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Temperature estimating method for exhaust gases in valveless pulsejet engine 
 

The article describes the problem of measuring the temperature in a pulse combustion chamber. The object of the study is a valveless 
pulsejet. The problem is analysed on the example of exhaust gases temperature measurement. The measurement in these conditions 
requires the use of a sensor resistant to large changes in gas velocity and temperature and at the same time with adequatly low inertia. 
This excludes the use of fast and precise yet thin, resistant wire sensors or ultrafast thin film thermocouples. Finally, a temperature 
measurement system based on sheated thermocouples was chosen. During each test the thermocouple has its own temperature which is 
different from the medium temperature. In order to properly determine the measured temperature of flowing media it is necessary to take 
the sensor time characteristics into account. In this article the iteration method is proposed to solve this problem. 

Key words: pulsating combustion, pulsejet, temperature measurement, periodic flow, combustion chamber 
 
 
1. Introduction 

Combustion driven oscillations were first observed  
in 1777. When small flame was moving inside a vertical 
tube in a certain location the sound was generated (so called 
singing tube) [10]. 

In the vast majority of combustion chambers currently 
used in the gas turbines in industry or aviation, in which 
combustion is carried out under constant pressure, oscilla-
tions caused by combustion are unfavorable. Numerous 
experiments have been carried out in order to find the way 
to prevent this, because it can lead to significant damage to 
the combustion chamber or the entire device in which the 
chamber operates. 

There is also a group of pulsating combustion chambers 
in which combustion occurs periodically in isochoric man-
ner. In those devices pressure pulsations are desirable. High 
pressure fluctuations in this case intensify combustion pro-
cess and in consequence combustion efficiency is higher 
than in isobaric devices. The oldest representant of this 
group is a pulsejet engine.  

First pulsejet engine was patented in 1907 by Russian en-
gineer Karavodin [10]. Later, it was widely used by Germans 
during the Second World War to propel V-1 “buzz bomb”. 
After the war various tests were conducted on pulsejet en-
gines. Unfortunately, the engines’ disadvantages such as high 
noise, vibration, low propulsive efficiency and narrow throt-
tle ability made pulsejet engines useless for manned aircraft. 
In consequence pulse combustion research fell into decline.  

Despite the complex nature of the pulsating combustion 
process, which is a result of not fully explained chemical 
and gasdynamic phenomena interaction, it has remained in 
the sphere of researcher’s interest. In fact, it has been noted 
for some time now that the interest in pulsed combustion 
chambers has increased. The advantages of pulsating com-
bustion are widely appreciated as the pulsating combustion 
chambers are implemented in impingement drying, gas 
boilers or used for propelling the Unmanned Aerial Vehi-
cles (UAV). According to [4] they can be even used to 
produce fuels from sewage sludge.  

Although their construction is simple, pulsating com-
bustion chambers are considered to be extremely demanding 
as research objects. Tests conducted by authors of this article 
proved that even a minor change of geometrical configura-

tion can lead to significant changes in engine behaviour. 
Moreover, the change in combustion chamber dimension 
during its work due to thermal expansion as well as high 
vibration have to be taken into account during the tests.  

One of the most important measurements in the pulsed 
combustion research program is the temperature measure-
ment in characteristic sections. Determining the tempera-
ture and fuel flow values allows one to estimate combustion 
efficiency, especially when an exhaust gas analyser is addi-
tionally used. To measure the temperature in pulsations 
conditions of the combustion process with a frequency 
exceeding 100 Hz in the tested engine and temperature 
values exceeding 1000 K, it is necessary to create an appro-
priate and credible measuring system. An additional diffi-
culty is caused by the explosive, unstable combustion pro-
cess, during which a medium flow with high speed and 
temperature variations is generated. This requires the use of 
a sensor that, apart from the adequate mechanical strength, 
should be characterized by an appropriate response to rapid 
changes in the measured parameter. 

Despite the difficulties with the selection of sensors that 
meet the required criteria, the temperature tests of exhaust 
gases temperature (EGT) in the outlet cross-section of the 
valveless pulsejet engine were carried out. Average as well 
as instantaneous values were tested. 

Research was conducted on specially designed test 
bench placed in Institute of Heat Engineering of Faculty of 
Power and Aeronautical Engineering of Warsaw University 
of Technology.  During the work, a measuring station con-
taining all the modules needed for effective temperature 
measurement was designed and built. The sensor was veri-
fied in terms of its ability to record temperature changes 
during the engine's operating cycle and then the adequate 
measurements were made. Test results were analyzed using 
an application built in the LabView environment as well as 
by using Matlab software and Excel applications.  

2. Description of test stand 
The view of the test stand is presented in Fig. 1. The 

main element of the stand is a valveless pulsejet engine, 
which was placed on a frame made of aluminum profiles, 
thanks to which any configuration of its setting was possi-
ble, allowing optimal spacing of the sensors. 

http://orcid.org/0000-0003-0203-6261
http://orcid.org/0000-0002-0219-561X
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Fig. 1. The view of the test stand 

 
The engine was attached to the stand at one point only. 

This was the center of the front wall of the combustion 
chamber and the point from which the thrust was simulta-
neously received. The other two supporting elements al-
lowed the engine to move along them during its expansion 
as a result of the high temperature. 

The engine test bench, apart from the standard elements 
allowing startup and running of the engine, was equipped 
with ultrafast Kistler pressure transducer assigned for com-
bustion chamber actual pressure measurement. To avoid 
thermal damage to the sensor, it was equipped with a water 
cooling system and a temperature control system.  

The tested pulsejet engine was fueled by propane gas. 
Fuel flow measurement was provided by rotameter with 4% 
accuracy. To increase the accuracy of rotameter readings 
depending on fuel pressure, two fuel pressure gauges were 
installed in the system – one at the inlet and one at the out-
let of the meter. Additionally, to verify fuel flow readings  
a precise scale was used to weight the gas container before 
and after the engine run. To control gas fuel flow as pre-
cisely as possible propane bottles were equipped with  
a heating and temperature monitoring system. The thrust 
measurement was carried out by means of a tensometric 
beam connected to the measuring card using the necessary 
transducer. 

To avoid thrust readings distortions a special force 
transformation system was designed to allow movement of 
sensor together with the engine horizontal axis when it was 
increasing its volume due to high temperature.  

 

 
Fig. 2. Measurement system block diagram  

 

To measure mean temperature in the outlet and inlet sta-
tions K-type thermocouples were used. A dynamic tem-
perature measurement layout will be described further in 
this article.  

Data acquisition was carried out using a PXI – 1082 
computer with a 6363 data acquisition card. The acquisi-
tion, archiving and initial analysis of test data took place in 
the LabView environment. The block diagram of the entire 
measuring system is shown in Fig. 2.  

3. EGT in outlet station measurement 
3.1. Selection of measuring method 

Temperature measurement in exhaust station of pulsejet 
engine is one of the pivotal elements of the pulse combus-
tion research program. It not only provides information 
about combustion quality but it also becomes a significant 
value when verifying numerical simulations.  

Despite the importance of this parameter, authors of this 
publication found it impossible to come across any work 
which would refer to the analyzed problem in the field  
of pulsating combustion research in a satisfactory manner. 
In works [8, 9], some trials are undertaken but they are only 
rough measurements of mean EGT without any detailed 
comments. Authors of [8] also emphasize difficulties dur-
ing the tests of pulsejet engine.  

Some advanced works [5, 6] were conducted by internal 
combustion engines researchers. In [5] authors pointed out 
that measurement of crank-angle resolved EGT is a chal-
lenging task because modern optical non-intrusive meas-
urement methods requires substantial engine modifications 
and are consequently in few engine research laboratories. 
Authors provide precise EGT measurements but also con-
cluded that this is only estimation and further work is need-
ed. Similar work and conclusions were developed in [6]. 
But in this case there is no crank-angle resolved EGT esti-
mation. It was concluded that further work is necessary to 
determine the method which ought to allow examination of 
high frequency cyclic fluctuations. 

Other group of researchers was focused on thin film ul-
trafast thermocouples [1–3]. This kind of sensors seems to 
be the most promising because the time constant is of the 
order of ns. Moreover, the sensors are able to withstand 
temperatures up to 790°C [1]. Unfortunately, their applica-
tion in harsh environment requires placing them on some 
surface [3]. This in turn causes increase in the time of reac-
tion because the sensor is measuring the surface tempera-
ture, so in consequence the real time constant is dependent 
of thermal inertia of surface’s material.  

After taking into account different hardware solutions,  
a dynamic temperature measurement system based on 
sheathed thermocouples was chosen. Thermocouples are 
widely used in all kinds of combustion engines because 
their small sizes and reasonable time-constant allow for 
measurement during engine run. Additionally, in the appli-
cation considered, the sensor could be destroyed easily. 
With thermocouples, it was possible to keep the cost of 
frequent sensor replacement at acceptable levels. 

The K-type thermocouple used met the criteria for 
measuring the temperature in the engine outlet station. Its 
measuring range is from –100°C to 1000°C for long-term 
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measurements, while with temporary use the measuring 
range is from –200°C to 1300°C. The thermocouple is suit-
able for measuring temperature in an inert, reducing, oxi-
dizing and vacuum atmosphere. For accuracy class 1 in the 
range from –40°C to 375°C, the temperature deviation is 
equal to 1.5°C, and in the range from 375°C to 1000°C the 
deviation is 0.4% [14]. 

The measuring junction of a thermocouple should be 
grounded to the metal protective sheath. This results in  
a short time constant. The protective cover is required to 
provide protection against mechanical damage to the junc-
tion.  

Proper selection of material of the outer metal cover 
provides protection against adverse environmental effects. 
It also affects the time constant. Inconel 600 (75% Ni, 16% 
Cr, 8% Fe) has been deemed the most suitable. It has the 
following properties [14]: 

– good overall corrosion resistance, 
– very good oxidation stability, 
– the maximum operating temperature in the air of 

1150°C, 
– not recommended for an atmosphere above 750°C 

containing sodium. 
The diameter of the protective cover influences the 

thermoelement time constant: the larger the protective cov-
er diameter, the longer time constant. The construction of 
the dynamic temperature measuring thermocouple used in 
this research had the smallest protective cover diameter 
available at the manufacturer that is 0.5 mm, which ensures 
the time constant of about 8 ms. 

The thermocouples were placed on a special trolley that 
enabled them to move with the engine (Fig. 3). Thanks to 
this, during each test the temperature measurement was 
carried out in the same position relative to the engine outlet 
section. 

 

 
Fig. 3. The view of the system of thermocouples 

 
Due to weak stiffness the actual temperature sensor  

was routed inside metal pipe of a small diameter to protect 

it against bending when engine was running. Only the 
measuring junction was outside the pipe. The mean temper-
ature sensor was routed outside the metal pipe and mechan-
ically connected to it (Fig. 3).  

The method of introducing an additional temperature 
sensor was used to compensate the temperature in the cold 
junction of the actual thermocouple. It consisted of  
a PT 100 sensor with an accurate transducer. The solution 
diagram is shown in Fig. 4. View of the cold end compen-
sation system of the instantaneous thermocouple is shown 
in Fig. 5. To ensure greater stability of the cold junction 
temperature, the reference thermocouples together with the 
resistance sensor were placed in a thick-walled metal tube 
filled with foamed polystyrene (Fig. 5). The connection of 
the reference system with the measuring thermocouple was 
ensured by means of MT-type "socket-plug" terminals (Fig. 
5). Due to its small dimensions, the entire compensation 
system occupied relatively little space on the test stand. 

 

 
Fig. 4. Schematic diagram of actual temperature measurement system 

 

 
Fig. 5. Construction of actual temperature measurement system 

 
Due to the fact that the thermocouple characteristics are 

non-linear, the temperature of the cold junction should  
be converted to Seebeck voltage (E2) in accordance with 
PN-EN 60584-1. The potential difference between cold and 
hot junction ΔE should be summed with Seebeck voltage 
E2. The obtained result – the electromotive force E1 should 
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be converted into the tested temperature, using the tables 
contained in PN-EN 60584-1.  

 E1 = E2 + ∆E (1) 

Voltage ΔE measurement was carried out in a way  
to meet the law of Intermediate Metals requirements. For 
this purpose, voltmeter connectors were plugged in MT 
socket. This place was located away from heat sources, and 
the signal was transmitted to the measuring card through  
a shielded cable with a BNC connector at the end. The role 
of voltmeter was taken by NI 6363 DAQ. The signal from 
the mean temperature thermocouple was amplified, con-
verted and averaged by a measuring transducer with elec-
tronic cold junction compensation. 

3.2. Verification of dynamic temperature measurement 
system 

During tests the signal from the thermocouple was sam-
pled with frequency of 3500 Hz and then logged. To verify 
the proposed method, a spectral analysis of the recorded 
signal was carried out (Fig. 6).  

 

 
Fig. 6. Spectral analysis of signal from actual temperature thermocouple 

 
Analyzing the spectrum image in detail (Fig. 6) a num-

ber of observations about the tested signal can be noted, 
inter alia it can be deduced that:  

– the spectral line for a value of about 55 Hz is caused 
by the influence of electrical network interference, 

– the spectral line for a value of approx. 230 Hz is 
caused by the operation of the spark plug during en-
gine tests, 

– for frequencies above 350 Hz, the spectrum is rela-
tively flat, 

– the band around 112 Hz is the frequency of the en-
gine – this coincides with the frequencies deter-
mined by other methods. 

Engine operating frequency was determined in two in-
dependent ways:  

– based on spectral analysis of signal of combustion 
chamber actual pressure, 

– based on spectral analysis of sound emitted by the 
engine. 

The results of the evaluation of the engine operating 
frequency for selected tests are shown in Fig. 7. 

 

 
Fig. 7. The value of the engine operating frequency in function of the test 

number 
 

In Figure 7 it can be seen that the highest concentration 
of results is in the range of 100–120 Hz. The average en-
gine operating frequency based on pressure waveforms was 
found to be 108.7 Hz with a standard deviation of about 
7.4 Hz, while for sound analysis it was 108.6 Hz with  
a standard deviation of about 5.0 Hz. The differences be-
tween the methods are insignificant. 

It can be assumed that the main harmonic of the signal 
generated by the thermocouple was determined by the fre-
quency of engine operation. This was confirmed by spectral 
analysis of the pressure signal in the combustion chamber 
and the sound emitted by the engine. For analyzed test the 
engine operational frequency was equal to 112 Hz. So, it 
can be deduced that the thermocouple was responding for 
temperature step function during engine single period. This 
could lead to conclusion that by using chosen thermocouple 
it was possible to measure exhaust gases dynamic tempera-
ture. A more detailed description of this process will be 
outlined in chapter 3.3. 

3.3. Determination of the dynamic temperature in the 
exhaust section 

The temperature measurement in the exhaust section of 
the pulsejet engine was not balanced. Due to the fact that 
the sensor was not in the thermal equilibrium with flowing 
medium it was necessary to take the thermometric lag of 
the sensor into account. During each test the thermocouple 
had its own temperature which was different from the me-
dium temperature [12]. 

According to [12] thermocouple time constant was the 
time for the sensor to reach 0.632 part of the medium tem-
perature excess over the sensor temperature. It was deter-
mined by its manufacturer that a time constant for the 
type K thermocouple in question is approx. 8 ms. 

The thermocouple response to the violent temperature 
change provided by the manufacturer is shown in Fig. 8.  
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Fig. 8. Sensor response to temperature step function 

 
It can be deduced from the chart shown in Fig. 8 that 

about 50 ms were needed to equalize the sensor temperature 
with the medium temperature. In addition, thermocouple 
time constant was equal to 8 ms, i.e. it was only slightly 
smaller than a single engine operating period, which  
is equal to 9 ms. It should be noted that temperature reading 
obtained from a thermocouple will be different from real 
temperature of the medium being tested. According to [13] 
inflow of fresh air to the combustion chamber lasts approx-
imately 40% of the single cycle time. Due to the fact that 
the exhaust pipe in this engine was significantly longer than 
inlet pipes, the inflow of fresh air in the outlet section was 
even shorter so in consequence the outflow was longer than 
60% of cycle time. Such behavior was a consequence of hot 
gases mass inertia which was outflowing from the exhaust 
pipe even after the negative pressure was reached in the 
combustion chamber [13]. After averaging the pressure and 
temperature waveforms, it was assumed that for the ana-
lyzed test, the gases flow out through the outlet cross-
section about 75% of the entire cycle time. However, the 
inflow of fresh air took about 25% of the time of the single 
cycle. This hypothesis is also consistent with exhaust gases 
speed record presented in publication [9]. With such out-
flow to inflow ratios, it was impossible to approximate the 
temperature course with a sine wave. Since the temperature 
change in the engine was periodic, it should be remembered 
that the temperature of the sensor had smaller amplitude 
and was shifted in phase compared to real temperature 
course. From [12] it follows that for sine input function 
sensor amplitude is equal to:  

 Ta =  Tga
�1+ω2τ2

 (2) 

Phase shift is equal to:  

 φ = arc tg(ωτ)  (3) 

where Ta – is the pulsation temperature amplitude, Tga – 
mean temperature of media ω – frequency of pulsation, τ – 
sensor time constant, φ – phase shift between real tempera-
ture course and sensor temperature. 

An exemplary temperature measurement in the outlet 
section was carried out for the following conditions: 

– an ambient temperature of 20°C, 

– fuel mass flow rate 4.5 g/s. 
After using a bandpass filter with an 80-160 Hz trans-

mission bandwidth, the dynamic temperature course from 
the sensor was obtained (Fig. 9). The temperature course of 
the sensor presented in Figure 9 is not equal to the actual 
engine outlet temperature. Since the analyzed waveform is 
not a sine wave, the relationship between the medium tem-
perature and the sensor temperature proposed in publication 
[12] does not give the expected result. This will be detailed 
further in the text.  

 

 
Fig. 9. The actual temperature sensor signal course 

 
Since the estimation of the temperature course in the 

outlet section of the pulse jet engine by analytical method 
did not give satisfactory results, simulations of thermocou-
ple behavior in given operating conditions were carried out. 
For the purpose of the simulation it was assumed that: 
– engine operational frequency is equal to 112 Hz, 
– the outflow from outlet station takes 75% of total time 

of single cycle time, 
– the inflow through outlet station takes 25% of total time 

of single cycle time, 
– the temperature of incoming air is equal to an ambient 

temperature of 20°C,  
– the exhaust gases temperature – iterated variable. 

During the subsequent iterations for given operational 
conditions the exhaust gases temperature was changed to 
reach the closest match between simulated and registered 
signal. To make simulation as close to reality as possible 
the behavior of mean temperature sensor was iterated in 
parallel. The resultant simulated course for dynamic tem-
perature sensor is presented in Fig. 10. 

In Figure 10 first simulated point corresponds to tem-
perature which sensor reached after the outflow in first 
engine period. The second point corresponds to the end of 
inflow. From the simulated course it can be deduced that 
after about 35 ms the sensor was thermally stabilized.  

Due to unstable work of the engine directly after the 
start up, only sections when the thermocouple was thermal-
ly stabilized were chosen for comparison. The comparison 
of simulated and real sensor behavior is presented in  
Fig. 11. 

The presented comparison shows that the amplitudes of 
the real wave are slightly smaller than the simulated ones. 
This may be due to the fact that the air that was drawn in by 
the engine had a slightly higher temperature during its op-
eration as a result of heating the environment with hot ex-
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haust fumes. Secondly, the real waveform has a very irregu-
lar shape and is strongly distorted.  

 

 
Fig. 10. Simulated signal course from instantaneous temperature sensor 

 

 
Fig. 11. Comparison of simulated and real instantaneous temperature 

sensor behavior 
 

From Fig. 11 it could be also deduced that times of rise 
and decay are similar, what might be treated as further 
confirmation of assumed outflow to inflow relation, as well 
as confirms that the time constant taken to the simulation is 
appropriate. 

Despite of number measures taken to improve the quali-
ty of signal from the sensor, the signal distortions were still 
present. This was mainly caused by the fact that the ther-
mocouple measures temperature at one point and local flow 
fluctuations produces the random noise. What is more, in 
the outlet station of the engine a flame could be observed 
which resulted in further distortions of sensor readings due 
to ionization of air in the vicinity of the sensor. It is not 
possible to completely remove distortions from the ana-
lyzed waveform. Especially, the random noise mentioned 
above. However, the presented accuracy should be suffi-
cient to estimate the maximum exhaust gas temperature. In 
the discussed case, it was around 625°C which gives an 
amplitude of A = 605°C. When assuming a sinusoidal 
course of temperature changes, according to publication 
[12], the sensor amplitude calculated on the base of equa-
tion (2) should be around 450°C. This value is far from 
reality and confirms the statement that formula (2) is inade-
quate for the case considered. The course of the iterated 

real, simulated and thermocouple measured signal curves 
are shown in Fig. 12. 

 

 
Fig. 12. Comparison of simulated and real sensor behavior with estimated 

real temperature course 
 

In Figure 12 between real temperature course and ther-
mocouple signals a phase shift calculated accordingly to 
equation 3 was applied. According to calculations, the tem-
perature of the sensor reaches its maximum after 3.3 ms 
from reaching the maximum temperature in the outlet sta-
tion, which is about 1/3 of the engine's single cycle time. 
As can be easily noticed in Fig. 12, the temperature of the 
sensor increases when the inflow of fresh air through the 
outlet station begins and decreases when the outflow of hot 
gases continues. This arrangement of the waveforms may 
suggest that the formula used to calculate the phase shift is 
inadequate or there are some errors in the initial assump-
tions of the simulation.  

Firstly, the real temperature changes can be more vio-
lent than assumed. This could be due to the fact that hot 
gases leave the exhaust pipe in isothermal portions that 
flow through the outlet section for some time. In simulation 
it was assumed that it is one point with infinitely short 
duration. It can be similar in the inflow cycle. A portion of 
air with a constant temperature higher than assumed in the 
simulation can be sucked in. This may be due to heating the 
ambient air in the vicinity of outlet station by hot fumes 
what was described earlier in the text. 

In the next drawing (Fig. 13) the simulation results with 
real waveform of mean temperature sensor are compared.  

 

 
Fig. 13. Comparison of simulated and real average temperature sensor  

behavior 
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The simulated thermocouple waveform shown in Fig. 13 
has a significantly greater amplitude than the real course. 
This can further confirm the fact that the temperature of the 
air sucked through the outlet is higher than the ambient 
temperature. However, both waveforms are consistent in 
terms of pattern and frequency. Both waveforms also oscil-
late around the same 474°C value. The simulated and rec-
orded waveform for thermocouple with a 8 ms time con-
stant also oscillates around this value. This may indicate 
that, despite the simplifications adopted, it was possible to 
correctly estimate the true temperature changes in the outlet 
section of the pulsejet engine. 

4. Summary 
Temperature measurement in the outlet station of  

a pulsejet engine is a complicated task. This undertaking is 
hampered by such properties of the tested object as the 
explosive nature of the combustion process causing large 
fluctuations in flow velocity, vibrations of the structure and 
acoustic effects, as well as the lack of generally available 
sensors that would allow direct measurement of tempera-
ture oscillations in the outlet section of the tested engine. 

A significant difference in the duration of the outflow 
phase and the inflow of air through the outlet station results 
in the inability to use known and proven relationships to 

determine the real temperature of the medium being tested. 
This is due to the fact that the course of temperature chang-
es cannot be approximated by a sine wave. In addition, it is 
not possible to describe the actual temperature as a continu-
ous function of time. It also translates into the inability to 
analytically determine the RMS or average value of the 
analyzed waveform.  

The aim of the presented works was to determine EGT 
in the outlet section of a pulsejet. Its maximum value and 
frequency of change is particularly useful for further analy-
sis. The method to achieve this goal should be simple and 
quick so that EGT can be estimated after each specific test, 
without causing significant breaks in work. Therefore, it 
was decided to develop an iterative EGT method. The 
method is rough, and the results should be treated as pre-
liminary. 

