Article citation info:

MAMALA, J., GRABA, M., BIENIEK, A. et al. Evaluation of energy consumption in the acceleration process of a passenger car.
Combustion Engines. 2022, 190(3), 35-44. https://doi.org/10.19206/CE-142553

Jarostaw MAMALA
Mariusz GRABA

Andrzej BIENIEK
Krzysztof PRAZNOWSKI
Krystian HENNEK
Szymon KOLODZIEJ
Bartosz MAZUREK
Maciej SPROCH

GCombhustion Engines

Polish Scientific Society of Combustion Engines

Evaluation of energy consumption in the acceleration process of a passenger car

ARTICLE INFO

Received: 30 August 2021
Revised: 12 September 2021
Accepted: 23 September 2021

The analysis of the vehicle acceleration process is a current topic based on the aspects related to the gen-
eral characteristics of the car, its parameters, design, drive unit performance, and the influence of external
factors. However, the ability to accelerate is essential from the point of view of the active safety of the car. Often
the dynamic parameters are determined on the basis of the car acceleration test carried out on a level road with
good surface in terms of the acceleration time is not reliable and the credibility of such results depends on many
factors. Therefore in the article, the authors assessed the dynamic and energy parameters of the car motion, in
which the intensity of acceleration of the car with different intensities was examined. The acceleration intensity
test was carried out from the set initial speed of the car of 45 km/h to the final speed of 120 km/h at a constant
gear ratio, and the set intensity of the acceleration process resulted from the constant throttle with a constant
deflection of the accelerator pedal. Acceleration was carried out in two variants, the first for a normal internal
combustion engine and the second for the same engine but additionally equipped with a short-term boost system.
In this way, it influences the increase in power and energy in the car drive system, changing its acceleration
intensity. Variable car acceleration intensity was obtained in the range from 0.12 to 1.37 m/s?, and energy
consumption at the level of 0.4 to 1.2 MJ in the distance of 1/4 mile. The article proposes a combination of
energy parameters and engine power in order to assess the acceleration dynamics, for this purpose, the specific
energy consumption of the car was determined, ranging from 0.35 to 2.0 J/(kg'm), which was related to the
engine power, denoting it with the dynamics index. The study focuses on the assessment of the relationship
between the specific energy consumption and acceleration of passenger cars in the available powertrain system
using a new dynamics index. The proposed dynamics index combines the energy and dynamic parameters of the
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car to be able to objectively quantify the acceleration process.
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1. Vehicle acceleration profile and average driving

force

The acceleration process, regardless of whether it is
from a resting state or from a specific initial speed to the set
travel speed, is the most energy-consuming phase of mo-
tion. Because, even with moderate acceleration, the in-
crease in consumption energy related to fuel consumption
significantly exceeds the energy required to overcome the
basic motion resistance, and is related to the existence of
a fictitious driving force associated with the car inertia
depending of total mass. In the thesis [1] the authors ana-
lyzes the effects of driving style and vehicle performance
on the real-world fuel consumption of conventional vehi-
cles. The authors analyzed that the driving aggressiveness
has a important factor of fuel consumption of a vehicle. The
work [2] presents a methodology for classifying road traffic
energy efficiency. The indicators defined discriminate the
impact of the road vertical and horizontal alignments upon
energy consumption, disclosing the improvement potential
of the road as a function of the traffic origin-destination
matrix. On the other hand, the work [3] analyzes the emis-
sion of harmful substances into the natural environment
depending on the given vehicle speed profile. It has been
shown that for the dynamic profiles of the amount of emis-
sion they slightly exceed the values given in the approval
cycles, and for the profiles with reduced dynamics, the
emission values are lower than those obtained in the ap-

proval cycle. On the other hand, in [4], a modified four-
stroke internal combustion engine was tested, in which the
compression ratio was increased. This modification con-
tributed to an improvement in engine power and overall
efficiency among others was observed in the tested areas of
the characteristics. In the work [5] the authors have under-
taken an study into the potential to vary the power output of
a powertrain system by application of the digital simulation
designed with the purpose of improving the power output of
powertrain system in a passenger car comprising a multi-
ratio mechanical gearbox. Therefore, depending on the
driver's actions and external conditions, the acceleration
process is characterized by different values of both total
distance-related and specific energy consumption.

