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Resume

The purpose of this study was to improve the diagnostics efficiency of
modern diesel engine injectors with electronic controls. Experimental studies,
performed using certified specialized equipment of injectors' manufacturers
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and standard software packages for data analysis, made it possible to prove

adequacy of theoretical research and get results that are more accurate. Those
results contribute to development of a software product that allows identifying
a particular faulty element during the defective injector's operation by using
mathematical processing of the diagnostic data obtained when testing the
injector. Thus, the time spent to repair the fuel injection system reduces. The
developed software product also helps to predict the remaining injector's
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operational life and prevent possible technical failures during operation.
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1 Introduction

Common Rail fuel injection system is widely used in
modern automotive and agricultural machinery. In engines
with this system, the fuel pressure creation and fuel
distribution inside the cylinder occur over time. Since this
system is relatively new, manufacturers do not disclose
diagnostic technologies. They can give such information
only to certified specialized maintenance representatives.
Thus, there is a need to develop ways for detecting the
elements’ working capacity, especially when speaking about
the injector, which is the main executive element [1-4].

Various diagnostic methods are used to assess the
technical conditions of the fuel supply system (Table
1). These methods are applied in accordance with the
diagnostics tasks.

Different diagnostic methods, identifying certain
failures and damages (e.g. reduced injection pressure,
instability of fuel supply parameters, etc.), are used when
checking the working capacity of fuel injection system
elements without specifying the location and cause of the
failure.

When checking the correct functioning, diagnostics
is aimed at determining all the defects in technological
adjustments and settings that cause an unacceptable
decrease in technical, economic and environmental
indicators [5-7].

When searching for defects, diagnostic methods allow
identifying the location, type and cause of the defect (wear
of plunger elements, fuel delivery and consumption, etc.).

According to the degree of disassembly of an object,
there are disassembly and unassembled diagnostic methods.

Disassembly diagnostics is used to assess the mobility
of the plunger elements, the spray needle and to measure
the wear of various parts of the fuel-delivery systems.

Unassembled diagnostics is usually based on indirect
measurements of structural parameters, when installing
sensors or diagnostic devices outside the object being
diagnosed, without removing it from the diesel engine or on
a test stand for fuel-delivery systems [8-11].

Depending on the diagnostic parameters, all the
methods are divided into three groups. Thus, some
methods are based on measurement parameters, which
characterize operation of the entire fuel-delivery system
and its component parts, or the co-process. Other methods
are based on a direct structural parameter of a part or parts
mating.

Diagnostic methods based on work process parameters
allow checking the fuel-delivery system output parameters
(fuel pressure in the high-pressure line, the stroke of the spray
nozzle needle, etc.) and numerous technical characteristics
of this system’s components (phase parameters of fuel
supply and pressure, needle movement speed, flow rate,
etc.). Usually, the measurement accuracy of these parameters
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Table 1 Classification of methods for diagnosing the battery fuel-delivery systems

classification parameters

diagnostic methods

functionality test

diagnosing tasks

tests for proper operation

search for defects

direct

character of parameter measurement

indirect

field
service station

diagnostics conditions

motorless

use of diagnostic facilities

organoleptic
instrumental

in steady state

the mode of operation of the object

on non-steady state

in static-dynamic mode

work process-related parameters

diagnostic parameters

parameters of related processes

structural parameters

routine

the frequency of diagnosing

required

continuous

by the degree of disassembly of the device under test

disassembly diagnostics
unassembled

vibro-acoustic
magneto electric
spectrographic;
thermal

the physical process being used

hydraulic

gas analytical
kinematic;
other

is quite high, since in most cases a direct measurement of the
controlled physical quantity is performed.