Iterating of the maximum temperature values in the out-
let section proved to be the effective approach to the prob-
lem. Thanks to this, it was possible to determine the ap-
proximate value of exhaust gases temperature. Due to ap-
plied simplifications however, this result is also subject to 
uncertainty. Despite this, at the current level of work, the 
obtained accuracy seems to be sufficient. 
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Evaluation of the significance of the effect of the active cross-sectional area  
of the inlet air channel on the specific enthalpy of the exhaust gas of a diesel engine 

using statistics F of the Fisher-Snedecor distribution 
 

This paper presents the application of Fisher-Snedecor distribution F statistics to assess the significance of the influence of changes 
in the active cross-sectional area of the inlet air channel (Adol) flow in a diesel engine on the observed diagnostic parameter determined 
on the basis of measurements of the quick changing exhaust gas temperature in the outlet channel, which is the specific enthalpy of the 
exhaust gas stream within one engine operating cycle (hspal). A plan of experimental tests carried out on the laboratory stand of  
a single-cylinder Farymann Diesel type D10 laboratory engine was presented and the method of determination of F statistics values for 
the obtained measurement results was characterized. Representative results of calculations were presented and the strength of Adol input 
parameter influence on the determined diagnostic parameter hspal simplified physical model of the working process of a compression 
ignition engine as the object of diagnosis was evaluated. It is planned to further develop the experimental research program to determine 
the significance of the influence of changes in the values of selected parameters of the engine structure on other diagnostic measures 
determined from the exhaust gas temperature signal, i.e. the mean peak-to-peak value as well as the rate (intensity) of increase and 
decrease in its value for individual engine cycles. 

Key words: diesel engine, exhaust gas temperature, Fisher-Snedecor decomposition F statistic, diagnosis 
 
 
1. Introduction 

Diagnostics of the working spaces of a diesel engine, 
together with inlet air and exhaust gas ducts, is an important 
operational issue [3, 17]. The key stage of diagnosis is the 
process of parametric inference, allowing to determine the 
relationships between the state of the structural structure of 
a diesel engine and the observed parameters of its operation 
(control parameters) [2, 7]. One of the output parameters of 
the engine enabling such an operation is the fast-changing 
temperature of exhaust gases recorded in the outlet channel 
[8, 10]. However, in order to apply a diagnosis methodolo-
gy based on this parameter, it is necessary to develop an 
appropriate measurement technology, taking into account 
the test conditions and measurement uncertainty. In the case 
of dynamic exhaust gas temperature measurements, the 
most appropriate seems to be the use of thermocouples with 
the lowest inertia [4]. Its time course, obtained during tests 
on a real object, which is a diesel engine, is burdened with 
numerous interferences resulting from environmental influ-
ences and the measurement network. Therefore, it should 
first be subjected to an appropriate mathematical treatment 
allowing to reproduce the course closest to the real one 
[11]. However, it will be of no use to the diagnostician 
without a properly developed test program and properly 
selected tools for statistical and substantive analysis of the 
obtained measurement data, including diagnostic inference 
[5, 9]. 

During the diagnostic test of the engine, in the steady 
state of operation, diagnostic parameters D are obtained 
from among its output parameters Y, which react more 
strongly to changes in the value of the structural parameters 
S than to changes in the value of the input parameters X, 
forcing the work process. The basic condition for selecting 
the appropriate diagnostic parameters is a much higher 

sensitivity of the output parameter in relation to the WS
Y 

structure parameter than its sensitivity to the WX
Y input 

parameter [3]: 

 WS
Y = ∂Y

∂S
=

∆Y
Y0
∆S
S0

=
Ypom−Y0

Y0
Spom−S0

S0

≫ WX
Y = 

 = ∂Y
∂X

=
∆Y
Y0
∆X
X0

=
Ypom−Y0

Y0
Xpom−X0

X0

  (1) 

Comparison of the sensitivity of many control parame-
ters, given in different units of measurement, makes it nec-
essary to adopt relative values of input, output and structure 
parameters for this purpose. 

There are many methods of assessing the significance of 
the impact of the parameters that force the analyzed physi-
cal process on its course. These include the concept known 
from classical mathematical analysis, which is the distance 
between functions (metrics), information entropy derived 
from information theory (formulated for the first time in 
1945 by Shannon), as well as non-parametric and paramet-
ric statistical tests [3, 5, 6, 15]. 

In the case of assessing the significance of the impact of 
one engine input parameter or one structural parameter on 
one output parameter, i.e. quick changing exhaust gas tem-
perature, the most appropriate seems to be the application 
of a randomized static test program complete and the adop-
tion of Fisher-Snedecor distribution F statistics for analysis 
[5, 16]. In order to determine the significance of the effect 
of engine load on the defined, observed in the diagnostic 
process, output parameters, it was necessary to carry out the 
research according to a simplified physical model of the 
working process of a diesel engine presented in Fig. 1. 

http://orcid.org/0000-0003-0380-6926
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Fig. 1. Simplified physical model of the diesel engine operating process for diagnostic purposes 

 
2. Use of Fisher-Snedecor decomposition statistics F to 

assess the significance of the impact 
Due to the nature of the research conducted, a complete 

randomized static program was used [5], which allows to 
assess the significance of the impact of one input factor of 
the physical model of the process under study on one output 
factor. The zero hypothesis, formulated in advance and 
verified in statistical studies, assumes no influence of the 
input factor on the resultant factor. An input factor is con-
sidered significant when the computational value of the 
adopted statistics is equal to or greater than the critical 
value given in the tables for the adopted value of the signif-
icance level and number of degrees of freedom. It was con-
sidered that the Fisher-Snedecor decomposition F statistic 
of the Fisher-Snedecor decomposition is best suited for 
diagnostic testing of a diesel engine because the conditions 
for the use of unilateral parametric tests are met. It was 
assumed in advance that the results of measurements of all 
control parameters can be modelled as random variables 
with normal distribution, a specific expected value and 
variance, being a measure of the scatter around the mean 
value. It was also assumed that the variances of random 
variables are equal or close to the value, and the applied 
parametric tests concerning the variance are characterized 
by one-sided critical area. The possibility of making a first 
type error (equal to α) associated with an arbitrarily accepted 
level of materiality, i.e. the probability of rejecting the zero 
hypothesis when it is true, was also considered. However, the 
possibility of making a second type of error, i.e. assuming the 
zero hypothesis when it is false, of β = 1–α [5]. 

Table 1 presents an exemplary matrix of an experi-
mental test programme, in this case a randomised static 
plan, allowing the assessment of the significance of the 
influence of the input factor considered in the diagnostic 
tests of a diesel engine – the active cross-sectional area of 
the Adol inlet air channel on the diagnostic parameter (out-
put factor), which is the unit enthalpy of the exhaust gas 
stream within one operating cycle – hspal. 

 
 

Table 1. Matrix of the experimental research programme – complete 
randomized static plan 

Level of input factor 
Number of experience 

1 ... 6 

Adol 1 hspal11 ... hspal61 

Adol 2 ...
 

...
 

...
 

Adol 3 hspal13 ... hspal63 

 
The test (calculation) value of the Fisher-Snedecor1 dis-

tribution F statistics is determined from the following rela-
tionship: 

 𝐹𝐹 =
∑ 𝑛𝑛𝑖𝑖∙(ℎ𝚤𝚤���−ℎ�)2∙(𝑛𝑛−𝑝𝑝)𝑝𝑝
𝑖𝑖=1

�∑ ∑ �ℎ𝚤𝚤𝚤𝚤����−ℎ��
2
−∑ 𝑛𝑛𝑖𝑖∙(ℎ𝚤𝚤���−ℎ�)2𝑝𝑝

𝑖𝑖=1
𝑞𝑞
𝑗𝑗=1

𝑝𝑝
𝑖𝑖=1 �∙(𝑝𝑝−1)

 (2) 

where: ni – number of measurements of specific enthalpy at 
a given level, n – total number of measurements, hı�  – ave-
rage specific enthalpy from the measurements in the i-line,  
h� – average specific enthalpy from all measurements, hij – 
the value of the j specific enthalpy at the i-level, p – number 
of levels of variation of the input medium (active cross-
sectional area of the inlet air). 

The calculated test value of the Fobl statistics is then 
compared with its critical value Fkr determined from the 
relevant statistical table, for the assumed level of materiali-
ty α and for the designated numbers of degrees of freedom 
calculated for the numerator and denominator of the statis-
tic value F:f1 and f2. If the determined Fobl value is greater 
than or equal to the Fkr critical value, the effect of the test 
factor should be considered significant. Otherwise, within 
the tested range of volatility and at the assumed level of 
materiality, the tested input factor is considered not to be 
significantly influenced by the output factor. 

3. Influence of diesel engine structure parameters 
on the specific enthalpy of exhaust gases 
In order to obtain the value of F statistics, and thus the 

answer to the key question concerning the significance of 
the influence of the tested input factors of the simplified 
                                                           
1 In the following, it is also referred to as "F statistics" for short. 
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physical model of the diesel engine working process on the 
defined diagnostic measures, it was necessary to follow the 
developed scheme of research implementation – Fig. 2. 

 

 
Fig. 2. Stages of preparation of measurement data for determination  
of Fisher-Snedecor statistic F decomposition for diagnostic purposes 
 
The main objective of the empirical research is to de-

termine the diagnostic information of the observed control 
parameter, which is a quick changing temperature of the 

exhaust gas of a diesel engine loaded with a DC generator. 
Therefore, its sensitivity to changes in the parameters of its 
construction structure should be determined. In the dis-
cussed next stage of research [13], the significance of the 
influence of the active cross-sectional area of the Adol inlet 
air channel on one of the diagnostic measures obtained 
from the reproduced, real course of the quick changing 
exhaust gas temperature – the specific enthalpy of the ex-
haust gas stream within the range of one engine operation 
cycle was evaluated. The experiment was carried out ac-
cording to the plan presented in tabular form – Table 2. 

 
Table 2. Engine test plan to determine the significance of the effect of its 
active cross-sectional area of the Adol intake air channel on the specific  
 enthalpy of the exhaust gas stream within one hspal working cycle 

Para-
meter 

 
 
Point 

Points of regulatory characteristics according  
to the implemented plan 

Adol  
[m2] 

Pobc 
[W] 

I 
[A] 

U 
[V] 

n  
[min–1] 

Number 
of repe-
titions 

Adol 1 804×10–6 432 5.1 72 1444 6 

Adol 2 603×10–6 432 5.1 72 1444 6 

Adol 3 401×10–6 432 5.1 72 1444 6 

Adol 1 804×10–6 768 6.8 96 1444 6 

Adol 2 603×10–6 768 6.8 96 1444 6 

Adol 3 401×10–6 768 6.8 96 1444 6 

Adol 1 804×10–6 1200 8.5 120 1444 6 

Adol 2 603×10–6 1200 8.5 120 1444 6 

Adol 3 401×10–6 1200 8.5 120 1444 6 

 
Both the motor load and the current and voltage at the 

generator terminals changed by 25% compared to the nom-
inal value for the regulatory characteristics according to the 
implemented test program. For construction and regulatory  

 
            a)                                                                                                         b) 

                               
Fig. 3. a) Diagram of the laboratory stand with marked places of sensor installation: 1 – Farymann Diesel engine type D10, 2 – top deadlock and speed 
sensor, 3 – outlet valve opening sensor, 4 – A/C converter, 5 – recorder, 6 – analysis program, 7 – water-cooled thermocouple, 8 – pressure sensor, 9 – 
bimetal thermometer, 10 – flue gas outlet channel, 11 – ball valve regulating the air supply, A – inlet air, B – exhaust gases, C – supply fuel; b) view of the 
 engine inlet air ball valve 
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reasons, it was not possible to obtain 25% changes from the 
nominal value for all 3 operating parameters simultaneously 
(P, I, U). Small deviations from these values in the case of 
engine power do not significantly affect the diagnostic 
parameters analysed, because the engine operated in a small 
load range. Also the value of the active cross-sectional area 
of the inlet air channel Adol changed its value by 25% in 
relation to the reference state, understood as full opening of 
the air control valve, which simulated the loss of the filter 
baffle. The active cross-sectional area of the inlet air duct 
flow was changed in 3 ranges (100% – 804 mm2, 75% – 
603 mm2, 50% – 401 mm2). 

The operating states of a steady state diesel engine dis-
tinguish three characteristics of its operation (Fig. 4). In the 
conducted tests, the speed characteristics are based on the 
speed characteristic – typical for the operation of the main 
engine driving a fixed pitch propeller when it does not have 
a speed controller. The engine is loaded according to the so-
called external speed characteristic. Then, a constant dose 
of fuel is maintained for the engine operation cycle, while 
the range of rotational speed changes results from the self-
regulation of the engine rotational speed during the ship's 
sailing on a wave [1]. 

 

 
Fig. 4: Characteristics of the ship engine load variation as a function of the 
crankshaft rotational speed: A – screw speed characteristics (variable fuel 
feed per engine operating cycle); B – external speed characteristics (fixed 
fuel feed per engine operating cycle), C – regulator characteristics (varia-
ble fuel feed per engine operating cycle), nNR – speed regulator setting, nRZ  
 – actual speed 

 
Experimental research was carried out on the laboratory 

stand of a single-cylinder Farymann Diesel type D10 en-
gine, which drives a PKM0a44a/143 type foreign-excited 
DC generator through a belt transmission. Nominal values 
of the basic parameters of the drive motor are: Pnom = 5.9 
kW, Mnom = 38 N⋅m and nnom = 1500 min–1. Due to the 
significant wear and tear of the test engine and limited 
capabilities of the load control system and fuel dose control 
system, the measurements of the observed parameters were 
carried out for 3 operation points according to the regulato-
ry characteristics (Table 2). A multifunctional measuring 
and recording module type DT-9805 from Data Translation 
was used to record the measurements of fast-changing ex-
haust gas temperatures and pressures, as well as the signal 
of the top dead position of the piston. Matlab and Microsoft 
Excel software were used to record and mathematically 

process the recorded values of fast-changing exhaust gas 
temperature.  

The engine crankshaft speed was maintained at a con-
stant level during the research (1444 min–1). MGO marine 
fuel was used to power it. The sampling frequency was 
7017.54 Hz. A K-type thermocouple with a welded joint to 
a jacket with an external diameter of 0.5 mm, made of In-
conell, additionally cooled with a water jacket, was used to 
measure the flue gas temperature [14]. The time constant of 
the applied thermocouple was determined according to the 
algorithm presented in the publication [11] and is 6.49·10–3 s. 
The signal to open the exhaust valve was recorded by using 
a gap type optoisolator with LM393 comparator. 

The value of the average specific heat of the exhaust 
gases was determined on the basis of the knowledge of the 
basic chemical composition burned during the test of the 
MGO marine fuel (C = 0.8626, H = 0.111), as well as 
through the measurement of the λ excess air ratio during the 
engine test and table data such as the specific heat of air 
and components of stoichiometric exhaust gas [13]. All 
specific heat values depend on the average value of the 
exhaust gas temperature recorded during the engine diag-
nostic test. 

Tables 3a, 3b and 3c show the values of the defined 
output medium, which is the specific enthalpy of the ex-
haust gas stream within one engine cycle, for three states of 
steady state engine load, forced by the set values of the 
voltage and current of the generator. Points P1, P2 and P3 
defined by these parameters result from the assumed regu-
latory characteristics of engine operation – Fig. 4. The 
structure parameter, being an input factor with 3 different 
levels of variability in each of points P1, P2 and P3, was the 
active cross-sectional area of the inlet air flow channel Adol. 

In order to determine the value of the Fobl statistics, the 
following zero hypothesis has been put forward H0: 

 
H0: the active cross-sectional area of the Adol inlet air 

channel does not affect the value of the specific enthalpy 
of the exhaust stream averaged over one engine cycle 

(SII
2 = SI

2) 
 
On the basis of the figures in Tables 3a, 3b and 3c and 

the assumed level of significance α = 0.05 and the assump-
tion of a right-handed critical area, the following were de-
termined: the unit value of the enthalpy of the exhaust 
stream within one engine cycle, for each measuring point 
(Ai), the number of degrees of freedom for the numerator 
and denominator of the statistical value F (f1 = 2 and f2 =  
= 15). Then from the statistical tables [5] the critical value 
of statistics was read Fkr = F(0.05; 2; 15) = 3.6823 and the Fobl 
value was determined, which was successively: Fobl(P1) =  
= 157.1; Fobl(P2) = 119.4; Fobl(P3) = 357.1. Since the condi-
tion F > Fkr is met in all three cases, the zero hypothesis 
must be rejected and it must be assumed in further diagnos-
tic studies that, within the variability range under considera-
tion, the active cross-sectional area of the Adol intake air 
channel has a significant effect on the specific enthalpy of 
the exhaust stream within one diesel engine cycle. 
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Table 3. Values of the specific enthalpy of the exhaust gas stream hspalśr within one diesel engine cycle for the variable values of the active cross-sectional 
area of the Adol intake air channel, where: a) the result for the test at point P1 = 432 W of the control characteristic, b) the result for the test at point P2 =  
 768 W of the same characteristic, c) the result for the test at point P3 = 1200 W of the above characteristic 
a) 

Point 

Average value over one exhaust gas enthalpy cycle hśr [kJ/kg] 
for variable values of the active cross-sectional area of the intake air duct P1 (432 W; 5.1 A; 72 V) 

Adol [m2] 
Number of experience 

1 2 3 4 5 6 yi 

Adol 11 804×10–6 12.1299 12.1986 12.2763 12.2176 12.2669 12.1493 12.2064 

Adol 12 603×10–6 11.4980 11.3782 11.3742 11.3126 11.3567 11.5817 11.4169 

Adol 13 401×10–6 11.1331 11.4122 11.3092 11.3045 11.4661 11.3280 11.3255 

 
b) 

Point 

Average value over one exhaust gas enthalpy cycle hśr [kJ/kg] 
for variable values of the active cross-sectional area of the intake air duct P2 (768 W; 6.8 A; 96 V) 

Adol [m2] 
Number of experience 

1 2 3 4 5 6 yi 

Adol 21 804×10–6 13.8992 13.6571 13.4404 13.3947 13.2752 13.1309 13.4663 

Adol 22 603×10–6 12.2129 12.1734 11.9982 11.8355 11.9983 11.9656 12.0306 

Adol 23 401×10–6 12.1310 12.2085 12.1043 12.1049 12.0821 12.0763 12.1179 

 
c) 

Point 

Average value over one exhaust gas enthalpy cycle hśr [kJ/kg] 
for variable values of the active cross-sectional area of the intake air duct P3 (1200 W; 8.5 A; 120 V) 

Adol [m2] 
Number of experience 

1 2 3 4 5 6 yi 

Adol 31 804×10–6 15.4712 15.4883 15.3075 15.3299 15.0444 15.0994 15.2901 

Adol 32 603×10–6 13.0105 12.8378 12.9773 13.0444 12.9890 12.7919 12.9418 

Adol 33 401×10–6 13.6214 13.6125 13.5034 13.2633 13.3270 13.2022 13.4216 

 
4. Comments and final conclusions 

From the results of the calculation, it can be seen that 
the active cross-sectional area of the inlet air channel has a 
significant effect on the specific enthalpy of the exhaust 
stream within one diesel engine cycle. However, in order to 
consider the adopted method of assessing the significance 
of the influence of the input factors of the engine operation 
and its design structure on the output with the use of Fisher-
Snedecor decomposition F statistics as fully useful for di-
agnostic tests, the experimental research programme should 
be extended. It is necessary, inter alia, to carry out further 
research to determine the effect (force) of changes in other 
input parameters (factors) on the defined diagnostic 

measures of the diesel engine exhaust gas temperature sig-
nal, which are the average peak-to-peak value, as well as 
the rate (intensity) of increase and decrease in its value for 
single cycles of operation for which no relevant statistical 
studies have yet been carried out.  

In the next stage of diagnostic tests, it is also planned to 
draw up an energy balance in the engine with the use of 
Sankey jet diagrams, under the conditions of introduced 
changes in the values of selected structure parameters. This 
is to determine their energy effects, as an important fire-
impact of the developed methodology for diagnosing com-
pression-ignition engines, based on measurements and 
analysis of exhaust gas temperature. 
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The impact of thermodynamics parameters of turbofan engine with ITB  
on its performance  

 
Presented paper is focused on the influence of additional combustor chamber named inter turbine burner on turbofan engine unit 

parameters. Investigation has been made how changing selected engine parameters affect its performance. A comparison has been made 
between the baseline turbofan engine and the engine with ITB. Engine thermodynamics model was prepared in MATLAB software. Main 
combustion chamber was fueled by kerosene, commmonly used in aviation transport, while inter turbine burner by alternative fuel. As an 
alternative fuel were choose liquid hydrogen and methane. Numerical researches were carried out for take-off conditions. Engine 
specific thrust and specific fuel consumption were obtained as a function of bypass ratio, turbine inlet temperature, fan pressure ratio, 
HPC and LPC pressure ratio. The results of the study indicate that hybrid engine with additional combustion chamber fueled by 
hydrogen fuel is more efficient than other studied cases.  

Key words: inter turbine burner, turbofan engine, liquid hydrogen, alternative fuels 
 
 
1. Introduction 

Due to the problems with global warming and air traffic 
increasing, future aircraft engines should be characterized 
by low pollutant emissions and high reliability. At the same 
time, low combustion emission should be accompanied by 
high efficiency of the combustion process. Emission from 
aircraft engines cannot be ignored, because aircrafts emit 
their pollutants in upper layers of atmosphere what may 
have stronger impact on environmental destruction than on 
the ground. Nowadays aviation industry is responsible for 
approximately 2% of global emissions of CO2 generate by 
the human [19]. Therefore due to the dynamical develop-
ment of air transport, environmental protection is the key 
issue, especially that it is forecast that air travel will double 
over the next two decades [19].  

Advisory Council for Aviation Research and Innovation 
in Europe (ACARE) present the highly ambitious goals 
within a framework of FlightPath 2050. Assumption has 
been made that in 2050 year allowable technologies permit 
for reduction of CO2 emission per passenger kilometer by 
75% and for reduction of NOx emission by 90%. The 
ACRAE assume also no emissions during aircraft taxiing, 
air vehicles recyclability and the Europe leadership in at-
mospheric researches [18]. 

Existing aircraft technologies are not sufficient to sig-
nificantly reduce CO2 emission and other harmful products 
of combustion process. The solution of this problem will be 
development new alternative propulsion systems and ener-
gy sources [19]. 

Due to depletion of fossil fuels it is anticipated that ap-
plication of non-conventional fuels will be significant. In 
the first place application will find synthetic fuels (GTL-gas 
to liquid, CTL-coal to liquid) and biofuels [14]. Because 
nowadays fossil fuels are extensively use by all means of 
transport which translates into a significant increase in the 
carbon dioxide content in the atmosphere. Carbon dioxide 
is a product of chemical reaction of hydrocarbon fuel com-
bustion and may be eliminated by application non-carbon 
fuel. In this case non-carbon fuel like liquid hydrogen or 
fuels with a low carbon content, like methane, may be taken 

into consideration. Some potential pathways of aviation 
fuel evolution are presented on Fig. 1. 

 

 
Fig. 1. Aviation fuels of the future [14] 

 
The solution of the presented problem related to emis-

sion of harmful combustion product, will be new engine 
concept adapted to burn alternative fuel, characterized by 
higher engine efficiency. 

To reduce turbine engine fuel consumption new engine 
concept with ITB is presented by [6–8, 11, 14–17]. Appli-
cation of such conception allow for high pressure turbine 
inlet temperature reduction and accompanied NOx reduc-
tion. The ITB conception permit for application flameless 
combustion technique, which reduce the NOx considerable 
[6, 10, 16]. Flameless oxidation is a process which based on 
dilution of oxygen contained in the reactant stream and 
raising its temperature above the auto ignition temperature. 
Fuel oxidation is currently mainly used in industrial appli-
cation [5, 6].  

The ITB conception is also known as the reheat cycle. 
In such cycle gases expanded in HPT are reheated before 
the next expansion process that occur in LPT. In ITB fuel is 
burned at higher pressure than in conventional afterburner 
applied in turbine engines. That guarantee better engine 
thermal efficiency [13].  
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Hydrogen has got wider flammability limit than kero-
sene so the combustion process can take place at lean con-
ditions to reduce NOx emission [17]. NOx emission increas-
es with fuel to air ratio and with the temperature of combus-
tion process [12]. Nitrogen oxides are formed during the 
oxidation of nitrogen contained in the air exposed to high 
temperatures [12]. The main parameters that are responsible 
for nitrogen oxide formation are the flame temperature, the 
nitrogen and oxygen content and the residence time of the 
gases in the combustion zone. Reduction of these parame-
ters would allow for NOx reduction, emitted by the aircraft 
turbine engines [2, 12]. 

