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Abstract

A mathematical model for the prediction of the mass injected by a gaseous fuel solenoid injector for spark ignition (SI) engines has
been realized and validated through experimental data by the authors in a recent work [1]. The gas injector has been studied with particu-
lar reference to the complex needle motion during the opening and closing phases. Such motion may significantly affect the amount of
injected fuel. When the injector nozzle is fully open, the mass flow depends only on the upstream fluid pressure and temperature. This
phenomenon creates a linear relationship between the injected fuel mass and the injection time (i.e. the duration of the injection pulse),
thus enabling efficient control of the injected fuel mass by simply acting on the injection time. However, a part of the injector flow chart
characterized by strong nonlinearities has been experimentally observed by the authors [1]. Such nonlinearities may seriously compro-
mise the air-fuel mixture quality control and thus increase both fuel consumption and pollutant emissions (SI engine catalytic conversion
systems have very low efficiency for non-stoichiometric mixtures). These nonlinearities arise by the injector outflow area variation
caused by needle impacts and bounces during the transient phenomena, which occur in the opening and closing phases of the injector. In
this work, the mathematical model previously developed by the authors has been employed to study and optimize two appropriate injec-
tion strategies to linearize the injector flow chart to the greatest extent. The first strategy relies on injection pulse interruption and has
been originally developed by the authors, whereas the second strategy is known in the automotive engine industry as the peak and hold
injection. Both injection strategies have been optimized through minimum injection energy considerations and have been compared in
terms of linearization effectiveness. Efficient linearization of the injector flow chart has been achieved with both injection strategies, and
a similar increase in injector operating range has been observed. The main advantage of the pulse interruption strategy lies on its ease of
implementation on existing injection systems because it only requires a simple engine electronic control unit software update. Meanwhile,
the peak and hold strategy reveals a substantial lack of robustness and requires expressly designed injectors and electronic components to
perform the necessary voltage commutation.
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1. Introduction

Experimental observation by the authors in a previous work
[1] revealed the existence of strong nonlinearities in the lower
part of a typical spark ignition (SI) engine gas injector flow
chart (i.e., the diagram that reports the injected mass as a func-
tion of injection time). These nonlinearities can cause unstable
control of engine air-fuel ratio and may thus compromise both
engine efficiency and pollutant emissions. The literature re-
search conducted by the authors showed the existence of nu-
merous studies on the simulation and modeling of internal
combustion engine injection systems. Compression ignition
(CI) engines are usually equipped with high-pressure (1600
bar-2000 bar) common rail injectors [2, 3], which can be acti-
vated by either a solenoid or a piezoelectric element. These
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injectors use the high pressure of fuel to move the needle and
open the nozzle [4].

SI engines may be port injected or direct injected. The for-
mer usually employ low-pressure (3 bar-10 bar, depending on
fuel type) injectors [2, 3, 5], whereas the latter may require
higher injection pressure (100 bar-500 bar) 3, 6].

Although considerable research on injection system simula-
tion is available in the literature, only a few works cover the
dynamic modeling of injector needle motion. Such motion
significantly influences the injector diagram and is the focus
of this paper. In relation to common rail injection systems,
needle motion has been well discussed in the literature. For
example, the fluid-dynamic model presented in a previous
work [7] predicts the injection pressure variations to derive
proper injection control laws. The model developed in Ref. [8]
also predicts the needle lift and injection rate for different
injection pressures. The common rail piezoelectric injector
model realized in Ref. [9] considers both the hydraulic part
(fluid flow, discharge coefficients) and the mechanical part
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(needle movement, seats elastic deformation) to predict differ-
ent flow rate profiles. As regards gasoline direct injection, the
model developed in Ref. [10] refers to a piezoelectric injector
and compares the capability of lumped parameters and dis-
tributed parameters to describe needle motion and piezoelec-
tric element behavior. The dumping effect of liquid fuels
completely suppresses needle bounces. However, none of the
above works [7-10] reports any injector flow chart nonlineari-
ties. The experience of the authors confirms the absence of
nonlinearities in the injector flow chart when using gasoline.
Thus, this problem is unique to gas injection systems.

The modeling of gas injection in an SI engine was intro-
duced in Ref. [11], which explored the details of fuel spray
formation and mixture with air. The dynamic behavior of the
injector needle is discussed in Ref. [12], in which different
model predictive control schemes were presented for the con-
trol of an electromagnetically actuated mass-spring-damper
system for automotive applications. The natural gas injection
system modeled in Ref. [13] presents control strategies for the
optimization of injection system operation with a focus on the
fluid-dynamic behavior of the whole injection system (fuel rail,
pressure control valve, and injectors). However, despite focus-
ing on gas injections, none of these works [11-13] deal with the
nonlinearities produced by needle bounces during the opening
and closing phases of the injector. Only the work presented in
Ref. [14] deals with the complex needle motion during opening
and closing phases with a focus on the suppression of needle
bounces to prevent fatigue stress damage. Unlike the approach
followed in the present paper, however, the implementation of
the method proposed in Ref. [14] requires substantial modifica-
tion of the injector power supply system.

