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Development of a High-Speed 
Solenoid Valve: an lnvestigation of 
the lmportance of the Armature Mass 
on the Dynamic Response 
Traditional design cri teria for electromagnetic volves are discussed. Petformance criteria 
for them are alsu shown. A methodfor investigating lhe armature mass importance on the 
EF! performance is proposed. This metlwd is hased on energy fosses of a mass-spring­
damper ~ystem (MKsB). lt wasfound a range ofvalues in whidt the dynamic response can 
be improved. Resu!ts are ver!fied and discussed. 
Keywnrds: Su!enoidfilei injector, mathematica! model, electromagnetic actuator 

lntroduction 

Otto Cycle e ngines with fue l injection systems are equipped 
with one or more electromagnetic fuel injectors (EFls) mounted at 
the intake manifold (Fig . I). The EFI injects the fue l into the intake 
valve in a way that the de livered fuel mixes w ith thc intake air. 
forming the a ir-fuel {A/F) mixture that will be burned within the 
cylinders. The EFI functioning is well known and it can be 
explained with a little help of Fig.2. When an electrical driving 
command is applied to its terminais, the EFI coil is e nergized. Then 
thc armature that is pressed against the valve seat is attracted by the 
solenoid potes and moves up against Lhem. This moveme nt causes 
an opening at Lhe mete1ing seclion where the fuel , under pressure, 
passes and as soon as il leaves the valve is pulverized into líne 
droplcts. Whcn the electrical excitation stops, the atu·acting force 
d iminishes vety quickly bccause the coil is de-energized and the 
armature is pushcd against the valve seat by the action o f the return 
spring, closing lhe fuel passagc. So, it can bc said thal at the EFI, the 
released fuel per pulse Q, is a function of the electrical exciting 
pulse w idth t applied to the solenoid of the EFI. 

The dynamic response if the EFI solenoid is of primary 
impo1tance. For example. an impmiant rcquirement for small 
eng ines is that the EFI should present good linearity and precision 
under the smallest pulses, a nd with minimum opening and closing 
times. In fact, Greiner atai. ( 1987) affirm that linearity in the small 
pulses is especially impo11ant for small engines where it is 
demanded that fuel metering is dane with high precision under the 
smallcst pulses. T hese requirements have motivated to investigare 
the EFI design, particularly the intluence o f the armature mass on 
the EFI dynam ic response, in order to find a way that meets the 
performance requirements and improve the EFI dynamic response. 
The way by which il was done was by modelling Lhe EFI 's 
mechanica l system and looking for clues that point to a satisfactmy 
design. 

S tate-of-Art of the Traditiona l Approaches to Designing 

EFls 

According to Kushida ( 1985), the condi tions for o ptimizalion o f 
an EFI are those lhat relate high-speed response and high power 
dissipation. That is, it is nccessa•y to allow high energy input and to 
convert this into kinelic energy in an inte nded direction for 
efficicncy . This is achieved by: 
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• a) dissipating the heat sufficiently to permil high input o f 
electrical energy; 

• b) concentrating the magnetic flux in an objective magnetic 
fíeld; 

• c) limiting the generated magnetic force imo an objcctivc 
dircction and 

• d) decreasing the moving massas much as possible. 

Kaj ima-Kamamura ( 1995) affinn that high speed operation can 
be obtained by actuating 

• a) inc reasing the solenoid fo rce to actuate the arrnature; 
• b) reducing the resisting force due to reactions, anel/ar; 
• c) reducing the weight ofmoving parts. 

lt can be noticed lhat there is litt le difference between Kushida 's 
and Kaj ima-Kamamura's proposals. In tbis articlc the approach of 
optimizing the EFT perf01mance by decreasing the moving mass as 
much as possible will be discussed a nd it will be demonstrated that 
it is not complete ly true since it is possible to find a particular 
moving mass lhat pennit a high pertonnance w ilhoul necessarily 
being thc sma llest possible. 

Subsidies fo r an Analysis of t he E fi 's Performa nce: 

In arder to evaluate and to compare the results better, it becomes 
opporlunc to present some of the criteria generally adopted when 
analyzing the EFI performance. Thosc criteria wcre defined by the 
EFI makers and by thc designers of enginc c leclronic control 
systems. The main criteria and thosc that are thc most relevam for 
th is anicle are these: static flow, dynamic flow, calibralion, linearity 
and dynarnic range. 

