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Under the project of "The development of scientific-technical solutions in components of
mobile charging devices for accumulating batteries of hybrid and electric drives of heavy and
passenger city automobile transportation" the group of scientists develop the mathematic
models of LiFePo4 lithium-ion batteries to study, check and confirm the algorithms predicted
prior to get the most efficient rapid charge with no damage to the battery and shortage of
life time. The usage of shareware (freeware) software essentially speeds up the works as the
students and postgraduates may use such software without any limitation because of no
license. Since lithium-ion batteries become more and more popular worldwide recently, it is
a significant scientific and technical scope. The project is aimed on the development of the
system of rapid charge which would be economically feasible for the new hybrid "KAMAZ"
trucks, and the topic should be prospective for the development of the next research and
design projects with the development of special charging equipment both for heavy load
and commercial city transportation.
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Introduction

One of the modern areas for development of transportation vehicles is the invention
of heavy load and city transportation on the base of electric traction. This type of engines
doesn’t require any uninterrupted electric power supply in the form of accumulating
batteries.

The wide usage of accumulating batteries in residential cars and commercial heavy
and city transportation had leaded to another problems like the rational and efficient
approaches of charging such a batteries, which in turn should be solved as soon as possible.
The task of the design and development of electric transportation vehicles was announces,
and being solved. The vehicles should compete with the traditional transportation in both
technical and cost indicators. The problem of efficient charge becomes highly pointed due
to the development of electric transportation vehicle market.

1. Hybrids and Fully Electricals

Hybrid electric transportation vehicles use more than one energy source for the front
wheel drive [1]. As a rule the design of hybrid transportation requires the usage of both
internal combustion engine and electric motor. Today the modern complete and moderate
power engines use the parallel as well as series design architecture. In parallel circuitry

2015, vol. 2, no. 3 3



D.V. Topolsky, E.V. Solomin, I.G. Topolskaya, N.D. Topolsky

the electric motor and internal combustion engine start almost simultaneously, and in
series — the internal combustion engine with the help of alternator, provides the extra
supply of energy for electric motor. The most of hybrid vehicles are the full hybrids as
both the electric motor and internal combustion engine may operate also simultaneously.
The moderate hybrids are different from the full hybrids by the operation of electric
motor. Here the electric motor plays an auxiliary role of extra traction power during the
start or a device for accumulating extra charge in batteries during the braking mode.
The hybrid electric transportation vehicles are promising as a heavy and city commercial
transportation. However they also need a special stations for charging the accumulating
batteries.

2. Approaches of Modelling

There are several different approaches and modes of accumulating batteries charge
today [2]. All charging devices should provide the most optimal mode of charge from
the beginning to the end of charging process. Thus the charging devices provide and
automatically change the voltage and current values depending on the stage of charging
process [3].

The direct current is supported on the direct current mode for the whole stage of
charge. The advantage of this approach is relatively small time of charge, however the
ageing of battery becomes more rapid because of high current loading on the final stage
of charge, and the life time of battery decreases.

If the charging process will be controlled by direct current constant voltage, then the
process of final stage will be essentially slower and the time of charge will be increased.

And finally the third combine mode type. This is the two previous in one. First the
charge by direct current constant current finalizing by the stabilized voltage. This is the
most optimal but the most complex approach because of the pulse chart sequence [4].

Though surely could be stated that all modern charging devices operate as described
in combine approach. And use the different speed of charge. The speed of charge is in
proportion to the force of current flowing via accumulating battery. However we should
note that increasing the charging current, not only the speed of charge will be higher but
also the ageing speed. However the cases are very different. For instance the automobile
accumulating battery is expensive and it should be charged by nominal current.

The figure 1 represents the different modes of battery usage [5].
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Fig. 1. Modes of accumulating battery usage: a) — stationary batteries, b) — starter batteries,
c) — tracking batteries (normal duty), d) — traction batteries (intensive mode), 1 — discharge, 2 —
charge, 3 — extra charge, 4 — idling
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Traction batteries are mostly used in the full "charge-discharge" cycle. The
manufacturers of such batteries guarantee 1,200-1,500 cycles during the life time. However
for that the end user should meet all the strong requirements for their usage and charging
modes.

Thereby the research of accumulating batteries for the vehicles and commercial heavy
and city transportation, and the development of charging devices for such vehicles, is the
priority area of applied science and technology in Russian Federation [6].

The group of authors takes part in the applied scientific-technical research and
development project "The development of scientific-technical solutions in components
of mobile charging devices for accumulating batteries of hybrid and electric drives of
heavy and passenger city automobile transportation" under the Government Federal
Call "Research and development in higher-priority areas of Russian Federation Scientific-
Technology Complex on Years 2014-2020". The chief company in charge of the project is
Federal State Budget Educational Enterprise of High Professional Education "South Ural
State University" (National Research University). The Industrial Partner is "KAMAZ"
Joint Stock Company.

3. Project Goal

The goal of the project is the development of domestic component base for the mobile
(on board) and stationary devices providing rapid charge of accumulating batteries and
on-board net electric supply during the driving and parking, under the global project
"Development of next-generation "KAMAZ" trucks up to Year 2020".

The project is aimed on the development of the system of rapid charge which would
be economically feasible for the new hybrid "KAMAZ" trucks, and the topic should
be prospective for the development of the next research and design projects with the
development of special charging equipment both for heavy load and commercial city
transportation.

