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Abstract

The article discusses methods for determining top dead center, based on the analysis of pressure diagrams
of a marine engine. The advantages and disadvantages of different methods are shown. Diagnostics of marine
engines during operation and the selection of optimal operating conditions is based on the analysis of gas
pressure diagrams, as well as fuel supply and gas distribution diagrams. As a result of the analysis of the pres-
sure diagrams, the indicator engine power is calculated, which is further used in the management of engine
operation modes, in the calculation of specific indicators, as well as in the calculation of energy efficiency
coefficients of marine vessels according to International Maritime Organization recommendations. The influ-
ence of the accuracy of determining the position of the top dead center on the calculation of the mean indicat-
ed pressure and indicator power is shown. The authors considered a method for determining top dead center,
based on the solution of the equation P’= 0, which provides the required accuracy in calculating the mean in-
dicated pressure and indicator power of the engine during operation. It is shown that the method can be appli-
cable in marine engine working process monitoring systems as an alternative to hardware methods for deter-
mining the top dead center.

Keywords: diesel engine, top dead center, TDC pickup sensor, cylinder pressure monitoring,
mean indicated pressure, indicated power, ship energy efficiency coefficient

1. INTRODUCTION

Diagnostics of marine engines and the selection
of optimal operating modes are based on the analy-
sis of indicator pressure diagrams in the working
cylinder depending on the angle of crankshaft rota-
tion (°CA) P(¢, deg) [1-3]. In parallel with indica-
tor diagrams obtained during operation, fuel supply
and gas distribution diagrams can be considered,
which increase the reliability of diagnostics [4 - 6].
As a result of the analysis of indicator diagrams, the
mean indicated pressure (MIP) and indicator power
(iPower) are calculated, which is further used in the
management of engine operation modes, in the
calculation of specific indicators, as well as in the
calculation of energy efficiency coefficients of
marine vessels according to International Maritime
Organization (IMO) recommendations [7]. The
error in determining the position of the top dead
center (TDC) has the greatest influence on the accu-
racy of the indicator power calculation [4].

The indicator diagrams are recorded on the en-
gine under maximum continuous rating (MCR) load
of an engine using special pressure sensors. Such
sensors ensure stability of characteristics at high
temperature of the medium being measured (IMES
sensors [8], Kistler sensors [9], etc.). The pressure
values are recorded in the computer memory in the
form of time series P(t) with a constant step. In

most cases, the sampling step is chosen so as to
obtain at least two points per one degree of the
crankshaft rotation.

The task of obtaining indicator diagrams from
the time series P(t) is formulated as the translation
of data from functions of time t as a function of the
angle of the crankshaft rotation ¢, where the accu-
racy of piston TDC determining has the greatest
influence. Between the TDC of adjacent cycles, an
assumption is made that the speed of rotation is
constant, which allows to convert the time into
angles of rotation of the crankshaft. Such a rough
assumption nevertheless takes place in the problems
of diagnosing the technical condition of cylinders.

TDC
f@®) — f(p).

There are two methaods for solving this problem:
hardware — using sensors on the engine flywheel
(AVL OT-sensor 428 [10], Kistler TDC sensor
Type 2629B [9], etc.), and analytical — by analyzing
individual sections of the cylinder gas pressure
diagram in the working cylinder P(t) and its deriva-
tive diagrams.

2. HARDWARE METHOD FOR THE TDC
DETERMINATOIN

The hardware method for the TDC determina-
tion is obvious and has traditionally been used on
transport engines since the very first working pro-
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cess monitoring systems were used. The TDC sen-
sor, or TDC pickup sensor, is mounted on the en-
gine flywheel so as to mark the TDC position of the
first cylinder. TDC of the remaining cylinders are
determined by the angles of the crank mechanism.
The high accuracy of the TDC position is ensured
by halving the [m, m1] section on the engine fly-
wheel. The angles from TDC to points m and ml
are selected in the range of 6 + 10 °CA before and
after TDC, Fig. 1.

TDC =

m+mil
2

TDC S,

TDC

m ml

engine flywheel

Fig. 1. Installing TDC at two points:
before TDC (m) and after TDC (m1)

Following systems used sensors on the fly-
wheels for TDCs determination and monitoring
systems synchronization: marine diesel monitoring
systems NK-5 (one of the first widely used in the
1990s) and subsequent NK-100, NK-200 Norwe-
gian company Autronica A/S; European systems
Kyma, Premet, Malin, Doctor, Depas 2.34 [4], as
well as many other systems developed before the
early 2000s.

