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Abstract Contemporary requirements for combustion
engines are aimed mainly at obtaining significant param-
eter values of their operation at simultaneously low fuel
consumption and reduced exhaust emission. Despite the
fact that combustion engines utilize diverse load condi-
tions, the idle speed share in the whole range of their
operation is significant. The percentage of combustion
engines with spark-ignition direct injection (SI DI) in the
total number of spark-ignition engines is increasing. It
means that the method of the mixture preparation is an
important factor in SI DI engine, also for idle speed. In the
tests was analysed the SI engine preparing the mixture with
a dose of injected fuel (air-guided type) in conditions of the
idle speed. Idle speed control is a critical issue in engine
control fields. Essentially, it is a highly nonlinear and time-
varying problem. Its performance has a significant impact
on fuel economy and emission levels. The engine operation
indexes were determined, and with the use of coefficient of
variation, the variation of the cycle was estimated. Article
contains the three-stage division, taking into account the
variable measuring modes where was analysed the work
condition during the idling, free acceleration of combustion
engine and car acceleration. From numerous operational
indexes of the engine operation were selected those, which
in the best way characterize engine operation for idle
speed.
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Introduction

Spark-ignition engines used in today’s vehicles do not
constitute as uniform group in terms of solutions such as
injection and combustion systems, as the compression
ignition (CI) engines do. Also CI engine nowadays uses
different types of fuel, which require appropriate con-
struction changes [1, 2]. Today, it is one of the research
directions made by Sing [3]. The designs of the combustion
systems for engines with spark ignition include the systems
of indirect injection into the inlet duct (low-pressure
injection) and of direct injection into the cylinder (medium-
pressure injection) [4]. Few designs which are a combi-
nation of those two systems were widely applied (e.g. in
the Lexus engine 2GR-FSE and in Audi engine—EAS888 of
the third generation, in which the direct and indirect fuel
injection is utilized). Numerous designs of the direct
gasoline injection system indicate the lack of satisfactory
solutions of this type both in terms of operational param-
eters obtained and exhaust gases emission. The fuel
injection to the cylinder should meet two requirements.
First one, it should enable the homogeneous charge burning
(used in the indirect injection systems, which causes,
however, significant losses of the charge before supplying
it to the closed cylinder volume). Secondly—which at
present is the main research direction and development
works—it should enable obtaining a heterogeneous (strat-
ified) charge, which would make it possible to burn lean
mixtures (such a strategy is available thanks to the appli-
cation of medium-pressure, direct and multiple gasoline
injection). In this respect, combustion systems of SI engi-
nes are getting similar to the combustion systems used in
CI engines (e.g. use of a controlled self-ignition in the SI
engine). These systems are currently the main subject of
tests in the spark-ignition engines, as such an injection
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system allows for any quantitative and qualitative forma-
tion of the charge and affects the way it is later burnt. The
macroscopic characteristic of fuel injection spray for SI DI
engines research is made by Chen [5]. In research were
analysed the important spray characteristics like penetra-
tion and spray angle. These parameters are crucial for the
correct operation of the injection system.

Direct gasoline injection system is carried out by
applying lateral or central positioning of the injector. The
first solution gives time sufficient for the charge prepara-
tion for combustion (with no dose splitting), as the injec-
tion is possible before the piston reaches top dead centre
(TDC). This time is used for the fuel evaporation and its
preparation for combustion. At the same time, however,
this layer is being diluted and the charge loses its stratifi-
cation, the distribution of fuel in the cylinder becomes
uneven, and this reduces the combustion efficiency.

Far more beneficial in this respect is the central local-
ization of the injector in the combustion chamber. The
problem then is, however, time reduction of the charge
preparation (mixing and fuel evaporation) and the way the
spark plug is located. It is also difficult to obtain a
homogeneous charge, particularly under heavy loads (a
large fuel dose injection without splitting it). Incorrect
localization of the spark plug is the cause of carbon
deposits formation on its electrodes, making it impossible
to obtain the correct discharge. This, however, is much
more favourable in case of stratified charges and engine
operation with significant excess air ratio (it is possible to
obtain values of 4 = 3-5 depending on how the fuel dose
is split and how the charge is prepared). On the basis of the
research carried out by Petersen et al., it was shown that in
case of the SI DI engines the lack of combustion or
incorrect combustion process is not caused by the failure of
spark plug ignition, but by the improper charge preparation
for combustion. Because of the problems with correct
charge preparation and its combustion, in paper [4] was
conducted partial analysis of fuel atomization with the use
of an outward-opening injector, which is located centrally
in the combustion chamber. For this purpose were used
various multiple fuel injection techniques in order to obtain
quantitative and qualitative information about the charge
preparation for combustion.

