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The electromagnetic fuel injector ( EFI) predominates in almost ali electronic spark-ignited engine contro l systems 
because of its simple, precise and reliable function ing. A new non-linear general mathematical model to predict t he 
EFI performance and to confront its theoretic response with experimental data is proposed . A confrontation to the 
Element Finite Method is also done. 

Keywords: Solenoid fuel injector, mathematical model, electromagnetic actuator. 

Introduction 

Historically, there were various attempts to int roduce electronic ignition and fuel controls to the Otto Cycle engine. 
I nitially, customers did not accept these options and on the other hand automobile industries were reluctant to 
embark on the potentially risky program of implementing engine control electronically (Ribbens, 1993). But the 
introduction of U.S. government regulations to reduce exhaust emissions and to improve fuel economy, plus the 
development of relatively low cost per function so lid state digital electronics made manufacturers been controll ing 
engines again using elect ronics th rough indirect fuel injection systems (Ribbens, 1993). Whatever the fuel injection 
system used; an electronic control unit (ECU) controls t he fue l flow by means of a fuel metering-actuator. This is 
considered, first as a key component (Bosch, 1984) and second, the most expensive item in any electronic engine 
control system (EECS). This is because of the high mechanic precision required for the extremely accurate fuel 
metering from which ali EECS depends (DeGrace-Bata, 1985). Of course, it is also necessary to consider the power 
drive circuit with t he actuator, because in many cases an actuator response is improved by choosing a suitable 
drive. 

The automotive industry has either studied or used many types of actuators, but the electromagnetic fuel inj ector 
(EFI ) predominates in almost ali EECSs because of its simple, precise and reliable functioning. Otto Cycle engines 
with injection systems are equipped with one o r more EFis mounted at the intake manifold (f[g_l). The EFI injects 
the fuel into the intake va lve in a way that mixes the delivered fuel wi th the intake air, forming the air-fuel (A/F) 
m ixture that will be burnt within the cylinders. The way the EFI functions is very simple: when electrical current is 
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applied to the termi_n.als, the armature which is pressed against the valve seat by the return spring is attracted by 
the solenoid po)es and moves up towards them reaching the stop (EigJ). This movement causes an opening at the 
metering section wh-~re the pressurized fuel passes and as soon as it leaves the valve is pulverized into fine 
droplets. When ttlà-electrical excitation stops, the magnetic attracting force diminishes very quickly and the 
armature is pushed against the valve seat by the action of the return spring, closing the fuel passage. So, we ca n 
say that·:at ti1E! EFI, the re leased fuel per pulse Q, is a function of the electrical exciting pu lse width T applied to the 
solenóid of the EFI. In many cases, the response time of the solenoid is of primary importance. Whenever this is 
the case, the ability to predict the actuator dynamic behavior becomes crucial in optimizing the solenoid design. 
FigJ shows armature displacement as a function of time during an exciting pulse width r. 

Figure 3 shows that t he dynamic behavior of an EFI is much more complex t han one m ight suppose. One' major 
aspect is the collisions of the armature at the ends of course (also ca lled armature rebound ), which affects 
significantly how much fuel is delivered by the EFI. Others important effects are the delays in effective opening and 
closing times which ca use the EFI to be opened longer. As ca n be seen, EFis have been the object of various 
studies. In order to optimize their project Smith-Spinweber (1980) made the first attempt but they did not 
completely account for dynamic coupling of the EFI va riables, Toyoda et ai. (1982) investigated the effects of 
needle mass and the spring preset load on EFI linearity. Karidis-Turns ( 1982) studied the effects of fluid-induced 
forces, spring preload and rebound forces on armature motion (as seen above in FigJ). MacBain (1985) and 
others began to use finite element methods (FEM) to directly analyze the t ransient non-linear magnetic field for a 
prescribed exciting current. Unfortunately the coupling of the electric and magnetic problems was not considered. 
Kushida (1985) proposed some construction conditions to obtain high performance (speed response and 
mechanical force) solenoids. Matsubara (1986) looked at aspects of the EFI linearity with short pulses. Pa wlack­
Nehl (1988) further incorporated the effects of the mechanica l motion of the arm ature into their algorithm. Their 
model was certainly more realistic except for the neg lect of the non-linearity of the electric circuit and fluidic flow 
effects, particularly fluidic dynamic forces. Lesquesne (1990a) included eddy current effects with satisfactori ly 
approximations using only one dimension FEM, but the magnetic satu ration effects sti ll remained neglected. Yuan­
Chen, (1990) included t he non-linearity of the electronic circuit and they incorporated some fluid flow effects in 
their lumped equation of motion of the armature. This was coupled to the magnetic system through the magnetic 
force Fmag and the change in the gap distance between the armature and the core, determined by armature 
position x. Kawase-Ohdachi (1991) studied in detail the effects of magnetic characteristics, resistivity of the core 
material and the stiffness of the return spring. 