In the case of the acceleration process on a horizontal
road with a certain intensity, the energy needed to acceler-
ate the car is balanced by the sum of the energy expenditure
lost to overcome the rolling and air resistance, as well as
the inertia of the car [6, 7]. The study [8] analyses the effect
of acceleration intensity on energy consumption and drive
efficiency during a road test for a passenger vehicle. The
authors assessed also the relationship between the average
acceleration for the speed gaining phase and unit energy
consumption, where the acceleration increment by 0.1 m/s®
causes a proportional increment in unit total energy con-
sumption by about 0.15 J-(kg'm) ', regardless of the accel-
eration intensity. On the other hand, Kropiwnicki et al. In
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their work [9] analyzed the regenerative braking process for
urban traffic conditions. A model was also presented that
allows to calculate the amount of energy available from the
braking process depending on the proposed variables char-
acterizing the conditions of vehicle traffic. The energy
intensity of motion on a horizontal road after the transfor-
mation can be expressed by Eq. (1):

EMZER+EA+EI (1)

with the components of the energy balance being recorded
by Equations (2)—(5):
— motion energy consumption for the speed gaining phase

Ey = ftt:Ddet )
— the energy expenditure to overcome rolling resistance
Er = mgcg ftt: vdt (3)
— the energy expenditure to overcome air resistance
Ex = p/2c A ftt: v3 dt (4)

— the energy expenditure to overcome inertia resistance is
directly proportional to the increase in kinetic energy of
the car

E, = mS(VE—Vg) )

In a number of studies, the energy expedited throughout
the entire process of the car drive, not only in the accelera-
tion phase, is applied to describe the energy consumption of
movement (Ey,). The authors of the article [10] defines on
the possibility of reduction CO, of the internal combustion
engine and presents the analysis based on originally con-
ducted studies. The increase in overall engine efficiency is
sought after by all engineers dealing with engine construc-
tion, one of the major ways to reduce CO, emissions is to
increase the compression ratio. In turn Bo Hu et al. in their
work [11] claim that the engine downsizing is a proven
approach for achieving a superior fuel efficiency. It is con-
ventionally achieved by reducing the swept volume of the
engine and by employing some means of increasing the
specific output to achieve the desired installed engine pow-
er, usually in the form of an exhaust-driven turbocharger.

The article [12] presents the trend of car manufacturers

related to the downsizing process of engines and the use of

supercharging systems mainly for economic reasons. In
turn, the authors of [13] indicate the possibilities of fuel
savings through the use of an appropriate style of driving,
such as the so-called "pulse and glide" (PnG). In their work,
they analyse the savings resulting from the driving style for

a traditional vehicle with an ICE engine and for a HEV

vehicle. Savings resulting from the driving style can reach

even several dozen percent. Mamala et al. in their work [4]

claims that one of the ways to improve the efficiency of an

IC engine is to raise its compression ratio (CR). However,

high CR in spark ignition engines can be the reason of

engine knock in high load and crankshaft rotation speed
conditions. Therefore it would be favorable, that high CR
would be obtained in low load, and low CR in high load
conditions. These results and findings led the authors to

build the variable Effective Compression Ratio (eVCR)
system. A 4-stroke single cylinder engine was equipped
with an electric actuator and its control system, allowing
valvetrain-independent intake valve action. The authors of
the study [5] have undertaken an study into the potential to
vary the power output of a powertrain system by applica-
tion of the digital simulation-control designed with the
purpose of improving the power output of powertrain sys-
tem in a passenger car comprising a multi-ratio mechanical
gearbox.

Taking into account this assumption, it can be utilized to
substitute the equation in (2) to the account for total energy
consumption relative to movement (Et) resulting from fuel
use:

For the case when we consider only the acceleration
phase marked by constant conditions, the total energy in-
tensity of motion is given by the product of the mean force
and the distance traveled throughout the process of acceler-
ation (7).