Hydrogen is clean energy carrier [1] that require large 
fuel tanks due to the four time lower energy density per unit 
volume than kerosene. This hydrogen property will affect 
considerably the airframe configuration. This problem can 
be resolve by development of new aircraft type, namely the 
Blended Wing Body [11, 14]. BWB is resemble to flying 
wing [20]. This hybrid shape seems to be the most suitable 
for large hydrogen cylindrical tanks [14].  

Another promising alternative fuel next to hydrogen is 
Liquid Natural Gas. LNG in 90% consist of methane. The 
remaining 10% are small fractions of liquid ethane, pro-
pane, nitrogen and other impurities. LNG is a cryogenic 
fluid like hydrogen. Application of LNG will allow for  
a 20% reduction in CO2 emission. Further reduction is 
possible by adding liquid biomethane to the LNG, to create 
Bio-LNG [3]. Studies on cryogenic alternative fuels bring 
to the conclusion that fuel tanks should be placed within the 
fuselage [3]. 

2. Inter turbine burner concept 
In conventional turbofan engine fuel is burn in main 

combustion chamber and then hot gases are expand through 
the turbine. In turbofan engine configuration with inter 
turbine burner combustion is continued in additional com-
bustion chamber, situated between high pressure turbine 
(HPT) and low pressure turbine (LPT). The main goal of 
this conception is to increase engine efficiency and specific 
thrust [8, 16]. The ITB as an additional source of heat influ-
ence on increase of power output for a given engine size. In 
accordance with [16] the specific fuel consumption (SFC) 
is lower than for engine with afterburner due to the fact that 
operating pressure of an ITB is higher and it help to im-
prove the thermal efficiency of the Brayton cycle [16].  

The turbofan engine configuration with marked engine 
stations is presented on Fig. 2.  

 

 
Fig. 2. Turbofan engine configuration with ITB [14] 

Description of sections numbers presented on Fig. 2:  
H – ambient conditions, 0 – inlet conditions, 1 – conditions 
at the fan inlet, 1a – conditions at the LPC inlet, 1b – condi-
tions at the HPC inlet, 2 – conditions at the combustion 
chamber inlet, 3 – conditions at the HPT inlet, 3a – condi-
tion at ITB inlet, 3b – conditions at the LPT inlet, 4 – con-
ditions at the LPT outlet, 5 – conditions at the exhaust noz-
zle outlet, 5’– conditions at the cold nozzle outlet. 

3.Turbofan engine numerical model 
The thermodynamics model of turbofan engine with du-

al combustor chamber was implemented in Matlab software 
and is described in detail in references [9]. A twin spool 
configuration of engine is considered, where the high pres-
sure compressor (HPC) is driven by the high pressure tur-
bine (HPT), whereas the fan and low pressure compressor 
(LPC) are driven by low pressure turbine (LPT). Engine 
performance analysis was carried out for off-design condi-
tions. Working fluid was describe as semi-perfect gas [9]. 
Engine operating conditions are presented in Table 1. 

 
Table 1. Operating conditions 

Description Notation Unit Take-off 
Mach number Ma – 0 
Altitude H m 0 
Air mass flow ṁ kg/s 670 
Fan pressure ratio FPR – 1.65 
Bypass ratio BR – 4.4 
LPC pressure ratio πLPC – 1.6 
HPC pressure ratio πHPC – 12.8 
HPT turbine inlet temperature TITHPT K 1500 
LPT turbine inlet temperature TITLPT K 1300 

 
Engine numerical model consist of blocks that describe 

the work of individual engine components like: inlet, fan, 
low pressure compressor, high pressure compressor, com-
bustion chamber, high pressure turbine, inter turbine burn-
er, low pressure turbine, exhaust nozzle and bypass. The 
scheme of numerical model is presented on Fig. 2. Prepared 
thermodynamics model do not taking into consideration 
turbine cooling process.  

The design of turbofan engine is a compromise between 
turboprop and turbojet engines. This construction is charac-
terized by the occurrence of two streams of air [4]. In the 
analyses case, the air in primary core (hot stream) goes 
through the fan, low pressure compressor, high pressure 
compressor, combustor chamber, high pressure turbine, low 
pressure turbine, inter turbine burner, low pressure com-
pressor and exhaust nozzle. The second part of air (cold 
stream) goes through fan and then to the outer duct ended 
by the “cold” nozzle.  

Bypass ratio is defined as: 

BR = ṁc
ṁh

 (1) 

where: ṁc – mass flow rate through the bypass, ṁh – mass 
flow rate through the primary engine core. 

High-bypass pressure ratio turbofan engines found ap-
plication in large commercial aircraft, as much fuel efficient 
than other types of turbine engines [4]. The variation of BR 
influence directly variation in engine components diameters 
and rotational speed [12].  
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There are two fundamental indicators that define the 
performance of turbine engines – specific thrust and speci-
fic fuel consumption. Specific thrust is the engine thrust per 
mass flow rate: 

ST =
T

ṁh
                                      (2) 

Specific fuel consumption is defined as the fuel mass 
flow rate per unit thrust and can be expressed by following 
equation: 

SFC =  
mfuel_1 + mfuel_2

T
                      (3) 

where: mfuel_1 – fuel burn in main combustion chamber, 
mfuel_2 – fuel burn in ITB. 

In analysis case, the fuel flow rate is the sum of the fuel 
flow related to the main combustion chamber and the fuel 
flow related to the ITB. 

Engine thrust force for turbofan engine with ITB: 

T =  mḣ BRV5′ + mḣ (1 + f + ftb)V5 − mḣ (1 + BR)V  (4) 

where: mḣ  – mass flow rate (main gas path), BR – bypass 
ratio, V5′  – velocity of bypass air, V5 – velocity of hot gases, 
f – fuel to air ratio, ftb – fuel to air ratio for turbine burner, 
V – velocity of the flight. 

The presented block structure of the engine numerical 
model (Fig. 2), illustrate the order of performed calcula-
tions. 

 

 
Fig. 2. The schematic of numerical model of turbofan engine with ITB in 

Matlab software 

The model was developed based on the basic thermody-
namics relations [4, 9, 12]. Prepared model allow analyze 
the performance of hybrid turbofan engine. 

Turbofan engine performance are influence by the fol-
lowing thermodynamics parameters: 

− bypass pressure ratio, 
− fan pressure ratio, 
− overall pressure ratio, 
− turbine inlet temperature. 
Low specific fuel consumption is achieve by continu-

ously increasing the overall pressure ratio (OPR), and by-
pass ratio (BR) [16]. Turbine inlet temperature is the most 
important design parameter that influence thermodynamic 
cycle of turbine engine [4]. For a conventional turbine en-
gine, the HPT inlet temperature is a design variable. In case 
of engine configuration with ITB, both the HPT and LPT 
inlet temperatures are design variables [16]. 

4.Scope of the work 
The main scope of presented work is analysis how vari-

ation of selected engine parameters influence engine per-
formance. Numerical analysis was carried out for take-off 
conditions. As the variable parameters were choose: bypass 
ratio, turbine inlet temperature, fan pressure ratio, HPC and 
LPC pressure ratio. Performance comparison was made 
between hybrid engine with ITB and baseline turbofan 
engine.  

Two options of engine feeding were taken into consid-
eration. In first case assumptions has been made that main 
combustion chamber is fueled by kerosene while the ITB is 
fueled by liquid hydrogen. In second case the main com-
bustion chamber is invariable fueled by kerosene while ITB 
by liquid methane.  

It can be seen in Fig. 6 to Fig. 14 that researches was 
carried out for three values of bypass ratio: 4.4, 6 and 8. 

Thermodynamics calculations were carried out in order 
to determine the flow parameters at characteristic engine 
sections (Fig. 2) and to calculate specific thrust and specific 
fuel consumption. 

5.Result discussion 
The variations of engine performance with selected 

thermodynamics parameters changes are presented on Fig. 
3 to Fig. 14. 

The relation between bypass ratio (BR) and engine spe-
cific thrust (ST) is presented on Fig. 3. 

 

 
Fig. 3. Bypass ratio vs. specific thrust 
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The graph shows the decreasing dependence of the spe-
cific thrust with the increase of engine BR (Fig. 3). BR is 
relation between cold stream of air and the air in the main 
engine core, described by equation (1). If the BR increase, 
more air goes through the outer duct, what affect signifi-
cantly the increase in engine outer diameter. This issue 
cause the drag increase as well as reduction of ground 
clearance [14].  

 

 
Fig. 4. Bypass ratio vs. specific fuel consumption 

 
It can be seen on Fig.4, that increasing the BR improves 

the specific fuel consumption at the expense of specific 
thrust decrease. The lowest value of SFC is obtained for 
engine with inter turbine burner fueled by liquid hydrogen 
(Fig. 4). At the same time, for this case the highest specific 
thrust was received (Fig. 3). In addition for a given working 
conditions, the highest values of BR are possible to applied 
for engine configuration with inter turbine burner fueled by 
hydrogen. Analyzing the chart on Fig. 3 and Fig. 4 it can be 
seen that for an accepted operating conditions wider range 
of bypass ratio can be implemented for turbofan engine 
with additional combustor chamber. For hydrogen fueled 
ITB this range is wider than for methane.  

Figure 5 present the variation of engine specific thrust 
with the changes of high pressure turbine inlet temperature 
(TITHPT). 

 

 
Fig. 5. TITHPT vs. specific thrust 

 
Growth of the TITHPT cause the increasing of engine 

specific thrust (Fig. 5). It is noticeable that for baseline 
turbofan engine, thrust increase with the TITHPT is quicker 

than for modified construction. In case of an engine with 
ITB, for lower inlet turbine temperatures higher values of 
ST are obtained in comparison to the baseline engine. This 
will significantly reduce emission of NOx with simultane-
ous ensuring better engine performance. In addition tem-
perature reduction will increase engine component life. The 
value of turbine inlet temperature is a design variable and is 
limited by material properties.  

Increase in BR value result in lower specific thrust value 
attained by the power plant as well as lower SFC (Fig. 6).  

 

 
Fig. 6. TITHPT vs. specific fuel consumption 

 
Application of alternative fuel in additional combustion 

chamber exert evident effect on variation of specific fuel 
consumption with the TITHPT changes (Fig. 6). For liquid 
hydrogen SFC show upward trend while for methane the 
graph is decreasing to a minimum at temperature about 
1520 K, and then slowly increases. 

For turbine inlet temperatures higher than 1700 K, the 
power plant with additional combustor chamber fueled by 
methane remains more economical than engine with ITB 
fueled by hydrogen and baseline engine (Fig. 6). 

Figure 7 represents the relation between the specific 
thrust and low pressure turbine inlet temperature. The shape 
of the graph demonstrates the increase of engine specific 
thrust with low pressure turbine inlet temperature increase. 
Application of higher values of BR results in a reduction of 
specific thrust.  

 

 
Fig. 7. TITLPT vs. specific thrust 

 
The decrease of ST with the growth of BR is accompa-

nied by a reduction of specific fuel consumption (Fig. 8). 
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The graph on Fig. 8 depict that the growth of SFC for modi-
fied engine supplied by methane is much rapid than for 
hydrogen. 

 

 
Fig. 8. TITLPT vs. specific fuel consumption 

 
The relation between the fan pressure ratio and engine 

performance is presented on Fig. 9 to Fig. 10. 
For the engine with an additional combustion chamber, 

the specific thrust as a function of fan pressure ratio is in-
creasing relationship (Fig. 9), while the specific fuel con-
sumption is decreasing (Fig. 10). Application of hydrogen 
or methane in additional combustor chamber exert visible 
influence on engine specific thrust in comparison to the 
baseline engine.  

 

 
Fig. 9. Fan pressure ratio vs. specific thrust 

 
With the growth of bypass ratio, shorter range of fan 

pressure ratio (FPR) can be implemented as well as lower 
values of specific thrust (Fig. 9) and SFC (Fig. 10) are 
obtained. It can be seen on Fig. 9 that the optimum of FPR 
decrease with increase in BR. 

The course of the specific fuel consumption as a func-
tion of fan pressure ratio for the baseline engine is similar 
to the engine with ITB fueled by hydrogen (Fig. 10).  

The engine performance parameters in function of HPC 
pressure ratio are presented on Fig. 11 and Fig. 12. 

The graph on Fig. 11 shows that ST increase with HPC 
pressure ratio to achieve the maximum, and then slowly go 
down. For hydrogen fuel, the optimal pressure ratio is about 
21 while for methane fuel about 22. For baseline engine 
optimal pressure ratio is about 18. SFC has a decreasing 
tendency (Fig. 12). For hydrogen fueled ITB the highest 

values of ST are obtained with simultaneous the lowest 
SFC. Comparing the SFC for conventional turbofan engine 
and hybrid engine fueled by methane, it is noticeable that 
for HPC pressure ratios up to about 26, the lowest values of 
SFC are obtained for modified engine configuration. Oppo-
site situation is observed for HPC pressure ratios higher 
than 26. The SFC curve for conventional engine is much 
steep while for engine with ITB fueled by methane much 
flatten (Fig. 12). 

 

 
Fig. 10. Fan pressure vs. specific fuel consumption 

 

 
Fig. 11. HPC pressure ratio vs. specific thrust 

 
Increasing the compressor pressure ratio (as well as 

overall engine pressure ratio) result in longer and heavier 
engine construction.  

 

 
Fig. 12. HPC pressure ratio vs. specific fuel consumption 
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The variation of engine ST and SFC with LPC pressure 
ratio increase is presented on Fig. 13 and Fig. 14 respec-
tively. Higher specific thrust values are achieved by the 
hybrid engine. Better performance are obtained for hybrid 
configuration adapted for burning hydrogen fuel (Fig. 13 
and Fig. 14). It is noticeable that ST determined for base-
line configuration, decrease more rapid with the growth of 
the LPC pressure ratio than for configuration with ITB.  

 

 
Fig. 13. LPC pressure ratio vs. specific thrust 

 
The graph presented on Fig. 14 shows that the more ef-

ficient SFC curves were obtained for engine with hydrogen 
fueled ITB. 

The SFC curve that present the baseline turbofan engine 
has got similar course like for hybrid engine with combus-
tor chamber adapted for hydrogen fuel (Fig. 14). 

 

 
Fig. 14. LPC pressure ratio vs. specific fuel consumption 

 

 

 

6. Summary 
The significant influence on specific thrust and specific 

fuel consumption value has got not only a choice of alterna-
tive fuel burned in additional combustor chamber but also 
selection of appropriate turbine engine operating parame-
ters. Presented work is focused on conception of turbofan 
engine with ITB fueled by alternative fuel – hydrogen or 
methane, while the main combustion chamber is supply by 
kerosene. Studies devoted by the scientist on ITB applica-
tion in turbine engines are mostly focused on the case in 
which the main combustion chamber is fueled by liquid 
hydrogen, while second combustion chamber by biofuel or 
kerosene. The advantage of the adopted and presented in 
this paper conception is less complexity of the engine and 
airframe assembly. Such solution will be cheaper and easi-
est to implementation than application hydrogen as a fuel 
dedicated to the main combustion chamber. In addition 
application of ITB fueled by hydrogen will provide valua-
bles data to the further researches on hydrogen fueled air-
craft. 

Based on analysis of the presented results, better from  
a performance point of view presents the engine with addi-
tional combustion chamber fueled by hydrogen. Conducted 
analysis indicate the possibility to reduce turbine inlet tem-
perature significantly for engine configuration with ITB, 
what will permit for reduction of NOx emission. The tem-
perature depression result also in lengthen engine overhaul 
life. Generally the reduction in TIT cause the reduction in 
engine thrust but also in specific fuel consumption. In case 
of hydrogen fueled ITB the reduction in SFC is considera-
ble than in case of methane fuel. Lower fuel consumption 
makes engine more economical, which is very important 
engine attribute that determines the choice of a given power 
plant and affect the range of the aircraft.  

Presented advantages of using hydrogen as a fuel make 
the proposed hybrid engine concept very promising for 
future aviation.  

Presented results come from the numerical simulations 
of engine thermodynamic cycle. Model has been elaborated 
based on the basic thermodynamics equations. The written 
code is able to predict the turbofan engine performance. 
Elaborated numerical model of hybrid turbofan engine 
require validation with data obtained during the experi-
mental researches, conducted on the engine prototype. 
Model should be adjusted to the experimental data and then 
used for more detailed analysis. This type of advanced 
experimental researches are the domain of manufacturers of 
the largest aircraft engines and definitely go beyond the 
scope of the available laboratory.  

 

Nomenclature 
BR bypass ratio 
BWB  blended wing body 
CTL coal to liquid 
FAR fuel to air ratio 
GTL gas to liquid 
HPC high pressure compressor 
HPT  high pressure turbine 
ITB  inter turbine burner 

LNG liquid natural gas 
LPC  low pressure compressor 
LPT  low pressure turbine 
OPR  overall pressure ratio 
SFC specific fuel consumption 
ST  specific thrust 
T  engine thrust 
TIT turbine inlet temperature 
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Energy balance comparison of small unmanned vehicle equipped with electric 
and hybrid propulsion system 

 
Article presents comparison of the energetic balance of vehicle powertrain – pure electric vehicle and vehicle equipped with electric 

hybrid power transmission. Society is more and more often persuaded to buy electric cars as an environmentally friendly solution 
because they have opinion of ecological vehicles. Electrification in military applications is also widely considered, especially in case of 
small to medium UGV’s such as wide range of robotic systems introduced to the milatary operations. The article presents the problems 
of comparing the efficiency and others parameters such as the range of a two presented powertrains. The research was carried out on an 
small unmanned land platform equipped with a hybrid propulsion system supplied as standard with Diesel power generator and 
electrically only powered. Energy used for charging of the battery, from tank-to-wheel, was calculated. This also enables to calculate 
total efficiency of electric and hybrid power transmission. By calculating different capacity of battery and power of generator, it is 
possible to determine the vehicle range. 

Key words: hybrid propulsion, UGV, electric propulsion, energy balance 
 
 
1. Introduction 

Unmanned vehicles can patrol area, measure contamina-
tion level of the environment, deliver supplies, operate as  
a movable fire stand or help to evacuate wounded from 
danger area (Fig.1a, 1b) [12]. Military or civil use of those 
vehicles is more often introduced [5]. Especially, their use 
in military conflict region can have impact on safety of 
soldiers attending in this conflict. 

 
a) 

 
b) 

 
Fig. 1. Example of use UGV vehicles: a) operating in contaminated area 

[14], b) firefighting unmanned system [15] 
 

To comply its tasks, it is necessary to ensure quiet relo-
cation and long range or long operating time in conflict area 

without support. Those requirements can be met by vehicles 
equipped with electric or hybrid drive – power transmission 
system with electric engines enable to quiet operate in en-
dangered area [7, 8]. For such operations, series hybrid 
transmission ant it’s variants are become more and more 
often present is UGVs and other vehicles. High efficiency 
of electric engines cause slight thermal trace, improve un-
detectability by enemy forces. Electric vehicles are quite 
simple in use and in construction. Mostly they propulsion 
system consist of battery, electric engine with controller. 
This simplicity is important in many operations but because 
of small capacity of the battery, still insufficient volumetric 
and mass factors and it’s ability of caught fire. Battery 
operated vehicles disadvantages turn many researchers to 
give attention to hybrid propulsion, especially series with 
small power generator. Vehicles, equipped with power 
generator, enable to load battery and increase range and 
operation time without need of fast come back to the base 
[11]. Because fuel deliveries can be interrupted by different 
reasons, for instance in warfare conditions, or others as-
pects such as economical or ecological, this solution can be 
useful in military vehicles. Such construction can use dif-
ferent fuels besides Diesel. For example, vehicles could use 
other fuels such as F-34 which is introduced as a unified 
battlefield fuel [2] or different mixtures of fuels that will 
work with CI engines. Because mentioned fuels have dif-
ferent parameters, they will impact to the engine parame-
ters. Requirements for unmanned vehicles, especially their 
power transmission, is not easy to achieve. Costs of produc-
tion and total mass of vehicle are contradictory to use cheap 
but heavy electrochemical batteries. Long range require use 
of high energy density of power sources but combustion 
engines are noisy and emitting a lot of thermal radiation 
(easy to detect). Other aspects are for example: compatibil-
ity with existing infrastructure (combustion engines), fast 
recharging (combustion engines) [1, 6] etc. Most forede-
signs exclude of use one or other solution, other technolo-
gy. It is necessary to take under consideration a tank-to-
wheel (and battery-to-wheel) energy balance in efficiency 
and vehicle’s mobility point of view. 
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2. Vehicle’s investigated power transmission 
Power transmissions of the investigated vehicles came 

from small unmanned ground vehicle (Fig. 2a) of total mass 
500 kg, LiFePO4 battery pack and six independent driving 
modules which were assembled with electric engine, in-
verter and transmission gears, wheel and shock absorber. 
Each module was connected to the 48 VDC battery pack 
(Table 1). 

 
a) 

 
b) 

 
Fig. 2. a) investigated UGV with power transmission during tests,  

b) Diesel engine for vehicle’s power generator [16] 
 

Power transmission system was installed inside the hull 
of the vehicle. Vehicle itself is more widely described in [3, 
9, 10]. For tests two variants of vehicle’s powertrain were 
examined, electric and with small Diesel power generator 
(Fig. 2b). In result, second variant of power propulsion 
system was designed as a serial hybrid called range extend-
er or REx. It was assumed, that for electric propulsion, 
battery will have higher capacity, equal to the mass of pow-
er generator (Fig. 3). Operating range of unmanned ground 
vehicle and its power transmission systems were then exa-
mined. 

 
Table 1. Vehicle’s power transmissions main components parameters 

Component Electric propulsion Hybrid propulsion 

Electric engine 6 × 2.8 kW, PMS 6 × 2.8 kW, PMS 

Battery 210 Ah@48 VDC 70 Ah@48 VDC 

Power generator – 5.5 kVA 

Fuel tank – 5 dm3 

 
Fig. 3. Schematic connections of hybrid power propulsion: 1) steering 
system, 2) power generator, 3) junction box, 4) battery, 5) inverters, 6)  
 driving modules with electric engines, wheels and gears 

3. Laboratory testing of electric and hybrid power 
transmission 
The main goal of laboratory tests of electric and hybrid 

power transmission system of UGV was to determine ener-
gy balance of this systems after integration and installation 
on a vehicle hull. Test was held on stands belonging to 
combustion engines laboratory of Military University of 
Technology. Range of the tests included:  
− measurements of lithium LiFePO4 battery charging and 

discharging efficiency, 
− measurements of power generator efficiency,  
− measurements of electric engines efficiency of vehicle,  
− measurements of power transmission efficiency. 

Based on efficiency of particular elements of power 
transmission systems and fuel calorific value, fuel con-
sumption, energetic balance of unmanned vehicle was cal-
culated and determined. 

3.1. Test stands 
During tests, five stands were used: 
− LiFePO4 battery charging test stand (Fig. 4). A stand 

for measuring charging characteristics of battery while 
charging process. 

 

 
Fig. 4 Charging test stand: 1 – power generator, 2 – current-voltage pa-
rameters acquisition system, 3 – constant-current power station, 4 – battery 

 
− LiFePO4 battery discharging stand (Fig. 5). Test stand 

for measuring discharging parameters of battery enable 
to set discharging characteristics under different loads. 
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For battery load, water resistor was build. This type of 
resistor enable fast and simple operation of resistor, by 
submerse metal plates of resistor in wear. Discharging 
current could be increased by increasing number of 
metal plates or water additives. Battery was equipped 
with voltage sensors. 

 

 
Fig. 5. Battery discharging test stand: 1) water resistor,  
2) current clamps, 3) battery with voltage sensors, 4) acquisition computer 

 

− electric engines test stand (Fig. 6). On this stand, chang-
es of the engine torque were measured if function of en-
gine speed. Investigated engine was mounted on a dyno 
stand and connected through the clutch with dyno. En-
gine mounted on the stand worked as a dynamometer. 
On his housing, force meter was mounted and force was 
measured. Examined engine was connected to the in-
verter and inverter was connected to the power supply. 
Current and voltage sensors were connected to the ac-
quisition card and computer. Speed of the engine was 
measured by speed encoder connected to the acquisition 
card. 
 