According to DeGrace-Bata (1985), the static .flvw, also called 
full opening, is achieved when thc EFI is energized with a steady 
current. ln general, it is measured in g/sec. The dynamic jlow 
reproduces the EFI operating condilion better. It is the fue l flow 
dclivered when the EF I is pulsed with an e lectrical signal. usually 
measured in milliseconds. This flow is usually given in milligrams 
per pulse, or grams per 1,000 pulses. The duration o f the pulse musl 
be given. Fig. 3 shows graphically these two dctinilions. lt is 
important to point out that thc value o f thc static flow coincides with 
that obtained by the slo pe oftbe dynamic tlow line. 

The static flow and the dynamic flow are imporlant because, in 
praetice, they are the two only variables used to control the amoum 
of fue l released by Lhe EFI of currenl control systems of internai 
combustion engines. In fact, the bcst way to settle (or to calibrare) 
an EFI , in acco rdance to De Grace-Bata (1985), is, from the stat ic 
flow, to take only one point from the dynamic fue l flow (in Fig. 3, it 
is represcnted lhe value used in most cases, i.e., 2.5 msec at the time 
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axis) and to adj usl the spring loading (preset) of lhe armature by 
means of a lock ing screw until the desircd flow is obtained at that 
point. The spring loading adjusts the opening and closing time o f an 
EFI, but it does not affect the staLic flow. 

According to DeGrace-Bata ( 1985) and Garret ( 1990), during 
the operation of an EFI, the electromechanic inte ractions promete 
significant delays (as that between the instant when the exciting 
pulse begins and the instam at which lhe EFl begins releasing the 
fuel; or as thc delay berwccn the finish o f Lhe exciting pulse and thc 
momenl at which lhe EFl stops re leasing fuel). The delays p romete 
a displacement o f thc point wherc the fue l flow is zero in relation to 
the origin of the time pulse width axis (Fig. 3) creating the 
appearance o f a ·'dead zone " popularly known as offsel . 

In agreement with Garrct ( 1990), for an electronic contrai meter 
the fuel supply to the enginc with precision, thcre must be a linear 
relationship between the quantity of fuel del ivered, Q and the pulse 
width applied, :rever the full de livery range. As DeGrace-Bata 
( 1985) say, linearity is usually expressed in terms o f the lowest 
pulse width or fue l flow at which Flow vs. lnplll Pulse Width lics on 
a straight fine within a specified percentage of the theoretical flow 
(Fig. 3). About this there is not a strict consensus: according to 
Toyoda et ai. ( 1982) the EFI linearity should stay within ±2%. De 
Grace-Bata ( 1985) are more tole rant and extend this tolerance to 
±2.5%. Matsubara et ai.( 1986) prefer using ± 1.5%. For this art ic le, 
the criterion o f ±2% was adopled. Linearity in the smallest pulses is 
specially importam because. as Greiner et a i. (1987) say, the 
increasing use of injection in smaller engines demands high 
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metering accuracy with minimal pulse times. This in turn requires 
minimizing injcctor opening and closing times . Linearity of 
injection improves with both the ratio of the actuation force lo thc 
mass of the del ivery valve (armature) and the appropriate matching 
with it oi' the electrical and time constants of thc solcnoid c ircuit. 
Since the time required to close the injector is a function of lhe 
current in the solenoid at the point at wh ich its c ircuit is broken, 
delivery errors are difficult to avoid when lhe pulse width is shortcr 
than that nccessaty for the solenoid current to reach a stable v alue. 

T he dynamic range is de ti ned as the ratio of maximum to 
minimum dmation o f injection (Fig. 3). Garrett ( 1990) defmes the 
minimum linear duration of injection, Q.,., as the differencc 
between the shortest linear pulse width and thc offser. In ordcr to 
maximize the dynamic range, EFI makers fight to keep º"'"' as small 
as practicable because thc minimum duration of injection is 
detennined to a major degree by inj ector design and the consequent 
offset of the delivery characterislics (Garret, 1990). So, il can be 
said that the moving mass affects directly Q,...,. Matsubara et ai. 
( 1986) affirn1 that reducing thc arrnature weight and a higher spring 
preset load are effective to gct wide dynamic control range. On the 
other hand, Garret ( 1990) says that the maximum duration o.f 
injeclion, Qma.u is primarily a func tion o f the rotational speed o f Lhe 
engine and whether the EFI is fired once or twicc per revolution. 
Becausc o f the non linear now characteristics at both ends, thc EFI 
can be utilized only between Q.,;. e Q.UJ., where linearity is within 
the tolerance adopted, whatever it is (Toyoda et ai., 1982). 

yoke 

armature 

Figure 1. A set of 3 EFls (pointed by l he light arrow) mounted at an in take manifold. An EFl injects fuel d irectly into l he lntake valve. 