Most of the above mentioned previous studies solve the electromagnetic model using the FEM and t he others deal 
with various aspects of the EFI design. Only the Smith-Spinweber study attempted to analyze the entire problem 
but failed because it was very inaccurate (Karidis-Turns, 1982). Until now, ali the studies have been poor with 
respect to the analysis of the comp lete EFI behav ior because t hey have not taken an appropriate approach to solve 
the problem. This is because FEM methods are powerful and precise for determining the magnetic field lines 
produced by the EFI solenoid . But FEM makes it difficult to include some other effects, mainly those that are non­
linear, such as f riction, fuel squeeze, magnetic saturation, hysteresis, etc . To make this possible it is necessary to 
adopt two models, the dynamic model and the FEM model. However, every change in the magnetic circuit 
geometry caused by the armature displacement needs a new calcu lation . The study of the progressive armatu re 
movement needs a procedure of continuously feeding the FEM model wi th the EFI geometric configuration in order 
to obtain the magnetic force and then feeding the dynamic model back with the magnetic force obtained to obtain 
t he new geometric configuration (Yuan-Chen, 1990). This procedure is re latively inefficient in terms of computer 
running time. Alternatively, Passarini (1993) obtained relatively good results using the surface integral method 
(SIM) to calculate the magnetic force directly. Although the magnetic field lines are no longer available, the SIM 
offers the advantages of simplicity as it can be used di rectly in the dynamic model and some magnetic effects such 
as the saturation, eddy currents and hysteresis are easier to include. The calculations are faster and the results 
alike, if not better, as can be seen in Eig.:....Z that wi ll be discussed later. 

Nomenclature 

(International Units System) 

Letters: 
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a, ~ - constants: 
li - difTer~ntial of ... ; 
$ - magnctic tlux~ 
11 = magnetic pe1meability; 
À = tlux linkage: 
~L - friction coelicient; 

v - cir'lematic viscosity; 
p - fucl dcnsity; 
a - fringc field tàctor; 
t = pulse width; 
B = magnetic flux density: 
C - rcstitution coefticicrlt: 
D = damping coetricient: 
f = magnetic tension; 
F - force; 
li = magnetic field intensity; 
i = current; 
m - moving mass; 

= 11umber of coil turns; 

A new model for Fast-acting electromagnetic fuel injector analysis and design 

f'.,lp - cquiva1cnt numbcr of coil tums 
coupled by eddy currents; 

Q = fuel flow; 
R - c1cctric resistancc: 
YP- ro1uctance: 
S = cross section area; 
r - time; 
.T~ Maxwell stress tensor; 
Tra - annaturc applicd rcsultnnt force; 
u = fuel speed; 
U - applied voltage; 
,, = annature speed: 
x = am1ature pos ition; 

Subscripts: 

a = armature; 
c - coil or coercitivc; 
drire = drive circuit: 
f = final ; 
f ue/ - fucl ; 
jlu = tluidic; 
fi·;c - friction; 
Fe = iron: 
i = i nitial ~ 
mag - magnctic: 
max = maximum 
n - normal; 
r = remanence: 
reb = rebound or impact~ 
s - scat; 
sat = saturation; 
spring :- retum spring: 
squeeze = fuel squeeze; 
t = tangential; 
T - total; 
vzsc = viscous; 
x - direction movement. 