 
Fig. 6. Electric engines test stand: 1) acquisition equipment 2) electric 
engine, 3) force sensor, 4) acquisition hardware, 5) current inverter, 6)  
 electric engine of the dyno stand 

 

− power generator characteristic determination test stand. 
This stand was equipped in similar instrumentation as 
during battery charging, but with extra load for genera-
tor. Load characteristic of the power generator was de-
termined, after connecting load to the generator. 

− power transmission internal resistances test stand 
(Fig. 7). Measurements of internal resistance of the 
power transmission was made after lifting vehicle by 
warehouse truck to loose contact between wheels and 
ground. Speed was increased in stages to the maximum 
and then decreased to the wheels stop. Rotation velocity 
of the wheels was set by voltmeters indication, placed 
next to the controller (Fig. 8). 

 

 
Fig. 7. Internal resistance measurements 

 

 
Fig. 8. Connected voltmeters for speed verification 

 

4. Energetic balance comparison of the power 
transmissions 
To determine energetic balance, calorific value of the 

Diesel oil was determined as 43 MJ/kg. Total energy of  
a single charging process of the battery was equal to 
50.282 MJ/kg, and came from fuel of 1.15 kg. Energy from 
fuel powered generator and charged battery with power 
10.555 MJ/kg, after sweep to electric energy, this mean the 
efficiency is equal to 21% with specific fuel consumption 
of 300 g/kWh (Fig. 9), what is satisfied value in small Die-
sel engines. 

 

 
Fig. 9. Load characteristic of power generator 
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Charging the battery need 9.65 MJ of energy (Fig. 10). 
During discharging process, the energy level reaches 
9.0 MJ of energy. Calculations leads to the assumption that 
such amount of energy should provide power for travelling 
distance of 16 km with speed of 5 km/h. Fuel tank capacity 
enable to charge the battery more than three times to its full 
capacity. This enables to reach distance over 65 km with 
fully charged battery at the beginning. 

 

 
Fig. 10. Charging power of the battery (blue line) and electric power of the 

generator (green line) 
 
Theoretical efficiency of each vehicle’s module (from 

engine to wheel) should reach ca. 90%. Because of the quali-
ty of components (the vehicle is technology demonstrator) 
efficiency of driving modules reaches 75% averages. 

Efficiency of energy conversion from chemical energy 
of fuel to the energy converted for wheels powering is quite 
small. It is caused mostly by low efficiency of combustion 
engine that power the generator. It is small, naturally aspi-
rated one cylinder compressed ignition engine. His internal 
resistance is big if compare to power produced. Efficiency 
of power transmission powered from battery is bigger and 
reach 70%. Total efficiency of hybrid power transmission, 
when combustion engine was turned on, reaches 13.6% 
(from tank to the wheel). It is important to know, that pow-
er generator can work temporary, when its need and do not 
cover all energetic needs of vehicle. That means total effi-
ciency must be seen partly as a efficiency of the hybrid with 
power generator and partly as a electric transmission. 

Power consumed by the vehicle in different road condi-
tions (speed, quality and type of the surface), and parame-
ters of the power transmission, enable to determine range of 
the vehicle and speed of the vehicle with power generator.  

Based on results of charging and discharging of the hy-
brid power transmission battery, measurements of internal 
resistances, energetic parameters of the power transmission 
and energetic balance were determined. Based on that cal-
culation, it was possible to determine range of the vehicle. 
During calculations, internal resistances were took into 
account. Results were presented in Table 2. 

 
Table 2. Efficiency of power transmission subassemblies 

Component  Energy  Average efficiency  
Fuel 50.28 MJ – 
Battery (hybrid) 9 MJ 94% 
Battery (electric) 26.8 MJ 95% 
Power generator 10.56 MJ 21% 

Electric average efficiency 70% 
Hybrid average efficiency 13.6% 

 
Vehicle powered only from the power generator, enable 

to charge the battery in time of 93 minutes. During driving 
this time is elongated, because some part of the energy is 
consumed by the wheels of the moving vehicle. This time 
can be elongated or if road resistance will be higher than 
power generated, battery will never be fully charged. In 
case of totally discharged or damaged battery, maximum 
vehicle speed is about 20 km/h, when moving on a concrete 
or asphalt, without charging. 

Efficiency of pure electric transmission is higher than 
hybrid, but if battery mass will be equal to the mass of 
battery and power generator, traveling distance of such 
vehicle will be smaller ca 25%. It is important to know that 
increasing the mass (and volume) of the battery will cause 
mass of vehicle’s components increase (up to 40% of bat-
tery mass) [13]. 

5. Conclusions 
1. Laboratory tests of power transmission subassemblies 

enable verification of their characteristics and parameters. 
Battery parameters measurements enable to estimate vehi-
cle’s range in different driving modes. 

2. Energetic parameters were set of two investigated 
power transmissions. Efficiency of the energy consumption 
in pure electric drive was ca. 70%. A set of batteries with 
mass equal to the mass of the power generator enable to 
drive distance of ca. of 45 km with speed of 5 km/h. In 
hybrid power transmission, efficiency with working power 
generator drops down up to 13.6%. Fuel tank capacity ena-
ble to charge the battery more than three times to its full 
capacity. This enables to travel distance over 65 km on  
a flat surface. 

3. During one charging cycle (93 minutes) generator 
used 1150 g of fuel, which means, that extra 3.5 kg of fuel 
can double the traveling distance in respect to the extra 180 
kg of battery (plus ca. 40% mass of battery for strengthened 
vehicle structure). 

4. Energetic balance efficiency of pure electric power 
transmission is much higher (ca. 70%) than efficiency of 
serial hybrid transmission with turned on power generator 
(ca. 13%), but travelling distance of hybrid transmission 
vehicle was ca. 25% higher. 

 

Nomenclature 
BEV  battery elctric vehicle 
CI compresed ignition 
CNG compressed natural gas 
Ge fuel consumption [kg/h] 
ge specific fuel consumption [g/kWh] 
HEV hybrid electric vehicle 

LiFePO4 lithium-iron phosphate battery 
PMS Permanent Magnets Synchronous electric engine 
REx Range Extender electric vehicle 
UGV Unmanned Ground Vehicle 
VDC Direc Current Voltage 
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Soot contamination of engine oil – the case of a small turbocharged spark-ignition 

engine 
 

The paper presents the results of thermogravimetric tests of engine oil used in a small turbocharged spark-ignition engine. The main 
observation from the research was a significant soot contamination of engine oil, that appears even at its low mileage. This indicates 
that also in the case of port fuel injection spark-ignition engine, high particulate matter emissions may occur. A rapid soot contamination 
of the oil in this engine indicates that the oil change interval should be shortened. 

Key words: engine oil, thermogravimetric analysis, soot, particulate matter, spark-ignition engine 
 
 
1. Introduction 

Internal combustion engines will be primary drive 
source for many years, probably decades. Thus, it is clearly 
important to perform research and development to provide 
a better understanding of the fundamental processes affect-
ing engine efficiency and the production of undesirable 
emissions [9]. 

The combustion of real fuels in a real engine is always 
imperfect. This results in the presence of incomplete com-
bustion products in the exhaust gas. One of these compo-
nents is particulate matter (PM), consisting of inter alia 
soot. Particulates belong to the most harmful components of 
exhaust gases [11]. 

Particulate matter emissions are primarily considered 
from the perspective of diesel engines. The process of re-
ducing particulate emissions in engine exhaust has been 
going on for many years. For many years as well, PM emis-
sions from passenger cars with spark-ignition engines were 
not limited at all. Currently, the PM limit applies only to 
direct injection gasoline engines (GDI) and is the same as 
for diesel engines (Table 1). 

 
Table 1. European emission standards on PM emissions for passenger cars 

(category M), g/km [2] 

 Effective from 
(first registration) Diesel Spark-

ignition 
Euro 1 January 1993 0.14 – 
Euro 2 January 1997 0.08 – 
Euro 3 January 2001 0.05 – 
Euro 4 January 2006 0.025 – 
Euro 5a January 2011 0.005 0.005*) 

Euro 5b January 2013 0.0045 0.0045*) 
Euro 6b January 2015 0.0045 0.0045*) 
Euro 6c January 2018 0.0045 0.0045*) 
Euro 6d-Temp January 2019 0.0045 0.0045*) 
Euro 6d January 2021 0.0045 0.0045*) 
*) Applies only to vehicles with direct injection engines 

 
Port fuel injection (PFI) gasoline engines are considered 

to emit little particulate matter. Presented by Liang et al. [7] 
tests of two Euro 4 cars (the same model) with GDI and PFI 
engines showed that over the NEDC cycle the PM emission 
for a car with an MPI engine was 3 mg/km, and for this 
with a GDI engine as much as 14 mg/km. 

Most of the particulate matter (soot) formed in the en-
gine's combustion chamber is removed with the exhaust 
gases, but some of it is also absorbed in the engine oil. It is 
easy to notice that as engine oil is used, it changes its color 
to darker, which is caused inter alia by increase in soot 
content. There is no doubt that the amount of soot in oil 
depends both on the intensity of soot formation in the en-
gine's combustion chamber, as well as on the mileage of the 
oil. Thus, the soot content of engine oil at a given mileage 
is to some extent an indicator of the tendency of a given 
engine to smoke. The soot content increases with increasing 
oil mileage and can reach level of several percent. At this 
concentration, soot significantly changes (worsens) the 
lubricating properties of engine oil. 

Increasing the soot content in the oil increases engine 
wear. Results described in [4] show that soot interacts with 
oil additives reducing the oil's anti-wear properties possibly 
by abrasive wear mechanism. Ball-on-flat-disk type tests 
also revealed the increased wear due to the presence of 
soot. Scanning electron microscope studies of wear scar 
diameters suggest that soot is abrasive.  

Similar research results are presented in [5]. Cumulative 
wear was more for samples with soot contamination.  
A negative impact of soot on wear was already observed at 
2% soot in engine oil. Oil samples with low dispersant and 
high zinc dithiophosphate (ZDP) content performed better 
than samples having high dispersant and low ZDP concen-
trations at high soot levels. The reason behind this could be 
the fact that high dispersant levels together with soot con-
tamination results in lubricant thickening resulting in in-
creased wear. 

By worsening the lubrication conditions, soot contained 
in the oil also increases fuel consumption. Although it is not 
a very significant impact, it cannot be ignored at present 
when seeking maximum fuel savings and striving to mini-
mize CO2 emissions. According to [8] low friction lubri-
cants provide fuel savings of around 0.5%. 

The aim of the tests described in this article was to 
check the soot content in the engine oil of a small turbo-
charged spark ignition engine used in a mini city car. The 
soot content in this oil will allow concluding on the tenden-
cy of this engine to emit particulate matter. It will also 
indicate if the original oil change interval of 15,000 km is 
appropriate taking into account oil contamination. 

http://orcid.org/0000-0002-0851-2559
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2. Test apparatus and procedures 
The tests were carried out on oil used in a small turbo-

charged spark-ignition engine driving mini city car Smart. 
Some technical data and key features of the Smart’s engine 
are shown in Table 2. The tested oil was grade: 5W-30 
ACEA A3/B4 API SL. It was oil designed for engines op-
erating in start-stop mode. Fresh oil and used oils collected 
after 5000 km and 8000 km after oil change were used in 
the tests. Table 3 shows some key parameters of the fresh 
oil. 

Table 2. Technical data/key features of SMART’s engine 

Engine code M160 E07 LA 

Engine type Spark ignition, in-line three 

Displcement 0.698 dm3 

Bore/stroke 66.5 mm/67 mm 

Compression ratio 9.5 

Maximum power 46 kW@5250 rpm 

Maximum torque 95 Nm@2000–4000 rpm 

Valvetrain Single overhead camshaft,  
2 valves per cylinder 

Injection system Multipoint sequential injection,  
max injection pressure 4.8 bar 

Ignition Dual ignition – 2 spark plugs per cylinder 

Forced induction Turbocharging with intercooling 

Charge air control Map-guided 

Exhaust aftertreatment  Three-way catalytic converter 

Emissions standard Euro 4 

Engine oil capacity 3 dm3 

 
Table 3. Characteristics of the fresh engine oil [1] 

Name Method Units Value 

Density @15°C ASTM D4052 g/ml 0.855 

Kinematic viscosity @100°C ASTM D445 mm²/s 12.0 

Viscosity, CCS –30°C (5W) ASTM D5293 mPa.s 6400 

Kinematic viscosity @40°C ASTM D445 mm²/s 73 

Viscosity index ASTM D2270 – 161 

Pour point ASTM D97 °C –43 

Flash point, PMCC ASTM D93 °C 201 

Ash, sulphated ASTM D874 % (m/m) 1.3 

Grade 5W-30, ACEA A3/B4, API SL 

 
Thermogravimetric characteristics of oils were deter-

mined using a PerkinElmer thermogravimetric analyzer 
TGA 8000. Thermogravimetric analyzer (abbreviation: 
TGA) measures the change in mass of the sample as it is 
heated, cooled, or held at a constant temperature in a con-
trolled atmosphere. Table 4 shows the characteristics of 
TGA 8000 and Fig. 1 shows the picture of TGA 8000. 
Figure 2 presents a sample of the used engine oil just before 
the start of the test, placed on the autosampler of the TGA 
8000 analyzer (visible black oil color). 

Thermogravimetric characteristics of the tested oils 
were determined according to the temperature program 
based on the temperature program described in the ASTM 
D5967 standard. ASTM D5967 is a test method which 
covers engine test procedures for evaluating diesel engine 
performance characteristics including viscosity and soot 
concentrations. Annex A4 is a recommendation on how to 
measure soot in engine oils. Details of the thermogravimet-
ric analyzer working conditions during the tests are pre-
sented in Table 5. Pyris software version 13.3.1 was used to 
analyze the obtained results. 
 

 
Fig. 1. PerkinElmer thermogravimetric analyzer TGA 8000 

 

 
Fig. 2. Sample of used engine oil placed on the autosampler of TGA 8000 

analyzer 
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Table 4. Specifications of TGA 8000 thermogravimetric analyzer used in 
the research 

Design  A vertical design with a high sensitivi-
ty balance and quick response furnace. 
The balance is located above the 
furnace and is thermally isolated from 
it. A precision hang-down wire is 
suspended from the balance down into 
the furnace. At the end of the hang-
down wire is the sample pan. The 
sample pan’s position is reproducible. 

Balance Sensitivity  0.1 μg 

Capacity  1300 mg 

Accuracy  better than 0.02% 

Precision  0.01% 

Temperature Furnace Low mass (< 10 g); Platinum heating 
element with ceramic protective coat-
ing; resistant to inert and oxidative gas 
over the full temperature range. 

Range  –20°C to 1200°C 

Scan rates  0.1°C/min to 500°C/min 

Precision  ±1°C 

Cooling Method  Forced air cooled with an external fan 

Cycle time  1100°C to 50°C < 13 min 

Sample Pans   Platinum or ceramic (60 μL) 

Atmosphere Sample 
environment 

Static or dynamic, including nitrogen, 
argon, helium, carbon dioxide, air, 
oxygen, or other inert or reactive 
gases. Analyses done at normal or 
reduced pressures. 

Gas  
control 

Balance purge (mass-flow controlled); 
Sample purge (switch between 2 gases; 
mass-flow controlled); Reactive purge. 

Gas mixing  Up to 3 gases 

Vacuum  10–5 Torr 

Autosampler   48-position 
 

Table 5. TGA experimental conditions 

Instrument 
conditions 

ASTM D5967  
Annex A4 [10] 

Conditions applied  
in this research 

Tempera-
ture pro-
gram 

1. Hold for 1 min at 50°C 
2. Heat from 50°C to 

550°C at 100°C/min 
3. Hold for 1 min at 

550°C 
4. Heat from 550°C to 

650°C at 100°C/min 
5. Heat from 650°C to 

750°C at 100°C/min 
6. Hold for 5 min at 

750°C 

1. Hold for 4 min at 50°C 
2. Heat from 50°C to 

550°C at 50°C/min 
3. Hold for 2 min at 

550°C 
4. Heat from 550°C to 

650°C at 10 °C/min 
5. Heat from 650°C to 

750°C at 10°C/min 
6. Hold for 15 min at 

750°C 

Pan type  Platinum Ceramic 
Balance 
purge  

40 ml/min 60 ml/min 

Sample 
purge  

N2, 30 ml/min  
for step 1 to 4 
O2, 30 ml/min  
for step 5 and 6 

N2, 40 ml/min  
for step 1 to 4 
air, 40 ml/min  
for step 5 and 6 

Sample 
quantity 

Around 10 mg Around 20 mg 

3. Test results and discussion 
The thermogram for fresh oil is shown in Fig. 3. Fig. 4, 

in turn, shows comparative thermograms of fresh oil and 
used oils – after 5 and 8 thousand kilometers. As can be 
seen from this comparison, the thermogram curves are 
similar in all cases, however, the distillation of fresh oil 
takes place in the narrowest temperature range (the curve is 
steeper). This confirms the correctness of the measurements 
carried out. For used oils, it can be seen that the visible 
weight loss during the thermogravimetric test starts at  
a lower temperature. This indicates that as oil mileage in-
creases, its fuel contamination increases. At the same time, 
it is noted that the used oils contain more substances with 
high boiling points. These substances are the result of oil 
decomposition at high temperatures in the engine. Fresh oil 
contains practically no components with a boiling point 
higher than 450°C. 

 

 
Fig. 3. Thermogram of fresh engine oil obtained during the temperature 

program presented in the Table 5 
 

The main aim of thermogravimetric tests was to deter-
mine the soot content of fresh and used engine oils. Look-
ing at the engine oil thermogram – the first weight loss that 
occurs as the sample is heated is the evaporative loss of the 
lubricating oil and any other volatile materials present. All 
that remains will be soot and other solid residues present in 
the sample. Switching the purge gas from nitrogen to oxy-
gen or air will remove any soot present in the sample. The 
calculation of soot content was performed for the weight 
loss that commences after switching over the purge gas 
from nitrogen to oxygen or air at 650°C up to the tempera-
ture where constant residue was obtained around 750°C [3]. 
 

 
Fig. 4. Comparison of thermograms of fresh (green curve) and used oils 

(blue curve – mileage of 5000 km and red – 8000 km) 
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Figures 5–7 show enlarged parts of the thermograms for 
fresh and used oils, as well as the decrease in sample mass 
under conditions of oxidizing atmosphere. This weight loss 
corresponds to the soot content in engine oil. As can be 
seen in Fig. 4, fresh oil does not contain any soot at all. 
Engine oil after 5000 km already contained about 1% 
(m/m) soot, and after 8000 km about 1.5% (m/m). 

 

 
Fig. 5. Thermogram showing percentage soot content in the fresh engine 

oil sample 
 

 
Fig. 6. Thermogram showing percentage soot content in the used engine 

oil sample (oil mileage: 5000 km) 

 

 
Fig. 7. Thermogram showing percentage soot content in the used engine 

oil sample (oil mileage: 8000 km) 

It should be pointed out that the soot content found is, 
for a spark-ignition engine, powered in a PFI system, sur-
prisingly large. The more so that the oil has not yet reached 
the qualifying mileage for its change (15,000 km). These 
values even exceed the soot content of used diesel engine 
oils. For example, in the tests of oils from four passenger 
cars with diesel engines presented by Skoczylas [12] it was 
found that in the case of good technical condition of the 
engine (low oil consumption), the content of soot in used 
oil does not exceed 1% (m/m). Similar results were ob-
tained by author for an oil with a mileage of 16,000 km 
from a turbocharged diesel engine with a capacity of  
3.0 dm3 [6]. 

It seems that the main reason for this situation (high 
soot contamination) was a turbocharger working in the 
forced induction system of the engine and very dynamic 
(unfavorable) conditions of engine operation – only urban 
traffic conditions. It is very important that as it turns out 
also a spark-ignition engine in good technical condition can 
be a source of high particulate matter emissions. 

Assuming a linear increase in soot content, at 15,000 
km mileage (oil change period) it will be around 3% (m/m). 
This value is definitely unfavorable when it comes to the 
oil's lubricating role. 

4. Conclusions 
The results described in this article relate to the deter-

mination of thermogravimetric characteristics and soot 
content in engine oil from a small turbocharged spark-
ignition engine. It should be noted that the tests described in 
the article are tests of the oil from one car only. However, 
the authors do not know any reason that could diminish the 
credibility of the obtained test results. There was no indica-
tion that the engine was in poor condition. The engine did 
not consume oil. The tests conducted first of all lead to 
interesting conclusions regarding the content of soot in oil.  

Firstly, the spark-ignition engine powered in the PFI 
system can generate large amounts of soot, and thus emit  
a large mass of particle matter. It seems that in the present 
case this is due to the design of the engine and its operating 
conditions. The results should be verified by measuring PM 
emissions from this engine, which is a part of the planned 
further tests. It may therefore turn out that the small city car 
can be more harmful to the environment than much larger 
vehicles. 

Secondly, another important observation is that the rec-
ommended oil change interval – 15,000 km – for this en-
gine (vehicle) is too long. Rapidly increasing soot oil con-
tamination causes deterioration of oil lubricating properties 
and contributes to increased abrasive wear of the engine. 
Given the soot content of oil, this period should be reduced 
by up to half. 

 

Nomenclature 
ACEA  European Automobile Manufacturers' Association 
API  American Petroleum Institute 
ASTM  American Society for Testing and Materials 
GDI   gasoline direct injection 
NEDC  New European Driving Cycle 

PFI   port fuel injection 
PM   particulate matter 
TGA   thermogravimetric analyzer 
ZDP  zinc dithiophosphate 
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ECU calibration for gaseous dual fuel supply system in compression ignition  
engines 

 
The dual fuel (DF) combustion mode is proven solution that allows to improve or get at the same level engine performance and 

reduce toxic compounds in exhaust gases which is confirmed by researchers and end-users. DF combustion mode uses two fuels gaseous 
fuel as a primary energy source and a pilot quantity of diesel fuel as ignition source. However, in order, to fully take advantage of the 
potential of the dual fuel mode, DF system must be proper calibrated. Despite the existence of commercial control systems for dual fuel 
engines on the market, the literature on the important parameters for the engine's operation introduced during calibration is scarce. This 
article briefly describes a concept of working algorithm and calibration strategy of a dual fuel electronic control unit (ECU) The 
purpose of calibration is to achieve the greatest possible use of an alternative gaseous fuel without causing accelerated engine wear. 

Key words: compression ignition engine, ECU calibration, dual fuel mode, alternative fuels, emission reduction 
 
 
1. Introduction 

Despite the fact that the crude oil reserves will drain 
away in the near future (oil will sufficiently meet the 
worldwide demand for another 39 years [3, 7]), fuel de-
mand is increasing in many sectors, especially in transpor-
tation sector (Fig. 1). Depletion of the non-renewable fossil 
resources leads to energy and political crisis. 

Moreover, transport sector is a major contributor to the 
harmful gas emissions in the world, with a share of about 
23.5–28% [1, 5, 19]. That brings us to environmental con-
cerns caused by the rapid increase of harmful exhaust emis-
sions due to the burning of fossil fuels. Depletion of crude 
oil and environmental considerations are driving the re-
search towards the alternative combustion modes, exhaust 
after-treatment systems and nonconventional fuel sources. 

 

 
Fig. 1. Energy consumption in transport [3] (* other includes biofuels, coal 

and hydrogen) 
 
Diesel engines have been widely used in heavy-duty ve-

hicles, construction equipment, buses, and diesel generators 
due to its unmatched efficiency, durability and flexibility 
compared to a spark ignition engines. However, diesel 
engines are one of the main sources of the nitrogen oxides 
(NOx) and particulate emissions (PM). In order to lower 
NOx and PM emissions an after treatment systems have 
been widely used in diesel engines. However, catalyst ma-
terials are highly expensive and current technology cannot 
afford stringent emission regulations. 

Thus, turning us to alternative energy sources such as: 
biogas, liquefied petroleum gas (LPG), compressed natural 
gas (CNG), liquefied natural gas (LNG) etc. The use of 
alternative gaseous fuels is a promising approach that al-
lows to lower the dependence on conventional fuels and to 
reduce the harmful compounds in exhaust gases, which has 
been confirmed by numerous investigations [3, 4, 7, 10–13, 
17, 18] and many others. However, the additional gaseous 
fuel burned with diesel fuel does not always have a positive 
effect on the content of toxic exhaust components. This 
applies, for example, to hydrogen, which was described in 
the doctoral dissertation [6]. 

