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Abstract

The article presents an innovative method of evaluating technical condition of marine diesel engines
driving electric power generator. The presented method is based on measurements of the phase-to-phase
voltage of the synchronous generator and on measurements of the acceleration of the injector needle. The
basis for the method is an assumption that the shapes of the waveforms of the phase-to-phase voltage of the
generator include information on fluctuations of the angular velocity of the engine crankshaft. Consequently,
these fluctuations depend directly on the course of the working process occurring in the engine cylinders. The
vibrating signal is used to synchronize the shapes of the voltage waveforms with the engine working process.
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METODA OCENY STANU TECHNICZNEGO OKRETOWEGO ZESPOLU SPALINOWO-
ELEKTRYCZNEGO

Streszczenie

W artykule przedstawiono nowatorska metode oceny stanu technicznego okretowych ttokowych silnikow
spalinowych o zaptonie samoczynnym napedzajacych pradnice. Prezentowana metoda bazuje na pomiarach
napi¢cia mi¢dzyfazowego pradnicy synchronicznej oraz na pomiarze przyspieszen iglicy wtryskiwacza.
Podstawa metody jest zatozenie, ze przebiegi napigcia miedzyfazowego pradnicy zawierajg informacje o
fluktuacjach predkosci katowej walu korbowego silnika. Natomiast fluktuacje te zaleza bezposrednio od
przebiegu procesu roboczego realizowanego w cylindrach silnika. Sygnat drganiowy wykorzystywany jest do
synchronizacji przebiegdw napigcia z cyklem roboczym silnika.

Stowa kluczowe: Okretowy ttokowy silnik spalinowy, diagnostyka, zespot spalinowo-elektryczny

1. INTRODUCTION Construction and Operation at the Polish Naval
Academy. The outcome of their development work

was a few methods enabling evaluation of technical

At present majority of the main engines
operated on ships of the Navy of the Republic of
Poland is covered by the strategy of operation
according to their technical condition. This results
from their high diagnostic susceptibility [14, 15].
However, a large number of the engines, mainly
auxiliary ones is not covered with this strategy.
This results from their low diagnostic susceptibility
as they are not equipped with indicator valves.
These are mainly engines cooperating with
synchronous generators (making up the so-called
diesel-electric units DG). They are operated
according to the strategy providing periodical
replacement of their sub-units following a schedule
imposed by the manufacturer. This is connected
with necessity to replace their component parts
regardless of their actual technical condition.

The issue of evaluation of technical condition of
the engines of low diagnostic susceptibility has
been the object of research conducted by
a Scientific Team of the Institute of Ship

condition of the engines under consideration. One
of the methods is the evaluation of technical
condition of a marine diesel engine based on
measurements of pressure in the exhaust outlet
ducts [16, 17, 28]. The outcome of the conducted
research is also a method of evaluating technical
condition of the bearing nodes of the engine based
on measurements of pressure indicated for the
engine operating without a torque load [27]. In
addition, research is conducted on the development
of methods based on acceleration measurements of
designated structural elements of the engine [11].
Similar research is also conducted at other
academic centres both in Poland and abroad.
Studies on the assessment of the technical condition
of engines based on acceleration and aquatics
measurements are particularly popular [4, 5, 11,
32]. Another popular method of assessing the
technical condition of engines is their indication
[22, 23, 26]. Optical studies using endoscopes to
assess the surface condition of engine working
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spaces are also popular [15]. In addition, optical
tests are carried out around the world using ultra-
fast cameras to analyse the working process in the
engine [1, 2].

The core insufficiency of the majority of the
mentioned methods is necessity to intervene into
the engine construction elements.

The method presented in the article allows to
evaluate the course of the working process in an
engine based on measurements of the phase-to-
phase voltage of the generator and those of the
injector needle acceleration. This does not require
any modification of the examined diesel-electric
unit. This does not require disassembly of its
elements, either [30].

2. ASSUMPTIONS OF THE METHOD

The basic assumption of the method of
evaluating technical condition of marine diesel
engines driving synchronic generators on the basis
of measurements of the phase-to-phase voltage is as
follows:

The technical condition of an engine exerts
direct impact on the course of the working process
occurring in the engine cylinders. Consequently it
has an impact on fluctuations of the angular
velocity of its crankshaft [3, 9, 10]. Fluctuations of
the angular velocity of the crankshaft translate into
fluctuations of the angular velocity of the generator
rotor. They influence the shapes of the waveform of
the phase-to-phase voltage of the generator. From
the timing shapes of the waveforms of the phase-to-
phase voltage it is then possible to isolate
information on the technical condition of the engine
driving a generator.