It must be pointed out that the operation of ma-
rine diesel monitoring systems using TDC hardware
sensors is associated with a number of problems.
First of all, it is the need for temporary decommis-
sioning of the engine. As a rule, all work related to
the need for temporary decommissioning of the
marine engine should be coordinated with the mari-
time and coastal services, and special permission
must be obtained. In addition, the installation of
TDC pickup sensors requires significant time and
material costs associated with the need for accurate
calibration of the sensors. Additional cables con-
necting TDC pickup sensors, temporarily laid dur-
ing engine diagnostics, reduce the reliability of the
entire measurement system and increase the risk of
hardware errors.

The TDC sensor is installed on an idle engine.
Then, when the engine rotates under load, several
events occur that shift the position of the TDC
relative to its static position:

- change of micro gaps in the bearings of the crank
mechanism and the piston;
- torsional vibrations of the crankshaft;

- thermodynamic displacement of TDC [11];

- displacement of the TDC when measuring pres-
sure through the indicator valve channel [3].
These indicator valves are equipped with all the
low- and medium-speed diesels from the time of
receipt of a well-known Rudolf Diesel's patent
No. 67207 (February 23, 1892).

All portable monitoring systems record the
pressure in the working cylinder by connecting a
pressure sensor to the indicator valve, which has a
standard thread W27x1/10. During pressure meas-
urement, the channel introduces errors such as sig-
nal delay, throttling, and wave errors, the first one
can be very significant - up to several degrees — and
it increases with increasing engine speed. As a
result, due to only the last factor, the TDC position
can shift by several degrees relative to its static
position [3, 4].

It became obvious that the TDC hardware sen-
sors, which are inconvenient when working with
portable systems, also introduce a number of signif-
icant errors in the calculation of the mean indicated
pressure and indicator power [12, 13].

When expensive stationary monitoring systems
for marine engines were replaced by portable peri-
odic monitoring systems, analytical methods for
synchronizing and calculating TDCs began to de-
velop.

3. THE INFLUENCE OF THE TDC
DETERMINATION ERROR ON THE
CALCULATION OF THE WORKING
PROCESS PARAMETERS

The error of the hardware sensors is large and
variable depending on the load. It became evident
that within this error, and even more precisely, the
TDC can be calculated by analyzing the individual
sections of recorded diagrams p(t) and diagrams
derived therefrom. On the other hand, the influence
of the TDC error on the accuracy of mean indicated
pressure calculating is very large: 6 + 9 % per 1°
TDC error (M. Tazerout [12], S. Polanowski [14],
Per Tunestal [15], Y. Nilsson and L. Eriksson [16],
E. Pipitone [17]).

In [4], an analysis is made of the influence of
the TDC determination error on the calculation of
the main parameters of the working process: mean
indicated pressure, indicator power, speed and de-
gree of increase in pressure during combustion,
calculated values of pressure of the fuel combustion
beginning and pressure on the expansion line, Fig.
2. Due to the TDC determining error a significant
distortion of the working process parameters calcu-
lation results occurs. The calculated value of the
fuel injection advance angle o, increases linearly in
accordance with the synchronization error (Fig. 2a).
The calculated value of the degree of increase in
pressure A decreases linearly, and the value of the
rate of increase in pressure V  increases and then

decreases (Fig. 2b). The calculated values of the
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mean indicated pressure and indicator power of the
cylinder almost linearly increase by 7.2%/°CA (Fig.
2¢). The calculated value of pressure at the end of
compression increases by 5.5%/°CA, and the con-
trol point of pressure on the expansion line (36 °CA
per TDC) decreases by 4.6%/°CA in a linear man-
ner (Fig. 2c).
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Fig. 2. The influence of the TDC determination

error on the parameters of the working process
of the S60MC-C main engine

Thus, in order to obtain a practical calculation
of the mean indicated pressure and indicator power
(with a maximum relative error of no more than
2.5 %), it is necessary to determine the TDC with a
maximum absolute error of not more than 0.1 +
0.25 °CA.