The presence of a nonlinear zone in the injector flow chart,
particularly its correlation with the needle motion, has not yet
been studied in detail. This consideration motivated the au-
thors to develop a mathematical dynamic model of the gas
injector and to study a proper injection strategy with the aim
of linearizing the injector flow chart. This strategy will im-
prove the air-fuel mixture quality control and thus minimize
both fuel consumption and pollutant emissions.

2. Solenoid injector dynamics

A typical gaseous fuel, such as liquefied petroleum gas
(LPG) and compressed natural gas (CNG), multi-point injec-
tion system of modern SI engine is composed of the following
main elements (Fig. 1): a gas tank (6), a pressure regulator and
filter (2 and 3), and a fuel rail (7), which feeds each injector
(4). In the setup shown in Fig. 1, fuel is injected into the inlet
duct (port injection). The regulator reduces the gas pressure
from the high level in the tank (where LPG is stored at ap-
proximately 10 bar and CNG at approximately 200 bar) to the
low level in the fuel rail (approximately 2 bar for LPG and 10
bar for CNG). The regulator is usually warmed by the engine
coolant to avoid freezing because of gas expansion. The regu-
lator is sometimes connected to the intake manifold to main-
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Fig. 1. Gaseous fuel multi point injection setup (I ECU, 2 pressure
regulator, 3 filter valve, 4 gas injectors, 5 lambda sensor, 6 gas tank, 7
fuel rail).

tain a constant pressure difference between the fuel rail and
the air manifold. The flow through the gas injector can be
assumed as equivalent to the flow through the convergent
nozzle. In chocked flow condition (i.e. supposing that the
usual ratio between fuel rail pressure and manifold pressure is
> 2), the gas flow depends only on pressure and temperature
upstream the injector. This phenomenon makes the injected
mass directly proportional to the injector opening duration.
The electronic control unit (ECU) adjusts the injected fuel
mass and thus acts on the injection time (i.e., the duration of
the injection pulse), the values of which are functions of en-
gine speed and load. These values are stored in memory by
means of appropriate tables. A more precise control of air-fuel
ratio is achieved by means of closed-loop control with the use
of the lambda sensor output signal.

Fig. 2(a) shows a cutaway of the solenoid fuel injector used in
the test [3] and Fig. 2(b) the typical electrical circuit used to
energize the injector solenoid. This circuit is composed of a
power supply, an injector solenoid, and a power transistor,
which is usually activated by the transistor-to-transistor logic
(TTL) pulses generated by the engine ECU. The injector is
mainly composed of a mechanical part, which is the needle, and
an electric part, which is a solenoid. These two parts interact and
influence each other through the electromagnetic field. The
needle movement influences the solenoid current, which conse-
quently acts on the needle through the electromagnetic force.

When the solenoid is not energized (i.e., the electrical cir-
cuit is open) the needle is kept in a closing position by both
the fuel pressure and the spring load. When the ECU activates
the transistor, which can be considered as a digital switch, the
electrical circuit closes (Fig. 2(b)) and the current rises in the
solenoid windings according to the R-L circuit law. The nee-
dle is then thrust by the electromagnetic force and moves from
the closed toward the open position, thus knocking against the
stop surface at the end of the lift. The needle bounces and
moves toward the closed position, where another impact may
occur. Under the action of the electromagnetic field, the nee-
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1) Pintle, 2) needle, 3) armature, 4) spring, 5) solenoid
winding, 6) electrical terminals, 7) fuel strainer.
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Fig. 2. Cutaway of fuel injector used in test (a); and scheme of injec-
tion electrical circuit (b).

dle will be pushed toward the open position, thus producing
other bounces. If the injection time is sufficiently long, the
needle will conclude all bounces and will remain in open posi-
tion when thrust by the electromagnetic field. Once the injec-
tion time is finished, the ECU deactivates the transistor, which
opens the circuit to produce an instantaneous drop in the sole-
noid current. The needle is then forced by the fuel pressure
and the spring load to return to the closed position, thus
knocking against the closed position seat and producing other
bounces. Figs. 3 and 4 show the output signal from an accel-
erometer mounted on the armature of an injector used for test
during the injector opening and closing phases. The strong
impacts that occur both in the opening and closing phases
cause prominent spikes on the accelerometer output signal.