Another not at all les important factor that determining 
the alternative fuels perspectives is a fuel price competition 
(Table 1). Each fuel has different calorific value so it is 
important to compare fuels with their energy content as 
kilowatt hour. In this way, the differences between fuels in 
terms of energy content would be directly visible without 
the “detour” of a reference fuel [9].  

 
Table 1. Comparison of fuel prices [9]  

Type of fuel Energy content Price Price* 
[MJ/l] [kWh/l] [€/l]  [€/10 kWh] 

Petrol 32 8.88 1.536 1.730 
Diesel 36 10 1.398 1.398 
Natural gas 44.4 12.3 1.103 0.897 
Biogaz (biomethane) 44.4 12.3 1.103 0.897 
LPG  24 6.6 0.693 1.050 
* 10 kWh is equivalent to the energy content in one liter of diesel fuel 

 
All this factors that mentioned above promote an im-

portant increment in the use of gaseous fuels as alternative 
fuels in the transportation sector in the recent years (Fig. 1). 

However, engine operation on such alternative fuels 
may be sub-optimal with regard to both combustion pro-
cess, fuel economy and emissions performance, as the en-
gine has been designed and calibrated for operation on 
conventional fuel. Thus, the use of alternative fuels requires 
the calibration of the engine operating conditions including 
injection strategy and control parameters of the engine dual 
fuel electronic control unit, in relation to the physicochemi-
cal properties of alternative fuels. 
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Fig. 2. Simple* overall scheme of Dual fuel mode in AJM 1.9 TDI (*Does not contain all electrical connections) 

 
The dual fuel engine has some pitfalls such as the poor 

utilization of the LPG fuel at low and intermediate loads 
which results in poor engine performance, high HC, CO 
emissions and misfiring at higher gas inducted levels. Poor 
part load performance results from incomplete combustion 
of LPG. Due to this poor thermal efficiency high level of 
unburnt hydrocarbons in the exhaust is found. The perfor-
mance of a dual fuel engine at idling and low loads can be 
improved by optimizing some engine operating and design 
parameters, such as engine speed, load, pilot fuel quantity, 
injection timing, intake manifold condition and intake gas-
eous fuel compositions [2].  

In order to perform DF ECU calibration used special 
software solutions dedicated by ECU manufacturers [14, 
16] and many others. This software, vary visually and may 
use various principle to reduce the amount of fed diesel. On 
the one hand, software that uses „diesel oil reduction map” 
and emulate common rail pressure signal [16], another 
software uses „emulator map” to emulate APP, MAP and 
MAF signals individually or simultaneously [14]. As,  
a reference software for DF ECU calibration in this work 
second type software was selected, due to more calibration 
freedom. 

The present work is a part of an extensive experimental 
investigation devoted to the calibration DF ECU control 
parameters in order to finding the best compromise between 
reduction of fed diesel, engine performance and emission. 

The purpose of this paper is to briefly describe a con-
cept of working algorithm and “traditional” calibration 
strategy of a “gas diesel” ECU and to share useful infor-
mation with researchers, engineers and anyone who inter-
ested in calibration of DF ECU control parameters in order 
to use alternative fuels in more efficient way. 

2. Diesel engine modifications 
There are a variety of technologies to meter gaseous 

fuels for internal combustion engines. These technologies 
vary in cost and complexity. For example, due to a high 
octane number of LPG and CNG they can be used in spark 
ignition engines in lover cost without major modifications. 
In contrast, low cetane number and high self-ignition tem-

perature (Table 2) (bad self-ignition abilities during the 
compression) of gaseous fuels (LPG, LNG, CNG) makes 
them difficult to be used in large proportions in compres-
sion ignition engines. 

 
Table 2. Fuel properties 

Parameter/Fuel 
type 

Diesel Fuel Butane Propane Methane 

Self-ignition  
temperature [°C] 

254 365 470 470 

Cetane number 40–55 10 5 0 
Octane number - 102 102 120 

 
However, there are two main application modes of ga-

seous fuels in compression-ignition engines: 
1. Single fuel mode. This solution technically is very 

complex and requires intervention in the engine block and 
installation of additional spark plug as ignition source. 
Moreover, conventional electronic control unit for proper 
engine work must be calibrated. 

2. Dual fuel mode (Fig. 2). In this operation mode ga-
seous fuels in a liquid or gaseous form inducted into the 
intake air of the inlet manifold to form homogeneous mix-
tures and then ignited by the directly injected pilot quantity 
of diesel fuel in the cylinder at the end of the compression 
stroke. This mode is inexpensive and requires only minor 
modifications by adding typical components (“auto gas” 
conversion kit), e.g. fuel tank with auxiliaries, gas filter, 
fuel lines, LPG/CNG injectors, reducers, additional sensors, 
signal emulators and dual fuel electronic control unit. 

Due to simplicity and lower engine failure possibility, 
the second solution is widely used. 

3. Dual fuel ECU working concept 
There are many conversion kits for diesel engines avai-

lable commercially. But, working algorithm is the same.  
The DF ECU in order to operate in dual fuel mode re-

quires signals from the crank position sensor (RPM), accel-
erator pedal position sensor (APP), manifold absolute pres-
sure (MAP) sensor and mass air flow (MAF) sensor and 
additional sensors from dual fuel conversion kit (Fig. 3). 
During the dual fuel operation, the gas injector will be 
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controlled by the DF ECU while the diesel injector shall be 
controlled by the conventional ECU. In this mode, a portion 
of the fed diesel needs to be reduced and then replaced with 
gaseous fuel. In order to do so, DF ECU reads the lookup 
tables called “maps” (Fig. 4, 5) and produces continuous 
emulated/modified signal of the sensors (APP, MAF, MAP) 
and fed it into diesel ECU and then DF ECU set the injec-
tion duration for gas injectors. Depending on the received 
signal, the conventional ECU changes diesel fuel quantity. 
The set of parameters for the lookup tables obtained from 
experimental studies via calibration algorithm (discussed 
later in the article). 

 

 
Fig. 3. Dual fuel mode control setup 

 
Fig. 4 shows “emulation map”. Based on the set values 

contained in the map the amount of fed diesel could be 
changed (reduced or increased). The upper bar in the map 
represents the signal's voltage. This map allows to set indi-
vidual emulation strength (in percentage) for active analog 
emulator (E1, E2, E3) and/or digital emulator (De1, De2) 
according to emulated signal's value [14]. 

 

 
Fig. 4. Emulator lookup table [14]  

 
Figure 5 demonstrated different type of map. The set va-

lues in the “gas map” has an integer range between 0 and 
254, where such values produce the gas dosage from 0% to 
100% respectively. Gas map contains set values that corre-
spond revolutions per minute (X axis) and pressure in the 
intake manifold (Y axis). Depending on the engine actual 
rpm and pressure inside intake manifold DF ECU choose 
correspond value in the map and increase the amount of 
gaseous fuel. However, set values in the “gas map”, does 
not represent exact fuel quantity and does not give absolute 
injection duration of the gas fuel. Those values are used as 
a reference, taking into consideration the number of gas 
injector installed and their static flow rate in order to gas 
fuel injection quantity calculation. 

The percentage of the premixed gas can be quantified as 
substitution ratio on an energy basis according to the fol-
lowing equation [7]: 

 SR = ṁG×LHVG
ṁD×LHVD+ṁG×LHVG

× 100% (1)  

 
Fig. 5. Gas fuel lookup table [14]  

 
Reducing the fed diesel quantity and increasing gas sub-

stitutions ratio means changing the air–fuel ratio (λ). In 
order to ensure similar engine performance for both single 
fuel (diesel only) mode and dual fuel mode the air–fuel 
ratio must be at the same level. 

Another, not at all less important problem that can arise 
when two fuels are fed simultaneously, is a risk of the en-
gine thermal and/or mechanical overloading. In order to 
protect the engine against failure, DF ECU measured the 
exhaust gas temperature and rpm. The maximum values of 
the exhaust gas temperature and rpm are entered as  
a boundary gas cut-off conditions in the software during the 
calibration procedure (Fig. 6). 

In addition, knock effects can occurs in the engine dur-
ing the combustion. To identify this effect DF ECU re-
quires additional signal from knock sensor. One way to 
limited this phenomenon could be reducing of the gas sub-
stitution ratio. From the other hand this phenomenon can be 
limited by increasing injection time delay of pilot diesel. 

 

 
Fig. 6. DF ECU basic configuration screen [14]: 1 – main parameters, 2 – 

additional parameters, 3 – level sensor settings, 4 – save function 

4. Dual fuel ECU calibration 
ECU calibration is the process of determining the opti-

mal balance between several parameters correlated with 
each other and the engine operating conditions. This pro-
cess helps to identify the optimal balance of engine perfor-
mance, emissions, and fuel economy. The common goal of 
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this process is to achieve maximum substitution rate of fed 
diesel, while still meeting all the requirements (Table 3). 

As mentioned by authors [17] providing LPG “auto gas” 
and increasing its injection time (at constant emulation 
level) results in a non-linear increase in temperature, non-
linear decrease in the air–fuel equivalence ratio, the initial 
growth of the vehicle’s power, and after a certain point its 
decline and uneven operation of the engine. The lack of 
simple relations in case of a simultaneous changes of the 
control parameters (gas injection duration, APP, MAF and 
MAP emulation). As a result, DF ECU calibration process 
is becoming more difficult to optimize, and it cannot be put 
in a simple framework of mathematical relations or linear 
patterns. 

The calibration procedure itself does not seem compli-
cated (evident in Fig. 7). However, it is a laborious trial and 
error process in finding the optimal balance between pa-
rameters in the full range of the engine working cycle. The 
“traditional”, testing-intensive method in comparison with 

modern numerical model-based calibration methods (zero 
dimensional models, CFD models) is sub-optimal with 
regard to time consumption and requires many engine data 
driving cycles. However, “traditional” calibration method 
can be quite effective, when it is impossible to gather all 
required data to prepare proper zero dimensional or CFD 
model. 

 
Table 3. Requirements for dual fuel system [8, 11]  

No. Requirement 
1 Obtaining the same air–fuel equivalence ratio (λ) for an engine 

running in single- or dual- fuel mode. 
2 No noticeable increase in exhaust gases temperature. 
3 No noticeable increase/decrease in engine output power after 

switching into dual fuel mode. 
4 Steady work of engine in dual fuel mode (no jerking). 
5 Lowering amount of toxic emissions in the exhaust gases, 

especially NOx and PM. 
 

 

 
Fig. 7. DF ECU calibration algorithm 

 

5. Conclusions 
The “Dual fuel combustion concept” is a relatively sim-

ple strategy that allows to lowering the dependence on 
petroleum based liquid fuels and reduce the harmful com-
pounds in exhaust gases. The modification work for the 
conversion of any diesel engine into the dual fuel system is 
inexpensive and requires minimum installation of addition-
al components. 

In terms of calibration, the proper DF ECU calibration 
is a laborious process that requires knowledge and experi-
ence. It is important to perform proper calibration because 

its quality has a very large impact on the combustion pro-
cess, fuel economy and emission performance that is con-
firmed by numerous investigations. The purpose of calibra-
tion is to achieve the greatest possible use of an alternative 
gaseous fuel. This goal is best achieved by using a feedback 
loop as a function of exhaust gas temperature or control 
based on the measurement of the pressure in the intake 
manifold. Exceeding the permissible exhaust gas tempera-
ture should be assumed as a criterion for the assessment of 
possible engine damage with too large substitution of diesel 
oil by gaseous fuel. 
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Nomenclature 
APP accelerator pedal position 
CNG compressed natural gas 
DF dual fuel 
ECU electronic control unit 
LHVG, LHVD the lower calorific values of gas and 

diesel fuels 

LNG liquefied natural gas 
LPG liquefied petroleum gas 
mG, mD  the mass flow rates of gas and diesel fuels 
MAF mass air flow 
MAP manifold absolute pressure 
SR substitution ratio 
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The selection of the engine unit – main engine generator during the modernization 

of the 19D/TEM2 locomotive 
 

The paper aims to present a generating set selection methodology for a modernized diesel locomotive. An analysis of the number of 
rolling stock, with particular emphasis on the number of diesel locomotives owned by national carriers was performed. Based on the 
popularity of the locomotives operated on Polish railways, the TEM2 locomotive was chosen to be the base reference for the modernized 
19D locomotive described in the paper. The scope of the locomotive's modernization was described. Modernization included: 
replacement of the internal combustion engine, replacement of the generator set, installation of a new braking system with a pneumatic 
board and air preparation and treatment system, application of a modern control and diagnostics system with anti-slip system at start-up 
and braking, and the installation of railway traffic safety devices. 

Key words: railway, diesel locomotive, modernization, CFD simulation, exhaust emission 
 
 
1. Introduction 

Road transport is not the only branch of transport sub-
ject to strict restrictions, whereby it is required to meet said 
restrictions in tests performed to estimate the environmental 
impact of vehicles [4, 24]. The legal regulations in force [8] 
and the exhaust emission norms [7] force carriers to invest 
in improving the technical condition, reducing the envi-
ronmental impact [5, 10] and increasing the efficiency of 
vehicles in operation, including diesel locomotives. Meet-
ing these types of requirements is possible in several ways, 
ranging from innovative technical solutions [2, 16, 17], the 
purchase of new units, renovation and repair of older units 
or through retrofitting in the ecological aspect [18]. One of 
the solutions combining economic benefits with improved 
technical condition of the vehicle is its modernization [11, 
12, 20, 22]. This type of operation can include a wide range 
of activities. It may consist of only single changes [14] such 
as replacement of the drive unit with a newer one that meets 
the applicable exhaust emission standards or it may include 
a thorough modernization of the entire vehicle. 

This article describes the modernization process of the 
type 19D locomotive series SM48 (TEM2) (Fig. 1).  

 
Fig. 1. The SM48 (TEM2) locomotive before modernization 

The six-axle, single-cabin locomotive was constructed 
with the CoCo system. In the original version, it had an 
electric transmission and an 880 kW internal combustion 
engine. The unit was produced in the USSR and was in-
tended for servicing the eastern border regions. It was used 
for heavy shunting and reloading works. After the Polish 
rail safety systems have been installed [6], it is also possible 
to use it in a freight train. Some of the manufactured units 
were adapted to move on tracks with a rail gauge of 1435 
mm and 1520 mm. Shifting to a different track is possible 
by replacing the wheelsets.  

After thorough analyzes of the technical condition and 
parameters of the locomotive a decision was made to mod-
ernize the described vehicle. It was decided that a complete 
modernization of the vehicle would be performed. This 
meant replacing all the main assemblies of the locomotive. 
The exceptions were the frames and bogies with drive sys-
tems. After major repairs were carried out, the original 
technical condition of the locomotive was reached and the 
vehicle modernization was considered complete. 

Activities related to the thorough modernization of the 
SM48 (TEM2) diesel locomotive included: 
− Performing numerical simulations and analyzes to de-

termine the technical and operational parameters of the 
main devices, machines, apparatus and generating sets 
that could be used in the locomotive, 

− Development, manufacturing and commissioning of 
models of the main units and systems, 

− Performing control tests of the main units and systems, 
− Development of a project of vehicle fitting with devices 

and systems, 
− Installing the necessary devices and systems in the lo-

comotive, 
− Construction and preparation of acceptance require-

ments and preparation of acceptance procedures, 
− Development and preparation of technical documenta-

tion for the modernized locomotive, 
− Performing stationary vehicle tests, 
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− Performing dynamic vehicle tests, 
− Preparation of legal procedures in order to obtain docu-

mented permissions for taking part in rail traffic, 
− Launching the procedures related to type approval and 

operational tests. 

2. Polish rail market overview 
According to statistical data [1], rail transport is a dy-

namically developing branch of transport in Poland. Since 
2010, there has been an increase in performed operational 
work by 17% (Fig. 2). In the case of freight transport, ac-
cording to [27], the annual forecast volume dynamics of the 
total demand for freight transport in rail transport is to in-
crease depending on the scenario, from 13.4% to even 25% 
(Fig. 3) by 2030. Even considering the most pessimistic 
forecast, this will translate into a significant increase in rail 
transport. 

 
Fig. 2. Operational work in passenger rail transport in Poland  

in 2010–2019 (standard-gauge transport) [1] 

 

Fig. 3. The projected volume of the total industry demand for freight 
transport by rail in Poland (carried out by Polish and foreign carriers) [27] 

The growing demand for rail transport in Poland is real-
ized on the railway lines, whose total length is 19,235 km 
[25]. With this value, there are 6.2 km of railway lines per 
every 100 km2 of the country's land area. Presented as ratio 
of rail line length per 10 thousand people, this value is  
5 km. The density of the railway network in Poland is not 
high when compared, for example, to the situation in the 
neighboring country – the Czech Republic – where the 
same indicators are almost twice as high [13]. The electri-
fied lines in Poland with a total length of 11,894 km consti-
tute 62% of the total network size. However, electrification 

(Fig. 4) and the density of railway lines in the country are 
not uniform. Especially in the areas of eastern Poland, the 
share of railway lines with electric traction has a low per-
centage. For example, in the Podlaskie Voivodeship the 
electric traction is only 219 km out of 759 km (29%), in the 
Lubelskie Voivodeship 416/1048 km (40%), and in the 
Podkarpackie Voivodeship 370/978 km (38%) [25]. This 
means that only rail vehicles equipped with a drive system 
that can operate independent of electric traction can travel 
on most of the railway routes in these areas. In practice, this 
means locomotives and multiple units equipped with diesel 
engines. 

 
Fig. 4. Share of electrified railway lines in individual voivodships in 

Poland  

The planned increase in the number of rail transport op-
erations, both passenger and freight, requires carriers to 
have an appropriate sized rolling stock, including units that 
can operate fully independent of electric traction. In addi-
tion, the demand for rail transport will also increase the 
amount of shunting work performed mainly by rail vehicles 
with a diesel engine. Currently, 109 diesel passenger loco-
motives and 269 diesel traction units are used in passenger 
transport [21]. In the case of freight rolling stock in Poland, 
there is a constant trend of increasing use of diesel locomo-
tives, characterized by greater operating autonomy, com-
pared to electric locomotives [26] (Fig. 5). 

 
Fig. 5. Freight locomotives in Poland in the years 2012–2018  

In Poland, the most frequently used rolling stock was 
manufactured between 1970 and 1980. This means that  
a large part of the locomotives were still manufactured in 
the times when there were no exhaust emission norms or 
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when the regulations in force related to the reduction of 
engine exhaust emissions were very liberal. The average 
age of freight diesel locomotives in Poland is 36.9 years 
[26], and passenger diesel locomotives 41.7 years [21]. 
Additionally, worn-out shunting locomotives constitute a 
large share of diesel locomotives in the country. As a result, 
in 2018 over 80% of diesel locomotives were over 40 years 
old [15]. Due to the significant age of rail vehicles and the 
continuous aging process, rail carriers have been increasing 
the locomotive utilization index since 2016 in order to 
improve the efficiency of their operation and work organi-
zation (Fig. 6). These activities translated into a relative 
increase of the discussed indicator by 18.9% from 2016. 

 
Fig. 6. The use of locomotives in Poland according to the daily quantity in 

years 2011–2018 

A significant portion of the rolling stock in Poland is at 
an advanced stage of wear and tear. This situation is point-
ed out by the President of the Office of Rail Transport in 
Poland: “The figures provided show how large the scale of 
rolling stock investments is needed in the upcoming 10 
years” [15]. For this reason, the Ministry of Infrastructure 
introduced the National Railway Program that is to last 
until 2023, which includes a number of railway investments 
[19]. The effects of the project include planned investments 
in rolling stock. By 2023, investments of approximately  
€ 360 million are expected to cover 116 electric locomo-
tives and 168 diesel locomotives (Fig. 7). In the case of 
diesel locomotives, the operations are to include renovation 
and modernization of old vehicles, purchase of used vehi-
cles, lease and purchase of new vehicles (Fig. 8). 

 

 

Fig. 7. Investments into diesel and electric locomotives planned for 2023 
in Poland (for the group of surveyed carriers performing 80% of national  
 transport operations)  

 
Fig. 8. Number of diesel locomotives included in the planned investments 

until 2023 in Poland (for the eight surveyed carriers)  

3. Locomotive modernization process 
3.1. Extent of works 

Modernization works are a very complex processes that 
require vast knowledge and an experienced team of special-
ists and engineers from the railway sector. The TEM2 lo-
comotive modernization project was created by the 
Łukasiewicz Research Network – Institute of Rail Vehicles 
"TABOR" in Poznań. All repair and modernization works 
were carried out by Pojazdy Szynowe PESA Bydgoszcz 
S.A. 

The project included a number of activities related to 
the overhaul of the frames and bogies, as well as modifica-
tions that allowed for the installation of a new drive system 
and body. The most important of them were: 
− Replacing the drive system, 
− Installation of a new, autonomous driver's cab with two 

independent desks and seats, control cabinets, cameras 
facilitating operation and improving safety, 

− Installation of the control and diagnostics system, 
− Replacement of the pneumatic control cabinet, 
− Installation of a new anti-slip system when starting and 

braking, 
− Installation of a new air preparation and treatment sys-

tem with a screw compressor driven by an electric mo-
tor,  

− Installation of devices related to safety in motion and 
devices related to radio communication, 

− Installation of electronic recorders of operating parame-
ters and speedometers, including the ability of remote 
viewing of selected data, 

− Modernization of the brake lever system on the bogey, 
− Installation of a permanent fire control system with 

aerosols. 

3.2. Generator set 
One of the main goals of the modernization process was 

to replace the engine unit. The worn-out PD1M combustion 
engine manufactured in the USSR was replaced with a type 
12V4000R84 MTU engine. This engine with a power of 
1800 kW at 1800 rpm and dimensions of 2675×1700×2005 
mm, dedicated to rail transport, meets the Stage IIIB emis-
sion norms [3]. The generator set was also replaced along 
with the internal combustion engine – the main generator 
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and the auxiliary JENOPTIK generator, and a built-in recti-
fier. The main generator, adapted to the specific working 
conditions in railway vehicles, had a rated power of 1800 
kW. The generator's operating range was between 600 and 
1800 rpm. The maximum current was 6600 A, and the 
maximum voltage was 750 V. The 120 kW synchronous 
auxiliary generator with a voltage of 3×450 V AC was 
directly flanged to the main generator. Figure 9 shows the 
generating set before and after the modernization. 

 

 
Fig. 9. View: top – generator set with engine type PD1M (before moderni-
zation) and bottom – generator set with engine type MTU 12V4000R84  
 (after modernization) 

 
The process of replacing the main engine was highly 

complex. The installation of the internal combustion engine 
gave rise to many construction and design challenges that 
had to be completely resolved during the modernization of 
the locomotive. The installation of a modern engine con-
cerned not only the main propulsion unit but also connected 
devices and secondary systems. Examples include the po-
wer supply system, the cooling system with the pre-heater 
system and the hydrostatic fan, the exhaust system with the 
Diesel Particle Filter (DPF), and the air intake system with 
its filters. The installation of the internal combustion engine 
also required precise data from the manufacturer on the 
engine attachment method to the locomotive's frame, cou-
plings of the engine with the generator set, and mounting of 
the hydrostatic pump of the radiator fan drive. Data on the 
values of maximum negative pressures in the fuel systems 
and air consumption in various operating conditions were 
also required. The MTU 12V4000R84 internal combustion 
engine attached to the frame with peripheral devices is 
shown in Fig. 10. 

 
Fig. 10. MTU 12V4000R84 combustion engine, where: 1 – exhaust gas 
recirculation cooler (EGR cooler), 2 – charge air cooler (high tempera-
ture), 3 – air inlet, 4 – exhaust gas driven turbocharger (high pressure), 5 – 
exhaust gas driven turbocharger (low pressure), 6 – venting crankcase, 7 – 
exhaust outlet, 8 – oil heat exchanger, 9 – engine coolant inlet, 10 – charge 
air coolant outlet, 11 – coolant pumps (LT/HT), 12 – elastic support, 13 – 
cylinder head, 14 – starter control module (POM), 15 – engine oil sump, 
16 – power receiver on the drive side, 17 – charge air cooler (low tempera- 
 ture) 

3.3. Selection of the intake duct 
The constructors' task was to meet the requirements 

specified by the manufacturer. Verification of the correct 
operation of individual systems was also possible thanks to 
simulations and computer analyzes. They ensure the correct 
speed of operation and eliminate the need to carry out some 
of the time-consuming and costly bench and dynamic tests. 

