ms. This delay occwrs due to the semiconductor
himitations of MOSFET. There 15 a lag in opemug and closing
of imjector because of this limitation. However, this time delay
15 less as compare to power transistor driving circuit and IGBT
driving circuit.
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As we observed from the simmlations result,
Performance with Power MOSFET is better than IGBT based
driving circuit.  Power MOSFET based dnving circuit
overcomes all the pmblems related to IGBT based dnving
circuit,t  As shown in Fig9 thermal dissipston (39
microvolt’C) is also less as compared to all other injector
driving circuit.
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Fig 9. Temperature sweep of the three-stage Power MOSFET

V. CONCLUSIONS
In this paper, the performances of three switching
elements (Power MOSFET, IGBT and Power Transistor) in an
mjector drive circwit for a high pressuwre GDI engine were
studied and compared. The results are shown in table.2,

Table I1 € spoese of the three switcheng ol
Power Power

el Transistor el MOSFET

Time Delay(ms) 03 006 0016
Temperature

Sweep [0-100°C] | 121008 ¢ 107 | 428435 10* | .398.08% 10"
v 'c)
We obtamed the following observations:

o Among the three switching elements, Power MOSFET was
found to be most suitable for this application. It neither
showed sigms of lag due to heat dissipation nor due to
trapped carmiers.

o A significant amount of heat dissipation was observed in
case of a power transistor due surge current and voltage.
As a result there was an observable lag while switching off
the power transistor.

e IGBT displayed a peculiar behavior due to minonty camers
trapped in the base of the device. which cannot be cleared by
extemal methods. As a result, we get an unwanted base current

which increases the closing time of the IGBT, thus decreasing the
efficiency of the device,
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