The difference in energy consumption resulting from
the fuel consumption and the energy delivered to the wheels
results from the efficiency of the entire powertrain system,
which is given with the expression (8).
Em _ DrL

E+ =
T e np

()

It should be noted that the value of a car's mean acceler-
ation during the acceleration phase up to a certain target
speed depends exclusively on the implemented speed pro-
file that determines the distance travelled, causing a slight
variation in the Kinetic energy gain within one gear. The
mean acceleration in the acceleration phase depends on the
reserve of the driving force and this depends on the gear
ratio, i.e., the transmission ratio in powertrain, which will
be analyzed in the next chapter.

After the above assumption is applied in the equations
(1) and (7), we can express the total distance-related energy
consumption in the form

E
Wr = TT (8)

which includes the total of the energy expenditure as well
as the efficiency of the powertrain per one meter of the
distance traveled by a car.

Given a constant speed, the total distance-related energy
consumption is physically equal to the driving force, which
also accounts for the term to express the inertia force pro-
portional to the mass and acceleration of the car. Therefore,
when we apply the assumption made in eq. (9), the indica-
tor of the movement energy quality of the car, we can de-
velop a parameter that expresses the total specific energy
consumption, expressed as the ratio of energy expenditure
to the product of mass and distance

Qp =L 9)

m-L

On a horizontal road, the total specific energy consump-
tion, similarly to eq. (9), is made up by the total of three
basic energy terms, of which the first two (eq. (2)) account
for the energy losses of basic movement resistance, and the
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third represents the ratio of kinetic energy to the product of
mass and distance traveled. Thus, in physical terms, the
average acceleration resulting from the energy parameters
of the car.

2. Research methodology and test object

The article addresses two issues:

The first one: presents the issues of energy consumption
assessment in the acceleration process — by introducing the
dynamics index.

The second point: presents a system for changing the dy-
namics of a vehicle in the acceleration process for an inter-
nal combustion engine.

For the driver, good dynamic properties of the car are
important in the acceleration process. An unsolved problem
is the lack of driving force in the acceleration process,
which concerns not only the internal combustion engine but
also the entire drive system or the way it is controlled by
the driver. This problem is also not solved in the case of
electric drive systems.

Hence, it is an attempt to use a short-term boost sys-
tem in an internal combustion engine to improve the car's
dynamic properties. It is a response to turbocharging sys-
tems with an engine and a generator between the turbine
and the compressor. The method of short-term recharging
proposed in the work is a simple system in application on
an internal combustion engine and requires a minimum of
changes. An internal combustion engine with a factory
turbocharging system was selected for the tests, for which
an additional compressed air supply system was modified
and introduced. During the research, the main emphasis
was on the dynamics of the car in terms of energy, based
on a specific dynamics index. The dynamics index was
checked by using a short-term boost system which tempo-
rarily increased the power of the internal combustion
engine. The basic assumption of the research is to use the
same car (same weight) but with a different available
power in the drive system. The increase in the power of
the combustion engine and the increase in the dynamics of
the car is compensated by the proportionally increase in
its dynamics index. This made it possible to check the
sensitivity of the dynamics index, combining energy and
traction parameters.

The use of air charging is one of the methods that al-
lows for obtaining a greater torque from the powertrain
during the car’s rapid acceleration. The referenced papers
[14-17] feature many such air charging systems, starting
with air supercharger systems (e.g., mechanically driven
compressor and turbocharger) or high-storage systems
(e.g., nitrogen monoxide charging). The work [18] is de-
voted to the analysis of E-tronic systems (control) of su-
perchargers in order to eliminate the Turbo Leg phenome-
non. The paper [19] discusses investigations into improv-
ing the full-load and transient performance of the Ultra-
boost extreme downsizing engine by the application of the
SuperGen variable-speed centrifugal supercharger. The
improvement in full-load performance in the area where
the turbocharger cannot generate the required boost by
itself is reported. The transient response of the combined
system at low engine speed is also presented, together
with part-load fuel economy data at several engine speed

and load points. On the other hand, in [20] an innovative
solution was proposed for the routing of engine exhaust
gases, which resulted in a reduction of the exhaust stroke
resistance. The proposed method leads to a 5% fuel econ-
omy and provides an improvement in engine performance
without significant engine modifications.