An example of how analyzes and computer simulations 
can be used in the design phase of the modernized locomo-
tive were CFD (Computational Fluid Dynamics) simula-
tions of air intake necessary for the combustion process. 
The installation of the new internal combustion engine 
required the design of an air intake duct to have an optimal 
shape that connects the engine turbocharger with air filters. 
The duct had to have a sufficiently low level of flow re-
sistance, which was to make it easier to cover the air de-
mand. The turbocharger is able to take the required amount 
of air into the inlet channel with a new filter installed only 
for pressure drops not greater than 2500 Pa. In the case of  
a dirty filter, the pressure drops may not exceed 3500 Pa. 
The new air filter generates a pressure drop of 1000 Pa for 
the air flow of 1.1 m3/s. Therefore, the airflow through the 
duct with the new filter can operate correctly with a pres-
sure drop of 1500 Pa in the inlet ducts. Due to the lack of 
space when installing the engine, it was necessary to use  
a strong bend of the inlet channel with a radius of 200 mm. 
The inlet conduit at the bend was a flexible hose with  
a length of 500 mm. According to the manufacturer's speci-
fication, the pipe had a smooth surface, therefore, for simu-
lation purposes, it was decided to model this element as  
a steel pipe. 

Three configurations of the inlet channel were created 
and labelled: A, B and C. Numerical models 1, their divi-
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sion into finite elements 2 and the flow velocity distribution 
3 in the described systems were shown in Fig. 11. Due to 
the software requirements, the inlets and outlets of the test-
ed parts were closed. An atmospheric pressure of 1013.25 
hPa was applied to each air inlet to the system. At the outlet 
of the system, the value of the air volume flow required to 
be delivered to the turbocharger was set at 1.1 m3/s. 

The flow resistance values occurring in the inlet chan-
nels for a given configuration were obtained through the 
performed simulations. The highest flow resistance was 
observed in the system A – 2028 Pa. System B generated  
a loss of 1122 Pa in the intake channel. The smallest values 
of flow resistance occurred in configuration C – 522 Pa. 
The permissible pressure drop level of the air stream going 
into the turbocharger, which was 1500 Pa, was met by the B 
and C systems. The C system turned out to be the most 
advantageous configuration. Thanks to the laminar flow of 
the air stream and the use of an elastic duct with a constant 
cross section the generated flow resistance values were the 
smallest in the system C, despite having a more complex 
shape than system B. In addition, system C takes up much 
less space, which facilitates servicing and maintenance 
actions thanks to the ease of access to other engine compo-
nents. 

4. Results of modernization 
After modernization the SM48 (TEM2) locomotive was 

designated as 19D. The new design adopted a modular 
structure for the locomotive. Thus, the vehicle has been 
built into block sections that could be mounted inde-
pendenlty. The design was divided into: refrigeration-
compressor, generator set, driver's cab, and electro-
pneumatic (Fig. 12) compartments. The internal combus-
tion engine with the generator – the generator set compart-
ment – were installed on the underframe. The compressor 
set, the traction cabinet and fans of the traction motors were 
also attached to the body frame. The remaining sections 
were made so that they could be lifted with an overhead 
crane during service and maintenance work. In addition, the 
modules were equipped with flaps, multi-wing doors and 
removable roofs to facilitate access and accelerate the re-
placement of damaged elements. Figure 13 shows the 
arangement of the main devices in the locomotive. The 
modular construction of the locomotive allowed for the 
acceleration of design and production works, and also al-
lowed for the efficient preparation of construction and 
technical documentation.  

 

 A B C 

1 

 
 

 

2 

 
 

 

3 

 

  

Fig. 11. CFD simulations of the intake systems in configurations A, B, and C of the 19D locomotive: 1 – numerical models, 2 – division of numerical 
 models into finite elements, 3 – distribution of air velocity 
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Fig. 12. Arrangement of the main compartments on the 19D locomotive (left and top view) 

 

1. generator with MTU combustion engine, 
2. exhaust muffler with a particulate filter,  
3. exhaust outlet pipe,  
4. fans of the machinery section – power 

generator,  
5. air intake system for the combustion 

engine with air filters,  
6. regulation tank of the internal combus-

tion engine cooling system,  
7. cooler system,  
8. fans of the combustion engine cooling 

system,  
9. WEBASTO water heaters,  
10. REBS system for wheel flange lubrica-

tion, 
11. pneumatic board and auxiliary air tanks,  
12. JENOPTIK converter cabinet,  
13. devices of the MV and LV cabinets,  
14. fan of traction motors 

– bogey I,  
15. fan of traction motors 

– bogey II,  
16. driver's cabin air conditioner – cooler,  
17. water basin water tank,  
18. fuel tank,  
19. fuel pre-filter,  
20. air compressor with air treatment system, 

compressor control system,  
21. system of external cameras,  
22. bateries,  
23. halogen and LED headlights,  
24. multi-control sockets,  
25. SHP electromagnets,  
26. GPS antenna,  
27. radio control antenna,  
28. sandbox,  
29. main air tanks. 

Fig. 13. Arrangement of the main components on the 19D locomotive 

 

 

Machinery section 
refrigeration-
compressor 

Machinery section 
generator 

Driver’s cab Machinery section 
electro-pneumatic 

  Riding system – bogie I Riding system – bogie II 
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The 19D locomotive, after modernization, had a maximum 
power of 1350 kW at the wheel circumference, a tractive 
force of 122 kN and a tractive starting force of 455 kN. The 
vehicle could travel with a continuous speed of 40 km/h. 
Additionally, the designers made sure that the locomotive 
could be operated with multiple traction as an option.  
A summary of the basic locomotive parameters before and 
after the modernization was presented in Table 1. 

The modernization of the 19D locomotive in terms of 
the drive system was planned in an effort to meet the re-
quirements of the Stage IIIB exhaust emission norms, ac-
cording to Directive 2004/26/EC of the European Parlia-
ment, in the scope of limiting the exhaust emission of gase-
ous pollutants and particulates [9]. The modern MTU 
12V4000R84 engine installed in the locomotive meets the 
above-mentioned limits. The worn-out PD1M unit, which 
was replaced from the vehicle, met the exhaust emission 
limits specified in the ORE B13 standard, which was in 
force until 1981. The presented test was carried out in real 

operating conditions (Fig. 14). There is a large range of 
variability of the parameters (in terms of rotational speed 
and load). The conditions have a negative impact on the 
emission of pollutants, as presented in the paper [23]. The 
obtained results were compared with the standards for 
which tests are performed under steady engine operating 
conditions. 

 
Fig. 14. Example of exhaust emission for a diesel engine of the locomotive 

SM48 (19D) 

Table 1. Basic locomotive parameters before and after modernization 

No. Device, parameter Unit Value 
Before modernization After modernizaion 

1. Base locomotive manufacturer – USSR MZ Briańsk 
2. Type – TEM2 19D 
3. Service weight of the locomotive [Mg] 118-3% 

4. Top speed [km/h] 100 

5. Transmission type – electric electric 
DC–DC AC–DC 

6. Brake main – Matrosow MH 
parking  spring 

7. Traffic safety devices – none SHP, CA, RS 

8. Combustion engine 

manufacturer – USSR MTU 
type – PD1M 12V 4000 R84 

rated power [kW] 883 1800 
engine speed [rpm] 750 1800 

exhaust emissions – No data EU 26/2004 
 stage III B 

fuel consumption g/kWh 229 202+5% 

lubricant consumption g/kWh No data 0.2% of the fuel consumed 

9. Main generator 

manufacturer  
 
 

[kW] 

USSR 
GP-300BU2 

 
780 

JENOPTIK 
SDV 95.50-12 

 
1800 

type 
continuous  
rated power 

10. Auxiliary generator 

manufacturer – 
 
 

[kW] 

USSR 
 

MWG-25/IIU2 
5.75  

 
JENOPTIK 

SDV 60.26-12  
 

120 

continuous  
rated power 

11. Traction motors 
type – 

 
kW 

ED 118 AU2 
continuous  
rated power 105 ~245 

12. Control circuit voltage [V] 75 24 
13. Control system – electric digital 

14. Air compressor 

type, supply 

m3/min 

piston, 
from the crankshaft 

 
4.6 

screw, 
electric motor, 3x400 VAC, 

22 kW 
2.9 

air output 

15. Radiator fan drive – Cardan shaft hydrostatic – stepless speed 
control 

16. traction motors fans drive – belt transmission electric motor, 3x400 VAC 

17. Driver’s cab –  

new equipment that meets 
the current requirements in 
terms of ergonomics and 

work safety 

18. Fixed fire extinguishing device in the engine com-
partment – none aerosol generator 
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5. Conclusions 
The 19D locomotive project is an example of how the 

3D environment can be used in design and construction 
works. By creating the locomotive model, and performing 
analyzes and simulations the work was significantly accel-
erated, which contributed to reducing the overall costs of 
vehicle modernization. In the described locomotive, mod-
ern assemblies and systems were used, which increased the 
reliability and extended the maintenance intervals. 

The main aim of the article was to present the activities 
related to the modernization of the SM48 (TEM2) locomo-
tive, in particular the equipment used and the work carried 
out on the vehicle drive system. The modernized locomo-
tive was characterized by low environmental impact. The 
use of the modern 12V4000R84 internal combustion engine 
manufactured by MTU, which meets the Stage IIIB emis-
sion norms, has significantly reduced the generated exhaust 
emissions. The drive unit was characterized by lower spe-
cific fuel consumption – 202 g/kWh – and consequently 
higher efficiency. In addition, the new engine has twice the 
power of the previous one. As a result of the modernization, 

the 19D locomotive is the locomotive with the highest rated 
power of this type in Poland. The vehicle was put into use 
by carriers, where it currently performs the most difficult 
maneuvering and shunting works and is used to move 
heavy freight trains. 

To sum up, given the current technical condition of the 
railway infrastructure and rolling stock, as well as its aver-
age age, the modernization of rail vehicles in Poland is  
a procedure necessary to improve the technical level, relia-
bility and operating safety of the existing rolling stock. In 
addition, this type of activity increases the drivers work 
comfort as well as making the vehicle maintenance easier. 
For this reason, the purchase of new units, along with reno-
vation and modernization of older rolling stock should be  
a permanent part of the activity of the railway carriers in 
Poland. 
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Nomenclature 
CFD Computational Fluid Dynamics 
DPF Diesel Particle Filter 
Stage IIIB European Non-Road Emission Standard 
MTU A manufacturer of internal combustion  

engines 
ORE B13 A regulation of emission limits  

SHP Automatic braking system 
REBS A manufacturer in Germany 
EGR Exhaust Gas Recirculation 
LT/HT Low Temperature/High Temperature 
POM Power Output Module 
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New rail-road tractor with a combustion engine and an alternative electric drive 
 

The paper presents the general concept of an innovative rail-road tractor solution. The innovation of the solution is characterized by 
equipping the combustion engine tractor with an additional electric drive for the wheels of the rail drive system. The options of using the 
tractor in operation along with rolling stock were presented. The results of preliminary conceptual work on the selection of electric 
propulsion and energy storage devices to power electric motors has been illustrated. Directions for further conceptual and design 
research were also determined. The aim of the paper is to popularize the results of the performed research work carried out at the 
Institute in the field of rail-road vehicle development. 

Key words: rail-road tractor, combustion engine, electric drive system 
 
 
1. Introduction 

The rapid consumption of fossil fuel and increased envi-
ronmental damage caused by it have given a strong impetus 
to the development of fuel-efficient vehicles. Hybrid elec-
tric vehicles (HEVs) have evolved from their inchoate state 
and are proving to be a promising solution. Not only do 
HEVs provide better fuel economy and lower emissions 
satisfying environmental legislations, but also they dampen 
the effect of rising fuel prices on consumers. HEVs com-
bine the drive powers of an internal combustion engine and 
an electrical machine [10]. 

The directions of road and rail vehicle drives develop-
ment aim to implement hybrid and electric drives due to 
their ecological and economic advantages. The state of the 
art in the field of energy storage devices enables the design 
of fully or partially electrically powered vehicles [2, 4]. 

Existing energy storage in the form of battery packs, 
e.g. lithium-ion, do not ensure satisfactory mileage of motor 
vehicles or operating time of electric drives and require the 
vehicle to be shut down in order to recharge the battery.  

Robust and affordable batteries are a primary challenge 
for hybrid vehicles. Various HEV battery compositions 
have been tried in the past with the best results from lithi-
um-ion derivatives. Battery should be able to supply high 
power over short periods and must be capable of enduring 
millions of transient shallow cycles over vehicle life. [10]. 

In the case of hybrid diesel-electric vehicles, continuous 
operation of the vehicle is possible through appropriate 
synchronization of the cooperation of the internal combus-
tion engine with the electric drive system.  

The conducted literature review revealed a small and 
lacking stock of domestic and foreign publications on the 
subject of rail-road vehicles with HEV drives. This article 
is based mainly on the experience of the designers and 
producers of rail-road vehicles from the Łukasiewicz Re-
search Network – Institute of Rail Vehicles "TABOR" 
included in several publications. A previous study [7] pre-
sents the parameters and design features of the base tractor, 
which was selected for adaptation to a rail-road vehicle. 
The process of creating a road-rail tractor by equipping the 
base tractor with devices that make it possible to adapt it for 

track driving and shunting work with wagons was described 
in [8]. The simulation results of derailment safety tests [3] 
showed that with the minimum pressure of the rail rollers 
on the track (pressure in the actuators being 1.5 MPa), the 
criteria for safe travel through the standard test track curve 
with a radius of 150 m were met. In the publication [5], the 
Authors presented characteristics of rail-road vehicles de-
signed at the Institute. The study [9] discussed the design 
features and the possibility of using a rail-road tractor for 
shunting works on railway tracks and other specific works 
on both railway and road infrastructure.  

Having a well-developed rail-road vehicle and also 
wanting to respond to the developing trends in HEV vehi-
cles, in Łukasiewicz – IPS "TABOR", an indirect diesel-
electric drive system between the electric and hybrid drive 
was proposed. The main drive system is an internal com-
bustion engine, during engine operation the energy storage 
systems are charged, and within a limited time defined by 
the capacity of energy storage, it is possible to drive solely 
using the electric motors. This drive concept is planned to 
be implemented in the C120 type rail-road tractor shown in 
Fig. 1 (based on the CLAAS Arion 610 diesel agricultural 
tractor), which is intended for shunting works on railway 
sidings in open areas. 

 

 
Fig. 1. Rail-road tractor design based on the CLAAS Arion 610 
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A diesel-electric tractor may be used in locomotive 
sheds, railway depots and rolling stock repair plants. In 
such cases, there is a need to push the rolling stock from the 
open space to an enclosed inspection or repair hall, where 
the emission of exhaust gases becomes harmful to the staff 
engaged in maintenance or repair of the rolling stock. 

The proposed concept of the diesel-electric drive allows 
the drive to be switched from combustion to electric mode 
before moving the rolling stock into enclosed spaces, elimi-
nating harmful exhaust emissions. 

The maximum possible tractive force of the tractor in 
the electric drive mode, determined by the weight of the 
tractor and the adhesion of the driving rollers of the rail 
running gear, is (theoretical/maximum force resulting from 
the assumed coefficient of friction and tractor weight): 

 F = Q · μ = 100 kN · 0,3 = 30 kN (1) 

where: Q – total pressure of the rollers of the rail running 
gear on the track rails, µ – maximum friction coefficient of 
the drive rollers against track rail heads. 

With such tractive force, a set of 20 passenger wagons 
can be brought into the hall, e.g. at the Warsaw–Grochów rail 
station. To achieve the tractive force of a tractor with a value 
of ~30 kN, it is necessary to install electric motors of appro-
priate power and sufficient energy storage to power them. 

Based on the conducted analyzes, it can be concluded 
that classic slow-running asynchronous motors, due to their 
dimensions, can provide ~20 kW of power, which is insuf-
ficient to generate a tractive force of ~30 kN. 

The conceptual work focused on increasing the energy 
storage capacity in order to extend the tractor operating 
time in electric driving mode and the use of a classic asyn-
chronous electric motor to drive the rail axis rollers. 

2. Tractor design concept 
The tractor concept based on classic low-rpm asynchro-

nous motors was shown in Fig. 2. 

 
Fig. 2. Schematics of the rail-road tractor with a diesel-electric drive 
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The tractor construction design was presented in more 
detail in [6]. 

In order to convert the currently manufactured diesel-
powered tractor into a diesel-electric tractor, it was 
equipped with the following additional devices: 
− electric drive system for the guide rollers mounted on 

the rail chassis 1 
− energy storage systems 2 
− the necessary electric power supply and current control 

devices 3 
− a generator for charging the energy storage devices 4 
− an electric motor to power the railway brake compres- 

sor 5. 
In the diesel driving mode, the tractor rests with its tires 

on the rail heads, driving and braking the tires on the track 
rails with the natural forces of friction that occur. The coef-
ficient of friction of the tires on the rails as well as the vehi-
cle mass and the power of the internal combustion engine 
(characteristics shown in Fig. 3) allows for a tractive force 
of ~55 kN to be achieved on the pull-buffer systems, which 
enables the rolling of 10 freight wagons with a total weight 
of 800 tons. 

 

 
Fig. 3. Characteristics of the combustion engine of the tractor CLAAS 

Arion 610 [12] 
 
When driving with the use of the electric drive, the trac-

tor is raised by means of hydraulic cylinders to a height 
where the tires lose contact with the track rails. The entire 
weight of the tractor rests on the driving rollers of the rail 
running gear. With a tractor weight of ~10 tons and a roller-
rail friction coefficient of 0.3–0.35, a tractive force of 30 to 
35 kN can be achieved. At this stage of the concept, the 
traction capabilities of the tractor were not used due to the 
limited power of the installed electric motors due to their 
large dimensions. 

The assumed technical and operational parameters of 
the tractor were: 
− maximum total weight of the road-rail tractor – 10200 

kg, 
− the main drive system of the tractor to use on the tracks 

– internal combustion engine, 
− supplementary drive system for driving the tractor on 

tracks – electric motor, 
− powering electric motors – a set of lithium-ion batteries, 

− battery charging – external or generator ~ 3.0 kW, 
− maximum tractive force of the conventional drive  

– 55 kN, 
− maximum tractive force of the electric drive – 15 kN, 
− supply voltage of the electric motors – 400 V, 50 Hz, 
− total power of electric motors – 18.4 kW (2 motors at 

9.2 kW), 
− energy storage systems capacity – 20 kWh, 
− weight of the attached rolling stock – max 250 tons, 
− maximum working time in electric driving mode ~1.0 h. 

3. The energy storage system 
The diesel-electric hybrid drive is characterized by cy-

clic recharges and discharges of the battery. The nominal 
battery charge (SOC) is approximately 50% (Fig. 4). The 
use of Ni-MH batteries means that their charge/discharge 
level is not too high – it is in the range of 40–60%. The use 
of Li-Ion batteries allows for much higher threshold values: 
up to 80% SOC when charging and down to about 20% 
when discharged. If the typical range for a battery is 25–
75% SOC, this means that the capacity of the battery used 
must be twice as large as the intended capacity [1].  

Due to the above, it was decided to build a new custom 
device using the available existing lithium-iron-phosphate 
(LiFePO4) batteries.  

 

 
Fig. 4. Conditions for charging and discharging typical battery systems in 

hybrid drive systems [1] 
 
The energy storage system was placed on the roof of the 

tractor cab due to the sufficiently large mounting surface of 
the frame attached to the brackets welded to the cab sup-
porting pillars. The battery system with dimensions of ap-
prox. 2000 × 1600 × 400 mm holds 784 batteries with di-
mensions of 38 × 146 mm each (Fig. 5).  

Thus a container with the following parameters was ob-
tained: 
− total storage capacity ~25 kWh, 
− assumed usable energy of the battery system ~20 kWh, 
− total mass of the cells – 260 kg, 

A single battery and its discharge characteristics were 
shown in Fig. 6. 
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Fig. 5. Energy storage system schematic  

 

 
Fig. 6. A single battery cell and its discharge characteristics [11] 

 
Characteristics of a single battery cell: 

− voltage – 3.2 V 
− capacity – 10 Ah 
− internal resistance <6 mΩ 
− charging voltage – 3.65 V ±0.05 V 
− energy density – 105 Wh/kg 
− technology – lithium-iron-phosphate (LiFePO4) 
− maximum discharge voltage – 2.5 V–2.0 V 
− standard charging current – 0.5 C (5 A) 
− standard charging time – 2 h 
− maximum constant charging current – 2 C (20 A) 
− standard discharge current – 1 C (10 A) 
− maximum continuous discharge current – 3 C (30 A) 
− pulse discharge current – 10 C (100 A) 
− operating temperature range:  

• charging 0–45ºC 
• discharging –20ºC–65ºC 

− screw connections – M6 at "+" and "–" 
− dimensions – 38 × 146 mm (with M6 screws) 
− mass – 330 g 
− lifespan – over 2000 cycles (80% of capacity when 

charging with 1 C current) 
− possibility of combining into larger systems 

Advantages of presented battery cells: 
− long lifespan 
− no memory effect 
− low passive-discharge 
− high "peak" power 
− high energy density 
− high storage capacity with high charge and discharge 

currents. 
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4. Rail axle assembly 
The vehicle is equipped with two sets of rail axles in-

stalled at the front and the rear of the tractor. In diesel driv-
ing mode, the role of the rail axles is to guide the vehicle 
along the track by means of guide rollers mounted at the 

ends of the axle. The vehicle drives and brakes using the 
tractor tires resting on the rail heads of the track. 

In the electric drive mode, the tractor drives and brakes 
using the guide rollers coupled with an asynchronous elec-
tric motor. An example of a drive solution for the rail axle 
rollers was shown in Fig. 7. 

 

 
Fig. 7. Rail axle assembly with a double reduction gearbox 

 
The axle assembly consists of the following compo-

nents: 
− axle 1 with rocker arms 2 
− guide rollers 3 with toothed ring 4 
− gear 5 
− electromagnetic clutch 6 
− split muff coupling 7 
− asynchronous motor 8 
− brake pad 20. 

The asynchronous motor 8 is installed in the middle part 
of the axle 1. The motor has a drive shaft that extends to 
both sides of the motor. The shaft 9 of one part of the elec-
tromagnetic clutch 6 is connected to the drive shaft of the 
motor by a split muff coupling 7. The shaft 9 is mounted in 
the housing 10 attached to the axle 1. The other part of the 
clutch 6 is mounted on the shaft 11, mounted in the sleeves 
12 and 13. The shaft 11 has a small toothed wheel 14 con-
nected with the larger toothed wheel 15, which is attached 
to the shaft 16 mounted on a bearing in the housing 17 
welded to the bracket 18, which is then mounted on the axle 
1. At the other end of the shaft 16 there is a small toothed 

wheel 19, which cooperates with the toothed ring 4 made in 
the guide roller 3. 

The gear ratio between guide rollers 3 and the toothed 
wheel 19 is 8.6. The gear ratio of the gear 5 is 3.1. The 
overall ratio between the revolutions of the motor and the 
revolutions of the guide rollers is 26.66 ≈ 27. 

The previously developed solutions of the rail axle roll-
er drive concept [6] were limited to the use of one toothed 
gear with a gear ratio of 8.6. In this case, at the nominal 
motor speed of 1420 rpm, the vehicle would be moving at a 
speed of ~15 km/h. In shunting traffic, the speed of 3–5 
km/h is safe. Thus, an additional toothed transmission was 
used to reduce the theoretical speed of the vehicle to ~5 
km/h. When designing the additional gear 5, it was assumed 
that the gear housing would fit within the outer contour of 
the guide roller. The consequence of this assumption is the 
necessity to make an appropriate depression or bend of the 
axle 1 at the point of motor mounting to the axle 1. The 
drive solution shown in Fig. 8 does not have this disad-
vantage. 
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Fig. 8. Rail axle assembly with a planetary gear  

 
Figure 8 provides an alternative solution using a plane-

tary gear. In this guide roller drive concept, the drive shafts 
were arranged in one axis, which significantly simplifies 
the design of the drive system. A gear ratio of 3.55 was 
obtained in the planetary gear. The limitation of increasing 
the gear ratio is the distance of the shaft axis from the outer 
contour of the rail axle. 

