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RESUMO

O artigo apresenta os dados de experimentos relacionados ao processo de partida do motor de
automével usando um dispositivo de armazenamento de energia capacitivo. E mostrado que os dispositivos de
armazenamento de energia capacitivo podem ser usados para iniciar com eficiéncia o motor de combustdo
interna. O objetivo do artigo foi estudar os sistemas de partida elétrica de combustdo de veiculos com o
dispositivo de armazenamento de energia capacitivo como fonte de energia elétrica utilizando um aparelho
matematico que permitiu analisar o processo de partida do motor de veiculo com energia capacitiva. No
processo de trabalho, foram obtidas dependéncias analiticas do tempo e do angulo de rotacdo do eixo de
manivela do motor de combustdo interna (nUmero de cursos de trabalho) dos principais parametros do sistema
de partida do arrancador elétrico com um momento constante de resisténcia no eixo do motor de combustao
interna. Foram realizados os calculos matematicos e modelagem de modos operacionais em produtos de
software especializados. Os resultados do experimento mostraram que o processo de rolagem do motor de
combustédo interna usando o arrancador elétrico quando é alimentado por dispositivos de armazenamento de
energia capacitivo é significativamente diferente do processo de rolagem quando alimentado por uma bateria.
Em conexdo com o amplo uso de baterias em veiculos e a busca de solu¢des tecnoldgicas alternativas para
elas, pode-se dizer que os resultados obtidos neste artigo sdo de valor pratico no quadro da moderna
tecnologia de equipamentos elétricos.

Palavras-chave: carga-descarga, dados experimentais, bateria de armazenamento, solucdo tecnolégica
alternativa, equipamentos elétricos modernos.

ABSTRACT

The article presents data on experiments related to the start-up process of an automobile engine using
capacitive energy storage. It is shown that capacitive energy storage devices can be used for efficient start-up
of an internal combustion engine. The aim of the article was to study the systems of electric start of vehicles
combustion with capacitive energy storage as source of electric energy using a mathematical apparatus that
allowed analyzing the process of starting a vehicle engine with capacitive energy. In the course of work,
analytical dependences on the time and angle of rotation of the crankshaft of the internal combustion engine
(number of working strokes) of the main parameters of the electric starter starting system with a constant
moment of resistance on the shaft of the internal combustion engine were obtained. Mathematical calculations
and simulation of operating modes in specialized software products were carried out. The results of the
experiment showed that the process of scrolling the internal combustion engine with an electric starter when it is
powered from capacitive energy storage devices differs significantly from the process of scrolling when powered
from a rechargeable battery. Due to the large proliferation of batteries in vehicles and the search for alternative
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technological solutions to them, it can be said that the results obtained in this article are of practical value in the
framework of modern electrical equipment technology.

Keywords: charge-discharge, experimental data, rechargeable battery, alternative technological solution,
modern electrical equipment.

AHHOTALUA

B cratbe npeactaBneHbl AaHHble 06  3KCMepuMMeHTax, CBSA3aHHbIX C  MpOLEeCcCOM  3amnycka
aBTOMOOUNBHOIO ABWUraTens C UCNoMb30BaHWEM eMKOCTHOrO Hakonutens aHeprun. lokasaHo, YTO eMKOCTHblEe
HaKoMUTENN 3Heprum MOryT UCNonb3oBaTbCs AN aPEKTMBHOIO 3anycka ABUratens BHYTPEHHEro CropaHus.
Llenbto ctatbn SABRSIETCS M3yYeHUE CUCTEM INEKTPUYECKOro 3anycka CropaHusi TPaHCMOPTHbLIX CPeacTB C
€MKOCTHbIM HaKonuTeneMm 3HeprMM B KavyeCcTBE WCTOYHWMKA OMNEKTPUYECKOM 3JHEprum C MCNnonb3oBaHUEM
MaTeMaTuM4yeckoro annaparta, KOTOpbiM MO3BOMNWA  MpoaHanuM3npoBaTb Mpouecc 3anycka [AsuraTens
TPaHCNOPTHOro CpeacTBa C €MKOCTHOW 3Heprnen. B npouecce pabotbl Obinv nonyyeHbl aHanuTuU4eckue
3aBMCUMOCTU OT BPEMEHW W yrra MnoBopoTa KOMeH4YaToro Bana ABuraTens BHYTPEHHEero cropaHus (4icna
pabounx Xo4OB) OCHOBHbIX MapamMeTpoB CUCTEMbl 3arnycka anekTpocTapTepa C MNOCTOAHHbIM MOMEHTOM
COMPOTMBMEHNS Ha Bany QABuratens BHYTPeHHero cropaHus. [lpoBegeHbl MaTemMaTuyeckue pacyeTbl U
MOAENMpOBaHNe pexmmoB paboTbl B CNeunanuMsvpoBaHHbIX MPOrpaMMHbIX MpoAykTax. PesynbTaTthl
3KCMepuMeHTa Moka3anu, 4YTO MpouecCc MPOKPYTKM ABWratens BHYTPEHHEro CropaHust € MOMOLLbIO
aneKkTpocTtapTepa MpW ero nWTaHMM OT EMKOCTHbIX HaKoMMTenen SHEepPrum 3HaYUTeNbHO OTnM4YaeTcs oT
npouecca MPOKPYTKM MpM MMTaHUM OT akKymynaTtopHow 6atapen. B cBAsu ¢ Bonbwum pacnpocTtpaHeHuem
aKKyMYMnsiTOPOB B TPAHCMOPTHbIX CPEACTBAX M NOWCKOM anbTEPHaTUBHBIX TEXHOMOIMYECKUX PELLEeHU AN HUX
MOXHO cKasaTb, YTO pe3ynbTaTbl, NOMNyYeHHble B 3TOW CTaTbe, MMEIT MPaKTUYECKYlD LEHHOCTb B pamkax
COBPEMEHHOM TEXHOMOMMKN 3NeKTPoobopyaoBaHUS.

