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0  INTRODUCTION

Since the introduction of polluting emission 
regulations for passenger cars, fuel injection systems 
have become an indispensable part of modern spark 
ignition engines, due to their capability to accurately 
meter the mass of fuel employed at each engine cycle. 

A typical gaseous fuel (liquefied petroleum gas, 
LPG, or compressed natural gas, CNG) multi-point 
injection system for spark ignition (S.I.) engines is 
composed of the elements reported in Fig. 1: the 
regulator reduces the gas pressure from the high level 
in the tank (where LPG is stored at around 10 bar 
and CNG at around 200 bar) to the low level in the 
fuel rail (about 2 bar for LPG and 10 bar for CNG); 
hence, when the injector is activated, the fuel arrives 
to the inlet duct (port injection) of the engine; the 
flow through the gas injector can be assumed to be 
equivalent to the flow through a convergent nozzle: in 
a chocked flow condition (i.e. supposing that, as usual, 
the ratio between fuel rail pressure and manifold 
pressure is ≥2), the gas flow depends only on pressure 
and temperature upstream from the injector; this 
makes the injected mass directly proportional to the 
“injection time” (i.e. the duration of the time interval 
during which the injector is activated), regardless of 

the pressure level in the intake manifold of the engine. 
This proportionality makes the injector characteristic 
almost linear on the injector flow chart, which is the 
diagram used to represent the amount of fuel injected 
for any injection time. An electronic control unit 
(ECU) adjusts the injected fuel mass, and then the air-
fuel ratio, acting on the injection time, whose values 
are stored in memory, by means of proper tables, as a 
function of engine speed and load. In some operating 
conditions, typically lower engine loads, this open-
loop control is integrated by means of a more accurate 
closed-loop control, which, using the lambda sensor 
output signal, performs continuous adjustment on the 
amount of fuel injected to maintain air-fuel ratio at 
the stoichiometric value, thus minimizing pollutant 
emissions.

This simple closed-loop control, based on a 
single feedback parameter (e.g. lambda sensor output 
signal), can be performed due to the linearity of the 
injector characteristic.

Previous experimental tests carried out by the 
authors of this paper showed, however, the existence 
of strong nonlinearities in the lower part of the 
gas injector flow chart. These nonlinearities may 
compromise the air-fuel ratio control performed by 
the engine ECU, causing unstable corrections of the 
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injected fuel mass, thus leading to both poor fuel 
economy and high pollutant emissions (spark ignition 
engine catalytic converters has a very low efficiency 
for non-stoichiometric mixtures).

Fig. 1.  Gaseous fuel multi point injection setup: 1) ECU, 2) 
pressure regulator, 3) filter valve, 4) gas injectors, 5) lambda 

sensor, 6) gas tank, and 7) fuel rail

With the aim of studying and reproducing the 
nonlinear behaviour of the gas injector, the authors 
created a mathematical model [1] for the evaluation of 
the complex needle motion during the entire injection 
event, with maximum accuracy on the opening and 
closing phases, which have been recognized to be 
determinant in the generation of the nonlinearities.

In the present work, the authors employed the 
developed model to study and propose a suitable 
injection strategy with the aim of suppressing the 
nonlinear behaviour of an actual gas injector, thus 
linearizing its flow chart and extending its range of 
utilization towards the lower injection times.

The main advantage of the determined injection 
strategy is its ease of implementation in current 
production engines, since a simple ECU software 
update is required.

1  LITERATURE OVERVIEW

An extensive literature is currently available on the 
simulation and modelling of internal combustion 
engine injection systems. Compression ignition 
(C.I.) engines typically have high pressure (1600 
to 2000 bar) common rail injectors which, activated 
by a solenoid or by a piezoelectric element, use the 
high fuel pressure to move the needle and open the 
nozzle. Spark ignition engines may be port injected 
or direct injected: in the first case, low pressure (3 to 
10 bar, depending on fuel type) injectors are usually 
employed, while in the second case significantly 
higher injection pressure may be involved (100 to 

500 bar). Despite the extensive available literature 
on injection system simulation, very few works cover 
the dynamic modelling of the injector needle motion, 
which is the focus of this paper.

With regard to common rail injection systems, 
the needle motion has been dealt with extensively 
in literature: for example, the fluid-dynamic model 
presented in [2] allows predicting the injection 
pressure variations and deriving control laws for 
the rail pressure controller, while in [3] the model 
developed using a commercial code also predicts 
needle lift and injection rate for different injection 
pressures; the common rail piezoelectric injector 
model realized in [4] takes into account both the 
hydraulic part (fluid flow, discharge coefficients) and 
the mechanical part (needle movement, seats elastic 
deformation) with the aim of predicting different flow 
rate profiles. 

With regard to gasoline direct injection, the model 
developed in [5] refers to a piezoelectric injector and 
compares the capability of lumped parameters and 
distributed parameters to describe the needle motion 
and the behaviour of piezoelectric elements.

On account of the dumping effect of liquid fuels, 
which completely suppress any needle bounces, none 
of the abovementioned works [2] to [5], however, 
report any injector flow chart nonlinearities. The 
problem is a feature of gas injection systems.

The modelling of gas injection in S.I. engines 
is handled in [6], where the details of fuel spray 
formation and mixture with air are explored, while the 
dynamic behaviour of the injector needle is discussed 
in [7], where different model predictive control 
(MPC) schemes are presented for the control of an 
electromagnetically actuated mass-spring-damper 
system for automotive applications: in this work, 
however, the solenoid power voltage is assumed to 
vary between zero and 350 V while, in the present 
paper, the authors considered a constant power voltage 
of 13 V, which complies with the actual automotive 
electric system specifications. 