Presented in the article are issues concerning dynamic
operating conditions of the combustion engine. Complete
knowledge in area of dynamic states can contribute to the
ability to power supply of combustion engines by other
fuels [3, 6-8] allowing the optimization of the operation
under these conditions.

The construction of the article consists in the preface a
presentation of the issues in the literature review and
description of engine transient operational conditions. In
the next section article presents thesis which through use of
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the presented research methodology has been proved on
results of the analysis in three-stage mode (during the
idling, free acceleration of engine and vehicle accelera-
tion). At the end paper has been summarized.

Variation in engine operation during idling:
literature review

In modern SI engines, an efficient idle speed performance is
required to fulfil the ever-increasing requirements on fuel
consumption, vehicle driveability and pollutant emissions.
Basically, the idle speed control problem is a compromise
between low engine speed for fuel saving, minimum emis-
sions and powertrain vibrations. Due to numerous partici-
pation of idling engine speed in the driving cycle is subject
raised in many works for optimization process [9, 10].

It is thought that the engine operation repeatability at
idling speed is a key requirement allowing the use of
stratified and lean mixtures. Minor changes in the process
caused by slow combustion lead to undesired engine
vibrations. Significant combustion dynamics can cause an
increase in the hydrocarbons emission [10]. The results of
the tests by Heywood presented in [11] (concerning mainly
the SI engines) show that the coefficient of variation
reduction can lead to fuel consumption reduction by 8 %
and that the coefficient of variation value greater than 10 %
leads to the engine unsteady operation. The study [12]
relating to variations of the engine operation proved that
intake of 20 % of recirculated exhaust gases increases the
variation of engine operation by more than 10 % (this
variation was highlighted by the coefficient of variation of
the mean indicated pressure). However, the use of
increased compression ratio reduces this value. It results
from the reduction of the laminar air speed and an increase
of the intensity of vibrations during this procedure. These
findings are also confirmed in the study [10], which shows
that the increase in laminar combustion speed of LPG leads
to reduction of the CoV of the mean indicated pressure to
about 2 % (for changes of the excess air ratio ranging from
1.0 to 1.4). While supplying the gasoline engine in the
same range of variations of the excess air ratio, CoV(I-
MEP) obtains the value of 4.5 %.

Ozdor et al. [13] divide the factors affecting variation of
the combustion process into four categories: components of
the mixture, inlet of the charge, characteristics of the
ignition system and the process of swirling in the cylinder.
Pundir et al. [14] stated that the inlet charge has the least
impact on the process variability if the combustible mixture
is stoichiometric.

Conditions of variability of the engine operation were
defined on the basis of the coefficient of variation of a
given parameter X, defined as:
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where 0—is the standard deviation of parameter X and pu—
is the mean value of X from measurements. The range
distribution analysis of values was completed with the
scenes SK—skewness of the numerical distribution (de-
termines the asymmetry of the distribution of the analysed
values):

ony s (x— Xm)
H -2 ?

where n—is the observations number, x;—is the result of
the subsequent observation, x,,—is the mean value and s—
is the standard deviation.

This coefficient with a value equal to zero proves per-
fectly symmetrical distribution and with a value of more
than zero indicates right-skewed distribution, while for
values below zero it indicates left-skewed (negatively
skewed) distribution.

Thanks to the use of a large number of measurement
data (taking into account at least 30 samples) the statistical
accuracy was maintained [15, 16].

Engine transient operational conditions

Engine transient operational conditions demand different
than the above-mentioned requirements. During rapid
acceleration, the engine operation in terms of external
characteristics is desirable. During the tests of eco-driving
strategy by Saboohi and Farzaneh [17], it was found that
for fixed driving conditions at a speed of 50 kph is required
only 5 kW engine power. The engine or vehicle rapid
acceleration requires the availability of a full engine power
at a given engine speed. Due to the incomplete identifica-
tion of the phenomena prevailing during the SI DI engine
transient operational conditions, the research was under-
taken to determine the operation indexes specific including
the thermodynamic indexes definition of accompanying
processes. The issue is important due to the increased share
of SI DI engines where the charge is combusted with the
use of spray-guided method (formation of the charge by the
fuel spray) [18].