Despite their common use in combustion engine supply,
the aforementioned systems are characterised by a series of
limitations and flaws. One of the major flaws of turbo-
chargers is the adaptation of the compression performance
to the engine’s rotational speed (excess air at high engine
rotational speeds) and the so-called turbocharger lag effect.
Therefore, research on new air supercharger structures can
be divided into three categories with the following charac-
teristics:

— variable supercharger specification,
— combined systems,
— combining superchargers into assemblies.

The use of a turbocharger, despite substantially im-
proving the torque parameters, is not without flaws either
and does not solve the problem of lacking a turbocharger.
The lacking turbocharger is the reason for deficiencies in
the driving force. When the demand for torque rapidly
increases at the crankshaft’s low rotational speed, the
insufficient turbine fuelling prevents the compressor from
supplying sufficient air quantity to meet the condition
related to the excess air ratio A = 1. The delay in the
powertrain’s reaction to the driving force demand and as
well as the phenomenon of a gas connection in the intake
manifold of the turbocharger system is the subject of re-
search of many scientists [21, 22]. Despite the flaw, this
solution is most often used by engine manufacturers,
however, new solutions feature a complex structure. The
detailed schematic of the short-term compressed air su-
percharging system upstream of the turbocharger assem-
bly is presented in Fig. 1.

The application of the short-term supercharging directly
into the turbocharger’s assembly in the quantity required to
overcome the resistance of gas flow through the compressor
will enable a vacuum less engine supercharging with air
required to accelerate it. This solution is based on a classic
turbocharger assembly, in which the turbine was modified
by placing an expansion nozzle supplying compressed air
directly to the turbine’s blades. This substantially improves
the increase in the turbine’s rotational speed in the condi-
tions of its reduced performance. The adoption of these
assumptions should have a positive impact on the car’s
acceleration dynamics.

The bench testing, conducted on the MAHA MSR 500
4x4 chassis dynamometer, utilised a passenger car with
a spark ignition engine with an indirect multipoint fuel
injection and a turbocharger system, with the displacement
of 1,781 cm® and a maximum power of 110 kW at 5,700
rpm and a torque of 210 Nm at 1,750 rpm, equipped with
an electronically-controlled throttle. The power transmis-
sion system is equipped with a manual five-speed gearbox.
The car’s maximum speed amounted to 223 km/h. The test
car with elements of the modified turbocharging system is
shown in Figs 2a, 2b.
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Fig. 1. Short-term compressed air supercharging system downstream of the

turbocharger assembly: E — engine, EM — exhaust manifold, WG — west

gate, ET — exhaust turbine, PR — pressure regulator, T — throttle, EC —

electromagnetic clutch, F — air filter, RC — radial compressor, IC — inter-

cooler, IM — intake manifold, C — controller, AP — accelerator/throttle

pedal, R — reservoir, FS — mass airflow sensor, EV — valve, MC — mecha-
nical compressor, N — nozzle

Fig. 2. Test car with a modified supercharging system: a) test vehicle, b)
turbocharger assembly’s

The test setup comprised an autonomous control and
measurement system in the LabView environment, which
resulted as an integrated application that enables control-
ling and recording of powertrain operating parameters
during the repeatability of the flexibility test and observ-

ing of the acceleration process. To record the kinematic
parameters of a passenger car in motion, a measurement
system called PAAF Il (Power Acceleration and Force)
developed in the Department of Vehicles at the Opole
University of Technology was used, which was pro-
grammed in the LabView environment. For the purposes
of measurements, this software has been supplemented
with a control module for the control of the additional
power increase of the powertrain. It enables the recording
of kinematic parameters with time from the following
systems:

— from the OBDII on-board diagnostic system recording,
among other parameters: engine speed, throttle position,
intake manifold pressure, engine load, fuel consump-
tion, vehicle speed,

— from additional direct devices using a measurement
module: recording speed, distance by means of the
Corrsys Datron L-350 optical head, throttle position, ac-
celerator pedal, position and consumed fuel from the
Flowtronic system,

— from the on-board data transmission network-based
CAN BUS: standard recording engine speed, wheel ac-
celeration, distance travelled, gear number, driver’s con-
trol pedal status, and fuel consumption,

— from the supercharging system among other parameters:
charging pressure.