The natural gas injection system modelled in 
[8] presents control strategies for the optimization 
of the injection system operation focusing on the 
fluid-dynamic behaviour of the whole injection 
system (fuel rail, pressure control valve, injectors). 
Even if focusing on gas injections, however, none of 
the abovementioned works [6] to [8] deals with the 
nonlinearities produced by the needle bounces during 
the opening and closing phases of the injector. Only 
the work presented in [9] focuses on the suppression of 
gas injectors needle bounces, even if with an entirely 
different purpose, i.e. the prevention of fatigue stress 
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damages. Moreover, contrary to the approach followed 
in the present paper, the implementation of the method 
proposed in [9] requires a substantial modification of 
the injector power supply system. 

The presence of a nonlinear zone in the injector 
flow chart, however, has never been studied in detail, 
least of all its correlation with the needle motion. 
This consideration led the authors to develop a proper 
mathematical dynamic model of the gas injector and 
to study a proper injection strategy with the aim to 
linearize the injector flow chart: this would allow 
improving the air-fuel mixture quality control while 
minimizing both fuel consumption and polluting 
emissions.

2  SOLENOID INJECTOR DYNAMICS

Fig. 2 reports a cutaway of the solenoid gas injector 
[10] used in the test, while Fig. 3 shows a typical 
electrical circuit used to energize the injector solenoid; 
this circuit is composed of the power supply, the 
injector solenoid and the power transistor activated 
by TTL pulses, which may be generated by the engine 
ECU or by a personal computer.

The injector is mainly composed of a mechanical 
part (the needle) and an electric part (the solenoid), 
and these two parts interact, influencing each other 
through the electromagnetic field. The needle 
movement influences the solenoid current, which in 
turn, acts on the needle by the electromagnetic force.

Fig. 2.  Cutaway of the fuel injector used in the test: 1) pintle, 2) 
needle, 3) armature, 4) spring, 5) solenoid winding, 6) electrical 

terminals, 7) fuel strainer

When the solenoid is not energized (i.e. the 
electrical circuit is open), the needle is kept in closing 
position by both the fuel pressure and the spring load. 
When the ECU activates the transistor (which can be 
considered a “digital switch”), this closes the electrical 
circuit, and the current rises in the solenoid windings 
(see Fig. 3), according to the R-L circuit law; the 

needle is moved by the electromagnetic force from 
the closed towards the open position, thus knocking 
against the stopping surface at the end of the lift. Here, 
the needle bounces and moves towards the closed 
position, where another impact may occur. Under the 
action of the electromagnetic field, the needle will, 
however, be pushed toward the open position, thus 
producing other bounces. If the injection time is long 
enough, the needle will conclude all the bounces and 
then, compelled by the electromagnetic field, remain 
in the open position.

Fig. 3.  Schematic representation of the usual electrical circuit 
involved in injector operation

Once finished the injection time, the ECU 
deactivates the transistor that opens the circuit, 
producing an instantaneous drop of the solenoid 
current; the needle is then forced to return to the 
closed position by the fuel pressure and the spring 
load, thus knocking against the closed position seat 
and producing other bounces. Figs. 4 and 5 show 
the output signal from an accelerometer mounted on 
the armature of the injector used for test, during the 
injector opening and closing phases.

Fig. 4.  Waveforms of solenoid current and armature acceleration 
during injector opening phase

As can be observed, the substantial impacts that 
occur both in the opening and closing phases cause 
prominent spikes on the accelerometer output signal. 
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The same diagrams also show that the measured 
solenoid current, which, during the opening phase, is 
characterized by the presence of several cusps: due to 
the reciprocal interaction between needle movements 
and coil-winding current [1] and [9], the abrupt 
velocity variation during an impact causes a rapid 
change in the current first derivative. These current 
cusps are not present in the closing transient since, 
after the end of the injection, the electric circuit is 
open, and the solenoid current is null.

Fig. 5.  Waveforms of solenoid current and armature acceleration 
during injector closing phase

Fig. 4 also shows that, for the tested injector fed 
with air at 10 bar, in the opening phase, the bounces 
continue for about 4 ms, while in the closing phase 
(see Fig. 5) their duration is shorter, i.e. about 3 
ms. The importance of these bounces relies on the 
significant variations they produce on the injected 
mass, since the instantaneous flow section depends 
on the needle position; therefore, assuming a linear 
correlation between the flow section area and needle 
position, it results that the injected mass depends on 
the value reached by the integral of the needle position 
over time. Moreover, when the injection time is below 
the opening phase transient duration (≈4 ms for the 
injector tested fed with air at 10 bar), not only is the 
needle transient not completed, but it is also influenced 
by the duration of the injection itself; the impact 
energy of the needle on the opening stop surface, in 
effect, depends on its kinetic energy, which, in turn, 
is related to the duration of the electromagnetic force 
applied, and hence to the injection time. It results 
hence that, for injection times shorter than 4 ms, 
changing the injection duration modifies the needle 
movement and hence the integral of its position, 
which causes a variation in the injected mass. This 
introduces a non-linear dependence between the 
injected mass and the injection time, as evident in the 
injector flow chart shown in Fig. 6. 