Objectives 
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The proposa l of this present paper is: 

a) to present a general mathematician model to predict the EFI armature movement; 

b) to confront this new proposed model w ith experimental data; 

A General Mathematical Model of the Armature Movement 

figure 4 shows a simplified block diagram of the proposed general mathematica l model of a EFI. The model 
described here consists of a set of two main interdependent sub-models as follows : 

a) electric sub-model; 

b) electro-mechanic sub-model; 

I t can be seen that interactions present between t he electrica l and electromagnetic models are taken into account 
and t hat is one of the differences between this approach and the previous ones. The magnetic flux is not only a 
function of t he magnetic parameters but it is also a function of the armature position and the magnetic flux it self. 
The armature acceleration is determined by the magnetic, spring and fluid forces which are, in t urn, fu nctions of 
the armat ure position, armature speed, magnetic flux, and other variables. This produces t he magnetic force that 
moves the armature. 

Electrical Sub-model 

Considerable difference in performance is found when an EFI is excited by current mode or voltage mode 
(DeGrace-Bata, 1985). Current contrai mode drives allow current to low-resistance EFi s to reach a predetermined 
peak (2 or 4 amperes), and then switch and contrai current to an accurate, lower, holding levei (0.5 or 1 ampere) 
to hold the EFI open for the reminder of the pulse (.EigJ) . The voltage mode drive circuit is the simplest and 
lowest-cost type of drive. In this mode current is limited by resistance, either built into the EFI current supply l ine, 
or in the EFI it self . Yuan-Chen (1990) presented a model for the cu rrent mode while Pawlack-Nehl {1988) 
presented t hat of the voltage one. Although considerably different, both models can be red uced to t he same basic 
equation descri bed by Ohm 's Law: 

U= RI (U).i +f ( I ) 

Major differences between current and voltage modes concern RT and '-. which are dependent on t he EFI magnetic 
circuit , more precisely, 1.. is dependent on the EFI reluctance. To calculate reluctance, magnet ic loading of the core 
and core losses, it is therefore necessary to estimate quite carefu lly the f lux contribution due the fringe fields. It is 
well known that t he f lux crossing t he airgap bet ween cores is not confined wi thin a volume defi ned by the physica l 
cross section of t he core, but extends into fringe f ields around t he airgap. It is proposed to calculate the f ri nge 
fields at the edge of a pole using the Carter fringe field factor cr (Carter, 1900). To obtain t he total f ringe f lux 
crossing t he airgap up to some distance away from the edge of a pole it is necessary to increase the pole width by 
cr airgap lengths. This is basically t he method of air gapped iron core reluctances. This method orig inally pro-posed 
by Evans-Saied (1986) does not include the effects of the iron core and magnetic hyst eresis. The authors consider 
only the effects of the airgap. I n arder to include t hose effects some mod ifications were make to obtain Eq. (2) 
be low: 

(2) 

where: 

Sgap is dependent on the geomet ry of the EFI magnetic circuit and is obtained by the Evans-Saied Method; 

<j> r is a hysteresis effect ; it is dependent on the magn itude of the magnetic f lux when the excitation stops and is 
obtained by using the Passarini Method (Passarini, 1993) . 

The magnetic hysteresis beg ins when the excitation st ops and is of vita l importance with respect to the EFI 
dynamic behavior. Basica lly hysteresis prometes a strong drop in the coi l current and a delay on the magnetic f lux 
decay which in turn increases the armature returning t ime. The method used by Passari ni (1993) predicts these 
effects by introducing t he term <P r in the reluctance ca lculation and the term <!>c in the magnet ic force calcu lation 
immediat ely after t he excitation ceases. These terms are calculated as fo llows: 

(a) from the known core material data, Br (remanence), Hc (coercive force), Bsat (satu-ration induction) and Hsat 

(saturation field), Bt (remanence of the working loop) and Hd (coercive force of the working loop) are found, 
according to Jufer-Apostol ides (1976) . 
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(b) when the excitation stops, the magnetic flux inside the armature is maximum ~ max). Then , the terms ~r and ~ 
c are found by using these two equations: 