Diagnostic methods based on parameters of related
processes make it possible to determine indirectly the same
parameters of the work processes, as well as structural
parameters of parts and interfaces, if they cannot be
directly measured or if their measurement is useless. In
this case, the processes’ indicators generated by the work
processes, are measured. Among these processes are
vibration and noise, heating or cooling. This also includes
the diagnostic methods for analyzing the fuel contamination
by wear products and gas analysis. The accuracy of this
measurement of the state parameters is lower than when
diagnosing with use of the work process parameters [12-13].

Diagnostic methods, based on the structural
parameters, allow determining the wear of parts and gaps
in their interfaces and values of the adjustment parameters,
by means of direct measurements. Among the parts subject
to wear can be precision parts, regulator parts, the housing
of the high-pressure fuel pump, camshaft, injection timing
coupling, etc. These methods are based on measurement
of parts relative motion or geometric dimensions of a part.

According to the physical process used, diagnostic
methods are divided into vibro-acoustic, spectrographic,
magneto-electric, thermal, hydraulic, gas-analytical and
kinematic and some others.

Each method is designed to control a specific physical
process and is based on application of a specific physical
phenomenon. Classification by the physical process used
allows the most complete identification of capabilities and
technical characteristics of the corresponding diagnostic
method.

A physical process is characterized by a change in
physical quantity over time. Hydraulic process is based on
pressure; thermal - on temperature; vibro-acoustic-on the
amplitude of vibrations at certain frequencies, etc. [14-15].

Currently, many tools for diagnosing injectors have been
developed, but they only measure the cycle injection and
control flow. If the injector does not meet the requirements, it
must be replaced or repaired. The diagnostic methods do not
specify procedures for identifying a specific injector fault and
the tools used in this case are not designed for its element-
by-element study and forecasting the residual life of their
operation [16-19].

Quality of the diesel engine operation depends directly
on quality of the fuel supply system and each of its elements.
Quality of those elements is determined by a set of technical
parameters that depend on a number of factors: climate
conditions, the adopted system of maintenance and repair,
the volume and nature of the work performed, quality of
implementation of the rules of operation and maintenance
of machines, quality and availability of technical means of
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Figure 1 Information model of injector operation

service and technical documentation, etc. Because of this,
the control over the technical parameters conditions can
be considered as a way and method of influencing these
indicators of the work quality and reliability of the node
during its service life.

By the control over the technical conditions of the
fuel equipment elements, as well as injectors, warning
failures, manipulations aimed at restoring nominal values
and maintaining all the parameters within the tolerance
of the operational state should be meant. Thus, a diesel
injector can be considered as an object that is affected
by various operational factors and has certain patterns of
changes in technical conditions.

Effective methods implemented in various automated
installations, diagnostic devices and testers cannot be
applied in practice without preliminary measures to improve
suitability of both diagnostic tools and diesel engine and its
fuel-delivery systems. Improving the suitability of fuel-
delivery systems to basic diagnostic tools allows reducing
the number of adapter units, to make sensors installation on
the object easier and to increase efficiency of diagnostics
[20-22].

In general, it should be noted that these devices and
diagnostic tools make it possible to evaluate only one
delivery line for one inspection cycle. They neither provide
specific data on the resource and the probable defect, nor
indicate a specific defect. They do not provide a full picture
of many diagnostic parameters. As a result, it is difficult
to analyze the information received when diagnosing an
element of the fuel-delivery systems. Thus, it is necessary
to develop modern diagnostic tools and their software, i.e.
electronic automated systems.

Electronic automated systems create conditions that
allow solving problems of diagnostics on a fundamentally
new industrial basis. It means that nearly all the operations
of technical diagnostics will be performed by electronic
installation blocks. The end result on the composition of the
object will inform of the object quality class by means of such
words as “fit” “unfit”, “normal”, “less than normal”, “more
than normal” etc. At the same time, the diagnostics process
can be carried out continuously according to a preset optimal
program in a particular logical sequence [4, 23-24].

A brief review and analysis of the problem showed that
a certain scientific and technical basis has been created
for ensuring reliability and evaluating the quality of fuel
equipment while in operation. At the same time, existing
technologies and methods for diagnosing, monitoring and
evaluating the technical condition of electrically-controlled
elements of modern fuel-delivery systems do not take due
account of their performance features.