The characteristics of the torque and the method of
control in the propulsion system are those components of
the drive system which attract a lot of attention nowadays
[19, 20].

The driving force F,, occurring at the edge of the wheel
contact with the ground depends on:

e engine torque M, and its characteristics in the field of
engine operation,

e total transmission ratio i in the propulsion system,

e the propulsion system type—from which the torque
transmission efficiency hy, is dependant, which enables
determination of the entire drive system efficiency,

e from the circle dynamic radius (ry) which is the
distance from the centre of the circle to the road
surface.

< (Fa)y 3)

Torque availability depends on the engine characteris-
tics. In the engine acceleration process it is necessary to
significantly increase the engine effective power. In
accordance with Eq. (3) the effective power gain is pos-
sible as a result of the torque increase and the engine
angular velocity:

AN, =AM, - o +M, - Aw + AM, - Aw 4)
This equation, however, has certain limitations:

e the engine torque increase is limited by the available
torque reserve value on the engine characteristics,

e an increase of the engine angular velocity causes a
directly proportional gain of the effective power
depending on the instantaneous speed.

The engine power increase as a result of the angular
velocity increase requires overcoming of the mechanical
inertia and the transmission system:

Ny =1y - 0s(My — J - @) (5)

where J—is the moment of masses inertia connected to the
engine crankshaft, and #,,—is the mechanical drive system
efficiency.

From the analysis it ensures that because of the possi-
bility of increasing the effective power, the highest possible
torque reserve is desirable.

Research thesis

Research thesis was set out in the following way:

1. Estimation of the engine operation variation at idling
speed determined only on the basis of the engine speed
and mean indicated pressure is unreliable with regard
to the thermodynamic indexes of this process.

2. Thermodynamic indexes of the engine operation while

accelerating during standstill and during vehicle
acceleration are fundamentally different; they arise
from different engine load values, due to which the
possibility of comparing them is limited.

The answer to so set out thesis of the paper makes it
possible to extract the objectives of this research, which
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contribute to practical utilization of the determined engine
operation thermodynamic indexes in the conditions
considered.

Research methodology

The deterioration of the charge formation conditions in the
combustion chamber makes it necessary to conduct the
research in the field of combustion process in such engines,
including idle speed conditions. The tests were conducted
with the vehicle equipped with SI DI engine and the
automatic 7-speed gearbox. The research methodology is
presented in Fig. 1, which contains the three-stage division,
taking into account the variable measuring modes.

Combination of a combustion engine with the automatic
transmission allows now to use the new features of such
drive systems. One of them is a feature that makes it
possible to stop the vehicle without disconnecting the
engine and the gearbox, without the necessity to use the
brake pedal. The electric system controls power in the
braking system, so that its value was greater than the force
that enables movement of a vehicle. It follows that the stop
of the vehicle may be carried out in two ways: using the P
position (park—disconnecting the drive system) or using
the HOLD function (stopping without disconnecting the
drive system). In both of these versions the control system
uses different engine speed and engine load values.

The vehicle is equipped with a HOLD feature that
enables vehicle immobilization after its stopping (without
the necessity of using the brake constantly) without dis-
connecting the drive (Table 1). This means that idling can
be obtained in two ways:

e after switching the gearbox into position P (parking)
and
e after using the HOLD feature in position D (drive).

In the first case lack of disconnection of the drive results
in obtaining the engine speed of n = 750 rpm (using par-
tial minimum load resulting from the automatic gearbox
operation) and in the other case—after disconnecting the
transmission—obtaining the engine speed of 650 rpm.

The first stage of the research was carried out during the
standstill of the vehicle. One hundred and fifty consecutive

Shift position P
Shift position D

Established engine operating
conditions — idling (section 6)

Fast-varying processes during Slowly acceleration

lengine acceleration (section 7.1)

Rapidly acceleration

Mode S (Sport)
Mode C (Comfort)

Engine condition during car
acceleration (section 7.2)