4. ANALYSIS OF EXISTING ANALYTICAL
METHODS FOR DETERMINING TDC

Perhaps one of the first analytical methods for
determining TDC (rather, correction of TDC) used
in practice, was the method implemented in the
marine diesel engines diagnostic systems «The
Electronic Indicator Lemag Premet XL, C» [18]
(Fig. 3).

The system provides semi-automatic (involving
operator) constructing the tangent to the curve of
the cylinder pressure change rate before TDC (Fig.
3a). The coordinate of the intersection of this tan-
gent zero (on a scale dp/dg) is assumed to be the

adjusted TDC value. It is proposed to shift the en-
tire indicator diagram (adjust the position of the
TDC) so that this tangent crosses “0” at the TDC
position (Fig. 3b). Further, the system manual says
that such a method is based on "... the fundamental
thermodynamic laws of the working process in the
ICE cylinder". This implies the fact that in the ab-

sence of fuel supply (during compression-
expansion in the cylinder without combustion), the
rate of change in pressure at TDC should be zero.
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Fig. 3. TDC adjustment in LEMAG systems
“PREMET XL, C”[18]

This statement is not entirely correct, because
there is a thermodynamic displacement of the pres-
sure diagram due to the transfer of heat to cylinder
walls [3, 11]. Due to thermodynamic displacement,
the entire pressure diagram shifts slightly to the left,
the compression maximum is up to the TDC and,
accordingly, the curve dp/de also crosses “0”

slightly to the left of the actual TDC value. This
fact can be taken into account due to the constant
correction of TDC, because the thermodynamic
displacement is very small and for most marine
engines its value does not exceed 1 °CA [11]. It
should be noted that the first LEMAG systems
“PREMET XL, C” contained no information about
this, nevertheless, the software of the systems pro-
vides for the correction of the TDC by a certain
constant value.

Failure to take into account the thermodynamic
displacement of real indicator pressure diagrams in
the working cylinder P(¢,deg) by most modern
marine diesel monitoring systems can be explained
by the following subjective reasons:

- the thermodynamic displacement is small (less
than 1 °CA), and its calculation can be performed
only with the empirical specification of heat trans-
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fer coefficients. Calculation of these coefficients
by different methods gives results that differ by
almost 100% [11-13, 15-17];

- not taking into account the thermodynamic dis-
placement of the diagram to the left to the TDC
gives the effect of an artificial increase in the
mean indicated pressure and indicator power. This
certainly pleases engine operators who calculate
engine specific rates for regular reports.

Nevertheless, almost all modern monitoring sys-
tems have the ability to enter the constant coeffi-
cients for TDC correction. This makes it possible to
take into account both the thermodynamic dis-
placement and the systematic calculation errors.

One of the most interesting methods for correct-
ing TDC is given by M. Tazerout et al. [12, 20]. In
these works, it was shown that the T-S diagram

constructed from the measured pressure data has a

near symmetrical form without intersections, in the

case of the correct determination of the TDC, and
the intersection with the characteristic loop, in the

case of an error in TDC determination, Fig. 4.
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Fig. 4. T-S diagram in cases of correct (a) and
erroneous (b) determination of TDC [12, 20]

The indicated method can be implemented in
practice if a strict criterion for the presence of a
loop on the T-S diagram is proposed. However, the
presence of noise in the data and the unstable ap-
pearance of the T-S diagram itself will certainly
reduce the accuracy of this criterion.

In [22], the output of the volume in the cylinder
at the point “m” is given — the maximum rate of
pressure increases during compression, see Fig. 5.
The article shows that the volume Vm does not
depend on the pressure Pm and the derivative of the
pressure P’m, but depends only on the geometric
data of the cylinder.

2 [— [—

Vo=V + ﬂ(l +015//10R COS P )’

8 —(I)m

where @, = 1/Acg> — sin? @,,, V. — the com-
pression chamber volume; Az =S/2Lcx — the
ratio of the radius of the crank to the length of the
connecting rod; D, S — cylinder diameter and piston
stroke, Lcg — connecting rod length.

In conclusion of this article [22], it follows that
the volume at the point “m” and, accordingly, the

[I3e 1]

angle of rotation of the crankshaft from “m” to
TDC can be calculated beforehand, before diagnos-
ing engine, knowing the diameter of the cylinder D,
the stroke of the piston S, the length of the connect-
ing rod Lg and the volume of the compression
chamber V. The coordinate “m” can be determined
by numerically differentiating the diagram P(t).
Thus, the TDC offset in degrees °CA relative to the
P’m point can be determined before diagnosing the
engine. Such a wonderful property of the P’m point
could quickly solve all the problems of analytic
determination of TDC and the task of analytical
data synchronization when diagnosing engines.
However, it must be recognized that the presence of
noise in the discrete pressure data P(t), even if cor-
rectly excluded [3], can significantly reduce the
accuracy of this elegant method. However, this
method can be effectively used in a preliminary
assessment of TDC.