Fig. 6.  Experimental injector flow chart obtained with air at 10 bar

This diagram reports the measured injected 
mass for each of the injection time imposed to the 
injector, fed with air at 10 bar. It is noteworthy that 
this diagram does not represent the integral of the 
gas mass flow as a function of time, but rather the 
measured total injected mass at the end of each single 
injection, whose duration is the injection time ∆t. As 
can be noted, for injection durations shorter than the 
bounces duration (≈4 ms), the needle bounces have 
a considerable influence on the total injected mass, 
causing the presence of strong nonlinearities, which 
may seriously compromise the injected mass control; 
the ideal flow chart is represented by a straight line, 
suitable for a pure linear control of air-fuel ratio; 
therefore, the deviation from the ordinary least 
square (OLS) line can be considered a measure of the 
injected mass control quality: the higher the deviation 
is, the worse the control is. As can be seen in Fig. 6, 
for the injector flow chart obtained with air at 10 bar, 
this deviation amounts to almost ±1 mg, which means 
that using the OLS line instead of the experimental 
data, the fuel mass control would be subjected to a 
maximum error of 1 mg, which, depending on the 
amount of gas to inject, can cause a very large error.

The strong nonlinearities of such a flow chart arise 
from the flow section variations caused by the needle 
bounces [1], whose intensities, as already pointed 
out, are related to the needle’s kinetic energy, which 
depends on the duration of the electromagnetic force 
applied. During the opening phase, due to the bounces 
on the two stopping surfaces, the needle frequently 
reverses its motion, while the electromagnetic force 
always acts in the same direction: this implies that, 
depending on the needle velocity, the electromagnetic 
thrust may accelerate or slow down the needle, thus 
changing its effect in terms of the needle’s kinetic 
energy and, in turn, in terms of integral of the needle 
position, which is proportional to the injected mass. 
On account of this, it can be understood that, during 
the opening phase, increasing the injection time may 
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have opposite effects on the injected mass, depending 
on the needle position and velocity. This conclusion 
has been confirmed by experimental observation, 
performed using a 100 MHz oscilloscope, of the 
solenoid current and armature acceleration waveforms 
together with mass flow data acquisition carried out 
for air at 9 bar and injection times between 1.8 and 
2.5 ms [1].

When the injection time is long enough to let the 
needle complete all the opening bounces (i.e. ≥4 ms 
for 10 bar air pressure), the complete opening and 
closing transient phenomena repeat at each single 
injection and thus have no effect on the total injected 
mass, which then becomes a linear function of the 
injection time, as observable in Fig. 6.

The nonlinearities of the injector flow chart can 
cause inaccurate control over the engine’s air-fuel 
ratio; this can lead to both higher fuel consumption 
and higher pollutant emissions, also due to the 
low efficiency of the catalytic converter for non-
stoichiometric air-fuel mixtures. These nonlinearities 
have not been observed using gasoline: therefore, this 
study focuses on gaseous fuel injector dynamics.

It could be argued that the problem could be 
overcome by properly selecting the gas injector, so 
as to always let it operate on its linear range, thus 
making the nonlinearities an unused part of the flow 
chart; unfortunately, this is not always possible, 
since maximum injection time must respect limits 
imposed by the available time at the maximum 
engine speed; moreover, the “ideal” injector may 
not be available from the manufacturer, or may not 
be economically favourable; this may lead to the 
installation of a gas injector that, for the particular 
engine, operates in the nonlinear part of its diagram. 
For example, the injector used in this study is part of 
the CNG injection system of a series production bi-
fuel engine from FIAT; data acquired on the engine 
test bench revealed a maximum injection time of 8.8 
ms, which corresponds to the injection of the full 
load fuel mass; in contrast, the injector flow chart 
revealed the nonlinear range to lie between injection 
times of 1.8 and 3.5 ms: experimental data show 
that when the injector exits the nonlinear range (i.e. 
with injection time of 3.5 ms), the injected mass is 
between 18 and 36% of the full load mass (depending 
on engine speed), and the engine torque is between 
10 and 23% of the maximum, which, as example, 
could be a typical condition in urban areas. In this 
case the characteristics of the selected injector do not 
allow operating exclusively in the linear range. A very 
accurate (and time-consuming) calibration of the ECU 
injection map, however, may attenuate the effects of 

the nonlinearities, thus allowing the engine to comply 
with current pollutant emission limits and regulations.

Other particular engine applications may 
however involve injector operations in the nonlinear 
range, such as supercharged engines or Double-Fuel 
combustion. In a supercharged engine, basically, a 
compressor is used to increase the air pressure in the 
manifold, thus letting the engine to draw a greater 
amount of air-fuel mixture and produce higher 
power; this obviously implies higher fuel flows, and 
thus longer injection times, which, may compel the 
adoption of larger injectors; for the lower engine loads 
(e.g. urban operative condition), the same injectors 
could thus be operated with injection times so short 
that they enter the nonlinear range.

The second case refers instead to the simultaneous 
combustion of gasoline and gaseous fuels, such as 
LPG or CNG, which has been successfully tested by 
the authors [11], and [12] and by other research groups 
[13] to [15]; this kind of combustion can be easily 
implemented in bi-fuel engines as a third operative 
mode realized by the injections of both gasoline 
and gas within the same engine cycle, requiring the 
adoption of shorter gas injection times (even 20% 
of nominal values): this may induce the gas injector 
to operate in the nonlinear range, thus causing poor 
air-fuel ratio control, with consequent increases in 
pollutant emissions and decreases in engine efficiency.

The injection strategy proposed could be 
effectively employed to linearize the injector flow 
chart and allow a better control of the engine air-fuel 
ratio on a wider part of the injector flow chart. The 
approach followed in the present paper relies on the 
use of numerical simulations for the definition of a 
proper injection strategy capable of avoiding needle 
bounces; the optimal injection strategy determined 
has been implemented on a real injector test bench and 
experimentally optimized, thus removing most of the 
unwanted nonlinearities from the real injector flow 
chart. 