Systematics of research

Fig. 1 Stages of the research

@ Springer

cycles of engine operation were recorded and analysed. An
analysis of the engine repeatability operation will enable
the measurement of cylinder pressure in the combustion
chamber with the use of a pressure sensor by AVL
mounted in spark plug of the fourth cylinder. This cylinder
is located closest to the place of engine speed measure-
ment, because the engine speed sensor is located on the
flywheel side. The cylinder pressure sensor with a mea-
suring range of (0-20 MPa had sensitivity of
11.91 pC bar™'. The signal from the pressure sensor along
with the crankshaft crank angle measurement (number of
teeth in the geared flywheel: 60-2) was recorded using the
8-channel measuring system AVL IndiSmart 621. For this
purpose was used the original engine speed Hall sensor,
and the measuring signal was recorded with the angular
resolution of Aa = 0.1° of crankshaft rotation. The mea-
suring system with the AVL Concerto software gives you
the possibility of thermodynamic analysis of the engine
cycles. The diagram of the measuring system is shown in
Fig. 2.

The tests were carried out at two combustion engine
idling speeds (n = 650 rpm and 750 rpm), at fixed thermal
state of the engine (coolant temperature was 85 °C).

On the basis of the coefficient of variation CoV the
variation of engine operation was determined in the form of
the following indexes: the maximum combustion pressure
Pax, the engine speed (SPEED), the mean indicated
pressure (IMEP), thermodynamic start of combustion Alys
(determined on the basis of a 5 % threshold of heat release)
and end of the combustion Alyy (defined as the 90 per cent
value of the maximum heat release). Subsequently, the
parameters specifying the combustion engine operation
were determined: the cycles with the most significant dis-
persion of the maximum pressure values (Pcyi-min> Pcyl-max)
and the cycles with the highest angle values for which the
extreme pressure values occurred in the cylinder (AP,
and AP ,.). In relation to the characteristics of the pressure
in the cylinder the rate of pressure rise after ignition (R,ax)
and its occurrence angle (AR,,.x) were additionally deter-
mined. The parameters describing the heat release process
were: the maximum rate of heat release (dQn.x) and its
occurrence angle (AdQn.x). After completion of the inte-
gration, the maximum value of heat release (/,,x) and the
angle at which it occurs (Al,,x) were determined.

Analysis of the steady-state conditions of engine
operation: idle speed
Estimation of the engine operational indexes

The analysis of the engine operational indexes was con-
ducted at two engine speeds during idling. At the speed of
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Table 1 Technical specification of the tested engine and vehicle

Parameter

Value

Model engine

Engine type

Timing belt drive

Length x width

Engine displacement
Compression ratio

Average effective pressure
Maximum torque at engine speed
Maximum power at engine speed

Transmission

Spark ignited, gasoline direct injection (air-guided system)
4-Cylinder, in-line, turbocharged

Two shafts in the head

82 x 85 mm

1796 cm®

9.3

1.8892 MPa

270 N m at 1800—4600 rpm

135 kW at 5250 rpm

7-Speed, automatic

Fig. 2 The measuring system
used for the determination of the
variation in SI DI engine
operation during idling

(figure by authors)

650 rpm was observed greater repeatability of the engine
operation (characterized by the maximum combustion pres-
sure) than in case of increased engine speed (Fig. 3). The
engine speed changed within £5 rpm at a lower value of idle
speed and within £10 rpm at a speed of 750 rpm. These
changes might be associated with a greater engine load at
higher speeds, caused by the lack of drive disconnection.

Analysis of the engine speed intervals, carried out on
the basis of Fig. 3, indicates that distributions are close to
the normal distribution, and in both variants of the idle
speed the distributions are shifted to the left [negative
coefficients of skewness—based on Eq. (2)]. The average
values almost overlap with the range of values most
commonly observed.

(@) 5o
Average: 651.12 rpm
40 Skewness: —0.324 %F;EEI‘;ESE()J rom
30 1 —

Frequency/—
3

—_
o
"

=HHUHA -

o

640 642 644 646 648 650 652 654 656 658 660
Intervals/—

Pcyl R Data acquisition system

AVL IndiSmart 621

Spark plug with
pressure sensor
ZI31_Y5S

!}

AVL IndiCom

Crankshaft

position sensor

Greater dispersion of the speed n = 750 rpm is caused
by the attached gear and running the HOLD function. A
lower idle speed (650 rpm) is due to the position P or
disconnecting the drive. It becomes a smaller dispersion
of speed (less resistance to mechanical and hydraulic
system).

