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1. Introduction

The paper discusses results of the laboratory experiments, the 
purpose of which was finding links between the electric current pa-
rameters, controlling the work of the electromagnetic injector, and its 
mechanical parameters. Using the relation of mechanical parameters 
and the electric current quantities allows for supervision of the injec-
tor work and precise evaluation of the quality of individual injection 
phases, i.e. to control the technical condition of the fuel system and 
the injector during operation, all on the basis of the easily-observed 
current parameters.The knowledge of the relationship between these 
parameters can be applied not only in injector diagnostics but also to 
control injectors. This results from the fact that thanks to the work of 
the electric current, the fuel flow supplied to the injector under suf-
ficient pressureis induced. The electric current flowing through the 
valve coil, generates the magnetic flux, and subsequently, the magnetic 
force acting on the needle (the element cutting the fuel off). This force, 

after overcoming all resistant forces, preventing this action enables 
lifting the needle. Additionally, the electric connection of the injector 
coil provides for both, its control and power supply. To summarise, the 
work of the magnetic force resulting from the flow of the electric cur-
rent is a factor allowing for connecting the current with the mechani-
cal quantities. Due to the accurate defining of all the above relations, 
the real starting and finishing points of successive phases of the fuel 
injection process can be determined, which, in turn, can be used in 
managing the engine work. Such identification may allow for develop-
ing a different strategy relative to the control logic commonly applied 
so far.An engine controller can be developed using continuously up-
dated information about the real beginning andduration of individual 
injection phases. Such a controller will adequately correct the control 
of injectors, in case there were variations detected in starting and fin-
ishing of the dosing process, contrary to the methods used nowadays, 
that are based solely onmeasurements of the exhaust gases quality and 
corrections of injection parameters on the basis of the previously pro-
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grammed maps [1]. The size of a fuel dose, determined on the basis of 
the current waveform integration, can serve as an additional verifica-
tion of the control process,within a given control method of the flow 
of electric current through the injector coil.The profound knowledge 
of momentary parameters of injection phases may be used for precise 
injector diagnostics, too, therefore contributing to the early detection 
of failures that could affect the degradation of the exhaust gases puri-
fication system and even the engine damage. Thus, the early detection 
of damages in the fuel system is particularly vital.

Operation of a fuel injector may be evaluated on the basis of vari-
ous quantities. Verified can be the control signal or the control result, 
i.e. the quality of the generated stream [3]. Shape, angle, and degree 
of the mixture atomization proves the quality of the dose obtained. 
Lee et al. [5], conducted an analysis of the dynamic behaviour of the 
solenoid valve while examining the phenomenon of electromagnetic 
field and flow through the exhaust channel [10]. In her work, Ha-
rantova [2]discussed a projectand analysis of the control and supply 
systems for injectors.Voltage of the injector power supply and pres-
sure values in the fuel system at a given width of the control pulse 
(PWM - Pulse-Width Modulation)were analysed [9].At the same 
time, attempts were made, to achieve the highest possible efficiency 
and stability of the injector work. In [12], the method of fuel injector 
verification based on electric current characteristics and the possibil-
ity of correcting the operation of the injector by using appropriate 
control algorithms was presented. Tan et al. [14] shows how to adjust 
the injector control strategy to take into account changes in the re-
sistance and inductance of its coil, taking into account the effects of 
aging. Nikolićet al. [8] discussed the processes occurring in the fuel 
supply systems, namely fuel injection, generation of the fuel mixture, 
combustion, and exhaust emissions. K function, as a correlation be-
tween the speed of the fuel flow and fuel pressure depending on its 
type [4] [11] was determined. Fluctuations in the fuel pressure have 
a major impact on the atomization, combustion and size of the fuel 
stream, as well as on delays in the injector operation [6] [7]. Stępień 
[13] described the process of sludge formation in the injector fuel 
channels, the impact of the resulting sludge on changes in diagnostic 
parameters indicating the degree of degradation of the injector. In [4], 
a novel method was discussed,  using Coriolis flowmeters (CFM), 
and a new, patented technique of signal processing for measuring the 
fuel flow. Measuring the flow speed of individual injectors of the en-
gine in real time was proved possible, which enables the 
accurate assessment of the injection process. Merola et al. 
[7] presented a method of verifying fuel injection and the 
combustion process using optical diagnostics, using an en-
doscopic system coupled with a CCD camera mounted in 
the intake manifold.