The diagrams also show the measured solenoid current,
which is characterized by the presence of several cusps during
the opening phase. Given the reciprocal interaction between
needle movements and coil-winding current [1, 14], the abrupt
velocity variation during an impact causes a rapid change in
the current first derivative. These current cusps are absent in
the closing transient because after the end of the injection, the
electric circuit is open, and the solenoid current is null.

Fig. 3 also shows that for the tested injector fed with air at
10 bar, the bounces of the opening phase continue for ap-
proximately 4 ms. Meanwhile, in the closing phase (see Fig.
4), the duration is shorter at approximately 3 ms. The impor-
tance of these bounces relies on the variations that they pro-
duce on the injected mass because the instantaneous flow
section depends on the needle position. Therefore, assuming a
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Fig 3. Solenoid current and armature accelerations during injector
opening phase.

25

id curreﬂtlﬂ

‘ accelerometer signal [ | r4000

v
o
wn

[*

I
-~
w

=
u

solenoid current [A]
2
b
Boown

[25/w] vopesajade

e
N
v

0.5 43 5 E
- e -3000
8 — impactcs
0.25 VI —— --5000
0+ r - - -6000
a5 5 55 6 65 7 7.5

time after start of injection [ms]

Fig. 4. Solenoid current and armature accelerations during injector
closing phase.

linear correlation between flow section area and needle posi-
tion, the injected mass depends on the integral of the needle
position. This phenomenon implies that for injection times
lower than the opening phase duration (=4 ms for the injector
tested fed with air at 10 bar), the injected mass exhibits non-
linear dependence on time because the outflow section is sub-
jected to continuous variations. Moreover, given that the im-
pact energy of the needle on the opening stop surface depends
on its kinetic energy, which in turn is related to the duration of
the electromagnetic force applied and hence to the injection
time, the needle movement itself depends on the duration of
the injection. Such dependence introduces a further cause of
variation of the injected mass. The final result is the clear non-
linear relation between injected mass and injection time
shown in the injector flow chart in Fig. 5. This diagram shows
the measured injected mass for each of the injection times
imposed to the injector fed with air at 10 bar. It is worth to
remark that this diagram does not represent the integral of the
gas mass flow as function of time, but rather the measured
total injected mass at the end of each single injection, the du-
ration of which is the injection time At. As can be noted the
needle bounces significantly affect the total injected mass for
injection durations shorter than the bounces duration (= 4 ms).
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Fig. 5. Experimental injector flow chart obtained with air at 10 bar.

The experimental data used in this study have been col-
lected by feeding a Bosch EV1 natural gas injector with air at
8, 9, and 10 bar absolute pressure with the use of a 13 V DC
power supply. The injector has been actuated by using 0 V to
5 V TTL pulses generated by a National Instruments counter
board PCI-6602 programmed with LabVIEW. A transistor
was used to transform the low power digital pulses into the
high current square waveforms necessary for injector solenoid
excitation (Fig. 2). A Bruel & Kjaer Cubic DeltaTron 4502
accelerometer was placed on the injector armature to detect
the needle impacts. A clamp-on ammeter LEM PR20 with 20
kHz frequency response was used to acquire the solenoid cur-
rent, whereas the air mass flow was measured by means of a
Bronkhorst mini CORI-FLOW M13, a Coriolis-type mass
flow meter with a measuring range of 0.1 + 2.0 kg/h and an
accuracy of = 0.2% of the measured value. The injector was
activated with frequencies ranging from 10 Hz to 70 Hz to
obtain mass flows within the measurable range. For each in-
jection time, the experimental injected mass m.y, was derived
from the measured mass flow = and injection frequency f;,;

()

m
mexp = f o
inj

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 input voltage, solenoid current,
and accelerometer output were recorded for 100 consecutive
injections, whereas mass flow, gas pressure, and temperature
were recorded as mean values over 100 injections. In this way,
for each injection pressure tested, a complete injector chart
(with an example shown in Fig. 5) reporting the total injected
gas mass for each injection time between 1 and 8 ms can be
obtained.

The non-monotonic behavior of the flow chart arises from
the flow section variations caused by the needle bounces [1],

the intensities of which are related to the needle kinetic energy.

Such energy depends on the duration of the applied electro-

magnetic force. During the opening phase, the needle fre-
quently reverses its motion because of the bounces on the two
stop surfaces, whereas the electromagnetic force always acts
in the same direction. This phenomenon implies that depend-
ing on the needle velocity, the electromagnetic thrust may
accelerate or slow down the needle and thus change its effect
in terms of needle kinetic energy and consequently in terms of
the integral of needle position, which is proportional to the
injected mass. Therefore, increasing the injection time during
the opening phase may have opposite effects on the injected
mass, depending on the needle position and velocity. This
conclusion has been confirmed by experimental observation
of the solenoid current and armature acceleration waveforms,
together with mass flow data acquisition conducted for air
injection duration between 1.8 and 2.5 ms. Such observation
was accomplished through a 100 MHz oscilloscope.