Improving the reliability and reducing the complexity
of diagnostic work can be achieved by developing
automated tools capable to digitize data obtained by
direct determination. The data are then processed using
a mathematical apparatus ensuring diagnosis that is more
accurate by increasing the number of compared parameters
while the number of sensors is constant.

The study aims at analyzing the injector work process
to define the influence of its various design parameters
on performance, conducting theoretical and experimental
studies of an effect of the injector structural parameters
on diagnostic parameters, developing an effective way
of injector diagnosing to estimate the injector working
parameters and predict its residual resource based on
scientific research.

2 Material and Methods
2.1 Mathematical model

The information model of the diesel injector operation
should be presented in the form of a multi-parameter
system (Figure 1).

To analyze the injector operation, A, B, C correction
factors are considered. They are determined by structural
and diagnostic parameters. In this case, in the system
under consideration, input A (a, a,, ... , a ) is unmanaged.
Components of vector A should include: natural and climatic
conditions, air humidity, environmental temperature
fluctuations, fuel quality, etc. Components of the input B
vector (b, b, ..., b ) are corrective and change during
operation. They are the spring force, the value of moving
elements displacement, the hydraulic density of precision
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- reSenvolr pressure
- fuel consumed for control |

- state of electronic elements
- current strength of the driving pulse

- anchor spring pressure load

- anchor travel

- gap between the anchor and
the electric magnet (air gap)

- effective passage area
of the gap filter
- nipple pressure

- OVer-piston jel pressure
space and its location

- volume of over-plunger space

- hydraulic density and piston diameter

- Spraying spring pressure load

- length of the fuel supply channel

- sealahility of the closing cone
of the sprayer

- starting moment and

the duration of the injection
= cyclic fuel injection

- spraying quality

- cone angle of the valve seat

a n r of I
= hydraulic density of the lock valve

- diameter of the discharge jet

- effective open flow area
| ofthe spray holes

Figure 2 Structural and diagnostic (bold type) parameters of the diesel engine injector

parts, etc. Among control factors of the model are such
components of the C vector (b, b,, ..., b,) as pulse frequency
and duration, ramp fuel pressure, etc. [1, 4, 14].

The value of the output @ vector depends on the state
of the input parameters according to a certain pattern:

Q =F {A7 By C}7 (1)

where F is a conversion operator for the three vector
arguments that defines the system’s optimization criterion.

If the actual generalized estimator of the injector state
quality Q, and the set of its estimators q, are less than or
equal to its tolerance values Qtol and q,  , respectively, then it
can be considered that the injector functions in accordance
with the established requirements and is in good technical
condition.

Criteria for the normal functioning of the system can
be defined as follows:

9 S[a,,) s[Q,) ©))

To improve the quality of diagnostics, injector
operation parameters, determined by diagnostics, must
contain quantitative characteristics that can be evaluated
within the tolerance values. Any deviation of the system
parameters from the acceptable values that occurs during

operation is compensated by the influence of C control
factors. If this is not sufficient, the system can return to
normal operation both by changing B corrective factors and
by performing repair or adjustment actions.

2.2 Operation analysis

The tolerance values of the structural and diagnostic
injector parameters were accepted as the operation
estimators of the system under consideration.