The abovementioned works are examples of current 
publications regarding methods of evaluation of the fuel 
injector operation. It is a final element of the fuel sys-
tem and undisturbed engine work depends highly on its 
flawless functioning. Defects of the injector may lead to 
degradation of the exhaust purification systems (cata-
lytic converter). This is why the appropriate diagnostics 
and control of the fuel injector is  a particularly important 
operation-related issue. In the following sections, an inno-
vative diagnostic method forfuel injectors and all kinds of 
electromagnetic valvesis discussed. This method is based 
on identification of values of the intensity of electric cur-
rent controlling the injectorat the point of lifting the needle. The value 
of the current at this point is not a constant. It is dependent upon sev-
eral factors resulting fromthe injector’s properties and control param-
eters. Accuracy of determination of the values of the electric current 
and the detailed analysis of the determinants for injector control al-
lows forusing the correlation between the value of the electric current 
at the characteristic points of the current-related waveform of the dos-

ing injector and its mechanical parameters. On the basis of observa-
tion of the characteristic current-related points, practically all electric 
and mechanical failures of the injector can be detected, with no need 
of OBD-based diagnostics or other methods, including those based 
on removing the injector from the vehicle engine. The method of di-
agnostics presented in this article may be applied during operation 
without removing the injector from the engine, and after appropriate 
implementation in the engine controller, an automatic tool is obtained, 
that will ensure an early detection of damage in both, the injector and 
the fuel system. In the subject literature regarding the diagnostics of 
fuel injectors, there are no methods mentioned, that are based on the 
correlation described in Section 3 of this article. 

2. Dose and fuel flux 

The electric current parameters precisely describe the phenomena 
they affect. This is illustrated in Fig. 1, where the increasing surface 
area under the current waveform (continuous red line) reflects the ev-
er-increasing flow of the specific mediumin response to the prolonged 
voltage impulse from 2 ms to 15 ms. In each of the waveforms in fig. 
1, at 0.6 V there is a dotted dark blue line, denoting the photodetec-
tor reading, transforming the laser light into the voltage. In the tests 
performed at the test bench, the stream of fuel disturbed the laser light 
running under the injector nozzle (decreased voltage output by ap-
prox. 0.15 V), illustrating the real fuelflow.

The injector work is based on an undisturbed cooperation of the 
electric and hydraulic systems, controlling of which is supervised by 
the electronic system. The current flow during the preset injection 
time is defined by the continuity equation:

	 ∇ +
∂
∂

=j
t
ρ 0	 (1)

where: j 	 –	 electric current density,
j j jj
x y z
∂ ∂ ∂

∇ = + +
∂ ∂ ∂

 – scalar multiplication with the nabla vec 

			      tor operator,
ρ 	 –	 density of electric charge,

t 	 –	 time [s].

The electric current densityjis a result of differentiation of the 
electric current relative to the surface where it flows:

	 dIj
dA

= 	 (2)

Fig. 1	 Waveforms of fluctuations of electric current, voltage, and intensity of laser light cor-
responding to the increased injection times, from 2 ms to 15 msregistered at the test 
bench



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 22, No. 3, 2020 451

Science and Technology

where: I  – electric current [A], A  – cross sectional area 
[m2].

The motion of the injector needle results from the 
change in the magnetic flux φ, which in turn is a result 
of the electric current I flowing through the coil. This is 
described as a flow of the electric chargeQ:

	 Q i t dt
RQ

d
dt

dt
Rt

t
= ( ) = =∫ ∫

1

2 1

0

ϕ ϕ ϕ
            (3)

where: R  isresistance [Ω]and ϕ -magnetic flux [Wb].

Due to the flow of electric charges, the fuel flow is 
obtained, described by analogical equation. The stream 
continuity equation:

	 ρ
ρ*∇ +
∂
∂

=v
t

0 	 (4)

In this formula, v  denotes volume 3m 
  .

