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Abstract

The article analyses the modern lubrication systems for internal combustion engines. Systems with mechanical
drive components that contain mechanical and electronic components have been found to have a number of
disadvantages. In particular, when the internal combustion engine is started cold, when the viscosity of the oil is high,
the hydrodynamic resistance characteristic rises sharply, which leads to high pressure at low speeds and the drive
requires low pump speeds. Again, the increase in oil temperature causes a decrease in viscosity, the hydrodynamic
resistance characteristic becomes flatter. This, in turn, reduces the pressure in the lubrication system and requires an
increase in pump speed in order to keep the pressure constant. Based on the analysis, the requirements for lubrication
systems are formulated and a separate lubrication system with forced oil supply is proposed in this paper. For the
drive of pump lubrication system of the internal combustion engine, a switched reluctance motor is proposed and
calculated. Such motor by its qualities is one of the most useful in this type of systems.

Keywords: switched reluctance motor; lubrication pump; internal combustion engine; lubrication system;
electromechanical system.

1. Introduction

Cars have a wide range of applications in different environments and different climatic conditions and are
therefore exposed to loads [1]. Therefore, the technical condition of the vehicle, like any other car, during continuous
operation remains unchanged. It worsens due to the wear of parts and mechanisms, failures and other faults resulting
in reduced performance of the car.

The main means of reducing wear of parts and mechanisms and preventing malfunctions of the car, i.e.
maintaining it in proper technical condition, is the timely and high-quality maintenance and repair, both capital and
current. The technical condition also depends on the storage conditions of the car [1], [2].

Engine oil plays the same vital role in the engine as blood in the human body. No other fluid affects the internal
combustion engine (ICE) operation and its service life as much as engine oil [3]. The lubrication system is designed
to create a lubricating protective layer between the parts that rub, reduce wear and loss of friction power, cooling
surfaces by constantly applying oil to them [3], [4], sealing gaps and removing wear products from the contact area.
The lubrication system must provide [4]:

e uninterrupted supply of lubricant to the engine regardless of temperature conditions and various operation

modes, on uphill and downhill, rolls;

o sufficient lubricant cleaning from mechanical impurity;
e prolonged engine operation due load without overheating;
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o simplicity of design and reliability.

This system is not perfect and has several disadvantages that affect the service life of ICE and the frequency of
its repair. The first disadvantage is that during cold start of the ICE, when the oil viscosity is high - the characteristic
of the hydrodynamic resistance rises sharply, which leads to high pressure at low speeds. In this mode, we need to
ensure low speed of our pump to achieve the desired pressure.

A temperature increase, the oil leads to a viscosity decrease, the characteristic of the hydrodynamic resistance
becomes flatter. That is, our pressure in the lubrication system decreases. To avoid this problem, increase the speed of
the lubrication pump and provide the required system pressure [3], [4].

2. Study progress and results

When we analysed the operation of vehicles [1], [3], [4], we saw that the relationship between fuel loss, load and
engine crankshaft speed as such does not exist. This is because under different driving conditions, such as descent and
ascent, these dependencies are significantly different. For modelling processes in lubrication pump, we take into account
method, which is described in [2] and as physics analogue took an internal combustion engine Mercedes-Benz OM- 602.

The pressure characteristics of the mechanical lubrication pump and the hydrodynamic resistance of the lubrication
system and the pressure characteristics of the electric lubrication pump are shown in Fig.1. As we can see, the distance
between points A and B, i.e. the points of nominal operation of the mechanical and electric lubrication pump is
insignificant. With minimal oil viscosity at low revs, the pressure of our lubrication system is very high. Therefore, at
high temperatures, our oil viscosity decreases and at low speeds the pressure of our system is low. The above-described
shortcomings will allow avoiding the independent drive of lubrication electromechanical system (EMS). It will allow
providing constant pressure in lubrication system irrespective of turns of the engine, oil temperature.
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Fig.1. Pressure characteristics of the mechanical lubrication pump and hydrodynamic resistance of the lubrication system and pressure
characteristics of the electromechanical lubrication pump.

Disadvantage for internal combustion engines that are equipped with a turbine is a moment when the engine
temperature is maximum and it is stopped, the service life of the turbine is reduced. Some internal combustion
engines install a turbo timer [3]. Its job is that at high engine temperatures, even when the ignition is off, the engine
must run until the engine temperature becomes such that the turbine can be evenly cooled. For this case, we have the
opportunity to program the microcontroller of our EMS. It should also be noted that at the engine’s starting moment,
when the ignition is turned on, before starting the starter, our EMS is already provide the set pressure in the system.
Another requirement for the operation of our EMS is emergency monitoring. That is, with a critical pressure drop and
high performance in the lubrication system, the electric lubrication pump is switch off.