3  SIMULATIONS

As already mentioned, in previous works [1] and 
[16] the authors realized a mathematical model for 
the simulation of the complex needle motion during 
the opening and closing phases of a gas injector, in 
order to predict the amount of fuel injected for each 
injection time; the model, whose main equations and 
structure are briefly resumed in Appendix B, has been 
calibrated by means of the experimental data obtained 
on a proper test bench using a natural gas injector fed 
with air at 9 bar, and successfully validated by means 
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of the experimental data obtained injecting air at 8 and 
10 bar. Fig. 7 shows a comparison between measured 
and simulated injector flow charts relative to the 
injection of air at 10 bar. The results explored in this 
paper, both from simulations and from experimental 
tests, all refer to the injection of air at 10 bar absolute 
pressure.

Fig. 7.  Comparison between measured and computed injected 
mass

As shown, a very good fit has been obtained 
between experimental data and model prediction, 
since the nonlinearities of the experimental diagram 
are accurately replicated by the model. Fig. 7 also 
shows the error (i.e. difference between calculated 
and measured injected mass) distribution, whose 
mean and maximum values resulted in 0.22 and 
0.74 mg, respectively. In all the cases, the model 
evaluation accuracy resulted in being comparable 
to the test measurement uncertainties [1], which are 
not related to mass flow measurement errors (always 
less than 1%) but rather to the typical injected mass 
measurement dispersion around the mean values (as 
reported in Fig. 19).

A further confirmation of the model’s predictive 
capacity has been obtained by the comparison between 
the measured and the evaluated solenoid current 
in the same condition of air pressure and injection 
time; for example, the diagram of Fig. 8 shows the 
good agreement between the experimental and the 
numerical current during the injector opening phase; 
the first cusp is due to variation of the steel magnetic 
permeability, while the other cusps are connected 
to the sudden speed change of the needle due to the 
impacts on the seat surface.

Fig. 9 shows a typical model output, i.e. the 
solenoid current and the needle displacement as a 
function of time: specifically, the diagram refers to 
a 5 ms injection of air at 10 bar. The opening phase 
bounces are evident both in the needle displacement 
and in the solenoid current, and their duration is 
about 3.6 ms; consequently, this is also the minimum 

injection time of the linear part in the simulated flow 
chart of Fig. 7.

Fig. 8.  Measured and simulated solenoid current

Fig. 9.  Simulated solenoid current and needle displacement  
(∆t = 5 ms)

The closing phase bounces have a duration of 
about 2.5 ms and are evident only in the displacement 
waveform, since, at the end of the injection, the 
transistor (see Fig. 3) is deactivated and this opens the 
electric circuit causing the current to immediately fall 
down to zero.

Fig. 10.  Simulated needle displacement for two injections with  
∆t = 1.7 and 2.0 ms

Fig. 10 shows the needle displacement evaluated 
by the model for two different injection durations, i.e. 
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1.7 and 2.0 ms, with air at 10 bar. In the case of the 2 
ms injection, the electromagnetic force still acts after 
the first impact, thus slowing down the needle, whose 
successive impacts have lower energy and thus cause 
smaller bounces. As a result, the 2.0 ms injection is 
characterized by a lower value of the integral of the 
needle position, which, as already mentioned, means 
a lower value of the integral of the mass flow, and 
hence, a lower injected mass; the simulated injector 
flow chart in Fig. 7 confirms that the 1.7 ms injection 
gives a higher injected mass than the 2.0 ms injection.

4  OPTIMAL INJECTION STRATEGY

The needle bounces on the stopping surfaces 
originate from the excess of kinetic energy acquired 
by the needle during the opening lift, which in turn 
is due to the excess energy transferred through the 
electromagnetic field, and hence by the solenoid. It 
can be easily understood that in order to avoid any 
bounce, the needle should arrive at the opening stop 
surface with no kinetic energy, and be maintained 
in this position by the electromagnetic thrust. This 
could be pursued by a proper modulation of the 
solenoid current in order to progressively reduce the 
electromagnetic thrust on the needle during the lift, 
thus involving the minimum energy necessary to 
shift the needle from the closed to the open position. 
The entire excess of energy transferred to the needle, 
with respect to the minimum required, is completely 
dissipated during the bounces by the mechanical 
friction between the needle and guides, by the gas 
viscous forces and by the energy loss at each impact: 
the more the needle moves or impacts, the more 
energy it dissipates.

The modulation of the solenoid current would 
however require the modulation of the voltage 
supplied to the injector solenoid, which instead, as 
typical in automotive engines, is constant and equal to 
the battery voltage. Given the difficulty of operating 
with a variable solenoid voltage supply, the energy 
transferred to the needle during the opening lift can 
be elsewhere modulated by acting on the duration of 
the injection pulse: this can be then divided in half, 
with the first part dedicated to shifting the needle from 
the closed to the open position without bounces, and 
the second part dedicated to maintaining the needle in 
the open position and let the fuel flow. The authors 
thus focused on this division, which can be realized 
by the simple interruption of the injection pulse, 
characterized by two parameters: the interruption 
delay δ with respect to the start of injection and the 
duration τ, both indicated in Fig. 11. It is noteworthy 

that, in a conventional way, the injection time has been 
always considered the time interval between the first 
rising front and the last falling front of the injection 
pulse, as shown in Fig. 11.

Fig. 11.  Injection pulse with and without interruption

The authors used the mathematical model 
previously developed to determine the two parameters 
values, which allow avoiding needle bounces, so 
as to linearize as much as possible the injector flow 
chart. Before the research for the optimal interruption 
parameters was started, the model was further 
improved in order to adequately take into account a 
phenomenon not revealed by the first experimental 
campaign. As reported in Fig. 12, the solenoid current 
measured during an interrupted injection shows a sort 
of extra-current that substantially modifies the current 
waveform (and hence the needle motion) and is due to 
the partial discharge of the energy accumulated by the 
solenoid that occurs during the injection interruption. 
Details on this phenomenon and on the model 
modifications introduced by the authors are given in 
Appendix A.