Figure 2. Nomenclature and schematic drawing of a generic EFl. 
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Figure 3. A characteristic curve of an EFI: Fucl Flow x Time Pulse Width. 

Nomenclature 

8 = spring's damping cocfficient 
F= torce 
j = ..J-1 
K, = spring's stifTness clasture coefficicnt 
M = atmature's mass 
q = ratio MK,!a'-
Q = mass fuel flow 
s = Laplace's complex variable 
/ = time 
T = peiiod between exciting pulses 
x = armatw·c's displacemcnt 
Wn = undamped natural frequency 
t = exciting pulse width that is applied to the Efl 's solenoid 

co i! 
Ç = damping ratio 

lndex 

min = minimum 
mag = magnetic 
max = t11axin1un1 
ss = stcady statc 

Modell ing the EFI's Mechanical System 

As memioned above, the way an EFI functions is relatively 
simple. howcver the complexity of the mathematical description o f 
the physical actions and of the equations involved is considerable. 
Severa! forces and eftects appear and disappear during the EFI 
functioning as, fo r exaruple, a shock between the armature and the 
valve seat during the closurc of the EFI or a shock between the 
armature and the limiter at the end of the cow·se during the EFI 
open ing. I f some effects are not significan t at some times, at other 
times they contributc signi ticantly. Authors like Smith-Spinweber 
{ 1980), Karidis-Turns { 1982), MacBain ( 1985), Kushida ( I 985), 
Pawlack-Nehl ( 1988), Lesqucsne ( 1990a), Yuan-Chcn ( 1990), 
Kawase-Ohdachi (199 l ), Ohdachi et a i. ( 1991 ), Kajima ( 1992 and 
1993 ), Passarini ( 1993), Rahman et ai. { 1996), Ando et ai. (200 I), 
Szente-Vad (200 I ) and Passarini-Pinotti Jr. (2003) diverge when 
describing lhe atmature movement o f the o f the EFI and as to which 
o f the above mentioned phcnomena should be considercd and which 

should bc neglected. !L seems that most of thesc authors consider it 
sufficient to calculate preciscly the magnetic force attraction, F.,,.g to 
accurately define the armature movement because basically their 
mathematical model is described by only three forces, magnetic, 
elastic (Hook's law) and viscous as shown in Eq. ( I): 

M .. r= Fmag - K, .:r:-B .. i: ( I) 

For a more complete discussion on modelling an EF!'s 
mechanical system, please refer to Passal"ini-Pinotti Jr. (2003 ). In 
this article this traditional basically linear mass-spring-damper 
(MKsB) governed by Eq. (l) and representcd in Fig.4 was adopted 
because: 

Figure 4. linear MKsB model adopted to analyze lhe EFI mechanical 
system. 

a) it a llows the use of Laplace's transforms and consequcntly, 
thc appl ication o f the root-locus method (very much uscd in 
the analysis of linear systems); 

b) even when such a complete and sophisticated modcl is not 
used, the chosen model supplies satisfactory results 
[because only a pa11 ofthe problem is studied: that in whieh 
the non-l inearities are small. lt will be shown latter that the 
simulation done with a much more complex and complete 
model (Passarini, 1993) has confirmed the rcsults obtaincd 
with this simpler approach j. 

By hypothesis it was assumed that ali elemcnts are pure and 
ideal. The characteristic equation o f a MKsB system is shown in Eq. 
(2): 

M- /+ 8· s+ K,=0. {2) 

Thc actual spring exhibits the characteristics illustrated in the 
graph of Fig.5. The lincatized model was obtained according to 
Passarini ( 1993) and thc parameters Ks and 8 were found. 

Analysis o f the Problem 

The root-locus meU10d is vety powerful in the dynamic analysis 
o f linear systcms (Ügata, 1993). Applying it to the characteristie 
equation Eq. (2), the influence o f M on the transicnt response o f the 
MKsB system could be investigated. For convenicnce, the ratio q 
was defined as: 

(3) 
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Figure 5. Elastic characteristic of lhe spring used in the EFI prototype 
montage. 

Figure 6 shows the root-locus drawn as a function o f the ratio q. 
It can be verified that: 

I . M.KsB systems with very large moving mass (q » 0.25) 
oscillate very much and are sluggish. Therefore ,they are 
not appropriate for application in this case. 