[ 
f ·( ->-ó ~· 11 ~ ) l ( H ) (/>_, ;:;: . /1r!l . rp-rp . ..!f.J.__E-;; I - rp . ~ 

' H - H ~··" fl 8 · 1r 
<(l/ ,{ ~fi 

The effects of saturation are implicit when computing 11 Fe r for which previous knowledge of the BxH curve of the 
core materia l is necessary. B.g.:....§ shows some manufacturers supplied BxH curves used in the simulations 
performed in this paper. Many formulae have been presented such as approximations by power series, 
transcendental functions, Fourier Series, and hyperbolas in the form of the Froelich Equation . However, Trutt. et ai. 
(1968) found that the approximations of such formu lae were valid on ly for certain ranges of the BxH curve. Then, 
second arder parabola segments were fitted to the BxH curve yielding, at least, an eighteen segment analytical 
expression for the magnetic permeability, 11 Fe , as a function of the flux density, 8. This procedure produces 
relatively better results than the approximations used before. 

In arder to compute the effects of eddy currents, differently from FEMs, it is proposed to add a term represented 
by Np that takes into account coil turns coupled by eddy currents into the total coil turns. 

Thus, Ohm's Law becomes: 

U = Rr(U)R (x. ~)~ + (N + N )~ 
N P (.,) _1 

where: 

Rr (V)= R,.,,,+ R.,,,, + J?.1,.,.,. (V)= electric circuit resistance including battery, coil and drive circuit; 

R 
N = :..:L .R,. = coil turns coupled by eddy currents. 

f' N rf 

The coi l current can be found by the fo llowing equation: 

._R (p.x) Ne i 
7 - .<j> + ·IP 

N N.R (4) 

Mechanical Sub-model 

As mentioned above, t he way an EFI funct ions is relatively simple, however t he complexity of the mathematical 
description of the physical actions and of the equations involved is considerable. Severa I forces and effects appear 
and disappear during the EFI functioning and if some effects are not significant at some times, at other times they 
contribute significantly. Authors like Smith-Spinweber (1980), Karidis-Turns (1982), MacBain (1985), Kushida 
(1985), Pawlack-Nehl (1988), Lesquesne (1990a), Yuan-Chen (1990) and Kawase-Ohdachi (1991) diverge when 
describing the armature movement of the of the EFI and as to which of the above mentioned phenomena should be 
considered and which should be neglected. It seems that most of these authors consider it sufficient to calculate 
precisely the magnetic force attraction, Fmag to accurately define the armature movement because basical ly their 
mathematical model is described by only three forces, magnetic, elastic (Hook law) and viscous: 

m · ~-;:;: F;,,.~~(~.x )-a,· x- a1 ·v 

Another significant difference of this proposed model from the previous models is the armature movement analysis 
through precise consideration, also the EFI armature interaction with the surrounding medium such as, fuel, return 
spring, guides, mechanical stops, etc. Naming the resu ltant forces Tra, the armature position, x, is obtained at any 
time by Newton's Second Law. Tra is divided by components (effects) according to their nature, thus Eq . (5) is 
obtained: 

where: 

1n. ,.,.., 
m ;;;; m +m +~ 

tlt-.. ·d/.r (lntUJIJJnt 2 
=total moving mass (see B.gJ); 
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The contribution of spring mass within the moving mass has been neglected so far. As stated by Kushida (1985) 
the EFI armature has to be built with very little mass. This is because the contribution of t he spring mass is of 
particular importance. Sometimes a spring weights almost 20% or more of the armature mass and obviously it also 
moves (accelerated and deaccelerated) during the armature movement! Because one end of the spring moves 
while the opposite end is stopped, the equivalent mass of a uniform spring that moves is half of the whole value. 
Other spring geometries should be computed considering t he spring movement. 

F..~a.~ = jfT .dS 
s = magnetic force is here obtained by using the Surface Integral Method. 