The electric motor used in the project was an asynchro-
nous, three-phase motor with a double-sided shaft, type 
DELPHI 132MB-4-(IMB3) from the Italian company  
MOTIVE S.r.l (Fig. 9). 

 

 
Fig. 9. DELPHI 132 MB-4-(IMB3) electric motor [13] 

 
The technical parameters of the motor are as follows: 

− motor power – 9.2 kW 
− nominal motor speed – 1420 rpm 
− torque at nominal rpm – 61.6 Nm 
− number of poles – 4 
− motor mass – 55 kg 
− guide rollers torque: 

 MK = 61.6 · 30.55 = 1880 Nm
axle

 (2) 

− roller speed: 

 nK = 1420
30.55

= 46.5 rpm (3) 

− roller rotational speed: 

 ωK = nK
60

· 2π = 4.9 rad
s

 (4) 

− roller linear speed 

VK = RK · ωK = 0.25 m · 4.9
rad

s
= 

 = 1.22 m
s

· 3.6 = 4.3 km
h

 (5) 

− torque on the rollers of one rail axle: 

 FK = MK
RK

= 1880 Nm
0,25 m

= 7520 N ≈ 7.5 kN
axle

 (6) 

− tractor pulling force: 

 Fc = 7.5 · 2 ≈ 15 kN (7) 

In the analyzed example, the planetary gear ratio  
i = 3.55 was used. By increasing the gear ratio, e.g. to i = 4 
the tractive force can be increased to a value of F ≈ 20 kN. 

Conclusions 
The results of analyzes of the energy storage system se-

lection and two concepts of the guide roller assemblies of 
the rail drive system were presented. 

The surface of the tractor cab roof and the strength of 
the load-bearing pillars allows for mounting one layer of 
the energy storage system weighing ~260 kg with a battery 
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capacity ~20 kWh. The obtained energy capacity of the 
storage system allows for continuous operation in electric 
driving mode for 1–1.5 hour. It is possible to install addi-
tional energy storage units of smaller dimensions, e.g. on 
the front supporting structure of the pull-buffer system. 
This makes it reasonably possible to increase the energy 
capacity of the tractor battery system. 

Two drive system concepts for the tractor rail axle guide 
rollers were presented. A drive system with a planetary gear 
was selected for further analysis, with a proposal to in-
crease the gear ratio to i ≈ 4 in order to obtain a higher 
torque on the guide rollers. 

The conducted analyzes used standard, cheap, low-
speed asynchronous motors available on the market with  

a power of 9.2 kW, which allow obtaining a tractive force 
of ~15 kN. 

In order to use the full traction capabilities of the tractor 
in the driving mode using the electric drive (~30 kN of 
tractive force), it was necessary to search for an motor with 
greater rated power, which would achieve more than  
a twofold increase in torque on the rail axle guide rollers. In 
Poland, research is being carried out on the design of spe-
cialized motors for use in electric vehicle drives. The expe-
rience of manufacturing companies should be fully lever-
aged by establishing cooperation in further research works, 
such as between Łukasiewicz – KOMEL. 

The design solution used in the preliminary project draft 
was submitted for patent protection. 

 

Nomenclature 
F force 
M turque 
n speed 

V linear speed 
ω rotational speed 
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Analysis of exhaust emission measurements in rural conditions  
from heavy-duty vehicle  

 
Road transport holds for the largest share in the freight transport sector in Europe. This work is carried out by heavy vehicles of 

various types. It is assumed that, in principle, transport should take place on the main road connections, such as motorways or national 
roads. Their share in the polish road infrastructure is not dominant. Rural and communal roads roads are the most prevalent. This fact 
formed the basis of the exhaust emissions and fuel consumption tests of heavy vehicles in real operating conditions. A set of vehicles 
(truck tractor with a semi-trailer) meeting the Euro V emission norm, transporting a load of 24,800 kg, was selected for the tests. The 
research was carried out on an non-urban route, the test route length was 22 km. A mobile Semtech DS instrument was used, which was 
used to measure the exhaust emissions. Based on the obtained results, the emission characteristics were determined in relation to the 
operating parameters of the vehicles drive system. Road emission, specific emission and fuel consumption values were also calculated. 

Key words: heavy-duty vehicle, emission  test, exhaust emission  
 
 
1. Introduction 

Road transport has been observed to have the dominant 
position in the structure of land cargo transport in the Euro-
pean Union countries for many years. In 2017, 85% of all 
goods were transported using motor vehicles, and only 
11.7% by rail. The share of inland waterway transport ac-
counted for only 0.3% [8]. Such a configuration of the 
structure of cargo transport is the result of a number of 
factors. The most important one of them is the ability to 
deliver goods directly from the sender to the recipient only 
using one mode of transport. Currently, this is possible only 
with the use of road transport. This is difficult in other 
transport sectors because the rail and water infrastructure is 
not as extensive as road infrastructure. In most cases it is 
still necessary to also use motor vehicles to transport goods 
even when choosing a railroad or inland waterway as the 
main mode of transport. In this case, the most effective type 
of transport is intermodal transport using a single container 
unit throughout – like a car semi-trailer, container etc. This 
eliminates the need to unload and load the cargo itself, 
which extends the time and raises the transport cost.  

Due to the successive increase in the number of trans-
ported goods with the use of motor vehicles in most Euro-
pean countries, there is a problem with the capacity of the 
main thoroughfares and the road network in smaller towns, 
which results in the increase of road congestion. It also 
indirectly results from the location of industrial and logistic 
centers often located far from the main road arteries.  

The traffic intensity reduces of the efficiency of 
transport services (extending the time and increasing the 
cost of moving cargo) as well as having a negative impact 
on the natural environment – through the emission of harm-
ful exhaust components from motor vehicles. In countries 
with developed road and logistics infrastructure, this prob-
lem is not as significant as in the case of countries such as 

Poland, where this infrastructure is undergoing its quickest 
development stage in the current decades. According to the 
Transport Activity Results in 2017 report prepared by the 
Central Statistical Office [8] in Poland in 2017, a total of  
2 036 267 thousand tons of cargo were transported overall, 
of which up to 1 747 266 thousand tons, accounting for 
85%, were transported using motor vehicles. Most of these 
transport activities took place in the country – the share of 
this type of transport reached over 80%. Therefore, it seems 
reasonable to assess the impact of heavy vehicles perform-
ing transport work in diversified traffic conditions, done by 
measuring exhaust emissions using PEMS mobile analyzers 
[9]. This Measurements are currently performed for various 
groups of vehicles [4, 7] in the field of approval and re-
search purposes [6]. In the case of heavy-duty vehicles, the 
measurements are aimed at assessing the exhaust emission 
and fuel consumption under various operating conditions – 
urban driving, rural, an motorway [5, 9].  

2. Research methodology 
2.1. Test route selection criteria 

Road infrastructure in Poland consists of national, pro-
vincial, county and communal roads. In 2017, its total 
length was 422 302 km, of which the largest share of 58% 
were municipal roads (Table 1).  

 
Table 1. Polish road infrastructure between 2016–2017 [8] 

Road 
categories 

Hard Surface roads Unsurfaced roads 
2016 2017 2016 2017 

National 19 388 19 410 0.1 0.1 
Regional 28 920 29 083 43 41 
District 124 944 124 673 10 275 10 029 
Communal 246 983 249 135 115 604 112 588 

 
The smallest share in the road infrastructure that did not 

exceed 5% was made up by national roads. Based on this 
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information, it can be concluded that the national road 
transport of goods runs mostly along the so-called second 
category roads. This is also due to the location of industrial 
centers, which are mostly located in small and medium 
towns along roads of this category. 

The current tendency for the development of the indus-
trial and logistics network is to build leading centers in 
locations referred to as industrial districts that are close to 
the main thoroughfares [1]. Taking into account current 
trends in transport problems, eg. flow and organization of 
traffic for various scenarios in national transport system  is 
used programs for modelling this issues [2, 3]. The above 
facts were the main factor determining the choice of the test 
route on which emission measurements in real traffic condi-
tions were made. The route used for research began in the 
industrial district of the city of Koło, where the largest 
industrial plants are located, and where several dozen heavy 
vehicles are handled daily (Fig. 1). This district is located 
by the provincial road no. 270, which is also a transit route 
for motor vehicles with a permissible total weight over  
3 500 kg by the city of Koło. This route ends at the inter-
section with the national road No. 92 and passes into the 
provincial road No. 473. Both of these roads were included 
into the test route chosen by the authors, which ended at the 
A2 motorway interchange "Dąbie". The length of the route 
was 22 km, of which driving in urban conditions was 10%. 
The remaining part of the route was in extra-urban driving 
conditions. 

 

 
Fig. 1. The test route used in the on-road emission test of a heavy-duty 

vehicle [10] 

2.2. Research object 
For the research, the authors used heavy-duty truck 

(road tractors with semi-trailers) loaded with a cargo of  
24,800 kg (Fig. 2). The object had a V8 412 kW (560 KM) 
Euro V engine (Table 2). Vehicle was fitted with an auto-
matic transmission of the 12 + 1 configuration. Vehicle was 
also fitted with a driver monitoring system. The system, by 
a continuous analysis of signals from a series of sensors, 
provides real time hints and, upon end of trip, generates a 
report on the driving style.  

The hints and the evaluation are presented on a display 
and have 4 categories: driving uphill, predicting, braking 
and gear shifts. The idea behind the system is to continu-
ously improve the driving skills in terms of fuel consump-

tion and proper use of modern solutions such as: automatic 
transmission, retarder or EBS (Electronic Braking System). 

 

 
Fig. 2. The heavy-duty vehicle prepared to emission test  

 
 

Table 2. Characteristics of vehicles used for the tests 
Parameter Value 

Engine 
Displacement 15.6 dm3 

Number of cylinders/arrangement/ 8/V8 
Maximum power output 412 kW @ 1900 rpm 

Maximum torque 2700 N·m@1000–1400 rpm 
Unit power output index 10.3 kW/t 

Emission standard Euro V 
Exhaust gas aftertreatment SCR 

Vehicle and cargo  
Transmission Automatic 12+1 

Driver support system SDS 
Tractor axle configuration 4 × 2 

Curb weight including trailer 15 200 kg 
Cargo weight 24,800 kg 
Type of cargo Steel 
Type of trailer Canopy 

2.3. Test equipment 
The Semtech DS mobile measuring device (Fig. 3) from 

the PEMS group was used to measure exhaust emission and 
fuel consumption and measured the following parameters: 
a) concentrations of CO2, HC (hydrocarbons), THC (total 

hydrocarbons) and O2 (oxygen), 
b) flue gas mass flow rate, temperature and pressure of 

exhaust gases, 
c) temperature, pressure and humidity of the ambient air, 
d) the speed and location of the vehicle, 
e) basic parameters of the combustion engine operation 

recorded from the vehicle's on-board diagnostic system. 
 

 
Fig. 3. The Semtech DS work schematic 
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Semtech DS is one of the first compact systems for the 
measurement of exhaust emissions in real operating condi-
tions of vehicles. It consists of a central analyzer unit,  
a flow meter for measuring the exhaust mass flow rate, as 
well as temperature and pressure of exhaust gases. A sam-
ple of exhaust gases from the exhaust system is supplied to 
the central analyzer unit through a heated elastic pipe, 
which maintains the temperature of 191°C. This is to pre-
vent the condensation of hydrocarbon fractions on the walls 
of the pipe . 

3. Test results – analysis and discussion 
Analyzing the characteristics of the heavy vehicle oper-

ating time share determined in the speed and acceleration 
intervals, the vehicle dynamics when travelling the selected 
route was found to be low, which is confirmed by the high-
est rate of acceleration from 0–0.6 m/s2 representing 94% 
of total operating time (Fig. 4). During the tests, the vehicle 
moved at a speed of 0–24 m/s (0–86 km/h), with the largest 
share of speeds recorded in the range of 16–24 m/s  
(58–86 km/h). The vehicle obtained an average speed of  
54 km/h on the route. Such a heavy vehicle traffic profile is 
characteristic for navigating the so-called second category 
roads, because they often run through villages and small 
towns with speed limits. This confirms the obtained signifi-
cant share of the (0–16 m/s> speed range reaching 43%. 
When driving on motorways and expressways, heavy vehi-
cles obtain higher average speeds.  

 

 
Fig. 4. Characteristics of the operating time share in the ranges of vehicle 

speed and acceleration 
Referring the road conditions when conducting meas-

urements to the heavy-vehicle engine operation characteris-
tics confirms the presented thesis that the journey was char-
acterized by a small variation in acceleration. This is main-
ly due to the engine running in a narrow range of crankshaft 
rotational speed – the largest share accounted for the engine 
speed of 1200 rpm and reached 62% (Fig. 5). At this speed, 
the engine operated mainly in the medium load range of 
1200–2000 N·m. These types of engine operating parame-
ters can be defined as an approximate load characteristic, in 
the scope of which the engine obtains lower specific fuel 
consumption than in other operating points.  

The CO, CO2 and NOx emissions intensity were meas-
ured in the conducted road tests of a heavy vehicle. The HC 
emissions were intensity  not measured, as earlier studies 
showed that in the case of heavy vehicles meeting the Euro 
V standard and higher, HC emissions are negligible. The 

highest values of CO emission intensity were registered in 
the urban part of the test drive (Fig. 6a). It was caused 
mainly by high acceleration variability of the heavy vehicle 
due to the shape of road infrastructure. In the extra-urban 
part, the drive was characterized by smaller changes in 
speed, which translated into lower CO emission intensity. 
This was especially visible in the 600–1180 seconds of 
drive duration range. In terms of the general engine charac-
teristics, the highest values of CO emission intensity oc-
curred at the maximum torque of 2400–2800 N·m in the 
engine speed range of 1000–1600 rpm (Fig. 6b).  

 

 
Fig. 5. Characteristics of the operating time share in the ranges of engine 

speed and load 
 

 
 

 
Fig. 6. The emission intensity of CO with vehicle speed (a) and emission 

intensity in engine speed and load intervals (b) 
 
The NOx emission intensity characteristic was similar to 

the CO emission – the intensity increased with increasing 
vehicle speed (Fig. 7). In the urban part, the average NOx 
emission intensity value was 50.7 mg/s, which compared to 
the rural section is an increase of 50%. It should also be 
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noted that the test was started with the engine being in  
a stabilized thermal condition (coolant temperature was 
80°C), which eliminated any impact that the engine warm-
up phase could have on the SCR (Selective Catalytic Re-
duction) conversion rate which is responsible for NOx re-
duction. NOx reduction reactions in the SCR catalytic sys-
tem are preceded by the injection of 32.5% of urea into the 
outlet system, from which the ammonia constituting the 
reducer is formed.  

 

 
 

 
Fig. 7. The emission intensity of NOx with vehicle speed (a) and emission 

intensity in engine speed and load intervals (b) 
 
This injection takes place only when the exhaust gas 

temperature is greater than 200°C and the NOx concentra-
tion exceeds 500 ppm. From this it follows that the main 
factor determining the intensity of NOx emissions during 
road tests was a relatively large proportion of the heavy 
vehicle starting to move after being stationary. This trans-
lated into higher crankshaft speed values and higher engine 
load – in the range 1600–2800 Nm at 1400–1600 rpm. The 
highest NOx emission intensities were recorded in these 
combustion engine operating points. 

In the case of CO2 emission intensity, its increase, relat-
ed to the acceleration of the vehicle, was also recorded  
(Fig. 8a). CO2 emission is representative of the fuel con-
sumption, so in sections where CO2 emission reaches max-
imum values the obtained fuel consumption is greatest. For 
a travelling heavy vehicle the highest fuel consumption 
occurs when accelerating, where the engine generates in-
creased torque compared to when driving at a constant 
speed. The measurements carried out mirrored the relation 
described above (Fig. 8b). The highest values of CO2 emis-
sion intensity were obtained when the engine was operating 
under maximum load.  

 
 

 
Fig. 8. The emission intensity of CO2 with vehicle speed (a) and emission 

intensity in engine speed and load intervals (b) 

4. Conclusion 
Based on the measured values of exhaust emission in-

tensity, vehicle speed and the registered combustion engine 
operating parameters of the tested vehicle the road and 
specific emissions of CO, NOx, CO were determined as 
well as the fuel consumption value. The vehicle road emis-
sion values were: 
a) CO – 1.7 g/km; 
b) NOx – 2.4 g/km; 
c) CO2 – 836.9 g/km. 

While the specific emission values were: 
a) CO – 1.3 g/kWh; 
b) NOx – 1.8 g/kWh; 
c) CO2 – 605.1 g/kWh. 

On the test route the vehicle obtained a fuel consump-
tion of 30.9 dm3/100 km. Based on the Authors own expe-
rience in road emission tests of heavy vehicles it was con-
cluded, that the obtained fuel consumption on the extra-
urban route was small compared to the mixed driving con-
ditions. Previous research conducted by the authors [5] 
done using the same vehicle in conditions of combined 
urban and extra-urban driving can be used as an example. 
On said route the fuel consumption obtained was 37.1 
dm3/100 km, which was 20% higher compared to the value 
for extra-urban driving conditions. Comparing the specific 
exhaust emission values of CO and NOx from the test drive 
to the limit values defined in the Euro V norm it was con-
cluded, that these values are below the set limit. Hence, 
despite the fact that the tests were performed on so-called 
second category roads, the test drive was characterized by 
small variability of vehicle acceleration values, which in 
turn resulted in relatively small specific emission values of 
CO, NOx as well as low fuel consumption of the heavy 
vehicle. 
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a acceleration 
CAN Controller Area Network 
EBS Electronic Braking System 
GPS Global Positioning System 
PEMS Portablem Emission Measurement System 

sj share 
SCR Selective Catalytic Reduction 
SDS Driver Support System 
T torque 
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The possibility of energy consumption reduction using the ECO driving mode 
based on the RDC test 

 
The greenhouse effect and overall climate changes are the main reasons for developing ecological powertrain units 

dedicated to road vehicles. An electrical drivetrain without using conventional combustion engines fueled by hydrocarbon 
fuels is an effective method to significantly reduce CO2 emissions from the fleet. It is particularly vital in 2020 emission 
regulations aspects, and continuously the number of vehicles increasing. In this paper battery electric drive system of a 
small size passenger car was analyzed in terms of two different drive modes in cooperation with two recuperative braking 
modes. The research was carried out with real driving condition test requirements and driving parameters recording. 
Based on data obtained from OBD signals, energy flow and torque distribution have been specified. In results, overall 
reducing energy consumption has been achieved with ECO mode compared to normal mode. Selection of the driving mode 
ECO has a positive impact on reducing the state of charge saving more than 5%, taking into account the whole RDC test; 
greater energy consumption reductions were observed in selected test areas. 

Key words: electric vehicle, energy flow, regenerative braking, powertrain, driving mode 
 
 
1. Introduction  

The trends in the design of powertrains of road vehicles 
are mainly set by the changing exhaust emission legislation. 
It is a common knowledge that exhaust emissions have  
a negative impact on the natural environment and human 
health. Carbon dioxide, one of the main greenhouse gases 
(GHG) responsible for the global climatic changes, is gen-
erated, inter alia, during the combustion of hydrocarbon- 
based fuels in combustion engines (ICE) [28]. A significant 
contribution of road transport to the overall emission of 
GHG and the forecast of a 60% increase in the number of 
vehicles by 2035 compared to 2014 presented by Interna-
tional Organization of Motor Vehicle Manufacturers indi-
cate the significance of the impact of this means of 
transport on the environment [2]. The effect is the tighten-
ing of the homologation regulations on the specific emis-
sion of CO2 from newly registered passenger vehicles and 
light duty trucks in the European Union. Starting from 
2020, the admissible average emission of carbon dioxide 
from a fleet of vehicles is 95 g/km. The excess of this limit 
(past 2021) will be subject to an additional fee of 95 euros 
multiplied by the exceeded emission and the number of 
newly registered vehicles [5, 10]. 

An effective method of reduction of the CO2 emission 
from a fleet of vehicles is the application of zero-emission, 
particularly fuel-electric (EV) powertrains. The main group 
are the widely implemented battery electric vehicles (BEV) 
and, introduced by some of the carmakers, fuel-cell electric 
vehicles FCEV [38]. The experts forecast a reduction in the 
demand for diesel, gasoline and liquefied petroleum gas 
(LPG) fuels and an increased demand for electrical energy 
for the charging of BEV vehicles. The latter is to reach 
approx. 4806 GWh in 2035 in Poland, which gives a 178 
times higher result compared to the 27 GWh in 2015 [19]. 

The current advancement of conventional powertrains 
allows the obtainment of an optimum point of work of  
 

a combustion engine by applying automatic transmissions.  
A proper application of the powertrain hybridization may 
have a positive impact on the shift of the engine operating 
range towards the area of lower fuel consumption. The 
application of an electric motor in the powertrain allows 
energy regeneration with a simultaneous process of high 
voltage battery charging, which allows the operation of the 
vehicle in a fully electric or hybrid mode. In order to sys-
tematize the structures of cooperation of an electric motor 
in vehicle powertrains, designations from P0 to P4 were 
adopted (Fig. 1). For example P0 identifies belt-driven 
MGs attached to the front of the engine. A P2 with the 
PHEV capability actually delivers better overall efficiency 
in pure electric mode than the powersplit type. P4 allows 
the fitting of the electric motor directly in the driven axle. 

  

 
Fig. 1. Electrification of ICE-based powertrain systems [15] 

In the years 2010–2019 a significant increase in the 
worldwide sales of electric vehicles was recorded (Fig. 2). 
The greatest number of electric vehicles is sold in China. 
The sales in the US and Europe are also significant. The 
number of BEV vehicles registered in Poland increased 
over two times from 895 in 2018 to 1677 in 2019 [26]. In 
multiple publications, [11, 26, 32] a further intense fleet 
electrification is forecasted. 
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Fig. 2. World sales of Battery Electric Vehicle between 2010–2019 [27] 
 
When considering the influence of a BEV vehicle on the 

environment, attention should be drawn to the source of 
electrical energy, which has a direct impact on the emission 
of carbon dioxide [37]. Burchart-Karol et al. [4] have eval-
uated the influence of battery charging on the natural envi-
ronment going on the assumption of a constant energy 
consumption of 19.9 kWh/100 km by a vehicle in different 
EU member states. The criteria of evaluation were the 
emission of greenhouse gases, human health, water con-
sumption, impact on the eco-system and depletion of natu-
ral resources. In the majority of the analyzed countries, the 
influence of electric vehicle charging decreased in subse-
quent years along with the increase in the share of renewa-
ble energy used for the charging. The battery charging had 
the smallest environmental impact in France, taking into 
account the majority of the analyzed categories, while in 
the case of Denmark the smallest cumulative water use was 
observed. The most environment-friendly source of renew-
able energy for the BEV vehicles was the wind energy. The 
performed comparative Life Cycle Assessment (LCA) for 
the BEV vehicles and a conventional ICEV with particular 
focus on utilization indicate a greater environmental impact 
of BEV vehicles at the stage of production. This is particu-
larly caused by the process of production of batteries and 
other materials [21, 34]. An important problem in the ad-
vancement of BEV electric vehicles is the effective and 
ecological method of storage of electrical energy. Today, 
the most common material for the production of batteries is 
lithium, and the manufacturers estimate the life of such 
batteries at 6–8 years. When the battery capacity decreases 
by 20–30%, it is to be renewed [8, 36]. This type of batter-
ies can be rebuilt [83], used again for other purposes such 
as energy storage from renewable sources [6] or recycled 
[7]. Given the cost of battery production reaching 35% of 
the final price of the vehicle, the fact of its further life is 
significant [36] and the assessment of the aging process is  
a subject of research [3, 30]. The application of batteries of 
lower capacity in vehicles without a significant reduction of 
the vehicle range is possible by the application of light 
materials such as aluminum and carbon fiber reinforced 
plastic for their production [31].  