Thus, our electromechanical lubrication system will be able to provide the required pressure and performance of
the lubrication pump depending on the quality of the oil and the operating modes of ICE. Depending on the method of
presenting information, EMS has the form, which is shown in Fig.2.
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When the vehicle is moving uphill the load on the ICE is increased significantly and the speed of the crankshaft
does not always reach the maximum value. In this mode it is necessary to provide the maximum pressure that there
was no breakdown of a lubricating wedge, and also to give the maximum quantity of oil, for heat removal and
cleaning of the rubbing knots.

Vehicles operational mode when the crankshaft speed is high and there is no load on the engine. This can be
explained by the fact that when the car moves from the mountain, ICE consumes fuel only to ensure idling, and for
modern engines at speeds above idle fuel, supply is completely blocked.
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Fig.2. Structure of EMS with regulator by disturbance.

That is, in this mode there is no need to provide high pressure and performance. Our electromechanical lubrication
pump can handle this task, as opposed to a mechanical lubrication pump, which is rigidly connected to the crankshaft.

Fig.2 shows that the main unit of our system is an electromechanical converter (EMC) which is controlled by
electronic control (EEC), such as the electric motor. The next block of our EMS is Programming Control (PrC). It has
included regulator (R) and input programing by current (IPP), which is controlled by signals from EM.

Mode when the crankshaft speed is high and there is no load on the ICE. This can be explained by the fact that
when the car moves from the mountain, the engine consumes fuel only to ensure idling, and for modern engines at
speeds above idle fuel, supply is completely blocked. That is, in this mode there is no need to provide high pressure
and performance. Our electromechanical lubrication pump can handle this task, unlike the mechanical lubrication
pump, which is rigidly connected to the crankshaft.

The EM control device can control the operation of EMS components both at the level of the principle of
operation and taking into account the purpose of EMS. The structures of PrC and EM are used in EMS, which is
shown in Fig.2. EMCs are separated into EMC with program control, which provides a change of the controlled
coordinate according to the law, which is defined in advance and set by the program. The next one is EMC with
stabilizing control, which ensures the stability of the controlled coordinate. Moreover, EMC with tracking control,
which provides a change of the controlled coordinate according to a previously unknown law [1].

If the frequencies and order of switching of the EMC switches are determined depending on the location of the
rotor relative to the stator, the control is referred to as closed or positional. Such control is used in a switched reluctance
motor (SRM). The development of the SRM lubrication pump drive involves the motor design with optimal parameters,
which would provide the appropriate torque on the shaft to overcome the starting torque of the pump.

Among a number of SRM [5], the most interesting are SRM with transistor switches [7] and RPS of various
types. World practice has accumulated some experience in the production and operation of this type of motors [5]-[6].
This experience confirmed their high consumer properties, and in terms of mass production proved the economic
feasibility of use in low-power drives of general use. However, SRM with PM on the rotating part of the machine
have such disadvantages as the complexity of design and manufacturing technology, increased cost [5].

One of the simplest in design, one of the most technological and reliable options is an electromechanical
converter with an open-pole stator and concentrated winding coils [7]. An electronic switch that connects to the DC
network powers the winding. The rotor is toothed, it does not contain any winding, but its core is charged. Such EMC
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is simpler, cheaper than the simplest of electric machines - asynchronous, and motors on its basis on regulating
properties do not concede to direct current collector motors [7]-[8]. Fig.3 shows the design of the SRM
electromechanical converter with a passive rotor.

As to the requirements, specification for designing a SRM may be diverse, computer-aided design system
(CADS) of SRM [8] was offered where only basic parameters such as voltage, power or mechanical moment on the
shaft and shaft speed are set. The remaining independent parameters are set in dialog mode depending on other basic
requirements of the vehicle [8]. To analyze the processes of creating moment, consider a structure consisting of a pair
of stator teeth and a pair of rotor teeth (Fig.4).

Fig.3. EMC of SRM. Fig.4. Moving the rotor tooth under the action of electromagnetic moment.