In this method, the significance of the Fmag equation is tha t the resulting integral over any closed surface always 
gives the total force, produced magnetically, on whatever is inside. The advantage is that one can conveniently 
choose a surface in such a way that the part of it through which the force is t ransferred is very localized. In fact , 
within the armatu re movement, the distri but ion of Fmag does not matter, only its intensity. Fma,9 is ca lculated as 
suggested by Carpenter (1960), which uses the Second Maxwe/1 Stress System, where, :-7 = J n + f t = Maxwe/1 
stress tensor. The normal and tangential magnetic tensions ln and ft respectively, are given by: 

f _.!_ (H2 - H -: )--
1 (/f -81

) 
rr - 2 llo n I - 2no li l 

I 
f ,= 111/11)1, = 111} B,BI 

Where 110 is the permeability of the gap between the armature and the yoke. Notice that in calculating f n' the 
signs of Hn and Ht are irrelevant- the one always pulls on the surface and the other always pushes. But this is not 
so for ft which is in the direction of Ht when Hn is positive. In this formu lation it is imp licit that h FE is sufficiently 
big so that the difference between 11 FE and 110 is llFE (Lee, 1957). Anytime this is not true, the term 'lo should be 
replaced by YJ o (1-TJoiYJFE) (Say, 1968). This substitution is important because it allows Eq. (S) to include saturation 
effects. 

Fmec = mechanical forces that are composed of three parts: 

F,m:t' = F.~wm~ (x. V)+ Fro:ht~~mJ + FfnctwrJx. V): 

l·~prm~ = ~'prm,t.r(x) + D,1,.111~.V + f~mJ = spring forces, where : 

Pspring = a generic polynomial representing the non-linear elastic behavior of the return spring. 

~~pring(x) = a0 + a1.x + a:.x; + ... + a,.xn. A simpler model uses Pwmg - a.x. See .Ei9......2. for the resu lts obtained 

using both models. Usually, the constants a i · s are determined experimentally. Further details can be found in 
Passa rini, (1993); 

E 
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Figure 9. Effects ofthe .model ofthe return spring on output v:.riábles ofthe EFI . 
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Dspring = damping constant of the return spring, which is also determined experimental ly (Passarini, 1993). Fig_,_2 
also shows that Dspring is a very important effect although neglected so far; 

Fpre = preset load on the spring provided by the adjustment mechanism, usually taken as a constant (Kawase­
Ohdachi, 1991); 

Frebound = rebound force that represents both the elastic and inelastic colli sion forces between the armature and 
the stop or the armature and the seat. Karidis-Turns (1982) used a linear model to represent this force, but 
alternatively, some authors prefer to use the concept of restitution coefficient, C that is the ratio between armature 
speeds vr after and v; before the col lision (MacBain , 1985 and Pawlak-Nehl, 1988). On the other hand, to produce 
much better results, a non-constant restitution coefficient is used here. An exponential curve, as suggested by 
Ta keda (Tatara-Moriwaki, 1982) was fitted to experimental data (Barkan, 1964) giving the following equation: 

v 
F,"ru:lwrr = U ..U( V). F,; 

i'1 proposed friction force, that is caused by the contact between the needle/armature and its 
guides. The friction coefficient ~ can be static or dynamic depending on the value of the armature speed v . Fn is 
the contact force between the armature and its guide. Trilisnki (1971) set conditions that prevent guide fastening 
and proposed a manner of computing armature guide efficiency also. Until now Frriction has been estimated and 
taken as a constant va lue (Lesquesne, 1990b); 

Fr1u = fluidic forces resulting from the interaction between the armature and the fuel and composed of three parts: 

F;1u = F,lld (X)+ F.. IR (v) + ~'I"•"< :.• ç,.. v. v}. 
' 

0,,.~ == [P.nl<t - Pjeu,(x)]S,,.,J, = hydrostatic force caused by differential pressure between inlet and seat valve; 

J( v du) ·• - - ~-F;u,·- . dS 
P dy = viscous shearing force on the lateral surface of the armature caused by the distance-rate of 

change of the velocity u between the armature and the fuel in a direction normal to the interface fuel-armature 
(Shames, 1962). 