In [4], an analysis of the TDC determination
method using the Agnesi function recorded for the
compression section up to P’c

P(¢) = Pc/[1+ 6(¢ — ¢rpc)?],
where Pc and 6 are the parameters determined
using least squares method in the compression
section by minimizing the functional

| 2
F=> i — min
j=1 P((Pj)

The main property of the Agnesi model is that
the calculated TDC coordinates have a small abso-
lute error (less than 1 °CA) when setting the initial
approximations Pc with an error of up to 8 % [4].

In [13-17], methods based on the symmetry
properties of compression-expansion curves, analy-
sis of T-S and P-V diagrams and analysis of a ther-
modynamic model of a working process based on
the first law of thermodynamics are presented. All
these methods can be used with certain assumptions
in practice if the procedure for correctly eliminating
noise in the initial data P(t) is performed. This pro-
cedure should not shift the phase and distort the
amplitude of the original signal.

It should be noted that the method of thermody-
namic modeling of the cycle requires a larger esti-
mated time and uses empirical coefficients. It is
difficult to put into practice in real time. Empirical
coefficients reduce the accuracy of the calculation.
The accuracy of TDC calculating of all the consid-
ered methods largely depends on the effectiveness
of the noise elimination procedure in the initial
data.

5. ANALYTICAL METHODS OF THE TDC
DETERMINING

5.1. Linear Regression Method

The TDC method described in Section 4 used
by The Electronic Indicator Lemag “Premet XL, C”
system, has an important theoretical meaning,
which is not fully disclosed in the system
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Fig. 5. Diagrams P(p, deg), dP/dp of a medium-speed marine diesel Yanmar 6EY18ALW

description. It can be explained if we consider the
diagram P(¢,deg)of a typical medium—speed
. . - . . dap .
marine engine and its derivative " recorded using
high-quality IMES pressure sensors [2] after elimi-
nating high-frequency noise [3], Fig. 5.
If we consider the portion of the 2—: diagram

from the maximum compression rate (point P’m) to
the start of combustion (the coordinate of point
Pc’), we can see that it can be modeled by the
straight line LL’ or the portion of the sinusoid SS’.
Despite the fact that the Electronic Indicator Lemag
documentation “Premet XL, C” says that it is tan-
gent to the inclined section of the P’ chart, by all
indications of further actions there is meant a linear
approximation of this section. Without taking into
account the thermodynamic displacement of the
pressure diagram (it is negligibly small), the ap-
proximating straight line should cross “0” in the
TDC position. This position follows from the fact
that the rate of pressure change in TDC in this case
is zero.

The equation of the straight line LL" can be
written as

LL, = bo + bl(p

The TDC coordinate is determined from the

condition

LL'=0 - @rpc = —by/b;.

According to the least square’s method re-
quirements, we can to write the expression for b;
and by in the form

Y P'i-nY Plo; 1

1 z%_ngq,?plrbo =;(ZP’1- — by X 9)),
where the sum sign denotes the summation in the
section from the maximum pressure in the com-
pression section Pm to the pressure of the start of

!
combustion in the cylinder Pc”: Y, = Z;":ig‘;fpm; nis
the number of points on the site.

To increase the accuracy of the linear regression
method, it is necessary to exclude a part of the
points 4 after the Pm coordinate and before the Pc’
coordinate. Thus, the basis for constructing a re-
gression model is specified, and we can write

(piPé—ﬁ
Z - Zi=(piPm+19,

In the case when recording indicator diagrams
implies 2 points per 1 °CA, 3 = 3+5 points, depend-
ing on the type of diagram Z—; and the actual length
of the section of this diagram from Pm to Pc’.