Fig. 12.  Measured solenoid current for an interrupted injection 
pulse (injection time = 5 ms)

Once refined, the model was employed to perform 
several simulations with the aim of determining the 
optimal values to assign to the interruption parameters 
δ and τ in order to avoid any needle bounce. According 
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to what was already explained above, this condition 
should also minimize the energy E employed for the 
needle shift from the closed to the open position; the 
authors thus adopted the energy transferred to the 
needle in the opening phase as objective function ϕ of 
the search algorithm:

 ϕ = = ⋅ ⋅∫E V i dt
t

0

*

,  (1)

being t* the time necessary to let the needle complete 
all the opening phase bounces and stops in the open 
position (i.e. the opening phase duration), V the 
constant supply voltage and i the solenoid current.

As a first step, the authors considered the 
injection time of 5 ms, which, as reported in Fig. 9, 
gives rise to several bounces in the opening phase 
transient. A quite simple search algorithm has been 
employed, since an entire matrix of interruption delay 
δ (ranging from 1.55 to 1.76 ms with steps of 0.003 
ms) and duration τ (ranging from 0.01 to 0.15 ms with 
steps of 0.002 ms) has been tested using the model, 
evaluating the objective function ϕ on the basis of the 
resulting simulation output. This procedure allowed 
tracing the ϕ surface, shown in Fig. 13 as a function 
of the two variables delay δ and duration τ; as can 
be noted, the absolute minimum region is visible, 
whose coordinates represent hence the best (minimum 
energy) values of interruption delay and duration. This 
is also shown in Fig. 14, which shows a contour plot 
of the ϕ surface; the best interruption parameters are  
δ = 1.64 ms, τ = 0.038 ms. 

Fig. 13.  Surface of the opening phase energy as a function of the 
two interruption parameters

In conclusion, for the injector tested and fed with 
air at 10 bar, the optimal injection pulse interruption 

has a very short duration and should be placed before 
the first impact to occur. The effects of these optimal 
interruption parameters on the 5 ms injection of air 
at 10 bar are reported in Fig. 15 in terms of both the 
solenoid current and needle displacement.

Fig. 14.  Contour plot of the opening phase energy [mJ] as function 
of the two interruption parameters

Fig. 15.  Model-predicted solenoid current and needle 
displacement with optimal interruption parameters

As can be seen, the modulation of the injection 
energy actuated by means of the pulse interruption 
has the effect of letting the needle reach the open stop 
surface without impacts and hence without producing 
bounces; obviously, the best result is attained simply 
by preventing the first impact from occurring: once 
the needle rests in the open position, the mass flow 
remains constant and the injected mass becomes a 
linear function of the injection time. As a result, Fig. 
16 shows the injector flow chart obtained, adopting the 
optimal interruption parameters for each injection; as 
is evident, a satisfying linearization has been achieved, 
since most of the nonlinearities have been suppressed, 
and the injector characteristic is now a monotone 
function of the injection time whose deviation from 
linearity is ±0.22 mg, which is significantly lower 
than the ±1 mg of the original injector flow chart.
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According to these results, a very good 
linearization of the injector flow chart can be obtained 
by means of a simple injection pulse modulation; 
this kind of power supply strategy can be easily 
implemented in the current production engines by 
means of a simple ECU software update and without 
any hardware change. As already mentioned, the 
suppression of gas injectors’ needle bounces have 
also been studied [9] in order to prevent fatigue stress 
damages; in this case, however, the proposed method 
relies on a substantial modification of the injector 
power supply system.

Fig. 16.  Simulated optimal injector flow chart  
(δ = 1.64 ms, τ = 0.038 ms)

It is worth mentioning, however, that for a fixed 
injection time, the injected mass mainly depends 
on the solenoid current (and hence on the power 
supply voltage) and on the gas pressure; these two 
parameters are therefore of crucial importance for 
the optimization of the injection interruption. With 
regard to the application in passenger vehicles, the 
gas pressure can be considered constant, while battery 
voltage may change during engine operation; the 
determination of the optimal interruption parameters 
should therefore be carried out for different supply 
voltage levels, so as to always adopt the best couple of 
delay δ and duration τ.

5  EXPERIMENTAL VALIDATION

Once determined through simulations, the optimal 
injection strategy has been put to the test to 
experimentally prove its capability to linearize a real 
injector flow chart.

An experimental campaign has been carried 
out on a suitably equipped test bench, whose main 
elements are shown in Fig. 17. The air flow from 
the cylinder was measured using a Bronkhorst mini 
CORI-FLOW M13, a Coriolis-type mass flow meter 
that features a measuring range of 100 to 2000 g/h 
with an accuracy of ±0.2% of the measured value; 

after metering, air pressure was reduced to 10 bar 
before reaching the gas injector, whose activation 
power was generated by a 13 volt DC power supply. 
In place of the engine ECU, a National Instruments 
PCI 6602 counter board programmed with LabVIEW 
has been employed for the generation of the 0-5 volt 
TTL pulses necessary for injector actuation.