KnioueBble crnoBa: 3apdan-pa3pdn, akcnepnMeHTaribHble AaHHble, aKKyMYNnATOpHaA 6aTapeﬂ, arnbTepHaTuBHOE
TEXHOoJ1orm4eckoe pelieHne, coppemMmeHHoe SﬂeKTpOO60pyD,OBaHVIe.

1. INTRODUCTION with AB and higher specific powers (Cheremisin
et al., 2015; Karmazin et al., 2015;Vatamanu and
Bedrov, 2015; Ishmatov et al., 2016; Opila, 2017;
Dong et al., 2017; Fomin et al., 2018; Hulea et

al., 2018; He et al., 2019).

The use of ESS with energy storage
devices (CES) makes it possible to maintain the
nominal voltage of the vehicle and apply low-
voltage CES both on promising and on serial
automobile engines with almost no modification
of the elements of the ESS (Waters et al., 1979;

Analysis of the state and development of
modern systems of electric starter systems (ESS)
shows that their output parameters are affected
by electrical and mechanical losses, the design of
the drive mechanism, and the operating mode of
the starter. The existing constructive and
technological measures to improve these factors
have reached optimal values, and it is not
possible to improve the output parameters of the

ESS due to their change (Shi et al., 2005; Hata et
al.,, 2015; Jung et al., 2015; Munakata and
Kanamura, 2015; Ogundiran et al., 2017).

At present time lead acid rechargeable
batteries (AB) are used overwhelmingly as
sources of electrical energy in electric starter
systems (ESS) of internal combustion engines
(ICE) of vehicles. The main disadvantage of it is
low utilization of stored energy at negative
temperatures, due to the high internal resistance,
which complicates the process of starting the
internal combustion engine (Keshan et al., 2016;
Grachev et al., 2017; Subramanian, 2017; Kroics,
2018; Kunt, 2018; Ramazanov et al.,, 2018;
Dhundhara and Verma, 2018; Sulym et al., 2018;
Ha, 2019). In this regard, capacitive energy
storages (ECs) are very promising. They have
significantly lower internal resistances compared

Xie et al., 2016; Crouch, 2017; Luo et al., 2017;
Malozyomov et al., 2018; Xu et al., 2018; Bae
and Park, 2018; Tishkov et al., 2019; Kuznetsov
and Artemenko, 2019; Shao et al., 2019).

The initial dates in the design of ESS are
minimum starting speed nmin, average static
moment of resistance ICE Ms, corresponding
nmin and starting time ts at the limit (minimum)
temperature of the reliable starting tOmin.
Therefore, for a theoretical analysis of the
processes occurring in an ESS with an CES in
the first approximation, it can be assumed that
the shaft of an internal combustion engine is
loaded with a constant static moment of
resistance Mr. Neglecting also the moment of
inertia of the system “electric starter — internal
combustion engine”, uneven rotation of the
engine shaft and starter inductance, the following
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main results were obtained (Kroics, 2015; Manla
et al., 2015; Hiramatsu et al., 2015; Saito et al.,
2015; Geetha and Subramani, 2017; Xu et al.,
2017).