A significant problem of the linear regression

method, which significantly increases the TDC
determination error, appears when the [Pm, Pc’]

section of the Z—; diagram is too small. In fig. 6

shows the indicator diagram of the MAN 9L58/64
marine engine with a large angle of fuel injection.
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Fig. 6. Indicator diagram MAN 9L58/64 with
a large angle of fuel injection timing

In the case of early angle of fuel injection tim-
ing the [Pm, Pc’] section of the Z—: diagram is short-

ened, as shown in Fig. 6. In some cases, when the
geometrical angles of fuel injection timing reach
15+20 °CA to TDC, this section disappears alto-
gether. In such cases, the TDC refinement method
proposed in the Electronic Indicator Lemag
“Premet XL, C” systems will work with a large
error.

The most stable operation of the TDC determi-
nation method using linear regression will be on
modern two-stroke marine engines with late fuel
injection and the beginning of combustion later
than TDC, fig. 7.

Fig. 7. Indicator diagram 6RT-FLEX82C
with late injection timing

In this case, the [Pm, Pc’] section of the Z—(I; dia-
gram has a sufficient number of points to build a
linear regression model. Moreover, the Z—Z diagram

intersects “0”, and there is no need to extrapolate
the linear model, thereby increasing the probability
of error. The TDC position in this case is located
inside the [Pm, Pc’] section, which makes it possi-
ble to determine the TDC with high accuracy, as,
for example, for the Wartsila 6RT-FLEX82C en-
gine (see Fig. 7).

5.3. Sinusoidal Model
In all cases, the derivatives of the initial diagram
P(t) are determined by the method of numerical

differentiation, while the high-frequency noise is
removed (as shown in [3]). This makes it possible
to further analyze the obtained diagrams P'(t) and
P"(t). Using this analysis, it is possible to determine
the coordinates of the extremes P’(z) and P’’(z) in
the compression sections and, thus, determine the
phase of the combustion beginning Pc’ with suffi-
cient accuracy [3, 4]. The Pc’ phase is approximate-
ly the end of the compression process in the cylin-
der and is the right boundary of the site simulation
[Pm, Pc’].

Obviously, the linear regression model does not
accurately describe the nature of the change in
pressure in the [Pm, Pc’] section, which is not line-
ar in its physical essence. We can even say that
with a very large approximation this section is simi-
lar to a linear dependence. In addition, in the situa-
tions shown in Fig. 6, the TDC correction method
proposed in the Electronic Indicator Lemag
“Premet XL, C” systems will not work at all or will
work poorly.

Obviously, the [Pm, P¢’] section of the Z—: dia-

gram can be modeled with a significantly smaller
error by the sinusoidal SS’ model (see Fig. 5). In
this case
§S"'= P, sin(V,),
where V;= Bp; + 4,

where B, A are the coefficients of the sinusoidal
model; P’m is the maximum of the first derivative
pressure diagram in the compression section.

Unlike the linear model, a part of the z—: curve to

the P’m point is used to construct it. When building
a sinusoidal model, up to 9 = 6+10 points can be
used before the Pm coordinate and after the Pc’
coordinate (when recording indicator diagrams with
a step of 2 points per 1 °CA).

The coefficients of the sinusoidal model SS’ are
determined by minimizing the Fs functional con-
structed according to the requirements of the least
squares method

Fs = ¥[Pysin(V) — P{]*> » min,
where the sum sign denotes the summation on the
modeling section: ¥, = Zf;gci;:_ﬁ.

The sinusoidal SS model, with greater accuracy
than the linear LL’ model, describes the portion of

the Z—: curve before the start of combustion and

allows determining the TDC coordinate with a
smaller absolute error.

At the minimum point of the functional Fs, all
partial derivatives of the objective function should
be equal to zero:

(6Fs _
|op,
{ oF
loB
JF
A

0;

0;

0.



DIAGNOSTYKA, Vol. 21, No. 1 (2020) 57
Varbanets R, Zalozh V, Shakhov A, Savelieva I, Piterska V.: Determination of top dead centre location based ...

(D [21B; sin(V) — pi 1 sin( V)] = 0;
D 2[R sin(V:) = pi 1B cos(Vpi] = 0
D [20Ps sin(V)) = p 1Py cos (V)] = 0.