In this paper, the object of research is a BOSCH
injector of the battery fuel-delivery system. This injector
was completely demounted in order to analyze its working
surfaces, the principle of its operation and the purpose of
its each part. For example, a ball lock valve controls the
pilot piston movement. When the lock valve is closed, the
fuel pressure in the over-plunger cavity affects the upper
surface of the pilot piston, which makes it move towards
the closed atomizer. When the valve opens, the pressure
in the over-plunger cavity drops and the fuel is dumped.
When the fuel pressure in the cavity under the needle
increases, the spray needle and the pilot piston are lifted.
The working surface of the lock ball valve is the “cone seat
- ball” coupling surface, which is determined by the state
of the seat and ensures that high pressure is maintained
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6

Figure 4 General view of the experimental injector (a) and sensors location on the nozzle (b): 1, 2, 3 - pressure sensors at the inlet,
under the needle sensors and the beginning of injection sensors, respectively; 4, 5, 6 - measurement of the cyclic supply, leaks on the
sealing washers, the fuel consumption for control; 7 - the injector

in the over-plunger cavity. The amount of fuel needed for
control is also determined by the lock valve range, which is
adjusted by changing the thickness of the washers installed
between the valve-stem guide housings and the tapered
seat. Other parts were reviewed in a similar way. A detailed
analysis of a BOSCH injector design allowed describing 21
structural and 6 diagnostic parameters (Figure 2).
Parameters that change spontaneously during the
operation, or are corrected using adjustments during the
maintenance, were taken as structural parameters. For
example, the spray needle hydro-density is reduced due to
wear, or the gap between the anchor and the electromagnet,

which is adjusted using washers. Diagnostic parameters
are those that can be measured without disassembling the
injector. For example, injection rate can be determined
using a stand flow meter. A clamp meter is used to measure
the current strength of the driving pulse [13, 25-26].

To improve efficiency of the repair work, methods
for assessing the state of each structural parameter were
determined. For example, they can be determined directly
on the engine (V), on stands (X) or by disassembling
(0), respectively. At the same time the need to dismantle
and install the injector (W), as well as the possibility of
abandoning these operations were considered (T). Each of
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the structural parameters can be changed by replacing (A),
restoring (B), or adjusting parts (C).

In order to determine the effect of changes in each
structural parameter on changes in diagnostic parameters,
an additional analysis was performed. During this analysis,
the processes occurring inside the injector was studied. The
analysis showed that the parameters have mutual influence
according to diagram in Figure 3.

2.3 Experimental studies

The next stage of scientific work consisted of
experimental studies of changes in all the diagnostic
parameters under the influence of one of the structural
parameters. Non-motor tests were carried out in accordance
with ISO 9002 test plans using a specialized EPS 815 diesel-
fuel equipment stand, used for adjusting and testing and
a Bosch KMA 802 electronic measuring system with a CRI
retrofit kit used for the Common Rail injectors testing. For
experimental studies, some changes were made to design of

the injector (Figure 4). A distinctive feature of this injector
is its ability to determine the moment of injection start,
measure the pressure under the injector needle and leaks
on the sealing washers of the nozzle body, regardless of the
fuel consumption for control.

As an example, some of the numerous dependencies
obtained are shown.

Dependence of the value of cyclic injection and fuel
consumed for control on the force of the anchor spring is
shown in Figure 5. Analyzing the graph of dependence of
the GC fuel cyclic injection and the fuel consumption, for
the Qcontr control from the spray spring force, one can
say that when the starting torque of the injector nozzle
needle increases, the cyclic injection decreases and in
some modes, there is a complete stop of the GC fuel supply.
This is due to an increase in the load acting on the spray
needle, which in some modes exceeds the force from the
pressure in the fuel system. Thus, the spray needle does
not open the spray holes. The most informative modes for
this structural parameter are the cyclic injection at medium
loads and the fuel consumption for control at maximum
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Table 2 Changes in the EGF diagnostic parameters when the structural parameters in the nominal mode are changed

structural parameter

diagnostic parameter

At - i
inj inp

the force of the sprayer spring

hydraulic density of the sprayer

effective passage area of the sprayer

sealability of the closing cone of the sprayer
anchor travel

air gap

effective passage area of the gap filter

angle of the valve seat cone

ball diameter

length of the fuel introducing channel

hydraulic density at the front surface of the sprayer
nozzle needle travel

drain pressure

condition of electronic parts

force of the anchor spring

diameter of the spraying nozzle in the over-piston space
hydraulic density of the piston

leaks on the sealing washer

volume of over-plunger space

!