The cumulative analysis of the engine operation cycles
was supported by quantitative assessments presented fur-
ther in the article. They relate to particular cycles of
engine operation in idle conditions. The presented anal-
ysis is insufficient to assess the variations of engine
operation. For this reason additional thermodynamic
indexes of engine operation at idling speed were taken
into consideration.

(b) 50

| || sPEED
X 40 =750 rpm

Average: 749.80 rpm
Skewness: -0.633

30
20
10 1
04

Frequency,

740 742 744 746 748 750 752 754 756 758 760
Intervals/—

Fig. 3 Ranges estimation of the characteristic parameters variation of the engine operation at idling speed: a at a speed of n = 650 rpm, b at

n = 750 rpm
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Estimation of variations of engine operation

The variation of combustion engine operation can be
characterized by several parameters, including the value of
the maximum combustion pressure (Fig. 4). For the
increased engine speed were obtained a little lower values
of P, in the cylinder which indicates that the coefficient
of variation [CoV(P,,.x)] obtains higher values.

The maximum values dispersion of the cylinder pressure
also results in different values of the crankshaft crank angle
at which the maximum pressure value occurs. As shown in
Fig. 4a, the increase of the pressure value in the cylinder
results in the shift of the occurrence angle towards the top
dead centre. It should be noted that the maximum differ-
ence of angles Pcyjmax is more than 10°. At the same time
the maximum change of the cylinder pressure amounts to
0.465 MPa. The dispersions determined by CoV(P,,.x) and
CoV(AP,,.x) amount, respectively, to 6.92 and 7.81 % at
the engine speed of 650 rpm. An increased idle speed
(750 rpm) causes an increase in the CoV to the value of
9.21 %. Also the range of changes of the maximum com-
bustion pressure occurrence angle is greater, resulting in an
increase of COV(APax) to 12.3 %. Considering the liter-
ature data referred to, these are acceptable values of those
parameters. As it ensues from the individual engine oper-
ation cycles analysis, the maximum and minimum values
do not appear in the subsequent cycles.

In relation to the heat release rate (Fig. 5a) were
obtained dispersions of CoV parameter amounting to
8.55 %. These values are also acceptable. However, here
the extreme values of heat release rate do not overlap with
the angles of obtaining the maximum rates of the heat
release. Despite this, the coefficient of variation amounts to
12.5 % around the mean value.

The dispersion analysis of the centre of combustion
(CoC or Alsp) index indicates existence of a narrow field of
its variation at the engine speed of 650 rpm (Fig. 6a).

(a) 1.8
1.6 1= 650 rpm CoV(Pray) = 6.92 %
1.4 150 cycles
T.=85 °C
0“3 1.2 4 Pcyl-min
gx 1.0 - ~
E 0.8 - Pcyl-max\\
Q
0.6
0.4
0.2
0-

T T T T T T T T T T T T 1
-40-30-20-10 O 10 20 30 40 50 60 70 80

AP /°

max

Despite similar values of heat release at the speed of
n = 750 rpm (Fig. 6b), the range of variation of CoC is
higher and ranges from 10° to 26°. This means higher
irregularity and nonrepeatability of the combustion
process.

The maximum pressure changes P, in the cylinder are
comparable for both engine speeds and amount to
approximately +0.15 MPa cycle™' (Fig. 7a). The engine
speed changes for its lowest values decrease between
subsequent cycles and amount to 3 rpm cycle™". For the
higher engine speed (n = 750 rpm) the dynamics is
slightly higher and amounts to =4 rpm cycle”'. This
means that the changes observed between the cycles are
significantly lower than those presented for the extreme
cases in Fig. 4.

The maximum value of the average indicated pressure
change at a speed of 650 rpm is much less than at the speed
of n=750rpm (Fig.7b). At a lower speed it is
+0.1 bar cycle™', and at a higher speed it ranges from 0.6
to —1 bar cycle™". It might be observed that the maximum
changes of the mean indicated pressure do not result in the
maximum changes of the engine speed.