Fig. 17.  Injector test bench layout:  1) air cylinder, 2) mass flow 
meter, 3) pressure regulator, 4) pressure sensor, 5) injector, 6) 
accelerometer, 7) ammeter, 8) transistor, 9) power supply, 10) 

signal acquisition and generation system

As also shown in Fig. 3, a transistor was used to 
transform the low power digital pulses into the high 
current square waveforms necessary for injector 
solenoid excitation. The injector was activated with 
frequencies ranging from 10 to 70 Hz so as to obtain 
mass flows in the measurable range; for each injection 
time, the experimental injected mass mexp was derived 
from the measured mass flow m  and injection 
frequency finj:

 m m
finj

exp .=


 (2)

The needle impacts were detected via the output 
signal from a Bruel & Kjaer Cubic DeltaTron 4502 
accelerometer placed on the injector armature, 
while a clamp-on ammeter LEM PR20 (with 20 
kHz frequency response) was used to acquire the 
solenoid current. All the necessary quantities have 
been acquired by means of a National Instruments 
DAQ board PCI-6133, employing a sample frequency 
of 400 kHz and using the generated TTL pulse as 
trigger for data acquisition. For each injection time, 
the complete waveforms of power supply voltage, 
solenoid current and accelerometer output were 
recorded for 100 consecutive injections, while mass 
flow, gas pressure and temperature were recorded 
as mean values over the 100 injections. In this way, 
a complete injector chart could be obtained, e.g. as 
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shown in Fig. 6: here the total injected gas mass is 
reported for each injection time between 1 and 5 ms.

The experimental validation of the optimal 
injection strategy obviously started from the best pulse 
interruption parameters determined in the simulation 
(δ = 1.64 ms, τ = 0.038 ms), even if a certain shift 
from these values was expected. In effect, although 
the model replicated with unexpected accuracy the 
nonlinearities of the injector flow chart, the imperfect 
correspondence between the experimental results and 
the model output may, however, cause substantial 
differences and must be taken into account; for 
example, the difference in terms of injected mass 
between model prediction and real measure is 
shown in Fig. 7, while Fig. 8 shows the phase 
differences between simulated and real impacts. These 
differences, even though minuscule, may have a non-
negligible effect on the needle motion and hence on 
the total injected mass, thus compromising the success 
of the linearization process. As a consequence, the 
interruption parameters determined by the model 
may not represent, as a general rule, the optimal 
choice even for experimental test. The determination 
of the best interruption parameters was thus carried 
out monitoring the output signal from the injector 
armature accelerometer, searching for the pulse 
interruption delay δ and duration τ, which allowed to 
minimize the needle impacts energy. 

The best solution was found for δ = 1.70 ms and  
τ = 0.1 ms, which are not so far from the model optimal 
values. In particular, the real best interruption delay δ 
was revealed to be very close to the one determined 
by simulation, while the interruption duration τ 
instead showed a greater difference. This can be easily 
explained taking into account the delay sequence in 
the injection pulse actuation: the insulated gate bipolar 
transistor (IGBT)  employed in the test, in effect, is 
characterized by typical current falling and rising 
times on the order of some tens of microsecond, which 
indeed delays the needle actuation and contributes to 
extending the total interruption duration. The result of 
the experimental linearization achieved is shown in 
Fig. 18: as can be seen, the linearity of the optimized 
injector flow chart is not as good as the one obtained 
by simulation, since the real optimal flow chart 
revealed a ±0.35 mg deviation from the ordinary least 
square line, which is higher than the ±0.22 mg of the 
simulated optimal flow chart of Fig. 16.

The reason for this higher deviation from linearity 
can be found in the natural dispersion of the measured 
injected mass around the mean value: as shown in 
Fig. 19, the experimental measurement dispersion, 
evaluated by means of the standard deviation recorded 

for each of the 100 consecutive mass flow samples 
acquired during the test, can be as high as 0.59 mg. 
This means that, for example, for the fixed injection 
time of 1.85 ms, even if the mean injected mass is 
2.73 mg, as reported in the diagrams in Fig. 6 and 
Fig. 7, the measured 100 consecutive values used to 
compute this mean are scattered in a 0.59 mg wide 
range. It should be mentioned that this data dispersion 
is not caused by mass flow measurement errors, which 
(as already stated) are less than 1% of the measured 
value. The cause of these high dispersions is instead 
related to the real needle movement, which, even at 
fixed injection times, does not repeat identically at 
each injection, thus causing significant variations on 
the total injected mass.

Fig. 18.  Experimental optimal injector flow chart  
(δ = 1.70 ms, τ = 0.10 ms)

Fig. 19.  Dispersion range of the measured injected mass

In conclusion, the result obtained by the simple 
pulse interruption strategy allowed a substantial 
improvement of the injector flow chart, whose 
deviation from linearity has been reduced to about 
one third of the original chart of Fig. 6. With the aim 
of evaluating the benefit introduced by the proposed 
injection strategy on the control of the engine air-
fuel ratio, the deviation from the OLS lines has been 
determined for the original injector flow map and for 
both the simulated and experimental optimized charts; 
as shown in Fig. 20, the use of an OLS regression 
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line in place of the original injector flow chart would 
cause an air-fuel ratio error up to 37% in the lower 
injection time zone; once optimized by means of pulse 
interruption strategy, the improved linearity of the 
injector flow chart allows using the OLS line with a 
maximum error of 10% in the same lower injection 
time region: the optimization performed hence may 
noticeably improve the engine air-fuel ratio control 
for the lower injection time.

Fig. 20.  Air-fuel ratio error caused by the use of the OLS line in 
place of injector flow map

6  CONCLUSIONS

A mathematical model previously realized by the 
authors for the simulation of the needle motion of 
a natural gas injector and for the evaluation of the 
injected mass has been now employed to determine 
an optimal injection strategy with the aim of 
linearizing to the greatest extent the nonlinear part 
of a real S.I. engine gas injector. The analysis of the 
needle motion, together with some considerations on 
energy conservation, led to the definition of a proper 
objective function, which guided the authors toward 
one possible solution, whose main advantage is to be 
easily implementable in current engine ECU without 
any hardware modification or additional costs: it 
consists of the modulation of the energy transferred to 
the needle by means of an injection pulse interruption 
in order to avoid any bounces. The pulse interruption 
strategy was implemented in the mathematical 
model, thus allowing the effective linearization of the 
simulated injector flow chart.