B

e e

—

torque. Graphs show that the force of the anchor spring has
a pronounced effect on the fuel consumption for control.
This is influenced by an increase in the force on the ball
valve bases and consequently on the reaction to the fuel
pressure in the over-plunger cavity.

To clarify the scientific research, measurements of the
pressure values in the injector cavities, at different operating

modes of fuel supply systems, were made. The graph
shows one of the many graphs obtained when changing the
structural parameters of the injectors (Figure 6).

Analysis of the average injection characteristics for
different values of the half-angle of the valve seat cone
showed that when the angle of the valve seat of the
cone increases, the characteristic first improves, but after
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Table 3 Influence of the injector structural parameters exceeding the limits on the injector diagnostic parameters

(idle mode)

structural parameter

diagnostic parameter

I At g, t P

the force of the sprayer spring i
hydraulic density of the sprayer 1
effective passage area of the sprayer |
sealability of the closing cone of the sprayer )
anchor travel )
air gap 1
effective passage area of the gap filter 1
angle of the valve seat cone 1
ball diameter |
length of the fuel introducing channel -
hydraulic density at the front surface of the sprayer

nozzle needle travel

drain pressure

condition of electronic parts

t
I
t
1
force of the anchor spring |
diameter of the spraying nozzle in the over-piston space 1
hydraulic density of the piston !
leaks on the sealing washer 1

!

volume of over-plunger space

- t | | 1
- | |

o = bb° it decreases again. The critical value for this
structural parameter is o > 65°, since it is at this value that
the fuel supply parameter leaves the tolerance zone. This is
due to a decrease in fuel consumption through the shut-off
valve, since its effective flow section reduces together with
the flow capacity of the valve, which leads to a delay in
lifting the control plunger and, accordingly, a delay in the
start of fuel injection.

When performing experiments and processing
results, a new diagnostic parameter “injection delay At”
was introduced that characterizes the period from the
start of the pulse to the start of injection. This period
depends on the speed of the processes in the injector and
directly characterizes the state of some of its elements.
The retardation value depends mainly on the mobility of
the elements (hanging, jamming) and the channels and
valve transport capacity (Figure 7). A new concept of
injection delay is introduced to obtain the updated data for
diagnosing injectors. It depends on the speed of the injector
elements. This diagnostic parameter shows the condition of
the holes and the mobility of the elements.

3 Results and discussion
The data obtained made it possible to conduct

a complete analysis of influence of each diagnostic
parameter on the structural change in different operating

modes of the diesel engine (nominal, start-up, maximum
torque and idling). If value of the diagnostic parameter
does not exceed the allowed deviations, then a particular
diagnostic parameter in this mode is not informative in
relation to a particular structural parameter, then the
“- 7 sign is written. If the value is higher than the allowed
value and this is due to an increase in the structural
parameter, then the sign “1” is written in the Table 2 (direct
dependence), if it is lower than the allowed value, then
the sign “|” is used (inverse dependence). If the value
exceeds the limit, which is caused by an increase in the
structural parameter then the sign is written in the Table
3. If the dependence is reversed, then the | sign is used [4,
12-13, 25].

As a result, for the first time, fault Tables 2-3
with corrected structural parameters in the course of
experimental studies were obtained. Table 4 allows
analyzing the state of the injector for different operating
modes.