Comparative analysis of combustion engine
operation indexes variation during idling

Comparative analysis was conducted in relation to two
engine speeds. The compilation was made by comparing
together the characteristic parameters of the combustion
engine operation. The analysis of the maximum pressure in
the cylinder (Fig. 8a) indicates dispersion lowers by about
25 % at 650 rpm [CoV(Pyax) = 6.9 %] compared to the
dispersion at the speed of 750 rpm [COV(Ppax) = 9.2 %].
Significantly smaller (up to 36 %) is also the variation of
the occurrence angles of this pressure (they amount,
respectively, to 7.8 and 12.3 %). In relation to the pressure
increase rate stability in the cylinder (Fig. 8b) were

(b) 1.8+
1.6 4| | n=750 rpm CoV(Pra) =921 %
1.4 150 cycles -

T,=85°C

ﬁ 1.2 -
1.0 +

gx Pcyl-max\\

3 0.8 =

ELE
0.6
0.4
0.2

0 i
T T T 1 T T T T T T T T 1T
-40-30-20-10 O 10 20 30 40 50 60 70 80

AP/’

max

Fig. 4 Analysis of the maximum pressure changes during engine operation at idling for engine speed of: a n = 650 rpm, b n = 750 rpm
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(b) 54
48 - n=750 rpm
42 ele)
36
30
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6 e |
0 =
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-30-20-10 O 10 20 30 40 50 60 70 80 90
AdQ,./°

150 cycles

Cov(dQgy) = 8.37 %
\\ :
\\\ aqQ

min
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Fig. 5 Analysis of the heat release rate in the idling engine for the speeds of: a n = 650 rpm, b n = 750 rpm
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Fig. 6 Analysis of the centre of combustion variation compared to the characteristics of the maximum heat release rate and the angle of its
occurrence along with the characteristic data at the engine speeds of a 650 rpm, b 750 rpm
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Fig. 7 The changes rate of the parameters analysed during engine operation at idle speed for two speeds: a indicated pressure, b maximum

values of IMEP

obtained significant dispersions at both speeds (over 20 %).
Also the angle of occurrence of this parameter is not
constant. Its variation is higher at the speed of 750 rpm
(21.4 %) than at the speed of n = 650 rpm (13.3 %).

The thermodynamic indexes analysis in the form of heat
release rate and its angle (Fig. 9a) indicates values that are

acceptable. These are 8.5 % (at n = 650 rpm) and 8.4 %
(at n = 750 rpm). Slightly larger dispersions refer to the
angle at which the maximum heat release rate is obtained
(respectively, for the increasing engine speed: 12.5 % and
18.3 %); however, these values are significantly lower than
the angle of the maximum pressure increase rate after the
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Fig. 8 Analysis of engine operation cycles at two engine speeds: a the maximum pressure and the angle of its occurrence, b the maximum rate

of pressure increase and the angle of its occurrence

ignition. Variation analysis of the heat release maximum
values (Fig. 9b) indicates their low values at both engine
speeds (at n = 650 rpm—1.7 %, and at n = 750 rpm—
2.7 %). This suggests a very repetitive combustion process,
despite the fact that combustion conditions did not give
reasons for such results. Slightly higher values of disper-
sions take the angle of the heat release maximum values,
but these values are lower than 10 % (respectively, 9.6 and
9.8 %).

Proportionally to the start of combustion process (Alys
in Fig. 10a) also the end of combustion is delayed.
Variation of the values of the process completion only
for the lower speed does not exceed 10 %. Combustion
start variation is significant and amounts, respectively, to
13.6 and 264 %. A commonly used thermodynamic
index for controlling the combustion is the so-called
angle of 50 per cent heat release (Fig. 10b). The value of
dispersion of this index at lower engine speed amounts to
9.8 % while for higher speed—to 15.5 %. This means
that the engine with direct gasoline injection requires
further research and modification of the combustion
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control method, as this parameter does not obtain fixed
values. Fixed start of combustion (SOC) on the basis of
the cylinder pressure characteristics shows greater dis-
persion (n = 650 rpm—42.2 % and for n = 750 rpm—
31.5 %), which means that this parameter cannot be
taken into account during the analysis of the engine
operation repeatability.

Although some of the previously presented indexes
indicated significant dispersions, the combustion time is
characterized by dispersion lower than 10 % (Fig. 11a).
The analysis of the change of mean indicated pressure
(Fig. 11b) gives the expected results: some of the lowest
variations at a speed of n = 650 rpm were obtained,
amounting to 2.1 %. At a speed of 750 rpm, due to the
higher dispersions of engine speed, the value of the
CoV(IMEP) is 12.8 %. Such significant dispersions of the
mean indicated pressure at a speed of n = 750 rpm occur
at the fixed thermal engine condition. It should be expected
that at a lower temperature of the coolant and engine start-
up the variation values might be larger at both engine
speeds.
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Fig. 9 The thermodynamic analysis of engine operation at two engine speeds: a the maximum heat release rate and the angle of its occurrence,