The range of a BEV vehicle depends on the battery ca-
pacity, energy consumption by the vehicle and the automo-

tive comfort systems. An efficient method of energy saving 
and at the same time an unparalleled advantage of electric 
vehicles is the possibility of energy regeneration from brak-
ing. The energy lost during braking is estimated at 50% of 
the energy used for the operation of the vehicle, particularly 
under the conditions of urban driving [20]. An important 
factor is also the driving style. Questionnaire-based re-
search carried out among drivers of conventional vehicles 
(ICE) and EV [40] has shown a greater tendency of drivers 
to apply eco-driving when using an electric vehicle. This is 
exhibited by smoother driving with limited braking and 
limited hard acceleration. Such drivers are also more likely 
to extend the time of traveling to ensure lower energy con-
sumption. The in-vehicle display (IVD) technologies appear 
quite helpful in maintaining the proper driving style.  

Due to the limited range of BEV vehicles, hence the 
need to plan the trip, forecasting energy consumption and 
identification of the factors influencing this consumption is 
extremely important from the user's point of view. Zhichen 
et al. [38] used a simulation to compare the efficiency of 
energy recovery from a BEV vehicle. Three test routes of 
different average speeds were selected for comparison. The 
greatest amount of energy was recovered for the slowest 
test route (33.4%) and the smallest amount was recovered 
for the fastest (expressway) route. More simulations were 
carried out by Gao et al. [16]. They compared the influence 
of eco-driving for three different types of vehicles used 
according to their intended use. Eco-driving style was based 
on the reduction of frictional braking loss via appropriate 
speed control, avoiding unnecessary braking and, if possi-
ble, shortening the standstill time. The benefits of eco-
driving using full electric powertrain reduce the energy 
consumption in passenger vehicles by 27%, buses 22% and 
heavy-duty trucks by 8% (Fig. 3). For conventional power-
trains the impact of eco-driving is even greater. In the said 
paper, the authors also presented the significance of loss 
during regenerative braking. They indicate a possibly great 
reduction of braking in order to limit the loss. 

 

 
Fig. 3. Example of passenger car speed profiles with and without eco-
driving applied and a comparison of the percent energy savings of the EVs  
 and conventional vehicles resulting from eco-driving [16] 
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Another energy consumption test was performed on  
a 90 kW electric vehicle under real traffic conditions in 
compliance with the RDE test requirements [17]. As a re-
sult of two correctly realized test runs, an average energy 
consumption of 19.6 kWh was obtained. In road tests, it is 
important to identify the factors influencing the energy 
consumption (the consumption of energy by additional 
equipment and braking strategy). With the assistance of the 
developed model [1], the authors have proven a 15–40% 
increase in the overall energy consumption by a vehicle 
driven at the speed of 20 km/h and 5–15% for the average 
speed of 60 km/h assuming additional energy consumption 
on the level of 250–750 W. Additional energy consumption 
denotes energy consumed by climate control, interior light-
ing, multimedia and vehicle control. The analysis of the 
amount of energy recovered during braking indicates  
a reduction in the energy recovery along with the increasing 
average speed of the test run. Another aspect influencing 
the energy consumption is the traffic management strategy 
that changes the speed profiles of the vehicle [13]. The 
probabilistic approach analyzing four different infrastruc-
ture scenarios indicates varied energy consumption and 
proposes the application of the developed model in further 
works. Kalt et al. [29] have attempted to develop a repre-
sentative driving cycle dedicated for use when designing 
electric powertrains. Data from a large number of EV taxi-
cabs and personal vehicles were recorded with the resolu-
tion of 1 Hz. The results indicate greater acceleration values 
and higher average speeds than those specified by the 
WLTP test. It has also been confirmed that a single test 
cannot reflect all the cases of actual traffic operation and 
work points of the powertrain. When calculating the energy 
consumption, one must allow for the type of road. Tests 
performed on a chassis dynamometer according to the 
NEDC test requirements indicate a great significance of the 
arterial road [12]. Forecasting of energy consumption can 
be done using two paths – the offline mode based on the 
information pulled from vehicle systems supplemented with 
the information obtained in the online mode. The performed 
comparison of the forecast with the actual traffic conditions 
have rendered positive results – the difference in the energy 
consumption did not exceed 10% [41]. 

In the analyzed literature, authors draw attention to the 
energy consumption of a BEV vehicle directly related to its 
range. Predicting energy consumption based on the assess-
ment of the vehicle energy consumption is a key factor in 
the further advancement of electric vehicle technology.  
A proper assessment should be made under actual traffic 
conditions, as the tests do not entirely reflect the driving 
dynamics. The influence of the driving dynamics on the 
final results is critical. In the paper, the authors attempted to 
analyze the energy consumption of a passenger vehicle 
from the A category BEV vehicle allowing for regenerative 
braking strategies and the available driving modes imple-
mented by the manufacturer based on road tests performed 
in compliance with the RDC procedure. Similar works have 
been performed earlier on vehicles fitted with a hybrid 
drive (combustion engine-electric) [9, 14, 35].  

 

2. Aim of the research 
The aim of the performed research was the evaluation 

of the energy consumption of a Skoda CITIGOe iV battery 
electric vehicle allowing for the actual traffic conditions 
and the use of different powertrain modes. The following 
research questions were posed: How much energy does  
a city electric vehicle consume during its intended opera-
tion? What economies can be expected by varying the oper-
ation of the powertrain (restricting the instantaneous power 
output and maximum speed of the vehicle)? The scope of 
the research included two test runs compliant with the RDC 
test procedure in urban, rural and motorway cycles. The 
control of the powertrain included modifying the regenera-
tive braking strategy and activation of the eco-mode (lim-
ited energy consumption). The data from the test run were 
recorded in real time based on the information pulled from 
the vehicle CAN network by a dedicated OBD diagnostic 
scan tool. 

The assessment of the energy flow was made in com-
pliance with the RDC driving cycles, also used in the RDE 
tests. To this end, research procedure compliance analyses 
were performed [18, 33]. The flow of the energy ∆E was 
determined based on the flow of current and voltage of the 
battery as a result of its discharge, charge and regenerative 
braking: 

 ∆Ei = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt (3.1) 

• discharging: 

 ∆Edis = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt(when ∆Ei < 0)    (3.2) 

• charging: 

 ∆Ech = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt    (3.3) 

(when ∆Ei > 0 𝑎𝑎𝑎𝑎𝑎𝑎 Mreg ≥ 0) 

• energy recovery (regenerative braking): 

 ∆Ereg = ∑ UBAT ∙ IBAT
t=tmax
t=0 dt            (3.4) 

(when ∆Ei > 0 𝑎𝑎𝑎𝑎𝑎𝑎 Mreg < 0) 

where: UBAT – voltage [V], IBAT – current [A], dt – time [h], 
Mreg – braking torque [Nm]. 

In order to determine the individual electric power-
train operating conditions, road portions were specified 
where the system operated in these individual conditions. 
On this basis, the operating modes were divided into indi-
vidual phases: driving, acceleration, standstill and braking 
during operation of the electric drive. The adopted criteria 
have been shown in Table 1. 

 
Table 1. Vehicle motion phase criteria 

Mode Parameters 

EV mode a = 0, v > 0 

Acceleration EV a > 0, v > 0 

Standstill v = 0 

EV regenerative braking  a < 0, v > 0, IBAT> 0 

 



 

The possibility of energy consumption reduction using the ECO driving mode based on the RDC test 

62 COMBUSTION ENGINES, 2020, 182(3) 

3. Research object 
The investigations were carried out using a vehicle fit-

ted with a ŠKODA CITIGOe iV electric drive allowing 
different driving modes and variable intensity of regenera-
tive braking. The ŠKODA CITIGOe iV powertrain of the 
power output of 61 kW used a Li-Ion battery of the full 
capacity of 36.8 kWh and useable capacity 32.3 kWh. The 
location of the batteries has been presented in Fig. 4. The 
batteries are fitted in the tunnel between the seats, under the 
driver and passenger’s seats and under the rear seats. The 
parameters of the investigated vehicle have been presented 
in Table 2. 
 

 
Fig. 4. Location of the battery in the vehicle [24] 

Table 2. Technical data of the analyzed powertrain fitted in Skoda  
CITIGOe iV [39] 

 ŠKODA CITIGOe iV 
Electric motor 

Max. voltage [V] 360 

Max. power output [kW/KM]  61 (82) 

Max. torque [Nm] 212 
Battery 

Type Li-Ion 
Capacity [kWh] 32.3 

 
The analyzed electric vehicle is a redesigned version of 

the original model fitted with a conventional combustion 
engine powertrain. In the original powertrain, the engineers 
fitted a naturally aspirated 1.0L three-cylinder indirect fuel 
injected (MPI) gasoline engine (Fig. 5) combined with  
a 5 speed automatic transmission. The electric version of 
CITIGOe iV is fitted with a liquid-cooled three-phase 
powertrain (Fig. 6) with a single electric motor of a con-
stant gear ratio.  

Figure 7 presents the performance of two types of 
powertrains used in the analyzed vehicle model. The elec-
tric 61 kW motor marked red and the most powerful ver-
sion of the combustion engine (55 kW) are used in this car 
model. The main difference between the engine and the 
electric motor is the speed range resulting from the design 
differences. It is noteworthy that the comparison involved 
the engines only, not the entire powertrain. The powertrains 
differ in the way the power is transferred to the wheels. In 

the case of the electric motor, a constant ratio transmission 
was applied while the conventional powertrain included  
a multi-speed manual or automatic transmission.  

 

 
Fig. 5. The gasoline engine used in the conventional Skoda CITIGOe iV 

powertrain system [25] 

 
Fig. 6. Design of the Skoda Citigoe iV electric powertrain unit [23] 
 

 
Fig. 7. Catalogue comparison of the performance of the electric motor and 

the internal combustion engine fitted in Skoda CITIGOe  iV [39] 

4. Research methodology 
The investigations presented in this paper were per-

formed experimentally based on the test runs carried out on 
a BEV vehicle on the predetermined route in compliance 
with the RDE homologation tests. The advantage of the 
said tests is that the cycles are defined so as to represent  
a real life scenario. They must take into account variable 
environment, road slopes, wind, traffic and different driving 
behaviors (Fig. 8). As per the presented range, the RDE test 
provides the analysis of the powertrain in its widest possi-
ble range of operation. 
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Fig. 8. Emission norm cycle operating ranges comparisons [22] 

 
The selected route (Fig. 9) went through the city of 

Poznań and its surrounding areas. It covered urban, rural 
and motorway portions. The maximum legal speed on the 
latter is 140 km/h. The test route was proposed and deter-
mined following another paper by the authors [14] and its 
determination was not the purpose of this paper. Selected 
test requirements related to the course of the test run have 
been presented in Table 3. As per the requirements, the 
duration of all the test runs exceeded 90 minutes. 

 

 
Fig. 9. Route pattern followed in the research 

 
Table 3. Real Driving Conditions test requirements 

Selected RDE/RDC test 
requirements Urban Rural Motorway 

Cycle repetition  
(± 10%) [%] 29 < ratio ≤ 34 33 ← 

Speed [km/h] < 60 60 ≤ V  
≤ 90  V > 90 

Max. speed (±15 km/h 
for less than 3%  
of driving time) [km/h] 

– – 145 

Average speed (stops 
included) [km/h] 15 ≤ V ≤ 30  – – 

Minimum travelled 
distance [km] 16 ← ← 

Altitude difference 
(beginning/end) [m] 100 ← ← 

Maximum slope  
[m/100 km] 1200 m/100 km ← ← 

Two runs were carried out at the same time of day, day 
after day in order to ensure possibly reproducible test con-
ditions. The average ambient temperature was 22°C and 
ambient pressure 1015 hPa.  

In the analyzed passenger car, four recuperation braking 
intensity levels from 1 to 4 are available (Fig. 10). Level 1 
means the lowest braking intensity, Level 4, also called "B" 
means the biggest intensity. The electric motor automatical-
ly realizes the braking while releasing the accelerator pedal. 

 

 
Fig. 10. Available recuperation levels (results of tests for D1 and B4 

modes presented in this article) [39] 
 
During the first test run, the vehicle operated in the 

NORMAL mode, which means all energy saving systems 
were deactivated. Additionally, the regenerative braking 
assistance was set to minimum (level 1). Automatic braking 
was minimum and the vehicle was in the sailing mode. In 
the consecutive test run, the ECO mode was activated with 
a button located in the central console (Fig. 11). In this 
mode, the maximum vehicle speed was restricted to 120 
km/h and the maximum power output to 80%. In extreme 
unexpected road situations it is possible to obtain the max-
imum power by depressing the accelerator pedal to the 
floor. Additionally to the activation of the ECO system, 
regenerative braking was set to level B (level 4). In this 
mode, the vehicle automatically braked with the energy 
regeneration function using the electric motor as the driver 
retracts the foot from the accelerator pedal. 

 

 
Fig. 11. The location of the ECO mode button [39] 

 
Given the fact that the analyzed vehicle was fitted with 

an electric drive, precise data related to the operation of the 
powertrain were pulled in real time from the CAN network 
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through a diagnostic scan tool. Nine parameters were rec-
orded that were used for further analysis. The course of the 
test route was recorded with a mobile GPS device. The 
view of the equipment and its arrangement has been shown 
in Fig. 12. 

 

 
Fig. 12. Arrangement of the data acquisition equipment during the tests 

4. Results and discussions 
The driving cycles realized in compliance with the RDC 

procedures were started at the battery level SOC 100% 
(software readout). The test runs were performed by a sin-
gle driver to avoid inconsistency in the driving style. Dur-
ing the test run, the vehicle speed and battery level were 
recorded. The results have been presented in Fig. 13.  

 

 
Fig. 13. Comparison of the RDC test for the performed test runs in the 

NORMAL and ECO modes 
 
The tracing shows the speed profile and current SOC as 

a function of time. Additionally, in the table, the authors 
presented the average speeds in the analyzed speed inter-
vals as divided into road portions. The beginning of the test 
route was the urban cycle where the vehicle speed did not 
exceed 60 km/h. The next one was the rural area with the 
speeds of 60–90 km/h and the motorway with the speed in 
excess of 90 km/h. The SOC decreased in time with the 
intensity depending on the vehicle speed. During the reali-
zation of the first part of the test, no significant difference 
was recorded between the NORMAL and ECO modes in 
the urban cycle, which results from the similar average 
speeds in the urban area. An increase in the average speed 
in the rural portion resulted in an increase in the energy 
consumption in the NORMAL mode. The greatest differ-
ences were observed when the vehicle operated at the high-

est speed during the test. The difference in the average 
speeds in this road portion was 6.5 km/h. This results from 
the speed restriction to 120 km/h in the ECO mode. The 
change in the driving mode to ECO resulted in a decrease in 
the battery discharge level by 5.3%. This indicates the sig-
nificance of the vehicle speed on the energy consumption, 
particularly at high speeds. This is influenced by the vehicle 
motion resistance. Despite the differences in the average 
speeds in the analyzed portions, the final values of the aver-
age speeds for the entire tests are similar, which gives 
grounds for further reliable analysis. 

A selective analysis of the test results allowed determin-
ing of the share of individual drive phases against distance 
and time (Fig. 14). A drive phase with a constant speed was 
distinguished when the vehicle acceleration equaled a = 0, 
change of speed where the acceleration/deceleration as-
sumed values +/– and stoppage where the vehicle speed 
equaled V = 0 km/h. For both powertrain modes, the great-
est share had the phase with the constant speed, which is 
particularly visible when we consider it in relation to the 
covered distance. The drive in the ECO mode was charac-
terized with a smaller share of acceleration and deceleration 
and a greater share of driving with a constant speed. The 
process of energy recovery from braking and acceleration 
leads to loss generated during the conversion of electrical 
energy into mechanical one and vice versa. Limiting these 
phases leads to a reduction of the energy conversion loss, 
which reduces the energy consumption by the vehicle. 

 

 

 
Fig. 14. Comparison of the phase motion share during the RDC test with 

NORMAL and ECO modes 

The share of individual drive phases in time has been 
presented in detail in Fig. 15. When comparing both test 
runs, we can see differences in the distribution of the indi-
vidual phases. This is related to the dynamically changing 
traffic conditions. In the case of road tests, these types of 
differences among the test runs are unavoidable and ex-
tremely valuable when further analyzed, particularly when 
developing energy consumption models.  
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Fig. 15. Distribution of motion phases in terms of NORMAL and ECO driving modes  

In EV vehicles, the flow of energy between the source 
and the electric machine is an extremely important aspect. 
In this paper, it has been determined based on the voltage 
and the current flowing to the motor during acceleration 
and from the electric motor to the battery during regenera-
tive braking.  

Figure 16 presents the flows of energy for both realized 
driving modes. The bar chart pertains to the collective share 
of a given vehicle speed in the entire test for a given speed 
interval against distance and time.  

 

 

 
Fig. 16. Energy flow characteristic and the share of energy consumption for 
different speed intervals in the RDC tests; a) NORMAL D[1]; b) ECO B[4] 

The marked points present the total flow of the reco-
vered (green) and consumed (red) energy in a given speed 
interval. For both test runs (a, b), the same nature of chang-
es of the energy flow was recorded. Small differences were 
found in values in individual speed intervals. Due to the 
speed restriction in the ECO mode, the greatest share in the 
energy consumption was observed for the speed interval of 
110–120 km/h. The greatest amount of energy was reco-
vered in the speed interval of 20–40 km/h. The amount of 
recovered energy in the urban speeds interval allows ex-
tending the vehicle range. However, the energy consump-
tion in each speed interval is higher. 

In Figure 17 collective values of the energy flow for 
each speed interval (bar chart) have been compared with the 
values of instantaneous energy flow (point chart). The sam-
pling frequency of the diagnostic system was approx. 4 Hz, 
hence the presented results of the instantaneous maximum 
energy flow pertain to the energy recovery or consumption 
in the time of 0.25 s. In the NORMAL mode (a), which was 
the case when the vehicle operated at the speed exceeding 
120 km/h, a maximum energy consumption greater by 1.74 
kWh was obtained for the 120–130 km/h interval against 
the maximum total energy consumption obtained in the 
ECO mode (b) in the 110–120 km/h interval. In the 
NORMAL mode of the smallest assistance in regenerative 
braking, the instantaneous values of recovered energy were 
on a constant level between 40 and 120 km/h. In the case of 
the ECO mode, the activation of the regenerative braking 
assistance B(4), in the speed interval 80–0 km/h resulted in  
a lower maximum value of recovered energy. The differ-
ence may have resulted from the irregularity of the regener-
ative braking process. When the regenerative braking assis-
tance is off, the driver uses the brake in the same way dur-
ing each braking. If mode B is used, the vehicle mostly 
brakes automatically when the driver takes the foot off the 
gas pedal and the brake is used only in emergency situa-
tions or when the vehicle is decelerated from high speeds. It 
is these situations that decide about the reduction of the 
energy recovered during braking.  
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Fig. 17. Total energy flow characteristics and peak values for different 

speed intervals in the RDC tests; a) NORMAL D[1]; b) ECO B[4] 

The energy balance allowing for the type of the test road 
portion has been presented in Fig. 18. Irrespective of the 
applied driving and braking mode, the same values of re-
covered energy were obtained during braking in each road 
portion. The greatest amount of energy was recovered in 
the urban cycle due to the high number of breakings com-
pared to the road portions where the traffic was smooth. 
The activation of the ECO mode allowed a reduction of the 
energy consumption by 13% in the urban cycle and 18% in 
the expressway cycle. An increased consumption was rec-
orded in the rural cycle. The above, however, may have 
resulted from the variable traffic conditions in the RDC 
test. The differences may have been caused by the restricted 
power output when the vehicle accelerated. 

A great advantage of the electric drive is the ability to 
generate high torque at a relatively low speed of the motor. 
The last stage of the research presented in the paper was the 
identification of the torque distribution during the road tests. 
Figure 19 presents the distribution of the value of torque 
generated for the engine speed against the experimentally 
created full load characteristics in a given vehicle driving 
mode. The chart shows the restrictions applied when activat-
ing the ECO mode (torque reduction) and the initial fluctua-
tions attributed to the activation of the restrictions. It is note-
worthy that, in the case of the analyzed vehicle, the engine 
speed was directly proportional to the vehicle speed. The red 
circles denote the share of individual torque values divided 
into road portions: urban, rural and motorway and their posi-
tion indicates average values. This indicates the most fre-
quent use of the torque value from the lower range of availa-
ble torque values. It was observed that during the tests, the 
torque did not significantly exceed 150 Nm. 

 
Fig. 18. Energy consumption balance in terms of different road types for 

Normal and ECO modes 
 

 
Fig. 19. The obtained torque distribution on the full load characteristic for 

NORMAL and ECO modes 
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After activation of the B mode responsible for the re-
generative braking assistance, one could clearly see the 
restrictions of the system operation through a linear align-
ment of the points in the lower quadrant of the presented 
chart. The points outside the line indicate independent brak-
ing of the driver. When using the B mode, each release of 
the accelerator pedal activated energy recovery. This was 
particularly visible at high engine speeds. The obtained 
values of the braking moment were, however, much lower 
in the ECO mode than in the NORMAL mode when the 
driver applied the brake. 

Conclusions 
This paper presented an analysis of the influence of the 

energy management and change of the regenerative braking 
strategy on the energy consumption and behavior of a pas-
senger BEV vehicle. The results were obtained following 
road tests compliant with the RDC regime. All the test runs 
complied with these requirements.  

During the first test run, the powertrain operated in the 
NORMAL mode with the active regenerative braking sys-
tem assistance set to minimum. The second test run was 
carried out in the ECO mode activated manually by press-
ing the ‘ECO' button. Additionally, the regenerative brak-
ing system assistance was set to the B mode. This means 
that the vehicle braked automatically when the gas pedal 
was released. 

The following conclusions have been drawn: 
1. When analyzing the SOC during the test, the greatest 

differences were observed in the motorway cycle. The ECO 
mode reduced the drop of the SOC by 5.3%. 

2. In the case of the ECO mode, the following were ob-
served: a greater share of constant speed (by 3.3%), acce-
leration (by 2.1%) and deceleration (by 1.1%) against the 
distance identical for both tests. These results were separate 
for each RDC test run and reflected the road congestion.  

3. The flow of energy in the electric vehicle was real-
ized in two directions – when accelerating the energy went 
to the electric motor and during regenerative braking it was 
recuperated to the battery. For both driving modes, the 
greatest amount of energy was recovered in the speed inter-
val of 20–40 km/h. Greater values of instantaneous energy 
recovery were obtained in the NORMAL mode (driver 
braking). Also, greater instantaneous energy consumption 
in individual speed intervals in the NORMAL mode was 
observed. 

4. Instantaneous energy consumption for the speeds in 
the 120–130 km/h interval was 6.63 Wh (in the NORMAL 
mode) and 4.9 Wh in the 110–120 km/h interval; the reduc-
tion of the speed by 10 km/h resulted in a reduction of the 
instantaneous energy consumption by approx. 30%. 

5. The energy balance for the ECO mode indicates  
a lower energy consumption by 13% and 18% in the urban 
and expressway portions respectively. No differences in the 
energy recovery between the test runs were observed. 

6. Activating the ECO mode restricts the vehicle power 
output. When driving, the most frequently applied torque 
falling in the lower range of the available interval was – 50 
N·m (energy regeneration) to 50 N·m (driving) – Fig. 20.  

7. Activating mode B did not influence the amount of 
recovered energy. It only changed the strategy of its regen-
eration. Despite the activation of mode B, in emergency 
situations it was necessary to use the main brake. 

Summarizing, in the NORMAL mode the vehicles con-
sumed 10.35% more energy than when it operated in the 
ECO mode. Irrespective of the applied mode, the amount of 
recovered energy was identical. The influence of regenera-
tive braking rendered the best results in urban driving 
whether or not the regenerative braking assistance was 
activated. 

 

 
Fig. 20. Relative share of the torque interval during the RDC test for 

NORMAL and ECO modes 
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Nomenclature 
BEV battery electric vehicle 
CAN controller area network 
CE combustion engine  
CI compression ignition 
CNG compressed natural gas 
DI direct injection 
EM electric motor 
EV electric vehicle 
FCEV fuel cell electric vehicle 
GHG greenhouse gas 

ICE internal combustion engine 
IVD in-vehicle display 
LCA life cycle assessment 
LPG liquified petrolum gas 
MPI multi point injection 
RDC real driving conditions 
RDE real driving emission 
SI spark ignition 
SOC state of charge 
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