Insofar as a structural element interacting stator and rotor teeth are identical, we can consider only one wave
interaction with a rotor and stator teeth. In time At the tooth will move from the position 6, to position 6, + A6. Magnetic
linkage w is a function of rotor position 6 and current 7, thus y(6,u). Let’s assume that the current retains the value |
during the rotor motion. The active resistance of the winding for simplicity will be considered absent. Then the work
done by the power supply over time At can be calculated as

Asoume=I-U-At=|~|e|~At=I-(AA—\ijj~At=I~Aw. )

On the other hand, mechanical work, which is carried by a rotor over the time At, described by equation
Apecn =M-AB. 2

The increase in magnetic energy in the system when the rotor is moving can be described by the equation:

y+Ay W
AW, = [i-dy(0 +Ay,i)- [i-dy(0,i). ®)
0 0

In equation (3), current varies from 0 to 7, and a magnetic linkage  varies from 0 to W or to Y+AWY.

Each term of the right side of equation (3) has the following physical interpretation. The first term is the magnetic
energy of the system in which the rotor is in position 8, + A6. Integration is carried out by a variable v from 0 to WY+AY
when 6 = 6, + AB. The second term is the magnetic energy of the system when the rotor is turned-on to position 6.
Integration is carried out by a variable y from 0 to ‘P when 6 = 6,. Each term is integrated in parts.

The first term:

Y+AY I
[ i-d(6g+40,i)=1-(¥+A¥)-[y(0, +40,i)-di . )
0 0

The second term
v |
[i-dw(0g,i)=1-¥ = [w(0p,i)-di. )
0 0

The second term in the right-hand sides of these equations is the magnetic co-energy Wy. By substituting (4) and
(5) into (3), we obtained equation
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Awm=|.A\P—{jw(eo+Ae,i).di—jw(eo,i)-di}. (6)

Since the expression in braces is a magnetic co-energy growth, which is due to the rotor position change A6, then
(6) we can rewrite as follows:

|
AWm:I-AT—AIw(e,i)~di. @
0
The first term of the right part is the power that has been defined above by (1). From here (7) we can get:
|
Asource =AW, +A[ y(0,)-di . ®)
0

Power supply operation Agyree is Spent on changing the energy of the magnetic field and on performing mechanical work:
Asource = A\Nm + Amech . (9)

Comparing (8) and (9) for mechanical operation A, Will give the below equation:
|
Amen =M-20=A[y(0,i)-di (10)
0

From (10) electromagnetic torque

M0 _ow,| |
A6 o0 |I:Const

(11)

The SRM for ICE Mercedes-Benz OM-602 analogue are calculation in CADS of SRM [8]. The main
characteristics of EMS on the base of SRM are given in Fig.5.
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Fig.5. External characteristics of the lubrication EMS based on SRM for internal combustion engine Mercedes-Benz OM-602.

Therefore, to calculate the EMC with a passive rotor torque, it is sufficient to have an analytical expression for flux
coupling as a function of current and the angle of the relative rotor and stator position. For speed control, DC-DC from
12 V//24V converter will be used.
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3. Conclusion

The electromechanical lubrication system, in contrast to the mechanical system, makes it possible to create the
maximum pressure in the lubrication system at significant increases in the load of the combustion engine, to prevent
failure of the lubrication wedge.

It is possible to ensure the recommended pressure at idle speed of the combustion engine only with the help of an
electric lubrication pump. For pump in electronic system, it is recommended to use SRM, which has a much simpler
design, traces the economical and rational use of material and labour resources. In addition, SRM is much cheaper,
and therefore promising and interesting for designers and developers.

Purposed lubrication EMS, allows ensuring its rational operation, in terms of energy efficiency, which is almost
impossible to achieve with a mechanical lubrication pump, as it is obvious that the power consumption of an electric
lubrication pump is much less than that of mechanical one. Such system allows having programming controller,
receiving the necessary pressure before start of the combustion engine and will carry out function of the turbotimer
after it stops.

References

[1]  Simon Tung, George Totten Automotive Lubricants and Testing. — SAE, 2012. [ISBN: 9780768078893]. — 504 p.

[2]  Anisimov V.F., Dmitrieva A.V., Sevostianov S.M. Thermal and dynamic calculation of automobile engines. Tutorial. Vinnytsia, 2009 —
130 p. (in Ukrainian)

[3] Bakaliar N.V., Tmur A.B., Yurchenko S.M. Identification of the pump discharge characteristic. Novosibirsk: SibAK, 2013. (in Russian)
[4] Karaulov A.K., Hudolii N.N. Car oils. Motor and transmission: reference book - Kiev: magazine “Raduga”, 2000. —436 p. (in Russian)
[5] Miller T.J.E. Switched Reluctance Motors and Their Control // MagnaPhisicsPublishing. — CladrendonPress-Oxford, 1993. — PP. 76-82.