Changes in flowing fuel flux may be correlated with the electric 
charge flowing during injector’s dosing action. Using the current-
related waveforms allowed for generating the characteristics of the 
dose and of the fuel flux, mapping the electric current waveforms. 
For instance, at the injection time of 10 ms  and the injection pressure 

  0.3 MPap= , the obtained stream flux amounted to: 
mg0.0061 0.000124 
ms

± , which is related to the flow of 

the electric charge   0.00668 CQ= . The electric charge 
Q was computed by integrating the current-based 
waveform (3). Subsequently, the theoretical volume  
of the fuel stream was calculated in accordance with 
the equation (5):

m f A
p p

s c
i

=
−( )

− * * *
*

ρ
ρ

2 1 2           (5)

where: s cf − 	   –	 flow coefficient, 

ρi 		 –	 density of fuel during flow through 
the injector nozzle,

1p  	 –	 pressure of fuel before the injector,

2p 		 –	 pressure of fuel after the injector. 

In the example shown above (10 msand 0.3 MPa) , the obtained 

mass flow amounted to: mg0.00556 
ms

. The result is burdened with a 

measurement error resulting from the uncertainty of parameter mea-
surements from equation (5) such as: fuel pressure or fuel density. 
The result of the calculation differs from the actual by 0.000 mg416

ms
 . 

Because of the uncertainty of the measurement of the quantity from 
equation (5), it is a satisfactory result. 

Fig. 2 showscurrent waveforms for different voltage pulse widths, 
from 1.6 ms to 10 ms, superimposed on each other.

An electric charge 1,6 0.000418 Cmsq =
 
has been assigned to the 

1.6 ms range (first range from the left in Fig. 2, indicted by a golden 
continuous line), while range of 10 ms (the whole of the current wave-

form – marked with the red continuous line) has an electric charge 
of the value 10 0.00668 Cmsq = . The difference between 1,6msq  and

10msq  is 16–fold. The areas of successive ranges as well as electric 
charges are proportional to their corresponding values.  

In the case of the current ranges for various fuel pressure values 
(Fig. 3), the differences between electric charges representing succes-
sive current waveforms are too small to assess (on the abovementioned 
basis) at which value of the fuel pressure the dose was generated and 
what its size was. These values lie within therange of measurement 
uncertainty. The size of the dose and stream can be related to the value 
of the fuel pressure, defined on the basis of electric current value at 
the point of the needle lifting, which will be the main focus of the 
second part of this article. 

3. Fuel pressure

The current waveform recorded during generation of a single 
fuel dose,  with a preset eight-millisecond length of a control pulse is 
shown in Fig. 4. The electric circuit of the injector coil consists of the 
source of the electromotive force ( ε0 ), resistance ( R ), and induct-
ance ( L ) (circuit RL). Increase in the current in the RL circuit is de-
scribed by the Kirchhoff’s equation (6), defining the shape and values 
of the electric current varying over time. In the case of the injector’s 
current waveform, as a result of the work by the magnetic force, i.e. 
lifting of the needle, equations describing the electric current must 
take into consideration the resistance overcome by this force, which is 
discussed in this section of the article. 

	 I
R

eop

R
L= −















ε0 1* 	 (6)

The shape of the waveforms observed during the work of the elec-
tromagnetic valve depends not only on the electric current parameters 

Fig. 2.	 Current waveforms for different voltage pulse widths, from 1.6 ms to 10 ms, superim-
posed on each other, with the assignment of the area under the waveform

Fig. 3. Current waveforms for increasing values of fuel pressure, from 0.1 to 0.5 MPa
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(current intensity, voltage) and geometry of the valve core. Location 
of the characteristic points (both value and the time lapse) depends 
on the specific density of the flowing medium and value of the pres-
sure that reaches the valve.In this part of the article reference is made 
to bench tests in which the pressure downstream of the injector was 
constant. Therefore, the results refer only to the pressure before the 
injector. The purpose of the analysis is to show the trend of changes 
in electric current at the needle lifting point depending on the pres-
sure (in fact, the pressure difference before and after the injector). 
During the engine operation of the injector, the pressure in the intake 
manifold changes, which change must be taken into account in the 
analyzes performed.

The fuel flow into the injector inlet channel totally changes the 
time-related voltage-current waveform. As a result of the fuel density 
and pressure action (it is density, in fact, since pressure causes its in-
crease), a greater magnetic force needs to be generated in order to lift 
the needle. At the specific value of current at the point where the nee-
dle is lifted ( opI ), a corresponding pressure value of the fuel before 
it reaches the valve needle, can be precisely matched pinj( ) . Fig. 4 
shows two injector current-related waveforms, for two different fuel 
pressure values before the injector. Change in the injection pressure 
from 0.2 MPa to 0.8 MPa results in a change in the current at the point 
where the needle is lifted, from 0.379 A to 0.495 A.