The full cycle of diagnostics is performed by determining
diagnostic indicators for the three main modes of injector
operation, which can be completed on the engine and on
specialized stands. Experimental studies have shown that
use of the full volume injector tests for diagnosis of certain
defects may be excessive. During the data processing from
initial tests, after obtaining a guaranteed conclusion about
the state of the diesel injector, the diagnosis process may be
completed ahead of time.
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Table 4 Influence of the injector structural parameters exceeding the limits on the injector diagnostic parameters (start

mode)

structural parameter

diagnostic parameter

Q I At g, t, P,

the force of the sprayer spring

hydraulic density of the sprayer

effective passage area of the sprayer

sealability of the closing cone of the sprayer
anchor travel

air gap

effective passage area of the gap filter

angle of the valve seat cone

ball diameter

length of the fuel introducing channel

hydraulic density at the front surface of the sprayer
nozzle needle travel

drain pressure

condition of electronic parts

force of the anchor spring

diameter of the spraying nozzle in the over-piston space
hydraulic density of the piston

leaks on the sealing washer

volume of over-plunger space

Based on results of Tables 2-4, a specific injector fault
can be pointed out. In other words, when the diagnostic
parameter exceeds the limit in one direction or another,
a structural parameter that has gone out of the permissible
deviation limit from the set value and requires adjustment
or replacement can be identified. For example, an increase
in fuel consumption for control may be caused by wear on
the seat of the ball valve or by a decrease in the anchor
spring force.

In this study, a well-known method for diagnosing
elements of diesel fuel equipment was applied.
This method is used by manufacturers for their products
and it represents a common hydrodynamic calculation
of fuel injection systems [25-34]. A distinctive feature
of this method compared to traditional methods is addition
of a detailed analysis of the closing valve of the injector
into theoretical studies. This made it possible to obtain
more accurate tolerance values for the structural
parameters of the injector, which allowed preserving
its performance, as well as the diesel engine working
capacity as a whole. Implementation of the obtained data
into the standard software of diagnostic stands of fuel
equipment will increase efficiency of the injectors
diagnostics and will provide a more accurate
diagnosis of state of its elements.
above, this method of research can be applied
to other units of the engine and fuel system of various
manufacturers.

As mentioned

Currently various stands for testing injectors of the
battery fuel injection systems are being developed. These
stands assess the quality of their operation using only
a few parameters: cyclic injection, fuel consumed for
control, sometimes injection quality [1, 5, 89, 11, 17, 24, 28].
These technological recommendations are provided by the
manufacturers. However, this method of diagnosis only gives
two test results - a “working” and a “non-working” injector.
This diagnostics is sufficient for employees of specialized
services, but it increases the detection of a specific injector
fault and working hours for troubleshooting. Reduction in
the cost of operations is due to an accurate diagnosis of the
injector condition, which in turn reduces the time spent on
its repair.

4 Conclusions

As a part of the study, the injector’s work process
was examined and theoretically described, taking account
wear of parts during its operation. Based on this, the
classical hydrodynamic calculation process of fuel
injection was refined. The resulting mathematical model
of injector’s operation allowed calculating the permitted
deviations of specific structural parameters of the injector
and determining the test modes in which this effect is
most pronounced. Because of a comprehensive analysis
of the design and work process of the BOSCH injector,
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20 structural and 6 diagnostic parameters were identified.
By studying these parameters, Tables 2-4 of faults for
different modes of operation of the diesel engine (nominal,
start, idling) were made, which also contains justification
of the conditions for ensuring the injector operability by
adjusting, restoring or replacing any part.

Experimental studies have corrected and confirmed
values of allowed deviations of structural parameters and
revealed their relationship with diagnostic parameters.
Using the obtained results, made it possible to identify
a specific faulty element based on data obtained during the

injector operation, which reduces the complexity of repair
of the resistant temperature device, but also to predict the
remaining injector life, to prevent possible failures and
downtime of equipment during the hard agricultural work.
The resulting method of diagnostics makes it possible
to carry out tests for the malfunctions of individual
units of the fuel-delivery systems and injectors of other
manufacturers such as Denso and Delphi. For the first time,
the permitted deviations of structural parameters for the
BOSCH injector were obtained. All of the tolerance values
of the injector’s structural parameters are noticeable, and

the test mode in which its influence is most observed is
determined for each of them.

random diagnostics of the injector. Results allow not only
to identify a specific faulty element in the case of the bad
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