2. MKsB systems with very small moving mass (q « 0.25) do 
not oscillate, however, when exccssivcly dccreasing the 
moving mass, i. e. q ~ O, will not bring any significao! gain 
either on the system time constant or response speed o f the 

system ( = Kfs) , due to the influence o f the pole located at 

s = - KYs . Therefore, this dismantles the previous idea: 

"the smaller the magnitude ofthe moving mass, the bette!''. 
3. The best response and therefore, the best adjustment of M 

appears to occur when the roots are produced close to the 

breakaway point on the real axis located at s = - 2 · K /s 
(when q = 0.25). The MKsB system exhibits a behavior that 
is practically non-oscillatory and will still bave one of the 
smallest setting times possible. 

Confirming the Results Obtained with the M.KsB Root­
Locus 

To confirm the result obtained w ith lhe root-locus method, the 
dynamic impulsive response of tbe MKsB system was used to 
analyze the system performance. This analysis of the impulsive 
response is quite useful because it represents very well the system 
behavior under impacts. 
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Figure 6. The MKsB system root~ocus as a function of lhe ratio q. 

When an EFI is opening or closing its am1ature collides severa! 
times against the stopper or against thc valve seat, respectively, over 
and over agaiu until ali the mechan.ic euergy present in it is 
dissipated (please, refer to Fig. 7). This phenomenon is known as 
armature bounce or rebound. Although rebounds also happen at the 
shocks o f the arrnature with the stop, its influence is important only 
when the moving mass is very large, i. e., when q >0.75. 

While the arrnature rebounds one or more times, some amount 
of released fuel is affected, mainly during the closing of the EFI 
(please refer again to Fig. 7). Tbe surrounding medium and the 
presence of vibrations introduce randomness to the rebound of the 
armature. For that reason, the shocks are not uniform but randomly 
and so. its influence on the fue l flow is not systematic as was 
thought. This fac! contributes to decrease the EFL linearity and 
repeatabi lity, mainly during operation under short pulse widths. In 
fact, DeGrace-Bata (1986) affirrn that the main cause for deviations 
of the Jinearity in short pulse widths are the variations at the opening 
and closing times. These authors observed tbat: 

I) .significant flow linearity errors can be found cven at a 
pulse width beyond the time when the annature is fully 
opcn and the am1ature bounce has subsided, and 

2) this flow non-linearity can be directly correlated to closing 
o f the armature alone (i. e. , opening times are not affected). 
In fact, the simulation shown in Fig. 7 confirmed this last 
observation. 

In order to improve this EFI transient response the criterion used 
was, by taking a impulsive response of a MKsB system with null 
mass as reference, to determine the instant when 99% of its 
mechanical energy was dissipated. It was found that this instant 
corresponds to t = 2.3·8/K,. After tbis, the dissipated power wi thin 
this period o f time was computed for the range O < q < 2. The graph 
is shown in Fig.8. lt can be noticed that o ut of the area in which 
q "' O, the relative dissipated power stays practically constant and 
very close to 100% when 0.2 < q < 0.23. From this range above, the 
dissipated power begins to drop, confirming our expectation from 
the root locus. According to this criterion, the best q ratio occurred 
when q = 0.21. Still examining Fig. 8. the detail shows tbe root­
locus when 0.2 < q < 0.23 
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<a> M= 354 mg (q= 0.19) (b) M = 1500 mg ( q= 0.81) 

~ 
1.0 : I j

eflecti ve pulse 'Aidl h 
... >----------<•~!EFI operatlng ~mel 

.. , 1.0 
;;;-

.Jelfecti -.e pulse •Aidth 
t------------IÍ"i(Efl opereting li mel r 

~ 
... 

~ 
... , 

ª ~ ;;; fJ 
2 ]-..., 

:1> 

~ 
!J 

"' 

.~ 

2 100 

fJ 
0 .0 2D 4D 

Thearea under lhiscurveis ]i 
propaiimallo lhe amount 
olluel del ivert>d by lhe EFI 

t me-ms 

6.0 8.0 10.0 

HimfXJCJS oflhe amwi!Jre 
a1 lhe tefteseat 

1-__, ___.Joperating pulse 
jjwidlh ;1msec 
,- ----, 
I I 

I 

: comrnrod ~gnal 
~----- ----- -------- ----- -------

... 
' ... 

:n 

~ 
>::i. 
i; 

:1> 
:::J ;,.; 

~ 

100 

0.0 2D ~J) 

The area under lhis curve ls 
proportimal to lhe amount 
oi tH:l deti vered b ythe EFI 

lime - ms 

6.0 8.0 10.0 

l
'--•----+ijimper;l$oflhe annai!Jre 
"" ' 011 lhe tefoe seat 

t-_, .....JoiJeratlng pulse 
j í 'Mdlh =1ffiSf'C 

command slgn<U 

Figure 7. EFI's time response: armature displacement and the corresponding instantaneous fuel f low versus time (~ = 1 msec and T = 9 msec). (a) M = 
354 mg (q = 0.19), (b) M = 1500 mg (q = 0.81). Notice that in the fuel flow curve (b) shown at right. The exceeding amount of released fuel is almost 
exclusively due to the armature bouncing against the valve seat. In addition to this, observe how the EFI operation time jumps from -3,5 msec to -6,0 
msec. 