The bench testing was conducted to obtain a detailed
image about the impact of the short-term compressed air
supercharging directly onto the turbine’s blades via an
expansion nozzle, the end of which is connected to the
intake channel of the engine’s exhaust manifold. The air
was fed from the storage tank at the pressure of 0.9 MPa
directly to the turbine blades during car acceleration on a
chassis dynamometer. The air supercharging time amounted
to 10 s, with an average air flow of about 62 dm?®/s. Differ-
ent tank pressures and flows were tested in the study, but
the results presented below refer to these settings. The tests
were carried out to identify the total energy consumption, in
the process of acceleration with the use of the active identi-
fication method, by observing the parameters of the power-
train operation in dynamic conditions. Therefore, the sub-
ject of further considerations is the analysis of the process
of passenger car acceleration from a fixed initial speed, on
a horizontal road, to a fixed final speed. The final value of
the car's speed results from the balance of energy in the
powertrain with the energy of motion resistance or the
assumed final speed of 120 km/h achieved by the car. The
intensity of the acceleration process was regulated by
a constant depression of the accelerator pedal, correspond-
ing to a throttle position in the intake manifold of 20%,
25%, 30%, 35%, 40%, 45%, 50%, 70%, and 100% of the
range during the test on distance % mile. The acceleration
process was carried out on constants transmission ratios in
the powertrain.

3. Test results

The flexibility test carried out during the acceleration
process of the car over a quarter of a mile was analysed for
the mean values of kinematic and energy parameters were
determined (Fig. 3).
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Fig. 3. Courses of linear speed car in the flexibility test during acceleration
of a constant transmission on the test bench for constant throttle positions

For the throttle positions equal to 20%, 30%, and 35%,
resulting from the most frequent driving operating condi-
tions in particular for economic driving, the test was real-
ized up to the maximum speed that can be gained for
a given throttle position, because the driving force in the
powertrain system, in accordance with the equation (1) was
not sufficient to reach the desired speed. The value of the
force results from the quotient of the efficiency of the
powertrain, i.e., the energy delivered to the powertrain in
relation to the length of the road taken for acceleration. Due
to the different dynamics of the flexibility test, the value of
the speed achieved over the distance of 4 mile is variable.
The averaged kinematic parameters recorded during the
acceleration process in the % mile elasticity test are summa-
rized in Table 1.

Table 1. List of dynamic and energy parameters for the acceleration pro-
cess in ¥4 mil

TP a Time L Amax Prean Qmean
o] | [s] m] | [m/sf | [kw] | [dm%100 km]
20 0.11 25.9 401.2 0.25 4.53 6.93
25 0.17 235 401.5 0.41 7.73 7.86
30 | 034 | 235 | 4018 | 067 | 10.34 9.71
35 | 051 | 197 | 4008 | 083 | 18.99 12.29
40 0.85 18.4 401.4 1.13 26.32 15.58
45 | 106 | 176 | 4028 | 118 | 3267 18.26
50 | 1.08 | 176 | 4014 | 123 | 3313 18.66
70 1.30 16.8 400.5 1.36 40.57 22.88
100 | 1.31 16.7 400.8 1.37 40.96 22.92

4. Evaluation of the energy consumptions

in acceleration process of a passenger car

The results of fuel consumption versus time recorded
during the test of car acceleration elasticity with different
throttle positions were compared to the mean acceleration
values and subsequently to the fuel consumption [dm3/100
km] (Fig. 4). The fuel consumption related to the cases
marked by small values of acceleration is constant and
independent of acceleration, however, for the maximum
intensity of acceleration, this value varies within a wide
range. It can be generalized that the low acceleration up to
the value of the mean acceleration of 0.8 m/s* does not

generate significant variations in fuel consumption. Above
this value, the consumption increases significantly.