This article presents the results of a
theoretical and experimental study of the ESS
ICE with CES. The evaluation of the
effectiveness of electric start-up systems using
energy storage devices at low temperatures was
carried out. The aim of the article was to study
the systems of electric start of internal
combustion of vehicles with capacitive energy
stores as sources of electric energy using a
mathematical apparatus, which allowed to
analyze the process of starting a car engine using
capacitive energy stores. The results obtained as
a result of research will be used in the
development and justification of the requirements
for a start-up system with energy storage
devices, which will increase the performance of
automotive vehicles at low temperatures.

2. MATERIALS AND METHODS

The study was conducted in the
framework of the methodology of the physical
foundations of electrical engineering and
electronics, including using the method of
analogy and forecasting. According to the method
proposed by the authors earlier (Maleev and
Shmatkov, 2013a; Maleev and Shmatkov, 2013b;
Korotkov et al.,, 2015; Maleev et al., 2015;
Khortov et al., 2016a; Khortov et al., 2016b;
Skvortsov et al.,, 2016; Akimov et al.,, 2017;
Shmatkov and Lavrikov, 2017; Zuev et al., 2017)
and taking into account the assumptions
presented above, a mathematical apparatus was
used that allowed the authors to analyze the
process of starting a car engine using capacitive
energy storage devices.

So at a constant moment of resistance M;,
the current intensity of the electric starter (ST)
armature will also be constant (Equation 1)
(Korotkov et al., 2015) where n, — transmission
efficiency from ST to ICE (n, = 0.85) (Maleev et
al.,, 2015); nem — electromagnetic efficiency ST
(Nem = 0.75-0.95); i — is the gear ratio of the drive
from the ST to the internal combustion engine;
Cn — constant ST; ¢ is the main magnetic flux of
ST excitation. If the CES is charged to the initial
voltage Ucoi and has an internal resistance R,
then at a constant discharge current i.=l, all the
main parameters of the ESS will decrease
linearly with time t (Figure 1).

The voltage at the terminals of the CES
(Equation 2) (Maleev and Shmatkov, 2013a)

where ¢ — is the capacity of CES. CES voltage
under load (Equation 3) (Maleev and Shmatkov,
2013b) where Equation 4 is time constant CES
(Akimov et al., 2017). EMF at starter anchor
(Equation 5) (Khortov et al., 2016a) where AU, —
voltage drop under brushes ST (with I, = const,
AU, = const); R, — wire resistance from CES to
ST; Rst — the total resistance of the ST, which
includes the resistance of the excitation windings
and armature (Equation 6) (Skvortsov et al.,
2016) is discharge time constant CES. ST
armature speed (Equation 7) (Khortov et al.,
2016b) where c. — constant ST. Electromagnetic
power ST (Equation 8) (Shmatkov and Lavrikov,
2017). Time t¢ during which ST rotates (until it
stops) (Equation 9) (Zuev et al., 2017). CES
voltage at which ST stops (Equation 10) (Zuev et
al., 2017).

According to Equations 1-10, an analysis
was made of the starting processes of an
automobile engine using capacitive energy
storage devices to obtain numerical results.

3. RESULTS AND DISCUSSION:

After stopping ST, it occurs discharge
CES on the active resistance in the starter circuit,
but this process is not of interest due to the lack
of useful work. The dependence of the ESS
parameters on the angle of rotation ¢ of the
crankshaft of the ICE and on the number of
engine power strokes Npx is much more
complicated. The rotation angle ¢ of the engine
crankshaft given by the following relationship
(Equation 11): where Equation 12 is the angular
frequency of rotation of the engine crankshaft, s™;
n —lrotational speed of the engine crankshatft,
min”.

The number of working strokes of the internal
combustion engine is determined by the Equation
13. The angular frequency of rotation w linearly
depends on time t (Equation 14) where Equation
15 is maximum angular speed of the crankshaft
at the start cranking; tk — cranking time of the
engine crankshaft. Substituting Equation 14 into
Equation 11 and after transformations, Equation
16 is obtained. From Equation 14, after the
conversion, you can get the expression for the
current time (Equation 17). Substituting Equation
17 into Equation 16, after transformations,
Equation 18 will be gotten where Equation 19 is
the full angle of rotation of the engine
crankshaft.Equation 20 is obtained from the
Equation 18.