Finally, we get a system of 3 equations

. _Xpisin(Vy)
™ Ysin?(Vy)
Xpisin(Vi)  Xpicos(V)o:
Ysin?(V) Y sin(Vy) cos(Vy)e;’
Xpisin(V))  Xpicos(Vy)
\ Ysin2(Vy)  Ysin(V;)cos(Vy)’

The system is solved numerically. The algo-
rithm of the Powell'64 method [19] — a search in a
system of conjugate directions — is well suited to
minimize smooth functions of even degrees and for
trigonometric functions. If we use this method, then
the coefficients P,,, B, A are determined after sever-
al successive steps to minimize the functional Fs.

o (P, _Zpisin(vi))z N
s " Xsin?(V))
Episin(V) _ Epicos(Ver \,
Xsin?(Vy)  Xsin(Vy) cos(Vy)e;
(z pisin(Vi)  Ypicos(Vy) ) .
. - 3 = min
Y sin?2(Vy)  Ysin(V;) cos(V))

The minimum of the functional Fs found from
the starting point (P,,, 0, 0) (Fig. 5) determines the
TDC coordinate. In this case, the Powell'64 method
determines the global minimum of the functional Fg
in less than 10 search steps for all the studied P-
diagrams of different types of marine engines. To
implement the method, it is necessary to have an
initial approximation of the TDC and the angles of
rotation of the crankshaft ¢, which were obtained
using a linear regression model.

5.4. Model P’=0
When constructing a linear least-square regres-
sion model, a small portion of the numerically tak-

en derivative Z—: is used: [piPm+9, ¢;P’c-9]. When

building a sinusoidal model, a slightly larger sec-
tion is used [piPm-3, ¢iP c-9]. In those situations
where the angle of injection timing is close to "0"
or less (late injection), the base of points in these
areas is sufficient to build models (Fig. 5, 7).

Nevertheless, for engines with an early injection
timing (Fig. 6), these sections are too small to con-
struct regression models.

If we use the model of the rate of change in
pressure in the compression section obtained from
the equation of the polytropic compression PV"
=const, then we can use a large base of experi-
mental points. For example, we can use all the
points from the beginning of the compression pro-
cess (after closing the intake valves) to the start of
combustion in the cylinder. However, when analyz-
ing real indicator diagrams, the influence of noise

in the areas after the valves are closed is too large,
which introduces an additional error in the con-
struction of the regression model [3]. The influence
of noise is much less if we consider the portion of
the diagram from the coordinate P; ~ 0.1Pmax (see
Fig. 5) to the coordinate P’c. Thus, the basis for
constructing the model P’= 0 is the part of the
diagram [¢iP1, ¢;P 'c-9].

The gas pressure in the specified compression
section is [1]

v nil
ek
pcomp a Ve
where P, is the pressure at the beginning of com-
pression;

Ve is the current volume of the cylinder.

1
Vy,=V¢+0,5Vg[1 +/1—CR—COS(p—

1= Gersing)?] ;
V, =V (e — 1) — the volume described by the full
stroke of the piston;
V. is the volume of the compression chamber;
&£ is compression ratio in the cylinder;
Acr = Rcr/Lcg = S/2Lcp — the ratio of the radius
of the crank to the length of the connecting rod.
L g value can be measured directly on the engine.
Both V. and & values can be obtained from the
engine documentation provided by the manufactur-
er.

In relation to the task of TDC determining, we
take the value nl constant. According to the rec-
ommendations [1] for low-speed and medium-
speed engines, the value nl is assumed to be 1.34 +
1.37. Further analysis showed that in the problem of
determining the TDC, such an assumption is appro-
priate and an approximate average value of nl with-
in the indicated limits does not impair the quality of
the simulation dP/dg. Modeling quality greatly
depends on the level of noise on the compression
line and on the accuracy of determining the coordi-
nates of the end compression Pc', - modeling right
border area [3].

The expression for the rate of pressure change at
the compression section can be written

dp 1 dv
;;ml’ = —P,V,"'n .d_l:'

After simple transformations, we finally obtain

dPcomp/d¢ =

_ ni 1 . Acrsin @ cos @
=PV, ny e 0,5Vs | sing + ——=
7]

/1—}%R sin? @

In this case, the parameters of the dPcomp/d¢
model are Pa and n;. According to the requirements
of the least square’s method, we write the Fp func-
tional, minimization of which will determine the
values of these parameters in the section [¢;P,,
oiP ’C_lg].
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m 2
dP,
Fp = E (P}—ﬁ) = min
j=1 /

where m is the number of points in the section
[piP1, @iP c-9].

To minimize the Fp functional, we use the Pow-
ell-64 method, since it is effective for minimizing
quadratic and trigonometric functions.