3. DEVELOPMENT OF THE METHOD

A research program was proposed in order to
develop the new method of evaluating technical
condition of the engines making part of the diesel-
electric units [29]. The base for the development
were diesel-electric units used at the Marine
Electrical Equipment Operation Laboratory of the
Polish Naval Academy. On the basis of the said
units a physical model [8] of the processes
occurring in the engine cylinders was developed.
This was the basis to develop a mathematical model
and a computer software based on it [7, 12, 13]. At
each stage of the model development (physical,
mathematical and computer software) known and
recognizable engine defects were introduced such
as: change in the fuel rate, fuel injection advance,
changes in the active valve cross-section area, etc.
Application of the defects was possible for each one
cylinder independently.

In addition, an adjuster of the engine rotational
speed was applied to the engines of both full and
partial technical fitness. The basis for modelling the
rotational speed adjuster operation was an
assumption that both in case of the technically fit

engine and in case of a defective engine the flow
rate of the fuel mass should be supplied to the
cylinders in such an amount so that the total
indicated power of the cylinders of both the
technically fit and defective engine are equal [12,
30]. Another promising method developed in the
world is the research of the relationship between the
emission of toxic compounds and the technical
condition of the engine [19, 24].

A model was also developed for an engine of
a high diagnostic susceptibility. This was caused by
the fact that in case of such an engine it was
possible to perform evaluation of its adequacy.

The developed models were evaluated against
their adequacy. The evaluation was conducted on
the basis of a comparative analysis of the proposed
measures [29] based on measurements of
parameters obtained as a result of empirical and
modelling tests. After achieving satisfactory
adequacy (both quantitative and qualitative) the
next step was to complete the developed model
with equations describing the operation of the
synchronous generator. Then, the developed
equations were implemented in the computer
software. After this stage another evaluation of the
adequacy was conducted in comparison with the
real object. This required development of measures
allowing to compare timing course of the phase-to-
phase voltage obtained as a result of the modelling
and empirical tests.

4. MODELLING AND EMPIRICAL
RESEARCH

In order to evaluate adequacy of the developed
diesel-electric unit modelling and empirical
examinations were conducted. The same research
program was adopted in respect to both real object
and the model [14, 18, 25]. It was assumed that a
piston-type engine 6 SW 400 would be loaded with
the use of a resistance receiver. The adopted values
of loading with the receiver were: 2 kW, 10 kW and
20 kW. In case of the engine, defects were
simulated by cutting off one or two cylinders from
operation. The cutting off the cylinders from
operation was done by switching off a high pressure
conduit from the injector [31]. The test plan was
presented in Table 1.

Within the scope of the conducted tests the
values of the phase-to-phase voltage were measured
for phases: L; — L,, L,— Lsand Lz— L;. In addition,
accelerations in the axis of the needle operation of
a selected engine injector was measured.

The measurement of accelerations, because of
its periodical nature corresponding to the engine
working cycle, was used as a reference signal. It
allowed to synchronize the recorded shapes of the
waveforms of the phase-to-phase voltage with the
engine working cycle.
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Table 1.Test plan for the diesel-electric unit

Engine fit for use
2 kW 1
10 kW 2
20 kKW 3
Cylinder no. 1 cut off from operation
2 kW 4
10 kW 5
20 kKW 6
Cylinder no. 6 cut off from operation
2 kW 7
10 kW 8
20 KW 9
Cylinders no. 1 and 6 cut off from operation
2 kW 10
10 kW 11
20 kKW 12

The measurements and recording of the selected
parameters were carried out with the use of a device
allowing for galvanic separation between the values
of the phase-to-phase voltages of the generator and
the measurement card. The consequence of the
application of the device was addition of a constant
component to the recorded shapes of the
waveforms. All measurements (of the phase-to-
phase voltage and accelerations) were carried out at
the same time with a sampling frequency of 10 kHz
and a resolution of 12 bit. An example of
synchronically averaging shape of the waveforms
of the phase-to-phase voltage recorded during the
tests is shown in Fig. 1. The shape of the
waveforms of accelerations measured in the axis of
the injector operation is shown in Fig. 2.
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Fig. 1. The shape of the waveforms of the
line-to-line voltage as a function of time
recorded during the measurements for the engine
loaded with receivers of 22 kW
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Fig. 2. The shape of the waveforms of the signal
amplitude value from the acceleration metre installed
in the axis of the injector needle

The shapes of the waveforms of the phase-to-
phase voltage obtained as a result of the conducted
tests essentially differ from theoretical ones
described by the sinus function (for the unit

operating at a constant angular velocity of the
generator rotor).