The change in @/§ in the function n/nmax
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is shown in the Table 1. The dependence of @/3
on n/nmax is shown on the Figure 2. Table 1
shows the values of n and ¢ obtained in the
course of calculations. The adduction of @8 and
nfimax allows us to simplify the calculation and
increase the accuracy of the results obtained.
The nhmax step was set by the heuristic method
in the range from 1.0 to 0.0 with a step of 0.1.
The calculation of @8 in table 1 was carried out
according to Equation 20. From the Equation 18
can be obtained the equation that determines the
change in the frequency of rotation on the angle
of rotation (Equation 21). The dependence of
N/Nmax in the function @/3 is shown in Figure 2. As
can be seen, with a frequency of n greater than
Equation 22, the crankshaft rotates in the range
of the angle of rotation ¢ from 0 to 75-0.

Figure 3 shows the dependence of ¢/9
and n/nma On a relative time t/t,. The obtained
results allow to draw the following important
conclusions. If the average rotational speed n,, is
equal to the minimum starting frequency of
rotation ng,, then within 3/4 of the full angle of
rotation of the crankshaft ©, it will rotate at a
frequency greater than nn,. This significantly
improves the process of mixing, facilitates the
ignition of the combustible mixture, increases the
efficiency of its combustion, i.e. facilitates the
process of starting the engine. In this case, the
required start time should be shorter than when
powered by the ST from the battery when the
engine crankshaft is turned at a frequency of nyp.

The Figure 4 shows the dependence of
the ESS-parameters on the angle of rotation and
the number of working strokes of the ICE — NWS.
Experimental studies were carried out in the
laboratory of the department "Electrical
equipment and industrial electronics" of the
Moscow Polytechnic University. The object of the
test was the four-cycle, four-cylinder, injection
engine of a modern small-volume car with a
working volume of 1.7 liters. CES consisted of
several dozen individual high-voltage electrolytic
capacitors (type K50-17 with a capacity of 200
mkF each (Kwight et al.,, 1990)) with a total
capacity of 0.1277 F. The initial charge voltage
for CES was Ucoi = 290 V. As the ST was used
own standard industrial DC electromotor (220 V)
JB-061-M64 with a front cover, a traction relay
and a drive mechanism from a starter 35.3708.
The total gear ratio of ST-ICE is 11,7. Figures 5
and 6 show the variation in the instantaneous and
average values of the engine crankshaft
rotational speed (n and n,), the torque of the
starter, adduced to the crankshaft (Mg = Mg X Ny
and Mg4,.) and the voltage at the CES-terminals

Uc depending on from time t and crank angle ¢
(number of working strokes N,s) at a temperature
of -15C (oil viscosity 1150 mm?/ s).

As can be seen, the process of scrolling of
the internal combustion engine with an electric
starter when it is powered from CES is
significantly different from the process of scrolling
when it powered from an AB (Figure 7). In the
initial period of operation, ST develops a large
torque (Equation 23), which is necessary to
overcome the moment of resistance and dynamic
moment. (Figures 5, 6). Then, as the crankshaft
is turning, due to a decrease in the viscosity of
the oil in the friction pairs of the internal
combustion engine and the rotational speed
decreases, the torque of the rotational resistance
and the torque of the starter My decreases and
most of the time the scrolling occurs with a
constant torque.

The rotational frequency n initially
increases rapidly during 0.33 s to a value of
Nmax= 520 mMin™, and then decreases linearly as it
discharges and decreases sharply to zero at the
end of the rotation. The average frequency of
rotation of its scrolling time t,= 1.436 s is
327 min. The sharp increase in the rotational
speed at the initial moment compared with the
gradual increase in the frequency when powered
from the battery (Figure 7) is due to the high
voltage CES. The absence of stages with a
constant scrolling frequency is caused by a
change in the voltage CES U, according to its
discharge. The voltage at the terminals of the
CES - U, is significantly reduced at the beginning
of the scrolling, when the moment of resistance,
the torque Mg and the required current consumed
from the CES to provide this torque are higher.
The CES voltage U, and the rotation frequency n
decrease linearly most of the time (from 0.619 s
to 1.262 s) while scrolling occurs with practically
constant Mg (and, therefore, with a constant
starter current la = 14.9-14.3 A), which
corresponds to aforecited theoretical studies.

The sharp decrease in rotational speed at
the end of the scrolling process is due to the fact
that at a certain voltage CES, the generated
power becomes insufficient to overcome the
increasing moment of resistance due to
compression of the fuel-air mixture in one engine
cylinder. Changing of the net power P developed
at ST, energy W, and number of strokes N
depending on the time is shown in Figure 8 in
addition to the dependencies n, Mg and equation
24. At the same time, Figure 8 shows the
calculated dependences of the CES-voltage U
and the crankshaft rotation speed ng.. The
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maximum of ST-power Ponac=4471W will be
developed at the stage of acceleration (t = 0.055
s) at a sufficiently high moment of resistance and
voltage of CES.