Results: 

Ali the previous theoretical analysis led us to obtain the 
following results: 
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Figure 8. Dissipated power graph (compared to the MKsB system when 
M = O) as a function of ratio q. The detail s hows the root-locus with the 
roots that produced the indicated landing. 

I) the root locus mcthod pointed to an optimum ratio q oplimum 

elo se to 0.25; 
2) a refinement carne when examining lhe dissipation of the 

mechanical energy present in the MKsB system relative to 
the KsB (when M = 0). This criterion revealed a q nptinmm = 

0.2 1. It could be considered that 0 .20 < q uplimum < 0.23 since 
at th is range the power dissipation curve stays practically 
constant and closely to 100%. 

Verification o f the Results 

The results described above were verified under simulation, 
since the model used is quite reliable (Passarini, 1993). The 
simulation was applied to a well-known Efl prototype. The exciting 
pulse width was 1: = l ms with a T = 9 ms period long cnough to 
guarantee that the EFI would come back to its rest condition. Fig. 7 
shows the EFI response for two differem constructive conditions, 
one using a armature which produced q - 0.19. In the other, we used 
a heavier moving mass very close to those found in the traditional 
cornmercial models (q - 0.80). Observe that the simulation has 
confinned and even illustTated the expectation that rebounds 
contribute to liberate extra fue l. Fig.9 exhibits tbe contribution of 
the annature mass on the amount of released fuel in the same 
appraised situation ('r = lms, T = 9ms). Finally, Fig. 10 highlights 
the loss o f the linearity as a function o f the increase o f the armature 
rnass (1: = l ms. T= 9ms). It is interesting to note that, the 2% limit is 
reached at q - 0.24 while the 1.5% lirnit is reached when q - 0.20. 
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Figure 9. The fuel released by the EFI up to the instant that the armature 
touches the valve seat is practically constant, however systems with large 
moving mass have more difficulty in dissipating ali the mechanical energy 
at the stopping shock. Because of the successive armature s hocks 
against the valve seat, some extra quantity of fuel is released promoting 
the loss of accuracy of the EFI and consequently a loss of linearity. 

The fo llowing Tablc 1 shows the physical characteristics of thc 
studied prototype. 

Table 1. Some characteristics of the EFI prototype. 

Coil Characteristics 
• excitation pulse (voltage mode) 11.88 V x 1 msec 
• e1ectrica1 resistance 0.9348 (ohms) 
• inductance 0.5057 (mH) 

• copper wire diameter (A WG) 0.4 (A WG 26) 
• number o f coil turns 225 

Mechanical Characteristics 
• return spring 
• spring coefficient (Ks) 
• damping coefficicnt (B) 
• surrounding medium 
• material (annature and yoke) 

~• r---------------, 

os 
15 

lO 

3313 (N/m) 
2,47 (Nsfm) 

kerosene 
SAE405 

--------- ------- ---------- 2% 
04 o e 08 1 2 

CoefficiM\tQ 

Figure 1 O. Verification of lhe influence of the armature mass on llnearity 
(when .t= 1 ms and T= 9 ms). 
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Conclusions 

From the above results, it can be concluded that: 

I) the adopted linear MKsB mode1 was re1atively suitab1e to 
analyze the physical problem, even though it is known that 
an EFI is complex and exhibits severa! non-linearities; 

2) significant flow non-linearity that can be directly correlated 
to closing ofthe armature alone can be significantly reduced 
if the choice of moving mass and retum spring 
characteristics respects the following rclationship: 

M·K 
0.2 <--,-·' < 0.23 s-

This guarantees that the dissipation of power will be effective 
improving the EFI linearity at shorter pulses. Another consequence 
is that the EFI operation time is relatively reduced (please, refer to 
Fig. 7) and so, the EFI dynamic range is increased . This is 
particularly interesting for those who want to build up an injection 
strategy. 

Although the exciting pulse is frequently related to the released 
fuel flow, it is significantly shorter than the EFI operation time as it 
could be seen at Fig. 7. lt means that the engine contrai system 
designer should keep in mind that as the available time for fuel 
injection is a function o f the rotationa1 speed. At high engine speed 
conditions, this difference could become criticai and some transient 
problems, as engine instability or poor transient response, could 
prejudice the engine performance. 
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