When the injection time is sufficiently long to enable the
needle complete all the opening bounces (i.e., > 4 ms for 10
bar air pressure), all the opening and closing transient phe-
nomena identically 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 shown in Fig. 5, the
deviation from the linear trend remains in the range +0.25 mg
for injection times higher than 4 ms.

The nonlinearities of the injector flow chart can cause inac-
curate control over the engine air-fuel ratio, which can conse-
quently result in both higher fuel consumption and higher
pollutant emissions because of the catalytic converter lower
efficiency caused by the non-stoichiometric air-fuel mixture.
These nonlinearities have not been observed using gasoline.
Thus, this study focuses on gaseous fuels injector dynamics.

Moreover, in recent experimental works [15, 16], the simul-
taneous combustion of a gaseous fuel (CNG or LPG) and
gasoline in a SI engine was tested to achieve significant im-
provement both in engine efficiency and pollutant emissions
with respect to pure gasoline operation mode, which requires
rich mixtures at full load. The addition of CNG (or LPG) to
gasoline-air mixtures strongly improves knocking resistance
[17], thus enabling the engine to run at full load with a global
stoichiometric mixture and with optimal combustion phase (i.e.
spark advance). This third operating mode of bi-fuel engines,
called Double Fuel combustion, requires small amounts of
gaseous fuel, thus forcing the injectors to work in the non-
monotonic zone of the injector flow chart, where the control
on air-fuel ratio is poor.

3. Mathematical model

In a previous work Ref. [1], the authors realized a mathe-
matical model for the simulation of the complex needle mo-
tion during the opening and closing phases of the injector to
predict the amount of fuel injected for each injection time. The
model has been calibrated by means of the experimental data
obtained on the test bench with the use of a natural gas injec-
tor fed with air at 9 bar. This model was successfully validated
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Fig. 7. Model output: solenoid current and needle displacement as
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by the experimental data obtained by injecting air at 8 and 10
bar. The results shown in this paper refer to the injection of air
at 10 bar absolute pressure. Fig. 6 shows the comparison be-
tween measured and simulated injector flow charts. A very
good fit was found between experimental data and model
prediction because the nonlinearities of the experimental dia-
gram are accurately replicated by the model. Fig. 6 also shows
the error (i.e. difference between calculated and measured
injected mass) distribution with mean and maximum values of
0.22 and 0.74 mg, respectively. In all the cases, the model
evaluation accuracy was comparable with the test measure-
ment uncertainties [1], which are unrelated to mass flow
measurement errors (always less than 1%) but rather depends
on the injected mass oscillation around the mean values.

The predictive capacity of the model was further confirmed
by the comparison between the measured and the evaluated
solenoid current under the same conditions of air pressure and
injection time.

Fig. 7 shows the good agreement between the experimental
and numerical current during the injector opening phase; the
first cusp is attributed to the variation of the steel magnetic
permeability, whereas the other cusps are associated with the
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sudden speed change of the needle because of the impacts on
the seat surface.

Fig. 8 shows the typical model output, that is, the solenoid
current and the needle displacement as a function of time. In
particular, the diagram refers to a 5 ms injection of air at 10
bar. Notably, the opening phase bounces are evident both in
the needle displacement and in the solenoid current. These
bounces have a duration of approximately 3.6 ms. As a conse-
quence, this duration is also the minimum injection time of the
linear part in the simulated flow chart shown in Fig. 6.

The closing phase bounces have a duration of approxi-
mately 2.5 ms and are only evident in the displacement wave-
form, because the transistor (Fig. 2(b)) is deactivated at the
end of the injection. This deactivation opens the electric cir-
cuit ad causes the current to drop to zero immediately.

Fig. 9 shows the needle displacement evaluated by the
model for two different injection durations, that is, 1.7 and 2.0
ms, with air at 10 bar. In the case of the 2.0 ms injection, the
electromagnetic force still acts after the first impact, which
slows down the needle. The successive impacts of the needle
have lower energy, thus resulting in smaller bounces. The
results show that the 2.0 ms injection is characterized by a
lower integral of the needle position, which means a lower
integral of the mass flow and, thus a lower injected mass. The
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simulated injector flow chart in Fig. 6 confirms that with air at
10 bar, a 1.7 ms injection causes a higher injected mass than a
2.0 ms injection.