The CES-energy (Equation 25) during
cranking of the engine crankshaft t; = 1.436 s. is
decreasing due to the CES-discharge from 5370
J to 379 J. The engine performs 17 working
strokes during the scrolling time ts. If to think that
the cranking of the engine crankshaft occurs with
a constant average moment of resistance and an
average current of the starter armature 14.6 A ,
then with the total resistance of the starter circuit
(including resistance of the ES, the resistance of
the excitation windings and starter armature, the
resistance of the collector exact node and
resistance of the wires ), equal to 9.14 ohms, the
estimated time of cranking of the engine
crankshaft to the stop t, is equal to 1.387 s versus
1.436 seconds in the experiment. The calculated
values of voltages of CES Ucalc quite closely
coincide with the experimental values.

Significant discrepancies between the
calculated (n.) and experimental rotational
frequencies of the crankshaft of the ICE are
primarily explained by the change in the main
magnetic excitation flux of the ST in the scrolling
process, which is not taken into account in the
calculation. The test results showed that scrolling
of the ICE from high-voltage ES comparing to
scrolling from AB differs in significantly lower
operating currents (jua. = 14-20 A versus
lyav.= 200-300 A), more higher rotational
frequencies of the engine  crankshaft
(Naw =327 min" versus n, = 140 min-l) and
significantly less scrolling time (t; = 1.436 s.
versus ts = 10 s). A decrease in the operating
current ST and an increase in the crankshaft
speed is explained primarily with an increase in
the power supply voltage (CES). The CES as it is
discharged. The reduction of operating current
ST allows reducing the cross-section of wires
from CES to ST, which reduces the mass-
dimensional indicators of the ESS. At the same
time, heat losses in the ESS are reduced, which
increases its efficiency.

Increased engine cranking frequency
facilitates the start process and, in accordance
with the starting characteristics of the engine, the
start time is reduced. Therefore, despite the fact
that the scrolling time of the internal combustion
engine with NE is reduced, the engine can be
started due to an increase in the rotational speed
of the engine crankshaft. At the same time, the
test results showed that for a reliable start of the
ICE of a modern small-sized car with a high-

voltage CES at a temperature of -15 °C, the
starting characteristics of the injection need to be
changed.

4. CONCLUSIONS:

According to the results of the research,
the following most important results can be briefly
highlighted:

1. Analytical dependences on the time
and angle of rotation of the engine crankshaft
(the number of working strokes) of the basic
parameters of the ESS, with a constant moment
of resistance on the engine shaft. The
experimental results show the possibilities of
practical use of the proposed calculation methods
after taking into account the influence of dynamic
factors on the characteristics of the ESS in the
CES.

2. The influence of dynamic factors on the
characteristics of ESS with CES should be taken
into account after statistical data processing of
ICE with CES of starting tests in different climatic
conditions. For reliable start-up of an internal
combustion engine with high-voltage CES at a
temperature of (-15 + -25) ° C, a change in its
starting characteristics is required. Moreover,
experimental studies have shown that at
temperatures (-20 + -25) °C ESS starts were
carried out using an electric starter with an
additional gearbox.

3. The process of cranking the crankshaft
ICE when the electric power from the high
voltage CES differs from the power supply from a
AB by significantly lower operating currents ST,
higher frequencies and smaller scroll time. It is
also worth noting that an increase in the value of
the capacity of the CES and the value of the
initial charging voltage of the CES allows
increasing the scroll time, the number of working
strokes of the internal combustion engine, the
average and maximum rotational speeds of the
crankshaft of the engine, and the useful power of
the electric starter, however, a detailed analysis
of these characteristics is beyond the scope this
study.
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Figure 1. The dependence of the ESS parameters on time at a constant discharge current
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Figure 2. The dependence of the engine speed on the angle of rotation in relative units
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Figure 3. The dependence of the rotational speed of the crankshaft ICE on the angle of rotation, to
the rotation time, in relative units
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Figure 4. Estimated change of ESS-parameters on the angle of rotation and the number of working
strokes of the engine
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Figure 6. The dependence of instantaneous and average ESS-parameters on the angle of rotation
and the number of working strokes of the engine
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Figure 7. The dependence of the frequency and moments of the starter resistance when it powered
by a battery
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Figure 8. Experimental dependencies of the ESS-parameters depending on the engine scrolling time

Table 1. Values of n and ¢ obtained in the course of calculations

N/Nimax 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
(010 019 036 051 064 0.75 0.84 0.91 0.96 099 1.00
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