On the basis of the good results obtained with 
simulations, the authors proceeded to the validation 
of the solution found by means of experimental tests 
carried out on a suitably equipped test bench. A real 
injector was controlled with the pulse interruption 
strategy, adopting as initial parameters the values 
suggested by simulation. The best interruption 
parameters were experimentally fixed, and allowed to 

substantially improve the injector flow chart, whose 
deviation from linearity was reduced to one third of 
the original flow chart: the authors consider this result 
to be undeniably good, especially if the measurement 
dispersion of the injected mass is considered. As 
outlined, power supply voltage and gas pressure are of 
crucial importance for the optimization of the injection 
interruption. For application in passenger vehicles, gas 
injection pressure can be considered constant, while 
battery voltage variations may occur; to take this into 
account, the determination of the optimal interruption 
parameters should be carried out for different supply 
voltage levels.

7  NOMENCLATURE

C.I.  Compression Ignition
CNG Compressed Natural Gas
ECU Electronic Control Unit
IGBT Insulated Gate Bipolar Transistor
LPG Liquefied Petroleum Gas
MPC Model Predictive Control
OLS Ordinary Least Square
S.I.  Spark Ignition
TTL  Transistor to Transistor Logic
E  energy transferred to the injector needle 

 during the opening phase [mJ]
Ecoil  energy stored in the solenoid coil [mJ]
finj  injection frequency [Hz]
i  solenoid current [A]
L  solenoid inductance [mH]
mexp  experimental injected mass [mg]
m   mass flow [g/s]

R  equivalent resistance [Ω]
t  time [ms]
t0  time at the end of the rapid discharge  

 phase [ms]
V  voltage [V]
V0  voltage at the end of the rapid discharge  

 phase [V]
V1  asymptotic voltage of the discharge  

 phase [V]
δ  time delay of the injection interruption [ms]
ϕ  objective function of the optimal condition  

 search algorithm [mJ]
τ  duration of the injection interruption [ms]
Δt  injection time [ms]
t*  opening phase duration [ms]
A  solenoid cross-section area [mm2]
B  magnetic induction in the steel [T]
B0  magnetic induction in the air [T]
c  viscous damping coefficient [N/(m/s)]
Famb ambient pressure force [N]
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Fem  electromagnetic force [N]
Ffr  Coulomb frictional force [N]
Fgas  gas pressure force [N]
Fv  gas viscous force [N]
H  magnetic field in the steel [A/m]
H0  magnetic field in the air [A/m]
i  solenoid coils current [A]
k  spring constant [N/mm]
M  needle mass [g]
N  number of coils enclosed by the loop
R  solenoid electric resistance [Ω]
V  injector power supply voltage [V]
x  needle position [mm]
xai  needle velocity [m/s]
xai  needle velocity after impact [m/s]
xbi   needle velocity before impact [m/s]
x   needle acceleration [mm/ms2]
δS  spring preload deformation [mm]
ϕB  magnetic induction flux [Wb]
μ0  space magnetic permeability [H/m]
μr  steel relative magnetic permeability [H/m]
σ  path along the loop [mm]
ξ  coefficient of restitution [-]
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modulating the energy transferred to the needle 
showed a phenomenon not observed in the previous 
work: the experimental data in effect revealed an 
extra-current whose duration and magnitude depends 
on the duration of the pulse interruption, as shown in 
Fig. 21. Here, different solenoid current waveforms, 
obtained by varying the pulse interruption duration, 
are represented as functions of time: as can be seen, 
the extra-current amplitude decreases when the 
interruption duration increases. 

Fig. 21.  Measured solenoid current for different duration of the 
pulse interruption

The analysis of the injection electric circuit (here 
reported in Fig. 22) and of the IGBT characteristics 
[17], together with some voltage measurements 
(carried out between points A and B of the electric 
circuit) led the authors to believe that the phenomenon 
is related to the dissipative discharge of the energy 
accumulated in the solenoid coil. 

Fig. 22.  Electrical circuit involved in the injector operation

When the injection is interrupted, the IGBT 
is deactivated, and this abruptly opens the electric 
circuit (between points A and B); the solenoid current 
immediately falls down to zero, and this causes 
an abrupt decrease of the solenoid magnetic flux, 
which, according to the Faraday-Lenz law, induces 
a very high voltage in the solenoid. A waveform 
of this high voltage has been recorded by means of 
a 100 MHz oscilloscope and is reported in Fig. 23. 

As can be seen, the voltage induced in the solenoid 
circuit exceeds 390 V (which is also the oscilloscope 
maximum visible value): as a consequence, the IGBT 
intrinsic protection system, endowed of Zener diodes 
and internal resistances, permits this high voltage 
to discharge through itself toward the ground of the 
counter board used to generate the digital pulses 
(current i1 in Fig. 22). This first part of the solenoid 
energy discharge is very rapid, as can be noted in Fig. 
23.

