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Resume

This paper presents a method for the vehicle speed estimation with a Fuzzy
Logic based algorithm. The algorithm acquires the measurements of the
yaw rate, steering angle, wheel velocities and exploits a set of five Fuzzy
Logics dedicated to different driving conditions. The technique estimates the
speed exploiting a weighted average of the contributions provided by the
longitudinal acceleration and the credibility assigned by the Fuzzy Logics to the
measurements of the wheels’ speed. The method is experimentally evaluated on
an all-wheel drive electric racing vehicle and is valid for the front and rear wheel
drive configurations. The experimental validation is performed by comparing
the obtained estimation with the result of computing the speed as the average of
the linear velocity of the four wheels. A comparison to the integral of the vehicle
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1 Introduction

Almost all the modern diesel fuel equipment (FE) is
provided with microprocessor controls and is characterized
by high injection pressures (up to 220-250 MPa), due to
high requirements for the level of energy, economic and
primarily environmental indicators of internal combustion
engines [1-6]. The most promising from fulfilling all the
strict requirements for emission of harmful substances,
noise level and fuel economy are accumulator fuel supply
systems of the Common Rail (CR) type [7-10].

The design documentation establishes the criteria for
the limit state of diesel fuel supply systems, by the design
documentation of its manufacturers and their values are
measured during diagnosis, which is aimed at identifying
the correspondence of the actual parameters to the pre-
launch ones. The comparative analysis of more than 500
major electronic injectors malfunctions of the CR type
was carried out in the service companies for technical
maintenance of diesel FE Bashdiesel LLC (Russia, Ufa) and
Carwood Motor Units Ltd. (Great Britain, Birmingham).
They showed that the main wear of units of this type in
Russia is of the shut-off valve (control unit). In the UK they
are of the atomizer (loss of hydro-density along the leading

surface of the atomizing unit) (Figure 1). It is explained,
first of all, by the worse operating conditions and the quality
of diesel fuel (the friction medium is low molecular weight
liquid (fuel) [1, 9]. It is currently impossible to determine the
malfunction of a particular unit by the in situ way even by
measuring fuel consumption for control [1, 7, 11], because
its increase may indicate a malfunction of the sprayer
and / or control valve. It is necessary to disassemble the
injector from the engine and conduct the non-motor tests
to assess the compliance of operational parameters with
the pre-launch ones for specific modes (VL - maximum load
(maximum torque), EM - average load, LL - idle speed, VE -
preliminary injection) specified in the test plan [9, 12-13].
The technical condition of a particular unit can be assessed,
in the most cases, only after passing through the entire
test cycle with the subsequent replacement/adjustment
of “faulty” elements. The complexity of such a work is
15-30 min/person for each injector, since replacing one of
its units does not guarantee the serviceability of another
(re-conducting the entire test cycle is required) [1, 7].

The purpose of this research is to determine the
operational parameters of the CR-injectors, allowing them
to evaluate the technical state of the units in an in situ way.
The research objective is to define a dependency between
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Figure 1 Design of the gap (darkened) in the pair “valve seat - ball” d, -

h
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s the diameter of the ball; h - is the depth of the

wear groove; b is the width of the wear groove; 1 - valve ball; 2 - valve seat; 3 - profile of the wear groove (clearance);
4 - a view of a valve seat wear groove (top view without a ball)
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Figure 2 Distribution of flow rates of a viscous fluid in a circular pipeline with a steady flow

the technical state of CR units and the temperature.
There are various methods (vibroacoustic, spectrographic,
magnetoelectric, thermal, hydraulic, gas-analytical,
kinematic) of in situ and disassembled diagnostics are
used to assess the technical condition of CR type FE. In this
case, the thermal method was preferable.

2 Materials and methods
2.1 Equipment

The non-motor tests were carried out in accordance
with the State Standard 105178 and 10579, ISO 4008, ISO
8984 [14-16] using a specialized test bench for adjusting and
testing diesel FE EPS 708 with Bosch electronic measuring
system KMA 802 [12-13]. The diesel FE tests were carried
out according to the test plans in its software control
system, with a CRI retrofit kit for testing Common Rail
injectors of the corresponding makes and models. As a test
fluid, Shell Calibration Fluid S.9365 process fluid was used,
which meets the requirements of ISO 4113 [7, 12].

The test bench has the water cooling and an electric
heater built into the fuel tank, which allows to set and
maintain the required temperature of the process fluid
at the injector inlet. In the case of using the KMA 802

measuring system, the measurement of the cyclic fuel
supply is much faster than in the “beaker” system, i.e. in
the course of one measurement, the temperature of the
fuel inside the tested FE can be considered constant. In
addition, the use of electronic KMA 802 allows to exclude
errors in the deposition of fuel / drain and the impact of the
subjective human factor on the measuring process [9].