4. Pulse interruption strategy

The needle bounces on the stop surfaces originate from the
excess kinetic energy acquired by the needle during the open-
ing lift, which in turn is attributed to the excess energy trans-
ferred through the electromagnetic field and thus by the sole-
noid. Therefore, the needle should arrive at the opening stop
surface with no kinetic energy and be maintained in this posi-
tion by the electromagnetic thrust to avoid any bounce. This
condition can be achieved by the proper modulation of the
solenoid current to reduce the electromagnetic thrust on the
needle progressively during the lift. This process involves the
minimum energy necessary to shift the needle from the closed
to the open position. The whole excess of energy transferred
to the needle, with respect to the minimum required, is com-
pletely dissipated during bounces by the mechanical friction
between the needle and guides, by the gas viscous forces, and
by the energy loss at each impact. Grater movement and im-
pact of the needle causes more energy to be dissipated.

However, the modulation of the solenoid current requires
the modulation of the voltage supplied to the injector solenoid,
which is constant and equal to the battery voltage, as is usually
the case in automotive engines. Given the difficulty in supply-
ing variable voltage to the solenoid, the energy transferred to
the needle during the opening lift can be modulated elsewhere
by acting on the duration of the injection pulse. This pulse can
be divided into two: the first part dedicated to shifting the
needle from the closed to open position without bounces, and
the second part dedicated to maintaining the needle in the
open position and letting the fuel flow. The authors hence
focused on this division, which can be realized by the simple
interruption of the injection pulse, characterized by two pa-
rameters: the interruption delay J with respect to the start of
injection, and the duration 7, both pointed out in Fig. 10.

The authors used the mathematical model previously devel-
oped to determine the values of the two parameters that pre-
vent needle bounces and that linearize as much as possible the
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Fig. 11. Measured solenoid current for an interrupted injection pulse
(injection time = 5 ms).

injector characteristic flow chart.

Before starting the research on the optimal interruption pa-
rameters, the model was further improved, so that it can ade-
quately consider a phenomenon concealed by the first experi-
mental campaign. As reported in Fig. 11, the solenoid current
measured during an interrupted injection shows a kind of extra
current that substantially modifies the current waveform and
hence the needle motion. This additional current is due to the
partial discharge of the energy accumulated by the solenoid,
which occurs during the injection interruption. Details on this
phenomenon and on the model modifications introduced by
the authors are given further in Appendix A.

Once refined, the model is employed to perform several
simulations to determine the optimal values that are to be as-
signed to the interruption parameters J and 7 to avoid any nee-
dle bounce. According to the explanation above, this condition
should also minimize the energy E employed in the needle
shift from the closed to open position. The authors thus
adopted as objective function ¢ of the search algorithm the
energy transferred to the needle in the opening phase:

At*

(p:E:J-Vw*dz ?)
0

where At* is the time interval necessary for the needle to
complete all the opening phase bounces and stop in the open
position, ¥ the solenoid 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. 8, results in several bounces in
the opening phase transient. A simple search algorithm was
employed because an entire matrix of interruption delay &
(ranging from 1.55 ms to 1.76 ms with steps of 0.003 ms) and
duration 7 (ranging from 0.01 ms to 0.15 ms with steps of
0.002 ms) was tested to evaluate the objective function ¢ on
the base of the resulting simulation output. This procedure
enabled the tracing of the ¢ surface shown in Fig. 12 as a
function of the two variables, the delay ¢ and duration z. The
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figure shows a visible absolute minimum region, whose coor-
dinates represent the best (minimum energy) values of the
interruption delay and duration. Fig. 13 also shows a contour
plot of the ¢ surface, the best interruption parameters of which
are 0= 1.64 ms and 7= 0.038 ms.

As a result, the optimal injection pulse interruption of the
injector tested and fed with air at 10 bar has a very short dura-
tion and should therefore be placed before the first impact
occurs. The effects of these optimal interruption parameters on
the 5 ms injection of air at 10 bar are reported in Fig. 14 in
terms of both the solenoid current and needle displacement.
The modulation of the injection energy actuated through the
pulse interruption has the effect of allowing the needle to
reach the open stop surface without impacts and hence with-
out producing bounces. The best result is obtained by prevent-
ing the first impact from occurring. Once the needle is at rest
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Fig. 15. Comparison of the simulated original and optimized injector
flow charts.

in the open position, the mass flow remains constant and the
injected mass becomes a linear function of the injection time.

Fig. 15 shows the injector flow chart obtained by adopting
the same interruption parameters for each injection. The figure
shows that a satisfying linearization is obtained, because most
of the nonlinearities are now suppressed, and the injector
characteristic is now a monotone function of the injection time.
Its linearity lies in the range of +0.25 mg for an injection time
of as low as 1.75 ms, which corresponds to an injected mass
of 2.8 mg. The linear behavior of the injector is now extended
well below the 4 ms and 9 mg of the original (simulated) flow
chart of Fig. 6. For comparison, the flow chart without pulse
interruption is also shown in Fig. 15.