b the maximum heat release and the angle of its occurrence
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Fig. 10 Thermodynamic analysis of the combustion process at two engine speeds: a at the start and end of combustion, b at the start of

combustion and determination of the 50 % heat release
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Fig. 11 Thermodynamic indexes of engine operation at two engine speeds: a at the start of combustion and during combustion, b time of the

cycles duration and mean indicated pressure

Research of the fast-varying processes
during acceleration

The tests of engine operation indexes during free
acceleration

The tests of the engine transient states were carried out in
free engine acceleration conditions from the idling to
maximum achievable engine speed. In the conditions of the
vehicle standstill it is limited to 5500 rpm. On the basis of
such tests were determined the basic engine operation
parameters, including mean indicated pressure designated
as IMEP (indicating mean effective pressure). As a part of
the research works were also determined the derivatives of
these parameters—Fig. 12.

Due to the rapid acceleration the engine obtains the
speed close to the maximum permissible limit (the engine
controller starts limiting the speed after about 25 opera-
tional cycles, which is evidenced by the small increment of

speed—Fig. 12b). For a mild engine acceleration, the
maximum engine speed is obtained after about 50 cycles of
operation. The rapid acceleration during the tests is char-
acterized by achieving the maximum speed twice as fast
compared to the mild acceleration. The mean value of the
change in engine speed is approximately 170 rpm during
rapid acceleration and 100 rpm during mild acceleration.
In the second method of achieving the maximum speed no
dose reduction was observed.

Because of the above-presented dependence, for further
analysis of the engine operation indexes were utilized the
first 25 cycles during rapid engine acceleration and 50
cycles of the engine operation when accelerating in a mild
way. Figure 13 illustrates the characteristics of pressure in
the cylinder and heat release rate for these two ways of free
acceleration.

Rapid acceleration causes more than twofold increase of
the pressure in the cylinder (Fig. 13a) and at the same time
approximately twofold increase in the rate of heat release.
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Fig. 13 Subsequent cycles of engine operation during free acceleration:

Despite the fact that the maximum value of the mean
indicated pressure falls within 21st cycle of engine opera-
tion, the maximum value of the pressure in the cylinder
Prnax occurs for the 22nd cycle.

The tests of engine operation conditions
during vehicle acceleration

Operation of the engine when accelerating under load was
conducted for two operating modes: S mode (Sport) and C
mode (Comfort). The tests involved the maximum acceler-
ation of the vehicle to a speed of 100 kph. The results of these
tests concerning the engine speed and mean indicated pres-
sure changes are shown in Fig. 14. To obtain a vehicle speed
of 100 kph, the combustion engine carried out 357 cycles of
operation of the fourth cylinder. In the figure might be
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observed a characteristic engine braking for the range from
450 to 550 cycle of operation in S mode and two changes of
the gear ratio during acceleration.

The engine operation conditions during vehicle accel-
eration are compared in Fig. 15. The analysis of these data
shows that for the maximum set point of the accelerator
pedal, there are no differences in the maximum accelera-
tion conditions of the vehicle in those two modes. Even the
change in the engine speed during changing the gear ratios
result in equal values of speed and load
(n = 4800-5000 rpm). The cause of these results is the
programming method of the ECU control. The difference
between the modes is the faster or slower system response
to the request from the driver. This, however, takes place in
partial load conditions. In a situation of the maximum
vehicle acceleration request from the driver, the controller
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Fig. 15 The engine operation characteristics in coordinates: mean
indicated pressure and average engine speed for two driving modes

enforces the same, as quick as possible, acceleration,
regardless of E or S mode activated.

Due to the same engine speed and mean indicated
pressure changes (Figs. 14, 15) for further analysis were
selected the vehicle acceleration conditions realized in S
mode (Sport). The acceleration cycles up to achieving the
maximum engine speed of about 6260 rpm were taken into
account. For so selected part of the engine operation, the
operational indexes analysis was conducted with the use of
126 cycles of crankshaft rotations, marked with pictograms
in the form of black wheels—Fig. 16.