To carry out the analysis of the shapes of the
waveforms of the phase-to-phase voltage it was
necessary to find measures describing deformation
of the recorded shape of the waveforms relative to
the theoretical one. With this purpose in mind
measure Z was proposed. It was based on
a comparison of the standard shape of the
waveforms and that recorded during the modelling
or empirical tests. In order to obtain the standard
shape of the waveforms of the phase-to-phase
voltage Fourier transform was adopted. As a result
of its application coefficients a; and a, were
calculated on the basis of equations 1 and 2.

a; = ; . féf(r) * cos <2Tn) dr (1)

b, = ; fif('r) - sin (ZTT[) dt (2)

UWZ=%+a1'COS(ZITH'T)+b1'Sin(2.TT['T) (3)
Next, on the basis of the Fourier reverse transform,
described by equation 3 the shape of the waveforms
recognized as standard was obtained. Fig. 3 shows
a fragment of the recorded shape of the waveforms
of the phase-to-phase voltage — shape 1 and the

standard shape — 2.
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Fig. 3. Fragment of the recorded shape of the
waveforms of the line-to-line voltage as
a function of time 1 — the shape obtained from
measurements, 2 — the standard shape

Further on, values of differences between the
shapes of the waveforms of the phase-to-phase
were determined, i.e.: recorded and standard. The
differences were determined for each time value
(with a resolution of 10 kHz) in relation to the
recorded shape of the waveforms. The method is
illustrated in Fig. 4.
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Fig. 4. Fragment of the shape of the waveforms
of the phase-to-phase voltage of
a generator with the marked method of
calculating the values of increase

In case of the analysed shapes of the waveforms it
was observed that the values of the time differences
At were not linear. Their highest values occur
within the vicinity where the values of the phase-to-
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phase voltage were 0 V. However, these values
decreased once they are near the maximum and
minimum values. (Fig. 4). In order to minimize the
influence of non-linearity, proportional coefficient
was applied described by the equation:

wsp, = % + a, - cos? (ZT” r) + b, - sin® (ZTT[T) 4)

Analysing the shapes of the waveforms shown
in Fig. 4 it can be observed that, within the scope of
the highest values of the amplitude of the phase-to-
phase voltage there may be areas for which it is not
possible to satisfy condition U,ye; = Upegi- IN this
case it was decided to assume the value of time
difference At; as equal to ,,100” — the difference of
such value does not occur during the tests then it
may play a role of a marker.

Further, an average value of time difference At;
was determined for all the shapes of the waveforms
of the phase-to-phase voltages (three). Within the
areas where the value Az; = 100 an average of the
two shapes of the waveforms of the phase-to-phase
voltages was determined (the areas where the
condition Ugye; = Uper;) Was not satisfied was
omitted.

The averaged shapes of the waveforms for time
differences At as a function of time is shown
in Fig. 5.
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Fig. 5. The shapes of the waveforms of time
differences as a function of time for the
engine with a damaged cylinder no. 1
(measurement of the injector accelerations
was applied to cylinder no. 3)

The value of measure Z is determined for each one
engine cylinder. It is described by the equation:

Zi _ f":open i+1AT(T)dT (5)

Topen i

where value 7,,.n; denotes the time of the injector
opening of the i" cylinder, while T,pen ;41 denotes
the time of the opening of a subsequent injector
following the successive operation of the engine
cylinders.

An example of the course of the measure Z value
for the damaged engine is shown in Fig. 6.
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Fig. 6. Measure Z as a function of time for

particular engine cylinders for the damaged

engine (cutting off fuel supplying cylinder
no. 1)

The obtained results of the modelling and
empirical tests [29] allowed to find that the
developed model of the diesel-electric unit is
qualitatively adequate. This means that both in case
of the modelled unit and in case of the real object
the values of measure Z are convergent for
respective cylinders.

