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Abstract—The article describes, based on the author's own 
research, four different stages of a diesel engine start-up. In 
stage 1, the driving mechanisms of the engine are set in motion 
and there is a systematic increase in the angular velocity of the 
crankshaft as a result of driving it with a starter. Stage 2 is the 
rotation of the engine crankshaft with an almost constant 
angular speed using the starter itself. Stage 3 begins with the 
first ignition of the combustible mixture and the last stage (stage 
4) only covers the occurrence of ignitions of the combustible 
mixture and results in starting the combustion engine. Then, the 
duration of the particular stages of the diesel engine start-up 
was analyzed. 
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I. INTRODUCTION 
Successful start-up of a vehicle internal combustion 

engine is a necessary process in order to achieve its 
independent operation at idle speed [2,5]. During the 
independent operation, the engine internally generates 
mechanical energy by converting the chemical energy 
contained in the fuel via combustion. This energy enables to 
overcome all resistances during engine operation [9]. Each 
start-up process of a vehicle internal combustion engine is 
accompanied by numerous negative phenomena and 
processes that influence both the engine itself, as well as its 
environment. These negative phenomena and processes are 
particularly visible in the case of starting a diesel engine [3, 5, 
11].  

During engine start-up, the wear intensity of its 
tribological pairs increases as a result of insufficient 
lubrication due to the lubrication system inertia, high viscosity 
of the lubricating oil (especially at low ambient temperatures) 
and insufficient relative speed of the moving elements, [4, 10, 
16]. Secondly, during the start-up of a diesel engine, 
insufficient atomization and evaporation of the first doses of 
fuel result in auto-ignition as well as incomplete combustion 
of the fuel-rich combustible mixture in engine cylinders [1, 3, 
8]. Therefore, an increased emission of toxic components can 
be observed in the exhaust gases during the start-up [7, 14, 
15]. When starting an internal combustion engine, the 
significant resistance to motion results in the high values of 
current consumed by the starter in a short time, thus causing 
sudden overloads in the vehicle electrical system. In addition, 
malfunctions in other electronic systems of the vehicle may 
occur due to the corresponding voltage drops at the battery 
terminals [12, 13].  

Hence, special attention must be devoted to the start-up 
process of a diesel engine. This is shown in the research and 

published scientific articles on the topic [3,5,11,13]. This 
paper analyzes the duration of a four-stage transitional 
process, i.e. the start-up of a vehicle diesel engine. The 
considerations found in this article result from numerous years 
of research carried out by the author under the actual vehicle 
operation conditions [5,6]. 

 

II. START-UP STAGES OF A DIESEL ENGINE 
The analysis of the angular velocity of the engine crankshaft 
and the amperage draw by the starter during the meshing 
phase of the starter with the flywheel of the crankshaft  
indicates that the start-up of a diesel engine should be 
considered as a multi-stage process.  On the basis of the 
author’s own research, four different stages of diesel engine 
start-up were distinguished [5]: 

1. Stage 1, in which the moving mechanisms of an 
engine are put into motion and there is a systematic 
increase in the angular velocity of the crankshaft as a 
result of driving it with a starter.  

2. Stage 2 constitutes the engine crankshaft rotation at 
an almost constant angular speed with the help of the 
starter itself. 

3. Stage 3 is initiated with the first ignition of the 
combustible mixture. Intermittent operation of the 
starter as well as irregular combustion of the mixture 
in the engine cylinders occur in this stage.  

4. Stage 4, involves only the occurrence of the 
combustible mixture ignitions and results in the start-
up of the combustion engine. 
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Fig. 1. The course of the angular velocity of the crankshaft and the amperage 
draw by the starter during the "model" start-up of a vehicle diesel engine with 
four distinguished stages; a – current intensity, b – angular speed of the 
crankshaft, 1 – starting stage 1, 2 – starting stage 2, 3 – starting stage 3, 4 – 
starting stage 4 [5]. 

 In Figure 1, attention should be drawn to a clear increase 
in the amperage value and a decrease in the angular velocity 
of the crankshaft when individual cylinders enter the 
compression stroke. This is due to the moment of resistance to 
compression of the fuel-air mixture. 

 It should be noted that under the actual conditions of 
vehicle use, the situation where a diesel engine is started, e.g. 
without stage 2, or where a return to stage 2 occurs following 
stage 3, is possible. Other transitions between the afore-
mentioned stages can occur as well. This is discussed in 
greater detail in [5]. The duration of each of the four 
distinguished stages of starting a vehicle diesel engine, based 
on the author's own research, will be analyzed in the further 
part of this paper [5, 6]. 

III. ANALYSIS OF THE DURATION OF INDIVIDUAL STAGES OF 
THE DIESEL ENGINE START-UP 

During the stage 1 of diesel engine start-up, the moving 
mechanisms of the engine are put into motion and a systematic 
increase (see Fig. 1) in the angular velocity values of the 
crankshaft occurs under the influence of driving it with a 
starter. The course of changes in the angular velocity during 
stage 1 depends mainly on the crank mechanism inertia [5]. 

In line with the author's own research carried out under the 
actual vehicle operation conditions, it is stated that the average 
duration of stage 1 of diesel engine start-up is 0.115 s [6]. 
Figure 2 shows a histogram of the statistical distribution for 
the duration of stage 1 of engine start-up.  

 
Fig. 2. Histogram reflecting the duration distribution of stage 1 of the 4CT90 
diesel engine start-up; normal distribution fit; 1 – normal distribution density 
function fitted to empirical data [6]. 