The time interval between the first rising front and the last
falling front of the injection pulse is conventionally considered
the injection time, as shown in Fig. 10.

According to these results, a very good linearization of the
injector flow chart can be obtained through a simple injection
pulse modulation. This kind of power supply strategy can
easily be implemented in the current production engines
through a simple ECU programming, without any hardware
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Fig. 16. “Peak and hold” injection pulses.

change. The suppression of gas injectors needle bounces has
also been studied [14] to prevent fatigue stress damages: the
method proposed in that study, however, relies on a substan-
tial modification of the injector power supply system.

5. Peak and hold injection strategy

The second injection strategy examined in this work is
known in the automotive industry as the “peak and hold” in-
jection. This approach relies on feeding the solenoid injector
with two consecutive different current levels: the first (the
peak current) is high enough to shift the needle quickly from a
closed to an open position, whereas the second (the hold cur-
rent) is sufficient to hold the needle in open position during
fuel flow. Originally developed to shorten as much as possible
the overall injection time, this second injection strategy has
been taken into consideration since it also allows a modulation
of the energy transferred to the needle, thereby acting on the
solenoid current (and hence on the power supply voltage),
rather than on the pulse duration. However, the low voltage of
the hold phase requires the use of low-impedance injectors,
whereas the rapid commutation between the two different
voltage levels requires complex and expensive electronic
components. Thus, contrary to the pulse interruption modula-
tion, this strategy cannot be implemented without hardware
modifications and additional cost.

A comparison with the pulse interruption strategy was con-
ducted on equal terms, minimum energy optimization was also
performed for the “peak and hold” strategy, which was used in
the mathematical model to activate the transistor with two suc-
cessive injection pulses, the peak and the hold. These impulses
correspond to two different voltage levels and are employed to
obtain both the peak and the hold current (see Fig. 16).

The latter is considered the minimum current needed to
hold the needle in open position, thereby counterbalancing the
closing forces that result from the gas pressure and the spring.
For this reason, this hold current strictly depends on the gas
pressure and implies a voltage of 5.78 V for the injector fed
with air at 10 bar. The hold pulse duration can be determined
once the peak pulse duration is known, because both are com-
plementary and sum up the total injection time, as shown in
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Table 1. “Peak and hold” injections characteristics.

Point of Peak duration Start of needle
Fig. 18 Peak voltage [V] [ms] movement [ms]
A 24 0.56 0.54
B 13 1.13 1.13
C 35 0.38 0.36
Fig. 16.

The voltage V), and duration 4¢, of the peak pulse are inter-
dependent, because a high peak pulse voltage results in a
strong opening thrust on the needle and hence requires less
time to move the needle. By contrast, a low peak voltage re-
quires a more time to shift the needle from closed to the open
position and therefore a long peak phase duration.

Given a certain peak voltage (which is significantly higher
than the hold voltage), the peak pulse duration should be fixed
for the same purpose as that of the previous injection strategy
(i.e. to shift the needle from closed to open position without
causing impact and bounces). This process is accomplished
following the same principle of the minimum energy required.
Hence, for each couple of peak pulse parameters (i.e. peak
voltage and duration), the total energy transferred to the nee-
dle during the opening phase is evaluated by means of Eq. (2).
A second surface is obtained, as shown together with its con-
tour plot in Fig. 17. The latter is repeated and clearly observ-
able in Fig. 18. The minimum energy required in the opening
phase with the “peak and hold” injection is as expected almost
the same as that required by the pulse interruption strategy (i.e.
about 18 mJ for the injection of air at 10 bar) (see also Fig. 13).

Table 1 also shows that, for each peak voltage considered,
the resulting optimal peak duration is almost equal to the time
required to make the needle leave the closing stop surface.
This equivalence means that the optimal peak voltage is nec-
essary as long as the needle remains in closed position. Once
the needle leaves the closing seat surface, it requires only the
hold current to move toward the open stop surface without
bounces. A higher voltage during this movement increases the
kinetic energy, thereby causing an impact on the closing sur-
face. This phenomenon explains the presence of a sudden
rising front just next to the minimum energy region in Fig. 17.
Once the optimal peak voltage is fixed, a slight decrease in the
peak duration causes the needle to remain closed, and the in-
jection does not occur. This fault condition is represented for
mathematical continuity purposes by a constant conventional
high value of the energy required. The presence of this rising
front however reveals the very low robustness of the optimal
“peak and hold” injection, whose practicability therefore re-
quires precisely determining and executing the peak phase
voltage and duration.