30

* 20% TP
* 5% TP #,
25 30% TP o
* 35% TP -&Q
40% TP
45% TP .

20 * 50%TP *

®  70% TP
® 100% TP

Q,1/100km

0 0.2 0.4 06 0.8 1 1.2 14 1.6

a, mis?

Fig. 4. Variations in distance-related fuel consumption in the acceleration
elasticity test of a vehicle with constant transmission on dynamometer for
constant throttle positions

In terms of the mean values resulting from the car ac-
celeration elasticity test, the mean values are directly pro-
portional to both fuel consumption and distance-related fuel
consumption. It is difficult to relate these values to the
dynamics resulting from the varied available energy in the
drive system, which is indicated by the total energy con-
sumption of car movement and is presented in Table 2.

Table 2. List of energy parameters for the acceleration process in ¥4 mile
test

TP Ge€mean Qnmin Qmax Er Qe
9] | [o/s] [dm*km] | [dm%100 km] [MJ] [V (kg'm)]
20 | 0.780 6.28 7.96 0.441 0.355
25 0.967 6.89 9.63 0.496 0.519
30 1.219 7.41 11.71 0.550 0.688
35 1.795 11.38 15.20 0.720 1.061
40 2.446 14.24 17.16 0.888 1.404
45 3.017 17.25 19.41 1.024 1.664
50 3.088 17.98 19.62 1.033 1.691
70 4.005 22.04 23.89 1.232 2.003
100 | 4.056 21.48 24.03 1.224 2.008

The registered differences in terms of the total energy
consumption of the investigated car can be related to its
mass. Hence, in accordance with the definition derived
from equation (6), the cumulative energy consumption over
the entire process of acceleration that is related to mass and
distance and is expressed in the physical sense by the
measure expressed by m/s? that is, the value of the mean
acceleration accompanying power supply to the wheels.

5. Evaluation of the acceleration process

of a passenger car

The effect of the additional air charging of the turbo-
charger unit was measured on a chassis dynamometer in the
form of an increase in the driving force during car accelera-
tion from its initial speed, with a constant throttle position
(Fig. 5). According to the literature data [23, 24] as well as
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the information presented in the introduction, a higher in-
crease in driving force at partial throttle opening was
achieved. The increase varies depending on the throttle
opening.

a)

Df. N

standard TC i
modernized TC

0 5 10 15 20
Time. s

b)

standard TC
modernized TC

i .
0 5 10 15 20
Time, s

Fig. 5. Comparison of the driving forces (Df) during acceleration with and
without the supercharger system for different throttle positions

The obtained higher driving force values improved the
acceleration, especially in the first acceleration phase. The
engine test bench was used to conduct tests of car accelera-
tion after rapid throttle opening from its initial position of
7% to the end position during a constant transmission ratio.
The initial throttle opening angle corresponded to the car’s
linear speed of 45 km/h, while the end throttle opening
angle derived from the force balance or the measurement
was interrupted after achieving the end speed of 125 km/h,
which is presented in Fig. 5.

In order to analyze the sensitivity of the car dynamics
related to the increase in powertrain output power, the tests
were repeated for the tested car with the activated system
that increases the instantaneous power in the powertrain by
increasing the engine power. The comparisons of the
powertrain performance during the flexibility test with
different throttle openings are presented in Fig. 6.

Table 3 shows the increase in engine power with a con-
stant position of the acceleration pedal in the boost process.
The relative increase in engine power during recharging

ranges from 5.7 to 12.4%. The best effect was achieved
with the accelerator pedal 45%. The smallest increase in
power was achieved at full engine load.

a)

standard TC
modemized TC

=]

P, K

Time, 5

b)

P, i

0 2 4 6 8 0 12 14 18 18
Time, s
Fig. 6. Comparison of the powertrain output in the car acceleration elas-

ticity test for a car with step-gear transmission on a dynamometer for
throttle positions: a) 20 %, b) 100 %

Table 3. Increase in the engine power for a constant position of the accel-
erator pedal

Accelerator position, %
20 [ 25 | 30 [ 35 [ 40 [ 45 | 50 | 70 [ 100
Relative power gain during supercharging, %
78] 63 | 62 | 82 [ 82 ]124] 81 | 95 ] 57

During the supercharging, a temporary increase in fuel
consumption was observed (Fig. 7), which is the result of
the increased amount of air flowing in the engine cylinder.
It is tantamount to the increase in engine power, and Fig. 7
shows the fuel consumption for the reduced positions of the
accelerator pedal, i.e., the minimum and mass of the car
acceleration.