Fig. 23.  Measured solenoid voltage during the injection pulse 
interruption

Once below 130 V (approximately 0.02 ms 
after the start of pulse interruption), due to the IGBT 
intrinsic protection system properties [17], the path to 
the counter board ground through the IGBT closes; 
therefore, the energy continues to discharge through 
the internal structure of the injector itself; this second 
stage of the discharge process, as can be observed in 
Fig. 23, is slower, and the voltage exhibits a gradual 
decrease. Considering a simple R-L circuit, this 
voltage waveform has been fitted by an exponential 
function of time t:

 V V V V e
t t R

L= + −( ) ⋅
− −( )⋅

1 0 1
0 ,  (3)

where t0 and V0 represent the time and the voltage at 
the end of the rapid discharge phase (0.02 ms and 130 
V respectively), V1 is the asymptotic voltage (fixed by 
the power supply system) and L/R is the time constant 
of the circuit: in particular L is the known solenoid 
inductance while R is the equivalent resistance, which 
has been determined fitting the data of Fig. 23 with 
Eq. (3).

The instantaneous energy stored in the solenoid 
can be always expressed as:

 E L i tCoil = ⋅ ⋅ ( )1
2

2 ,  (4)
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where, according to Eq. (3), the current i(t) during the 
slow discharge phase can be evaluated as:

 i V V
R

e
t t R

L=
−

⋅
− −( )⋅( ) .0 1 0  (5)

If, during this slow discharge phase, after a 
sufficiently short time (less than 0.2 ms from the start 
of pulse interruption) the electric circuit is closed again 
(i.e. the IGBT is reactivated), the residual energy still 
stored in the solenoid suddenly discharges through the 
power supply cathode, producing the extra current (i2 
in Fig. 22), whose value depends on the energy still 
available in the solenoid, and can be evaluated by Eq. 
(5); the value of this extra current is therefore related 
to the duration of the interruption itself: this explains 
the current waveforms represented in Fig. 21. 

Fig. 24.  Injection pulse interruption: measured and simulated 
solenoid current for air at 10 bar

Eqs. (3) and (5) have been implemented in the 
model with the aim to take account of the extra current 
phenomenon: Fig. 24 shows the good agreement 
between experimental measure and simulation output.

10  APPENDIX B

The mathematical model realized by the authors [1] 
is able to predict the needle motion during an entire 
injection event and to evaluate the total injected mass 
for any fixed operative condition. A brief description of 
the main physical principles taken into consideration 
to realize the mathematical model follows.

From the electrical point of view, the injector has 
been modelled as an electromagnet, schematically 
represented in Fig. 25.

When the current i flows through the injector 
solenoid coils, a magnetic field H appears in the steel 
core according to the Ampère’s circuital law, which 
correlates the integrated magnetic field around a 

closed loop to the electric current flowing through the 
loop.

 H d N i⋅ = ⋅∫ σ


,  (6)

where N is the number of coils enclosed by the loop.

Fig. 25.  Schematic representation of the injector magnetic circuit

While the magnetic H-field changes passing from 
the steel to the air gap, the magnetic induction B does 
not change, hence:

 B0 = B , (7)

where subscript 0 refers to the air gap.
B and H fields are connected by the constitutive 

equation:

 B = μ0·μr·H , (8)

being μ0 the space permeability and μr the steel 
relative permeability (function of H).

Combining the above equations allows definition 
of the relation B = B(i, x) between the magnetic 
B-field, the solenoid current i and the needle position 
x. Furthermore, Ohm’s law together with Faraday-
Lenz’s law yields:

 R i V d
dt
B⋅ = −

ϕ ,  (9)

where R represents the solenoid electric resistance,   
ϕB = N · B · A = ϕB(i, x) the flux of the magnetic B-field 
and A is the solenoid cross-section area; in this way, 
the solenoid current is connected to its time derivative 
and to the needle motion.

The relation between the electromagnetic force 
Fem and the solenoid current i can be easily determined 
considering that for any virtual displacement dx of 
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the needle, the work produced by Fem must equal the 
electromagnetic energy variation in the gap:

 F dx B S dx
B i x

S dxem ⋅ =
⋅

⋅ ⋅ =
[ ]

⋅
⋅ ⋅0

2

0

2

02 2µ µ
( , )

,
 

 (10)

being 

 H dB BH
⋅ =

⋅∫0
0
2

02 µ
,  (11)

the magnetic energy per unit volume in the gap.
From the mechanical point of view, the injector 

has been modelled as a mass-spring system, damped 
by Coulomb and viscous frictional forces, and subject 
to variable electromagnetic and constant gas pressure 
forces. Based on the free body diagram of Fig. 26, the 
needle dynamic equilibrium equation can be written 
as:

 

M x c x k x

F k F x
x

F Fem S fr gas amb

⋅ + ⋅ + ⋅ =

= − ⋅ − − −( )
 





δ ,  (12)

where M represents the needle mass, c the viscous 
damping coefficient, k and δS the spring constant and 
preload deformation, respectively; Ffr is the coulomb 
frictional force, Fgas is the force exerted by the gas 
pressure while Famb is the ambient pressure force. This 
equation correlates the needle position x to its first and 
second time derivative and to the solenoid current i.

Finally, to take in to account the needle impacts 
and bounces on the seat surfaces, the following 
equation has been introduced:

  x xai bi= − ⋅ξ ,  (13)

where xai  and xbi  are the needle velocities after and 
before impact respectively, and ξ is the coefficient of 
restitution (i.e. the ratio between the kinetic energy 
after and before impact).

In summary, in the mathematical model realized, 
both solenoid current and needle motion are fully 
described by the two coupled differential equations 
(Eqs. (9) and (12)), together with the Eq. (13) applied 
at each impact.

Assuming the injector equivalent to a choked 
flow convergent nozzle, the total injected mass results 
proportional to the value of the integral of the needle 
displacement over time; this allows determination of 
the total amount of fuel supplied at the end of each 
injection event.

The above physical equations were then 
expressed in a dimensionless form [1], thus strongly 
reducing the number of parameters required for model 
calibration.

Fig. 26.  Injector needle free body diagram