Fig. 19 shows the needle displacement obtained from the
simulation using the “peak and hold” parameters of points A,
B, and C of Fig. 18 (all simulation refers to the injection of air
at 10 bar). As expected, no bounces are evident, which con-
firms the optimization performed through the minimum en-
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Fig. 18. Contour map of the opening phase energy [mJ] as a function
of the two peak pulse parameters.

ergy concept. The needle displacement obtained from the
optimal pulse interruption strategy is also shown for compari-
son. Fig. 20 shows that the latter is characterized by a high
velocity in the opening phase, because of the high current
involved during the needle movement. The three current
waveforms related to the “peak and hold” injections reveal a
cusp, which is caused by the commutation from the peak to
the hold supply voltage. As observed above, this commutation
occurs once the needle starts to move.

The injector flow charts obtained from the “peak and hold”
injections are reported in Fig. 21. A good linearization has
been achieved, because the nonlinearities of the original injec-
tor flow chart are almost completely removed.

The flow chart obtained through the pulse interruption strat-
egy is also shown for comparison. It lies between the 24 and
the 13 V “peak and hold,” and its trend is as good as that of
the “peak and hold” injections, starting from a injection time
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Fig. 19. Comparison between the needle displacement in the “peak and
hold” injection and that in the pulse interruption strategy.
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Fig. 21. Comparison of the linearized injector flow charts.

of 1.65 ms. The three peak voltages used yield almost the
same good results in terms of injector flow chart linearization.
However, increasing the peak voltage advances the needle
opening phase, thus facilitating the increase of the injected
mass for the same total injection time. As a result, passing
from 13 V to 35 V peak voltage causes an injected mass in-
crease of about 3 mg. This injected mass increase can be use-
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Fig. 22. Comparison of the “peak and hold” injector flow charts.

ful when high amounts of fuel are required (e.g. for engine
supercharging purpose), and when the total time available for
injection is limited.

Fig. 22 shows a portion of the “peak and hold” flow charts
limited to an injection time below 3 ms. The flow chart in the
13 V “peak and hold” injection enters a linearity range of
+0.25 mg at an injection time of 2.0 ms, which corresponds to
an injected mass of 1.74 mg. This result is similar to that ob-
tained from the pulse interruption strategy. The flow chart in
the 24 V peak voltage enters the linearity range at an injection
time of 1.45 ms, which corresponds to an injected mass of
2.58 mg. Increasing the peak voltage to 35 V further improves
the flow chart, which lies within a linearity range of £0.25 mg
at an injection time of 1.20 ms and injected mass of 2.42 mg.

Given that the reliable injector operating range is limited
within the linear zone of the flow chart, both “peak and hold”
and “pulse interruption” strategies increase this range and
reduce both the minimum injection time and the minimum
injectable mass with respect to the conventional operating
mode.

The pulse interruption strategy can easily be implemented
in the current injection systems by simply reprogramming the
engine ECU. By contrast, implementing the “peak and hold”
strategy is expensive, because it requires expressly designed
electronic components to manage the voltage commutation.

6. Conclusions

In a previous work [1] the authors realized a mathematical
model for the simulation of the complex needle motion of a
natural gas injector needle, and for the evaluation of the in-
jected mass. Once calibrated by means of experimental data
collected on the test bench using a natural gas injector, the
model was proven to be capable of predicting with unexpected
accuracy the amount of gas injected at each injection time and
of reproducing faithfully the nonlinearities of the real injector
flow chart, which originate from the needle impacts and
bounces that characterize the opening and closing phase of the
injector.

S. Beccari et al. / Journal of Mechanical Science and Technology 28 (8) (2014) 3311~3323

In the present paper, the authors employed the model to
study and compare possible injection strategies to linearize as
much as possible the gas injector flow chart. The analysis of
the needle motion, together with some fundamental considera-
tions of energy conservation, led to the definition of a proper
objective function, which guided the authors toward one pos-
sible solution to the problem. The main advantage of this solu-
tion is that it can easily be implemented in the current engine
ECU without any hardware modification or additional costs.
The implementation consists of the proper modulation of the
energy transferred to the needle through injection pulse inter-
ruption to avoid impacts and bounces.

A second injection strategy known in the automotive indus-
try as the “peak and hold” injection was also examined for its
capability to modulate the energy transferred to the needle
acting on the solenoid current rather than on the pulse duration.
As in the case of the “pulse interruption” strategy, this strategy
was optimized using the same minimum energy concept.

Once implemented in the model, both injection strategies
proved to be effective in the linearization of the injector char-
acteristic and in widening the injector operating range. The
implementation of the “peak and hold” strategy however re-
quires expressly designed injectors and electronic components
to manage the voltage commutation. Moreover, it also re-
vealed a substantial lack of robustness, which may compro-
mise its implementation in a real engine.