For the experiments, a Testo-875 thermal imager
was used, the calibration of which (determination of the
emissivity) for taking thermograms was carried out using
an electronic thermometer W1209. The radiation coefficient
for the CR-injector of the Altai Precision Devices Factory
(APDF) A- 04-011-00-00-03 was 0.35.

2.2 Modeling

For more than 95% of time during the operation, the
electronic injector shut-off valve is in the closed state and
the size of the section of the valve clearances during wear
is no more than 5% of its bore in the open state [1, 9]. Fuel
leaks in the closed valve position occur only through the
clearance in the valve seat mating (Figure 1).

According to studies [1], the surface wear section of
a technically faulty valve is half the ellipse (item 4 in Figure
1) and the maximum wear occurs on the valve seat [2].
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Figure 3 Design scheme of the annular gap

The main movement of the fluid flow in this case occurs
along the wear groove (Figure 2), representing the outflow
of fluid through the nozzle. For a steady flow (constant
pressure at the inlet of the injector) it can be expressed
by the transformation of the Navier-Stokes equation at
r=r;u =0andr=0 (% = 0) (Equations (1)-(4)),
where u is the flow coefficient (dynamic viscosity); u is
the fuel flow rate through the gap; V is the fluid flow
rate; / is the hydraulic diameter of the gap (gap length);
AP - differential pressure in the gap; Q is the fluid flow
rate; F'is the wear cross-sectional area. Thus, with a steady
flow characteristics of the CR systems, the maximum fluid
velocity will be two times higher than the average flow
velocity [17-18].

s e T R Al N
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Vo = %umax. )

The fluid flow through a precision pair of “atomizer
guide - its body” (with their fluid density not meeting the
technical requirements) can be represented by Equation
(). Thad defines fluid movement through an annular gap
(where the height ¢ is much smaller than the diameter d,
and the gap can be considered flat, where height a; = (D -
d)/2, width b=nd) (Figure 3).

_ mdd®
Qug. = 1241 Ap. (%)
If the annular gap is not concentric, which is typical
when the nozzle is worn along the needle guide part, then
the height of the gap is:

a:%—%-&-ecosgo:ao(1+8-cosqo), (6)

where:

e is the eccentricity;

¢ is the angle determined by the eccentricity over a length [,
¢ = e/ a, - relative eccentricity.

Upon the contact of the plunger 1 with the sleeve 2
(Figure 1) (relative eccentricity e = 1), a stream will flow
through the resulting non-concentric annular gap, 2.5 times
more than the flow in the concentric gap:

Quas = Qoo (1+5€7) = 2.5Qu . ™

Thus, an increase in the liquid flow rates of the
worn-out precision pairs of control units and spraying
of the CR injector (2 and 2.5 times, respectively) can
affect the temperature regime of their operation due
to the hydrodynamic friction of the fuel in its
channels.

2.3 Data analysis

The experimental technique was as follows: several
CR-injectors of the APDF A-04-011-00-00-00-03 of the YaMZ-
6565 / -65685 EURO-4 diesel engine, with previously known
malfunctions of the corresponding units, as well as injectors
in the entirely correct technical condition, were selected.
Then, they were installed alternately on the EPS 708 stand
with KMA 802 and tests were carried out with an absolute
ramp pressure (for 160 MPa) indicated in the test plan.
During the tests, the temperatures of the control units and
injector atomization, cyclic supply and fuel consumption
for control, were measured (Figures 4-7). The temperature
at the inlet of the injector inlet was maintained in the range
of 40 + 1 °C, the duration of the “warm-up” of the injector
before testing was 1000 cycles (1 minute at an injection
frequency of 1000 injections / min). As the most informative
mode affecting the temperature of the CR-injector units,
the maximum torque mode was selected at which the
pressure at the injector inlet is maximum and, as a result,
the hydrodynamic friction and heating of the units were the
greatest.
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Figure 4 Dependences of the cyclic supply and fuel consumption for control on temperature of the housing of injection units
(¢) and control (a); thermograms taken from the body of the CR-injector of the APDF A - 04-011-00-00-03 with a serviceable
control valve and atomizer (b)

3 Results and discussion

At the first stage, to verify the assumption about the
dependence of operational parameters on temperature
of the CR-injector units, the tests were carried out on
a technically correct injector, the parameters of which are
in the pre-launch zone according to the manufacturer’s
test plan (Figure 4). Changes in the cyclic flow at different
temperatures of the body units are not significant and
amounted to 204-206 mm?® / cycle, which corresponds to
pre-launch values of 210 + 10 mm?® / cycle. The temperature
differences between the control and spraying units are
practically negligible. Figure 6 shows that the temperature

increase of the CR-injector units is observed in the range of
1000-6000 injections (the first 6 minutes, not counting the
warm-up mode) and then, due to heat and mass transfer, it
stabilizes and evens out.