[6] Andrada, Pere & Torrent, M. & Blanqué, Baldui & Perat, J.I. (2003). Switched Reluctance Drives for Electric Vehicle Applications.
Renewable Energy and Power Quality Journal. V. 1, No. 1, pp 311-317. DOI: 10.24084/repqj01.373.

[71 Tkachuk V.l. Capacitive energy storage in switched reluctance motor // Electric power and electromechanical systems. Bulletin of Lviv
Polytechnic State University, No. 334 — 1997, pp. 125 - 131.(in Ukrainian)

[8] Tkachuk V.l., Kasha L.V. Switched Reluctance Motor with Serial Capacity Storage and its Mathematical Model/ Proceedings fifth
International Conference UEES’01, 2001, Szczecin, Poland. Vol. 3. pp. 953 — 960.

[9]1 V. Tkachuk, V. Haiduk, and L. Kasha, “Computer-aided system of switched reluctance motor design” In Annals of Lviv Polytechnic NU
“Computer design system: Theory and practice”, No. 471, pp. 50-64, Lviv, Ukraine, 2003. (in Ukrainian)

InauBinyaJbHUNA NPUBIA CHCTEMH 3MALYBAHHA IBUT'YHA BHYTPIilLIHBOT O
3ropaHHs Ha 0a3i BEHTWIBHOI0 PEAKTUBHOIO IBUT'YHA

Irop I'onosay, Jligis Kama, [Ban I'ynazii

Hayionanvuuii ynisepcumem "Jlvgiecoka noaimexuixa”, eyn. Cm. banoepu, 12, Jlvsig 79013, Vkpaina

AHoOTAaNis

VY crarTi NpoBEJCHO aHali3 Cy4aCHMX CHCTEM 3MalleHHs JBHI'YHIB BHYTPIIIHBOI'O 3TOpsiHHS. 3’sCOBaHO, IO
CHCTEMH 3 MEXaHIYHUMH KOMIIOHEHTAaMM IIPUBOY, 110 MICTATh MEXaHIYHI Ta €JNeKTPOHHI KOMIIOHEHTH MAaroTh D]
HEJIONIKIB. 30KpeMa, P XOJOAHOMY ITyCKY JABHI'YHA BHYTPIIIHBOTO 3rOpaHHs, KOJH B’SI3KICTh MAaCTHJIA € BUCOKOIO,
XapaKTepUCTHKA TiIPOJMHAMIYHOTO OMOPY PI3KO MiJHIMAETBCA Bropy, IO MPHBOAWTH JO BHCOKOTO THCKY Ha
HU3BKUX 00epTax Ta TPHUBIJ BUMara€ HU3BKUX OO0EpTiB Hacoca. 3HOBY 3K, 3POCTaHHS TEMIIEPATypH MacTHiIa €
NPUYUHOIO 3MEHIICHHS B’SI3KOCTI, XapaKTepUCTHKa TiAPOAMHAMIYHOTO Oropy crae Ourpil mosororo. Lle, B cBoro
4epry, 3MEHIy€e TUCK B CUCTEMi 3MaIllyBaHHs Ta BUMarae 30UTbIIEHHST 00EPTiB MOMIIH, JUIsl TOTO, MO0 MiATpUMaTH
THCK TocTiiiamM. Ha ocHOBiI mpoBemeHOro anamizy c(hOpMYyJIbOBAaHO BHMOTH [0 MACTWIIBHUX CHCTEM Ta
3allPOIIOHOBAHO OKPEMY CHCTEMY 3MAIlleHHs 3 INPUMYCOBOK Mojauero mactuia. [y MpUBOAY Hacoca CHCTEMU
3MalllyBaHHS JIBUI'YHa BHYTPIIIHBOTO 3TOPAaHHs 3allpOIIOHOBAHO Ta PO3PAaXOBAHO BEHTWJIEHUH PEAKTHMBHUH JBHUTYH,
SKHUH 32 CBOIMH SIKOCTSIMH € OJHUM 3 TIEPCIIEKTUBHUX 1010 BUKOPHCTAaHHS y TAKOTO THUITY CHCTEMaX.

KirouoBi cioBa: BeHTWIbHHMH pEAaKTUBHUHA MABHWTYH; HACOC, JABHTYH BHYTPIITHBOTO 3TOPSHHS, CHCTEMa
3MallleHHs; EIEKTPOMEXaHITHA CUCTEMA.