On the other hand, however, the quantitative
evaluation is problematic which is a result of the
applied measuring devices (using transoptors for
galvanic separation) [6, 7]. They introduce a certain
non-linearity. In addition, it was found that
frequency of sampling was too low what can be
seen on the example of the course shown in Fig. 5.
In case of the adequacy evaluation of the developed
model it was observed that when the load of the DG
with the use of receivers increases the adequacy of
the model also increases. In addition, very high
variances between the values of measure Z for each
tested DG were observed (empirical tests).

Nonetheless, on the basis of the obtained results
it was possible to develop a method of evaluating
technical condition of the engine making part of the
diesel-electric units on the basis of measurements
of the generator phase-to-phase voltage.

It was observed that in each case, failure of any
of the cylinder sections causes a significant change
of measure Z both in the area of the damaged
cylinder and also in other cylinders. The values of
measure for damaged cylinders are always
negative, while, as a result of the operation of the
rotational velocity adjuster the values of measures
of the remaining cylinders have, as a rule, higher
values than those occurring in an engine fit for use.

When developing the method of evaluating
technical condition of an engine it was required to
find an unambiguous measure informing on the
damage and allowing to identify the cylinder
section where failure occurred. It was decided to
divide the process of evaluating the technical
condition into two basic stages:

— Stage One — to find whether a damage occurs
in case of the tested diesel-electric unit,

— Stage Two — to locate the damage by pointing
to a specific cylinder section.

At stage One it was decided to use the value of the

standard deviation - o calculated for measures Z

with respect to each one cylinder, what is described

by the following equation:

- (z-2)
Z ; (6)

This stage is based on the observation made
with regard to the value of the standard deviation of
measure Z for an engine under various technical
fitness for use. It was observed that in case of the
damaged engine the standard deviation assumes the
value higher than in case of the engine fit for use
for the same loads. This results from higher
fluctuations of the angular velocity of the
crankshaft resulting in a higher range of the value
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of measure Z. The values of the standard deviations
for cylinders of an engine in various fitness
condition have been shown in Table 2.

Table 2. Summary of the standard deviation values for
various technical conditions of the engine

Technical conditions and Empirical tests for Mod
loads unit no.: el
1 2 3 o]
[o] [ [o] [[o] | °
Fit — 2 kW 5.9 5.5 6.2 2.5
Cyl. 1 off -2 kW 10.7 | 8.9 8.4 5.4
Cyl. 6 off — 2 kW 7.3 7.8 6.4 5.9
Cyl. 1 & 6 off —2 kW 6.8 4.9 5.3 5.7
Fit - 10 kW 8.9 8.7 7.2 0.7
Cyl. 1 off — 10 kW 151 ] 116 | 153 | 115
Cyl. 6 off — 10 kW 13.7 ] 16.1 | 11.8 | 11.9
Cyl.1&60ff-10kw | 11.0 | 10.4 | 105 | 10.7
Fit - 20 kKW 8.6 7.6 5.9 1.8
Cyl. 1 off — 20 kW 227 1178 ] 19.1 | 215
Cyl 6 off — 20 kW 18.1 | 23.0 | 18.8 | 22.2
Cyl.1&60ff—20kW | 16.4 | 18.2 | 19.7 | 19.6

On the basis of the value of the standard
deviation of measure Z it was possible to decide
whether the engine was fit for use or damaged. At
the same time it could be observed that variances of
the wvalues of the standard deviation for the
damaged engine increased with the increase of the
generator load with receivers. It was assumed that
in case of the generator loaded with 10 kW and 20
kW receivers the value of the standard deviation of
less than 10 relates to the engine in which no
damage was applied, while the value of the
deviation higher than 10 demonstrates damage in
the engine.

Stage Two is based on the observation that in
case of the damaged engine the values of measure Z
for damaged cylinders are significantly higher than
the value of the standard deviation. The value of
measure Z for cylinders not damaged also exceeds
the range of the standard deviation, however, the
absolute value of measure Z is smaller for them
than those occurring in case of damaged engines.
The value of measure Z in case of cylinders with
the applied damage (for one cylinder cut off) each
time exceeds the value of product 1.5-¢. On the
other hand, in case of the non-damaged cylinders in
no case under the tests the value of the adopted
measure exceeded product 1.5 - g. On the basis of
the observation made it was assumed that the
measure allowing to identify each one damaged
cylinder is information whether any of the measures
Z exceeds value 1.5-g. Its excess explicitly
demonstrates that the cylinder is cut off the
operation. If this condition is not satisfied this may
demonstrate that the damage does not occur or the
number of damaged cylinders is larger.