The second stage of the tests was to determine
dependences of the operating parameters on the temperature
of the CR-injector units under various technical conditions
(“faulty control unit - correct atomization unit”, “serviceable
control unit - faulty atomization unit”, “faulty control unit-
defective atomization unit”) (Figures 5-7). With a faulty
control unit and a working atomizer, the temperature of the
first unit is 10-20 °C higher during the first 4000 test cycles
than the second (as in the case of a failure of both units)
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Figure 5 Dependences of the cyclic supply and fuel consumption for control on temperature of the housing of injection units
(¢) and control (a); thermograms taken from the body of the CR-injector of the APDF A - 04-011-00-00-03 (b) with a faulty
control valve and serviceable sprayer

(Figures 5, 7) With the opposite faulty units - the situation
changes to the opposite, but the temperature difference is
already less significant =5 °C (Figure 8).

The test results showed that the temperature of the units
of the electronic injector can unambiguously characterize
the technical condition of its units (scale: “working-faulty”)
and can be used to develop an in situ diagnostic method.
Thus, a significant temperature difference between the

control and spraying units characterizes the malfunction
of the first.

The injector with faulty units can heat up to temperatures
above 100 °C, which is not safe when working on a car.

In existing technologies for diagnosing the CR-injectors,
the technical condition of the product is evaluated only
by measuring the fuel consumption for control and fuel
delivery [1-2, 5, 7-8, 11-13, 17, 19-20], which characterizes
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Figure 6 Dependences of the cyclic supply and fuel consumption for control on temperature of the housing of injection
units (c) and control units (a); thermograms taken from the body of the CR-injector of the APDF A - 04-011-00-00-03 with
a serviceable control valve and a faulty atomizer (b)

the technical condition of the whole product. For example,
in research [1] the authors suggest a hardening injectors
valve unit to increase the life cycle of injectors. In article [4]
researchers give a result of influences of fuel temperature on
electromagnetic actuator operation. But they use standard
Bosch’s technologies to test the technical state of the whole
unit. In publications [8, 12] various technologies and test
benches are reported, but none of them uses temperature
as a diagnostic parameter.

The results of the obtained experimental studies
coincide with the works of Kolev [6] and Versteeg and
Malalasekera [18], who established the pressure dependence

on its temperature increase (at pressures of 200 MPa, the
temperature increased to 120 °C), by methods of numerical
simulation the solution of the Navier-Stokes equation on an
unstructured grid for hydrodynamic processes of a single-
phase fluid flow. It is due to fluid flows through small gaps at
high speeds (the so-called viscous heating), which is typical
for the fuel movement through “ball-to-seat”, “seat-stem”
pairs of the control valve and the “atomizer needle - its
body” of the atomizer unit [18, 21-31]. Use of temperature of
the housing units for atomizing and control as a diagnostic
parameter makes it possible to determine the malfunction
of a specific injector unit.
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Figure 7 Dependences of the cyclic supply and fuel consumption for control on temperature of the housing of injection units
(¢) and control (a); thermograms taken from the body of the CR nozzle of the AZPI A - 04-011-00-00-03 with a faulty control
valve and sprayer (b)

4 Conclusions

In existing technologies, replacement of one broken
CR unit does not guarantee the serviceability of another
(repeated testing of the entire test cycle is required).
Suggested technology is guarantees the more exact
detection of the broken node(s) of CR injectors. So, the
labor time is decreased from 30 to 15 min/person for each
injector in the cases of the control and spraying units
malfunction, either at the same time or one of them. The
tests should be carried out at maximum torque mode, as the
pressure at the inlet of the injector is maximum (according
to the test plans of the FE manufacturing plants) and,

as a result the hydrodynamic friction and heating of the
units are the greatest. The temperature of the electronic
injector units characterizes the technical condition of its
units: a significant temperature difference between the
control and atomizing units “indicates” the malfunction. It
is necessary to “warm-up” the electronic injector by leakage
to the “return”, it is necessary to “warm it up” to = 70 °C
(“run” the injector at the pressure of the VL point (1600
bar) for the first 3000 cycles (but not later than 5000 cycles)
and only then to search for a “worn-out” unit by measuring
the temperature of its units. “Run” (injector heating) is due
to the time required to heat the elements of the “worn-out”
units by the hydrodynamic friction of the fuel through

COMMUNICATIONS 2/2021

VOLUME 23



ASSESSMENT OF TECHNICAL CONDITION OF AN ACCUMULATOR COMMON RAIL INJECTOR ... B137

the element gaps. However, due to the heat-mass transfer The presented studies can serve as a basis for
effect after 5000 test cycles the temperature of the units is  development of an in sttu method for diagnosing the nodes
equalized. of the CR-injectors by their temperature.
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