Fsqueeze = damping force resulting from squeezing the thin fluid fi lm between the armature and the mechanical 
stop or the valve seat. Karidis-Turns (1982) developed a complex equation system to calculate this force on a 
circular disc armature. In arder to calculate this force on other different geometries, the classica l approach given 
by Shames (1962) was taken and th e squeeze force acting in the movement direction, x, can be obtained by: 

(F..,""'"'' ),= :iju,(pudS)+ ~ [JJfu,(pdV)l 
tS d/ H (7) 

where: u = differential speed between the armature and fuel for the contrai volume, CS = control surface for the 
contrai volume and CV = contrai volume, dV = volume of a fuel element as defined by Shames (1962) . 

As can be seen, any analytical solution to this model is impossible . Instead, a numerical approach was taken using 
the Runge-Kutta Method to solve Eqs. (3) and (5). FigJ shows the flowchart of the transient solution algorithm of 
the software used to solve the set of the equations of the entire EFI model (Fig_,_1) . 

Results 

First, the quality of the magnetic force model was tested. A comparison was made between Fmag obtained with the 
proposed model for a disc type solenoid [The Appendix shows some design data used by Lesquesne (1990a)] with 
the resu lts obtained using FEM. Fig_,Ji shows the comparison. The effects of saturation, predicted by the proposed 
model, cause Fmag to decrease as the intensity of B closes to Bsat Notice that FEM could not predict this. That is 
why Fmag obtained by FEM always increases faster after some time. These effects are very important because EFI 
cores usually are made of stainless steels like SAE 403, SAE 405 or MIL S 861A which saturate very quickly as seen 
in .Ei.g,_.Q. 

Spring damping is very important as can be seen in Fig~ which also shows the influence of the choice of the 
return spring model. Usually the linear regression for this spring was considered quite good but significant 
difference was found when a third degree polynom was used to represent its elastic characteristic. It mainly affects 
t he opening and closing times which means that the computation of the fuel injection over short periods could 
carry signif icant errors because of this. 
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In order to verify the validity of the entire model, an experiment was conducted. Two plunger-type EFI prototypes 
and a device to measure their coil current and armature position were made (EJ.g__lQ shows the schematic diagram 
of this test). This device proposed by Passarini (1993) was designed to allow only a few modifications of the 
original EFI. Measurements were made by using a Tektronix 5113. Care was taken to preserve original 
characteristics of the EFI during the tests. Any externa i interference could introduce undesirable influences to the 
behavior of the EFI. 

Ali prototypes were excited by voltage contrai mode (see the Appendix for details). Tests results were compared to 
the simu lated time variations of coi l current and armature displacement in EJ.g,_il, which shows excellent 
agreement. 

A direct comparison of the proposed model with previous models is not possible due to the difficu lty in find ing 
enough information about the data used on each simulation. However another type of compar ison can be made 
using the results presented by the other authors. EJ.g__ll and 13 are reproductions of these results. As can be seen, 
the more complete the model is, the better is the correspondence between the experimental and ca lculated results 
when com-paring the quality of these results with those presented in EJ.gs . 11, 12 and 13. 

It is interesting to compare the armature lift results shown in Fig,_il to those shown in EJ.g. 12. In EJ.g,_il the 
armature rebounds were described by using the restitution coefficient formula Eq. (6) and in EJ.g.:....ll the armature 
rebounds were described by a linear dynamic model consisting of a damper in paral lel with a spring ( Karidis-Turns, 
1982 and Yuan-Chen, 1991). As can be seen, by inspecting the period of time corresponding t he armat ure 
returning back condition, when it hits the valve seat (EJ.g_li,, when t > 3ms and 3 EJ.g. 12, when t > 5.5ms) , the 
restitut ion coefficient gives relatively better accuracy. This is very important if one consider again the EFI response 
shown in EJ.g.,_d. There it is shown that the armature rebounds against the valve seat promote a signifi cantly extra 
fuel discharge, although the armature excitation has stopped . The accurate calculation of t he armature 
disp lacement is an important factor for obtaining better accuracy in the calculation of the fuel delivered by the EFI. 