To remove noise in these areas, the authors use
the Butterworth digital filter [3, 4], which has a
smooth characteristic in the entire frequency range
and does not shift the phase of the original signal.
The results of modeling the rate of pressure change
dPcomp/d¢ in the compression areas before the
start of P’c combustion on different types of indica-
tor diagrams are shown in fig. 5-7.

Using a relatively large base of experimental
points [piP1, @iP’c-9] to build the dPcomp/d¢
model gives good results. The model constructed in
this way describes with high accuracy the compres-
sion process for different types of engines, even in
the case of significantly earlier angles of the begin-
ning of fuel combustion in the cylinder, as in Fig. 6.

The right boundary of the ¢;P’c-3 simulation
has the greatest influence on the accuracy of the
model construction, since after injection of fuel into
the cylinder pre-flame processes occur and the
pressure curve no longer has the character of a
compression polytropic. The problem of determin-
ing the coordinates of the start of combustion P’c
and the right boundary is solved by analyzing the
extrema of the diagrams of the derivatives of the
pressure diagram, as shown in [3, 4].

6. CONCLUSIONS

The TDC determination using sensors, used in
stationary monitoring systems, requires additional
correction due to the displacement of the TDC
position mark during engine operation under load.
In this case, it is necessary to take into account the
change in micro-backlash in the bearings of the
crank mechanism and the thermodynamic dis-
placement of the maximum compression pressure in
the cylinder [11-13]. For stationary systems, the
proposed analytical method can clarify the TDC
position determined using sensors [1, 2, 8-10].

In portable diagnostic systems, the TDC deter-
mination is best done immediately by the analytical
method. First of all, there are inconveniences dur-
ing the diagnosis of engines, because additional
pickup sensors and their cables must be used. Be-
fore installing the sensors, it is necessary to take the
engine out of operation. The installed sensors must
be calibrated, which is associated with a significant
investment of time [6, 9, 10, 18]. All portable sys-
tems for parametric engine diagnostics measure the
pressure in the working cylinder through the chan-
nel of the indicator valve. In this regard, in portable
systems, in addition to the aforementioned errors,
errors occur such as throttling and delay of the

signal, which leads to an additional shift of the
TDC position [1, 3]. Thus, recently, most modern
portable systems for diagnosing marine diesel en-
gines do not use pickup sensors, but use different
variants of the algorithmic determination of TDC
[2-5, 8].

Due to the fact that indicator diagrams are rec-
orded in the computer's memory in the form of time
series P(t), the linear regression method is the first
method for the analytical determination of TDC.
For the linear regression method, the preliminary
assessment of the angles of the °CA is not needed.

After the initial determination of the TDC using
the linear regression method, a preliminary trans-

formation f(t)Tif f(p) of several consecutive
operating cycles is performed. As a result, the
method of sinusoidal approximation of the pressure
change rate dPcomp/d¢ can be applied, which
refines the position of the TDC of several cycles.
The final position of the TDC and the transla-
tion of the diagrams from the time series to ¢-

diagrams f(t) Tic>f(<p) is carried out by solving the
P’=0 equation. The initial TDC approximation of
several cycles was obtained at the previous step
using a sinusoidal model.

The specified algorithm allows you to calculate
the position of the TDC with a maximum absolute
error of not more than 0.1+0.25 °CA. This ensures
the required accuracy of the final calculation of the
mean indicated pressure with the subsequent calcu-
lation of the indicator and effective engine power
with a maximum relative error of no more than
2.5 %.

Such accuracy in determining the engine power
allows predicting its load, diagnosing, calculating
specific parameters and energy efficiency coeffi-
cients in accordance with IMO requirements. This
generally improves the efficiency of marine en-
gines.

For portable systems for engine's working pro-
cess monitoring the proposed method of TDC ana-
Iytical determination and subsequent data synchro-
nization provides the following advantages:

- reduces the number of sensors and cables during
diagnosis, which reduces the likelihood of failures
and errors;

TDC displacements are automatically taken into
account due to various factors during operation;
the influence of the indicator valve's channel is
automatically taken into account;

the error of the TDC analytical determination
method and the subsequent synchronization of
indicator diagrams is much less than the hardware
TDC determination method;

no preliminary preparation of the engine is need-
ed, and the engines can be diagnosed immediately
during normal operation.
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