The modifications to the turbocharger assemblies in the
form of short-term supercharger system allowed for achiev-
ing the linear speed within a shorter time. After the short-
term charging is completed, the injected fuel dose to the
engine drops sharply, which is shown in Fig. 7. This may
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be due to the fuel dose correction based on too high oxygen
content in the exhaust gas caused by compressed air charg-
ing. It was possible to observe the following dependencies:
the smaller the throttle opening angle during acceleration,
the greater the importance of the short-term supercharger
system are shown in Fig. 8.

5] IS (1]

Fuel consumption, g/s

&

——standard TC
modernized TC

0 5 10 15 20 25
Time,s

Fig. 7. Fuel consumption in the car acceleration elasticity test on a dyna-
mometer for throttle positions 100 %

a)
6s
70
standard TC
modernized TC
Time, s
b)
1.5s
130 M

standard TC
modemized TC

AAAAAAAA

..............

....................

< S e o S
90 2 4 6 8 410 92 M4 M 1B 2 2
Time. s

Fig. 8. Comparison of the driving forces during acceleration with and
without the supercharger system for different throttle positions: a) 20%,
b) 100%

For the final throttle position of 20% (Fig. 8a), achiev-
ing the final linear speed of 65 km/h took 45 s in the case of
the traditional engine with a supercharger system and 6 s
less in the case of an engine utilising the supercharging.
Similarly, for the throttle position of 100% (Fig. 8b), the
time was shorter by 1.5 s.

The presented graphs of the speed increase of the car in
the flexibility test depend on the energy consumption and
dynamics of the car and are directly related to the power
output of the drive system, so they are difficult to compare
[8, 25, 26]. In order to assess the car acceleration processes
in the flexibility test, the specific energy consumption of
the car was compared to the power of the drive unit. An
additional index of the energy quality of the acceleration of
the car was obtained according to eq. (10).

-2
Qe

The introduced dynamics index is a universal measure,
which in its properties is related to power, mass, and dis-
tance traveled, which in this way combines energy parame-
ters with dynamics. The applied dynamics index demon-
strates in the physical sense the time 1 s needed for the
acceleration of a passenger car weighing 1 kg over a dis-
tance of 1 m, combining the basic kinematic properties of
its movement. These quantities are known and have long
been used in the automotive industry.

The achieved in the supercharging process increased
engine power affects the acceleration time, but these chang-
es are insignificant in relation to the introduced acceleration
dynamics index (Fig. 9). In the case of the position of the
acceleration pedal of 20% (for a low intensity of car accelera-
tion), these differences are minimal and amount finally to
12.74 kg-m/s with the fuel consumption of 6.94 dm*/100 km.
For a full deflection of the accelerator pedal of 100%, the
maximum intensity of acceleration of the car, the index
increases to the value of 20.24 kg-m/s with a much greater
increase in fuel consumption depending on the traveled
distance 22.93 dm%100 km.

Ip (10)

251
* 20%TP #* 50%TP
* 25%TP % T70%TP B
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Fig. 9. Index of acceleration dynamics for throttle positions

The car acceleration energy quality indicator corre-
sponds to the kinematic parameters of the car. Using the
motion dynamics index (Ip) as in Fig. 9, two areas can be
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determined. Area A is the area of moderate car acceleration
intensity up to 0.8 m/s’ for the acceleration pedal value up
to 45%. This is an area where the energy consumption of
traffic is of great importance, related to the parameters of
the car and the acceleration profile. Area B is the area as-
signed to engine power where the increase in acceleration
intensity is due to the increase in engine power. With higher
car acceleration intensity, the dynamics index (lp) increas-
es, which is consistent with physics due to the higher ener-
gy expenditure (Fig. 9) and the fuel consumption increases
significantly. For the presented dynamics index, the instan-
taneous increase in engine power and acceleration intensity
is compensated by the specific energy consumption of the
car and the index is comparable.