Nomenclature

Cl : 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
E.; :Energy stored in the solenoid coil
Sinj : Injection frequency
i : Solenoid current
L : Solenoid inductance
Mey, - Experimental injected mass
m : Mass flow
R : Equivalent resistance
t : Time
ty : Time at the end of the rapid discharge phase
V : Voltage
Vy : Voltage at the end of the rapid discharge phase
v, : Asymptotic voltage of the discharge phase
0 : Time delay of the injection interruption
1) : Objective function of the optimal condition search algo-
rithm
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T : Duration of the injection interruption
At : Injection time

t* : Opening phase duration
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Appendix
A.1 Extra current sub-model

The first tests on interrupting the injection pulse, which
aimed to modulate the energy transferred to the needle,
showed a phenomenon not observed in the previous work.
The experimental data effectively revealed an extra current,
whose duration and magnitude depend on the duration of the
pulse interruption, as shown in Fig. A.1. Here, different sole-
noid current waveforms, obtained by varying the pulse inter-
ruption duration, are represented as a function of time. The
amplitude of the extra current decreases when the interruption
duration increases.

The analysis of the injection electric circuit (see Fig. A.2)
and the characteristics of the insulated gate bipolar transistor
(IGBT) [18], together with some voltage measurements (car-
ried out between points A and B of the electric circuit) led the
authors to believe that the phenomenon is related to the dissi-
pative discharge of the energy stored in the solenoid coil.

When the injection is interrupted, the IGBT is deactivated,
which in turn suddenly opens the electric circuit (between
points A and B). The solenoid current immediately falls to zero,
which causes an abrupt decrease in 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 was
recorded by means of a 100 MHz oscilloscope and is reported
in Fig. A.3. The voltage induced in the solenoid circuit fully
exceeds 390 V (which is also the maximum visible value of the
oscilloscope). As a consequence, the IGBT intrinsic protection
system, endowed with Zener diodes and internal resistance,
allows this high voltage to discharge itself toward the ECU
ground (current i; in Fig. A.2). The first part of the solenoid
energy discharge is very rapid, as shown in Fig. A.3.



3322

S. Beccari et al. / Journal of Mechanical Science and Technology 28 (8) (2014) 3311~3323

solenoid current [A]

-0.1- . S . . .
11 12 13 14 15 16 1.7 1.8 19 20 21 22 23 24 25
Time after start of injection [ms]

Fig. A.1. Measured solenoid current of various durations of pulse
interruption.
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Fig. A.2. Electrical circuit involved in the injector operation.

Once a voltage of about 130 V is reached (i.e., approxi-
mately 0.02 ms after the start of the pulse interruption) as a
result of the IGBT intrinsic protection system properties [18],
the path to the ECU ground through the IGBT closes. Conse-
quently, the energy continues to discharge through the internal
structure of the injector itself. This second stage of the dis-
charge process is slow, and the voltage exhibits a gradual de-
crease, as Fig. A.3 shows.

Considering a simple R-L circuit, this voltage waveform is
fitted by an exponential function of time t:

R
~(=t0)

V=V+W,-V)-e (A1
where f, and ¥, represent the time and voltage at the end
of the rapid discharge phase (0.02 ms and 130 V, respectively),
¥, is the asymptotic voltage (given by the power supply sys-
tem), and L/R is the time constant of the circuit. In particular,
L is the known solenoid inductance, and R is the equivalent
resistance of both the solenoid and the power supply system,
which is determined by fitting the data in Fig. A.3 with Eq.
(A.1).

The instantaneous energy stored in the solenoid can always
be expressed as follows:
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Fig. A.3. Measured solenoid voltage during the injection pulse inter-
ruption.
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Fig. A.4. Injection pulse interruption: measured and simulated solenoid
current for air at 10 bar.

(A2)

1 .
coil — E ' L : l(t)z
where according to Eq. (3), the current i(z) during the slow
discharge phase can be evaluated as:

V) e

- (A3)

If, during this slow discharge phase, the electric circuit is
closed again (i.e., the IGBT is reactivated) after a sufficiently
short time (less than 0.2 ms from the start of the pulse inter-
ruption), then the residual energy still stored in the solenoid is
suddenly discharged through the power supply cathode. This
sudden discharge produces the extra current (i, in Fig. A.2),
whose value depends on the energy still available in the sole-
noid, and can therefore be evaluated by Eq. (A.3). It is also
obviously related to the duration of the interruption, thereby
explaining the current waveforms represented in Fig. A.1.

Egs. (A.1) and (A.3) are used in the model to take account
for the phenomenon of the extra current. Fig. A.4 shows a
good agreement between the experimental measure and simu-
lation output.
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