Conclusions 

A new approach in modeling an EFI was presented. One maj or difference was found with respect to the met hods 
used to compute the magnet ic strength. The surface integral method (SIM ) was used instead of the finite element 
method (FEM). The resulting model was compared directly with the traditional approach represented by the FEM 
and later with experimental data. These confrontations show that the new model proposed is relatively more 
rea listic and can predict with good accuracy various aspects of the EFI response, specially t he effects of the 
armature rebounds. 

The other differences concern a more detailed electromechanical and electrical model, sometimes adopting non­
linear relationships in order to accurately reproduce some phenomena. The model of EFI dynamics presented takes 
into account as many as possible of the physical phenomena affecting armature motion. Even the effects of eddy 
current can be calculated. This new model shows relatively more accuracy when compared to older models (Fig.:JZ) . 
The simulation has correlated nicely with laboratory data in ali test cases ( Fig . 11) . These have included a variety 
of mater iais, coils and designs. Therefore, the model can be used for the assessment of an y conventional EFI, 
includ ing simple solenoid to fast acting devices as EFis or any other electromagnet ic devices. 
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Appendix 
A new model for Fast-acting electromagnetic fuel injector analysis and design 

Design Data of the Ana lysed Solenoids 

Disk-Type Solenoid (LESQUESNE 1990a) 

Core Materiais (fhll anncaled) 
first case: M-27 [2.75%Si. resistivity(1'): 4· 10·9 Qm] 

Hc = 79.58 Oe H snt = 8.98· 109 Oe 
Br - 13 KG BSl, - 22 KG 

second case: SAE 1008 (resistivity: I· 10'9 Qm) 
H c = 79.58 Oe Hs..11 = 8.98· 108 Oe 
Br - 12.5 KG 8 ,)0.11 - 22 KG 

Outsíde diameter 37.6 mm 
lnside diameter 16.00 mm 
Lcngth 19.25 mm 
Disk thkkness 2.25 mm 
Total moving mass 17.2 g - 17200 mg 
Coil 0. 137 Q. 35 tums 
Spring stitTness 8. 75 N/m 
Spring preload 64.5 N 
Travei 0.20 nun 
Total air gap 0.25 mm 
Exdtation mode voltage. 12V 

(t)OBS.: according to PEEK-WAGAR ( 1954), BARDELL 
(1970) and BLECII {1975) the resist ivity should be 18-42. 10'8 Q .m 
and 10-11.1 o·S respectively. Thus. these values were used <.m the 
simulations. 

Plunger-Typ e E FJ Solrmoid 

Core Materiais (full annca lcd) 
prototype J: SAE 405 Stainless Steel (resistivity: 6· 1 0'9 :Qm) 

Hc = 95.49 Üt! H531 = 7960 Oe 
Br- 13 KG Bsa• - 15 KG 

prototype 2: SAE l 002 (resistivity: 4· 1 o-9 Qm) 
Hc = 79.580e Hs.11 = 3. l 8· 109 0e 
Br - 13 KG B~11 - 22 KG 

Outside diameter 16.6 mm 
lnside diameter 12.50 mm 
Lcngth 17.70 mm 
Total moving mass 
prototypc I : 791 mg 
prototype 2: 741 mg 
Coil 
prototypc I: 2.4 192 Q, 360 turns 
prototype 2: 0.9348 Q, 225 tums 
Spring stiffness ( N} 
p~ototype 1: ./886.6· x + 2.60.Uf· -~ + 3.392.109

• ~ 
prototype 2:-0.fJ05 -1- 2012· x + 3.07· /06

· x:: - 1.065· Uf· :l 
Spring damping coefticient 
prototype I: 1.53 N .sim 
prototype 2: 2.60 N.s/m 
Spl'ing preload 64.5 N 
Tmvcl 
prototype I: 0.460 mm 
prototypc 2: 0.330 mm 
lmpact coefficient C = • -rlu+o.n.t,~.•·fJ 
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I otal a1r gap 
Excitation modc 
prototype I : 
prototype 2: 

A new model for Fast-acting electromagnetic fuel injector analysis and design 

1. 1) mm 
pulse voltagc. I I .88V 
1.2ms pulse widrh 
1.5ms pulse width 
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