Using information obtained at Stage One of the
analysis (whether damage occurs or not) and
knowing whether measure Z exceeds the value by
one-and-half value standard deviation it is possible
to make difference between the fit for use engine

and the engine with the number of damaged
cylinders greater than one. In case of damage to
greater number of the engine cylinders an
unambiguous indication which of the cylinders is
damaged is possible. While conducting the analysis,
the value of the standard deviation — ¢, instead of
the product 1.5 - ¢ should be used for identification
of the damaged cylinders. A diagram for processing
in case of analysing measured data and diagnosing
on the damaged cylinders has been presented in a
form of an algorithm for the proceeding. See: Fig.
7.

Calculation of the standard
deviation o value and the product
value of 1.5 o

Measurement of phase to phase
voltages and accelerations on
individual engine injectors

i

Synchronized averaging of
acquired phase-to-phase voltages

Is the value o
exceeds 10

i

Efficient engine

Calculation of the Z measure
value for all engine cylinders

Is the value of Z for
any of the cylinders
exceeds 1.5 o

YES

75150

Checking for which cylinders the
condition Z>c is met

Z>o

Fig. 7. Algorithm for evaluating technical
condition of an engine used for driving
synchronous electric power generators based on
the shapes of the waveforms of its
phase-to-phase voltage

Apart from the described modelling and
empirical research it was decided to conduct
research on models for the conditions of partial
technical fitness by:

— Reducing fuel rate supplied to the cylinders by
10%, 20%, 30%, 40% and 50% as compared
with nominal rate.

— Reducing the angle of the fuel injection advance
by 5° CA.

— Increasing the angle of the fuel injection
advance by 5° CA.

— Introduction of untightness in the piston-rings-
cylinder set amounting to 5% of the maximum
area of the outlet valve diameter.

— Reducing the area of diameter of the injector
holes by 10% and 20%.

— Increasing the area of diameter of the injector
holes by 10% and 20%.

All tests were conducted for two loads of the
electric power generator with electric receivers of
a power of 10 and 20 kW.

In the described case resignation from
empirical tests was a result of necessity to intervene
into the engine (in order to simulate its partial

Engine damaged
Damaged cylinder for which

Engine damaged
damaged cylinders for which
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technical condition) what could possibly lead to its

damage.

The modelling tests carried out allowed to draw

the following specific conclusions [31]:

— Simulated conditions of partial technical fitness
for use by reducing the fuel rate supplied to the
damaged cylinder and the simulated untightness
in the piston-rings-cylinder set may be detected
and located with the developed method.

— Condition that make the engine not fit for use
resulting from the change of the area of the
active diameter of the active cross-section of the
injector holes and the change in the advance
angle of the injection for the damaged engine
cause certain deviations in the measure Z value
as compared with the engine fit for use.
However, the values of these deviations are
minimal and consequently, this damage,
probably, may not be detected with the use of
the proposed method.

— Impossibility to identify part of the damage may
be caused by relatively low signal sampling
frequency amounting to 10 kHz. Because of the
compatibility of the data obtained from
empirical and modelling tests the results
obtained from the model have the same
sampling frequency as measured data.

5. SUMMARY

In the article it has been demonstrated that the
proposed method for evaluating the technical
condition of an engine is efficient in case of
identification and location of the engine cylinders
where the working process is disrupted to a higher
degree. In case of a damage consisting of cutting
off the engine cylinders the operation, each time it
is possible to identify and locate the damage. The
modelling tests demonstrated that it is possible to
identify damage as a result of reducing fuel rate
supplied to the engine cylinders. In case of other
simulated damage, at current stage of the research it
is not possible to identify the damage. This is a
result of a relatively small sampling frequency of
the measured (modelled) courses.

Further work on the developed method will be
directed to increase the sampling frequency of the
measuring device (development of a new device)
and to reduce steps of calculations in the model
(currently calculations are performed every 0.1
°CA).
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