On the basis of the laboratory research, for each injector type, 
the function of relationship of the current intensity (at 
the point where the needle is lifted) and the injection 
pressure can be determined:

	 I f pop inj= ( )                     (7)

The fuel flow can be obtained after the magnetic 

force mF  has overcome all the forces counteracting 
the needle lifting:

pF 	– force resulting from the fuel pressure,

iF 	 – inertial force,

fF 	– frictional force,

sF 	 – force of the spring.

	 m p i f sF F F F F> + + + 	 (8)

Magnetic force mF  is a derivative of the energy originating in the 
coil as a result of the current. The magnetic force sufficient to lift the 
needle is defined by means of the current intensity, measured at this 
point of the current-related waveform of the injector opI . The most 

significant resistant force is force pF , the remaining elements are 
constant or vary based on this force’s change. The consequence of it 
being that the magnetic force mF  is a function of the current intensity 

opI . And the current intensity opI  is a function of the force resulting 
from the fuel pressure injp :

	 F f Im op= ( ) 	 (9)

where: mF – magnetic force resulting from the magnetic flux [N],
opI 		 – current intensity at the point of the needle lifting [A],

injp 	– fuel injection pressure [MPa].

For the increasing fuel pressure, the force necessary to lift the 
needle grows, thus the current required to generate the magnetic flux 
of the adequate value, increases, too:

	 I f p I f p p pop op1 1 9 9 1 9= ( ) < = ( ){ }< 	 (10)

Relationships (10) are graphically represented in Fig.5. It shows 
an image of the current waveform of injector with the increase in cur-
rent intensity at the point of the needle lifting marked, depending on 

the injection pressure.
Current intensity at the point of needle lifting, (Fig.5) 

corresponds closely to the injection pressure. Moreover, it 
is unrelated to the injection time, it depends on the value 
of generated magnetic force. The greater the difference be-
tween the pressure before the injector and the pressure in the 
intake manifold (after the injector), the higher the current

opI . The mapping of such a characteristic in the relation 
(6) required using the coefficient pressf . After inserting the 
coefficient into the differential equation, in the component 

0
R
ε (6), the expected value of the current opI  will be ob-

tained (11):

	 I f
R

eop press

R
L= 






 −















* *ε0 1 	 (11)

The first component determines the maximal value that will be 
reached ,opI  whereas the second component affects the exponential 
tending to this value (Kirchhoff’s equation). Due to the expression 
(11), the resistant forces in the current-defining equation in the circuit 
of the working injector (circuit RL) are taken into consideration, which 
can be observed in the equations modelling the current ranges in the 
previous section. Characteristic opI ( )injp , necessary in the detailed 

Fig. 4. Graphic representation of the relationship Iop (pinj)

Fig. 5.	 Changes in electric current intensity at the point of the injector needle lifting at different 
injection pressure values
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modelling of the injector current waveform can be utilised to evaluate 
the given injector’s technical state, in comparison to different types of 
injectors or in the early diagnosing of its faults. All kinds of defects of 
the electromagnetic valve will result in change in the current intensity 
at the point of the needle lifting. The injector can be monitored during 
its work, controlling this parameter and the value of injection pressure 
from the pressure sensor. Characteristic opI ( )injp  is a relationship of 
the linear character. As the pressure keeps growing, a little increase in 
the proportion of the current intensity opI  to    injp can be observed. 
Characteristics I pop inj( )  have been developed for several different 
types of injectors with different degree of wear. For a given type of in-
jector, characteristics have similar character but they are not identical, 
which results from the differences in their operation. The characteris-
tic of the injectors “a” and “b” (Fig.6) changes throughout the whole 
range of the injection pressure (from 0.1 to 0.8 MPa). 