6. Conclusion

In conclusion, it should be emphasized that the analysis
of car acceleration processes is a complex process. A direct
comparison based on the acceleration time is unreliable. As
the research result has shown, of a temporary increase in
the power of the combustion engine by approx. 5s, different
acceleration times were achieved for the same drive system
with constant control parameters (for example as constant
throttle positions). The time reduction is a consequence of
the increase in fuel consumption and thus the specific ener-
gy consumption of the car. However, the reference to the
power in the drive system results in a comparable dynamics
index of the car's acceleration. The dynamics index in its
properties is related to the parameters of movement (time,
speed), the design parameters of the car (mass, coefficient
of aerodynamic drag) as well as the parameters of the drive
system (engine power).

At the same time, the presented in the paper solution sup-
ports the car acceleration process using short-term engine
supercharging with compressed air is an effective method of
improving the car acceleration intensity. The use of short-
term turbocharger boost using compressed air gives much
greater benefits in the event of partial throttle opening, result-
ing in a 13.3% reduction in acceleration time, which is espe-
cially important in city traffic. As the results show, a short-
term increase in fuel consumption does not affect the total
specific energy consumption of the car. Similar work leading
group Jaguar Land Rover Ltd in 2016 in Great Britain, GB,
who reported Patent No. GB1612798.7A, charging system
for air turbine blades to increase efficiency and solve the
problem of "turbo lag" [27].

The article presents an assessment of the acceleration
process of a passenger car equipped with an internal com-
bustion engine, in which it is possible to increase the instan-
taneous power. The presented dynamics index characterizes
the car acceleration process and combines the dynamic and
energetic parameters of this process. Such a combination
allows for meaningful comparisons of the acceleration
process. In further research, using the dynamics index, it is
intended to compare the acceleration process with a hybrid
drive system, where the total increase in power in the drive
system is much greater. In addition, the process of the tem-
porary increase in power by the internal combustion engine
must be compatible with the control of the gear ratio in the
drive system [24]. Then we can achieve better work results
with lower energy consumption, the acceleration process,
but this also requires further work.

Nomenclature

W;  distance-related energy consumption [kJ/m]

Qg total specific energy consumption [kJ/m-kg ']

a acceleration [m/s?]

A frontal surface of the vehicle [m?]

AP accelerator/throttle pedal

asf slope factor

C controller

Cr rolling resistance coefficient

Cy drag coefficient

Dk mean acceleration force [N]

DMC deviation from the mean confidence data

E engine

Ean  energy of air resistance [kJ]

EC electromagnetic clutch,

Ey  energy of gradient resistance [kJ]

E, energy of inertia [kJ]

EM  exhaust manifold

Em  energy of motion [kJ]

Er  energy of rolling resistance [kJ]

ET  exhaust turbine

Er  total energy consumption [MJ]

EV  valve

F air filter

FC  Fuel consumption in test [g]

Fo  driving force in the phase when power is supplied to
the wheels [N]

Fer  driving force [N]

FS  mass airflow sensor

g gravitational acceleration [m/s?]
Ge  fuel consumption [g/s]

IC intercooler

) Dynamic Index [kg-m/s]

IM  intake manifold

L distance [m]

m mass [kg]

mechanical compressor

N nozzle

P power [kW]

Pmean Mean power [KW]

PR pressure regulator

Q distance-related fuel consumption [dm®/100 km]
R reservoir

RC  radial compressor

Sk calorific value [MJ/kg]

SFC specific fuel consumption [g/kWh]

Sl Spark Ignition engine

T throttle

TC  turbocharger

te end time [s]

TP throttle position [%]

ts start time [s]

% instantaneous speed of the vehicle [m/s]
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