Figure 2 indicates that stage 1 of diesel engine start-up 
lasts from 0.108 s to 0.121 s in 32.7% of the registered cases. 
Out of the observed cases, only 5.8% were longer than 0.14 s 
[6].  

In stage 2 of the internal combustion engine start-up, its 
crankshaft is rotated only with an electric starter at "almost 
constant" angular speed. This speed depends solely on the 
state of charge of the batteries [5]. Stage 2 occurs until the first 
self-ignitions of the air-fuel mixture in the combustion 
chambers of the diesel engine. This is shown in Figure 1.  

 The author’s own research showed that stage 2 is very 
short (more than 72% of cases were shorter than 0.2 sec.) or 
that it did not occur at all (4% of cases) [6]. This is reflected 
in the histogram shown in Figure 3. 

 
Fig. 3. Histogram reflecting the duration distribution of stage 2 the 4CT90 
diesel engine start-up; 1 - log-normal distribution density function fitted to 
empirical data with threshold: 0.000, scale parameter: -1.6180, and shape 
parameter: 0.4601 [6]. 

Figure 3 shows that the average duration of the start-up 
stage 2 during which the crankshaft is driven by the starter 
only, amounted to 0.225 s. Stage 2 was shorter than 0.178 s in 
67.3% of registered cases. In most cases (99.7%), stage 2 took 
up to 1 s [6]. 

Stage 3 of the diesel engine start-up is initiated with the 
first self-ignition of the combustible mixture in the 
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combustion chamber of an engine. This stage is characterized 
by the intermittent starter operation as well as irregular 
combustion of the fuel-air mixture in the engine cylinders (see 
fig. 1).  

It should be mentioned that in the course the actual vehicle 
internal combustion engine usage, in the vast majority of starts 
(almost 84%) there is no stage 3. However, there are also start-
ups in which the engine crankshaft is driven again with the 
starter itself following the occurrence of stage 3, that is, there 
is a return to stage 2. In the tested engine, such starts accounted 
for about 1% [6]. 

In the research conducted by the author, the average duration 
of stage 3 amounted to 0.137 s, which is shown by the 
histogram of the statistical distribution of stage 3 duration (see 
Figure 4). It can be seen that the duration of stage 3 of the start-
up was within the range of 0.095 s up to 0.13 s in 58.2% of 
registered cases [4]. 

 

 
Fig. 4. Histogram reflecting the duration distribution of stage 3 of the 4CT90 
diesel engine start-up; 1 – Rayleigh distribution density function fitted to 
empirical data with threshold parameter: 0.000, and scale parameter: 0.1097 
[6]. 

 Finally, in stage 4 (see fig. 1) there is only self-ignition of 
the fuel-air mixture and the start-up process is about to finish. 
Figure 5 shows a histogram of the statistical distribution of the 
stage 4 duration. Figure 5 shows that the stage 4 of the diesel 
engine start-up lasted from 0.683 s to 0.886 s in 29.3% of 
registered cases. The start-ups of the internal combustion 
engine in which the stage 4 lasted up to 1 s in 65.1% of cases. 
The mean duration of stage 4 of the start-up equaled 0.958 s 
[6]. 

 
Fig. 5.  Histogram reflecting the duration distribution of stage 4 of the 
4CT90 diesel engine start-up; 1 – log-normal distribution density function 
fitted to empirical data with threshold parameter: 0.000, scale parameter: -
0.1053, and shape parameter: 0.3574 [5]. 

 It should be mentioned that the start-up time of a vehicle 
diesel engine is the total duration of each of its four stages 
combined. In the conducted tests, the average value of the 
combustion engine start-up time amounted to 1.139 s. Nearly 
29% of the registered diesel engine start-up times did not 
exceed 1 s, and 73.8% lasted up to 1.5 s (see Figure 6) [6]. 

 
Fig. 6. Histogram reflecting the 4CT90 diesel engine start-up time; 1 –  
extreme value distribution density function adjusted to empirical data with 
position parameter: 1.1391 and scale parameter: 0.2971 [6]. 

When comparing the duration of individual stages of the 
diesel engine start-up, it can be stated that the main factor that 
determines the starting time is the stage 4 duration. This is 
shown in Figure 7, where the scatter plot between the duration 
of stage 4 and the internal combustion engine start-up time is 
presented, with the confidence intervals for the forecasted 
mean observation and prediction calculated with the 
assumption of compliance with the normal distribution at the 
confidence level of 95%. 
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Fig. 7. The scatter plot for the duration of the stage 4 and the 4CT90 diesel 
engine start-up (y axis); 1 – regression line, 2 – confidence interval for the 
predicted mean observation, 3 –  confidence interval for the predicted 
observation (prediction interval). 

 There is a very high correlation between the stage 4 
duration and the start-up time of the internal combustion 
engine. The linear correlation coefficient between these 
variables is equal to r = 0.9313, proving a very strong 
relationship between the analyzed times.  

IV. CONCLUSIONS 
 The paper, which summarizes the multiannual research 
conducted by the author under the actual operating conditions 
of a diesel vehicle engine describes four consecutive stages of 
its start-up. The presence of these stages results from the 
occurrence of complex phenomena and processes during the 
start-up. The analysis of the obtained and presented test results 
clearly indicates that the duration of the combustion engine 
start-up is determined by the duration of stage 4. 
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