The magnetic flux resulting from the flowing current, generated 
around the coils of these injectors is greater than the generated by the 
coils of the injectors “c” and “d” (Fig.6). The current intensity for 
injectors “c” and “d” from pressure of 0.5 MPa transitions into the 
steady state (maximal – horizontal line). Above this pressure value, 
they do not increase their doses and the current intensity at the point 
of the needle lifting is constant (such as the current intensity of the 
steady state in the circuit). Ability to overcome the forces counteract-
ing the needle lifting at the lower current opI  indicates a given injec-
tor’s greater efficiency. 

The characteristic of the relationship between the electric current 
at the point of the needle lifting and the mechanical resistances of the 
lifting action results from the electrical and geometric propertiesof 
the injector, fuel system, and preset control parameters. A precise de-
termination of the corresponding parameters allows for verification 
of the technical state of the fuel system, also in the real time. This 
innovative approach may be applied both in diagnostics and to intro-
duce corrections in injector control. The presented analysis shows that 
on the basis of the selected points of the time-related current-voltage 
waveform, observed during injector dosing, such parameters of injec-
tor control as the injection pressure can be determined, and combin-
ing this information with the surface area below the current intensity 
waveform, allows for characterising the mass flow.  

4. Summary

The article discusses results of the laboratory experiments testing 
fuel injectors used in internal combustion engines with the indirect in-
jectionwithout turbo boost. In the course of experiments, waveforms 
of voltage and current in the injector coil were recorded. Also, the 

dosage characteristics were developed; the influence of applied con-
trol parameterson the resultant fuel flow was determined. On the basis 
of the above, it was indicated that the current-related parameters con-
stitute a precise criterion for the injector work evaluation. Correlation 
of the current waveforms with dosage parameters of the fuel injectors 
enabled the conclusion that fluctuations within the waveforms result 
not only from the current-related properties. They also depend on me-
chanical properties affecting the flow (4), such as density, injection 
pressure, or resistance of the needle motion. The conclusion can be 
made that the shape of the waveform of the electric current (6)in the 
circuit of the injector coilcontains information about mechanical pa-
rameters of injection (11), as well as electric and mechanical proper-
ties of the injector. The range of the current waveform or the flowing 
electric charge (3) can be correlated with the fuel flux(5). In order to 
map the fuel dose precisely, it is necessary to determine at what pres-

sure value occurred the fuel flow. The characteristic 
point of the current waveform, used in the discussed 
analysis. The value of the current at this point relates 
directly to the forces counteracting the lifting action 
(8). The largest of these is the force resulting from the 
fuel pressure, which is one of the variables. The sec-
ond variable is the pressure downstream of the injec-
tor, i.e. the pressure in the intake manifold. The refer-
ence to the current at the needle lifting point makes 
sense under the same comparison conditions, i.e. with 
current pressure control downstream of the injector.

A conclusion can be made that a radical change in 
the electric current at this point takes place following 
the change in the fuel pressure (7), which has been 
proved by the performed laboratory experiments.

Observation of the electric current waveforms and 
analysis thereof, in combination with the previously 
generated characteristic of correlated parameters, al-
lows for verification of the correctness of the fuel 
dosing process, and for rendition of the assessment of 
technical state of the fuel system and the injector. The 

presented current waveforms may be monitored by means of the con-
troller in the real time, during operation, due to which such verification 
can support the OBD and the control systems for the exhaust emis-
sions, allowing for a faster failure detection in the fuel system. The 
relation between the value of the electric current at the point of needle 
lifting and the fuel pressure may be used not only in fuel injector diag-
nostics but also to verify different kinds of electromagnetic valves.

The results of laboratory experiments presented in this work re-
flect a new viewpoint regarding the fuel injector diagnostics. An ad-
ditional diagnostics discussed here may be used in the real time dur-
ing operation of the injector or electromagnetic valve. The „on-line” 
diagnostics can contribute to an earlier detection of damages, thus 
protecting the exhaust purification system from degradation and even 
from engine damage. The function of the fuel pressure can be also 
used to control the injectors. Determination of the real injection phase 
may help managing the engine work. This means the change of strat-
egy relative to the one used so far. The presented information could 
be applied in the module controlling engine work, using in the control 
algorithm the information on the real moment of starting and finishing 
the process of dosing, and not be functioning only on the basis of the 
previously developed algorithms, corrected through the adaptation of 
control and the lambda probe.
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Fig. 6. Characteristics I f pop inj= ( )  for injectors: “a”, “b”, “c” and “d”
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