Analysis of the engine operation indexes changes
during acceleration

The comparative analysis of the engine operation indexes
was conducted by determining the values of the following
parameters of engine operation: IMEP, P,.., and [;,x.
Figure 17 shows the result of these tests, where the range
of the vehicle acceleration up to a speed of 100 kph (L—
357 cycles) was presented along with the vehicle acceler-
ation range up to obtaining the maximum engine speed

T T T T
1000 2000 3000 4000 5000 6000
n/rpm

Fig. 16 The subsequent cycles of the engine operation during vehicle
acceleration (limited to the conditions of the vehicle acceleration of
increasing the engine speed, without conditions at switching the
gears)

(\y—126 cycles) and the conditions of accelerating the
idling engine (O—25 cycles).

During free engine acceleration to the value of
n = 2000 rpm, the mean indicated pressure range is lim-
ited to 12 bar and overlaps with the vehicle acceleration
conditions. During increasing the engine speed only partial
load is achieved with a limited engine speeds range. The
maximum values for the combustion pressure are much
smaller than during vehicle acceleration; however, they
involve the same range. With the maximum pressure
increase in the cylinder increases the angle of its occur-
rence. The maximum combustion pressure change occurs
in the range from 10 to 100 bar; however, the angle change
is just 6° of CA and the relationship takes the linear
function form. The heat release rate is also proportional to
the maximum value of heat release.

Changes in engine operation indexes between the cycles
indicate that during free acceleration are obtained larger
engine  speed changes (maximum  value is
dn = 320 rpm cycle™"). During applying a load on the
engine these values reach approximately 70-80 rpm cy-
cle™! (Fig. 18). The rate of the changes of the maximum
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Fig. 18 Engine indexes operation variation during its acceleration

Fig. 19 Variation analysis 30
defined by the CoV of engine
operation indexes 25
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32 changes (Cov to 5 %)
N
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@ 650 rpm
® 750 rpm

pressure in the cylinder during free acceleration overlaps
with the changes range during vehicle acceleration, which
indicates the same changes of this index. Also the angle
change rate of this pressure overlaps with the changes
range during acceleration of a loaded engine. Heat release
rate changes compared between the cycles obtain up to
about 30 kJ m > deg™' cycle™'; however, a significant
values concentration falls at approximately 0-8 kJ m™>
deg! cycle™'. During free acceleration no significant
differences in the obtained values of these indexes were
observed.
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Conclusions

The carried out analysis of the coefficients of variation of
the engine operation parameters at idle speed indicates the
existence of parameters that could, to a significant degree,
enable the assessment of the engine operation per cycle. In
the tests were used 13 indexes whose variation values are
very different. They range from approximately 2 % to over
26 %. Despite the fact that the existing limit of CoV(I-
MEP) < 10 % is effective for the engine operation varia-
tion analysis, the aim is to reduce the dispersions. The
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values below 10 % are met by several engine operation
indexes, but not for both engine speeds; this comparison is
presented in Fig. 19.

The advanced engine operation control methods,
including operation at idle speed, should allow to obtain an
acceptable range of CoV less than 5 %. However, such a
significant reduction in the engine operation variation value
allows selecting only the mean values of indicated pressure
and cycle time as the indexes of engine operation
repeatability at a speed of 650 rpm. For engine speed of
n =750 rpm only the cycle duration time meets the
required CoV below 5 %. It is thought that the variation in
operation of SI DI engines is so significant that the limit of
5 % will be difficult to meet.

During free acceleration and a loaded engine acceleration
are achieved the same engine operation absolute indexes and
their changes between the cycles. Different values refer only
to the lower obtained mean indicated pressure and higher
engine speed changes between the cycles. They result from
the absence of loads under these conditions.

The test results confirmed the paper thesis: evaluation of
the engine operation variation at idling speed determined
only on the basis of the engine speed and mean indicated
pressure is unreliable with regard to the thermodynamic
indexes of this process. As indicated in Fig. 19 summa-
rizing the test results, only those first two parameters meet
the limit of coefficient of variation below 5 %. On the other
hand, the remaining parameters defining thermodynamic
operation of combustion engine indicate greater variation
of operation and therefore cannot be used to assess the
combustion engine operation stability in the analysed
conditions.

The presented in Figs. 17 and 18 comparisons of the
engine operation at two tested modes indicate that the
thermodynamic indexes of engine operation while accel-
erating both during standstill and vehicle acceleration are
fundamentally different; they arise from different values of
the engine load, due to which the possibility of comparing
them is limited. Despite this, it is possible to compare the
changes of engine operation between cycles, which
demonstrates obtaining similar values of the indexes.
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