In case the project will have a success, the profile of Industrial Partner allows the
forecasting of "KAMAZ", JSC production spectrum expansion from the heavy load
transportation vehicles up to electric transportation of wide range.

The main scientific and engineering tasks of the project:

— development and study of mathematic models of accumulating batteries with rapid
charge control systems;

— development of rapid charge algorithms with automatic determination of grid power
and diagnostic algorithms providing the safe long term use of traction accumulating
batteries for electric transportation vehicles;

— development of circuitry and design of mobile and stationary reversible voltage
converter with the function of inverter for on-board and external devices alternating
current power supply;

— development of control system for charging converter with the information exchange
by CAN bus.

The efficient solution of the tasks is closely connected with the adjustment of
mathematic model of accumulating battery. In the project the adjustment of mathematic
model of accumulating battery is solved as follows:
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— we build a system of equations of accumulating battery on the base of equivalent
substitution electric circuit |7];

— we develop the algorithm of rapid charge with the automatic determination of grid
power;

— we develop the algorithm of calculation of the obtained mathematic model.

The research of using a different batteries for hybrid transportation had shown the
advantages of LiFePO4 (Lithium-Ferrum-Phosphate) batteries [8]. Their usage instead of
traditional lead-acid batteries allows reducing the self price of electric consumption on up
to 20 (17 average). It is known that this type of lithium-ion battery uses the LiFePO4 as
a cathode, which provides longer life time than the other lithium-ion batteries types. Due
to the DC voltage 3.2V on output, the four batteries could be connected in series to get
the nominal voltage of 12.8V. This is closed to the standard voltage of lead-acid batteries
with six elements. Due to the excellent safety parameters the LFP batteries become very
good potential substitute of lead-acid accumulating batteries in automobile industry. As
nickel accumulating batteries the LiFePO4 batteries have a stable DC voltage (which is
different from the other Li-ion batteries). The output voltage is closed to 3.2V during
discharge until the charge will not be exhausted in full. This may essentially simplify or
even eliminate the control of voltage in the chains.

In modeling of the battery it is suitable to preset it with the approximate electric
substitute circuit which reflects the main processes in it as in element of electric chain.
To build the equations connecting the parameters of mathematic model, we used the
equivalent electric substitute circuit (Fig. 2). It represents a set of active and re-active
elements connected between each other. Each of the elements imitates physic-chemical
parameter of the studied accumulating battery.
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Fig. 2. Equivalent electric substitute circuit of accumulating battery

Equation system could be presented as follows:

Ep = Epo— K- (273 +0) - (1 — SOC), (1)

R1 = —R10 . 1H(DOC), (2)
-

Cl - le (3)

Ly,
<A22 " )
RQ == RQO . e(Agl(l_SOC))/ 1 +e I
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The calculation of equations could be solved by numerical methods. The base of the
numerical method is the approach of numerical integration — method of iterations and
trapezium. The source data of mathematical model are numerical analytic description of
basic resistances R; and Rs, and capacity C of main branch, resistance on terminals of
one element of the battery Ry, current value of main branch I,,,, condition of capacity of
the battery C (I, 6), current value in spurious chain I, and power losses P, taking into
account the constant F,,o — voltage of idling at full charge, Ry — resistance Ry at fully
charged battery (State of Charge, SOC = 1), Ry — resistance R; at battery full charge
depth (DOC = 1), Ry — resistance R, in normal conditions, V,,, — voltage on parasitic
chain and G),, Ay, Aai, 22 — constants taken from Technical Data for specific battery. The
unknown values are the internal electromotive force E,,, level of battery charge (). and
temperature of electrolyte in battery 6, to be obtained numerically as a function of time.
The built model allows the researching of dependence of internal electromotive force on
the battery charge level.

Lithium-ion battery has a very clear charging requirements in limitation of temperature
and overcharge. The battery should be charged by DC current imitating the current level to
prevent the overheating on the early stage of charging process. Then the main requirement
for Charging Device will be the monitoring of voltage on each in-series connected element
of battery to keep the balance and identical voltage on each element. Thus the Charging
Device should contain the circuits of appropriate protection.

4. Algorithm

The proposed algorithm (Fig. 3) OF Lithium-ion battery is as follows:
— Measure the initial idling voltage Uy of each element of the battery.
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— If the voltage value of element is 2.9 V < Uy < 4.2 V — then discharge the battery
by current 2.8C (A) up to the upper level (4.2 V) or up to timer switch off (in accordance
with the passport of device).

— Charge the battery by constant DC voltage up to current reduction less than the
threshold value or up to timer switch off.

To get the adequate modelling results it is necessary to take into account the
software which the calculation of the proposed mathematic model will be calculated in.
Mathematical packages are widely distributed on the market in the form of the systems
of computer mathematics — Matlab, Mathcad, Maple, Mathematica, etc. All of them
have a wide capabilities, advantages and disadvantages. However when the students and
postgraduates are involved into the research process the big disadvantage of these packages
is the necessity of purchasing the license, which limits the scientific research very often.
Thus the usage of the shareware software and makes these research more innovative |9].

Set up timer of CD
on 1600 sec

Charging DC

current 2 8C

Charging DC voltage

I Les (4.24)

YES

L 4

Stop charging

Fig. 3. Algorithm of Charging Device operation
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Since the one of the project indicators is the involvement of students into the Applied
Scientific Research Experimental Works, we used Free Pascal, a shareware compiler of
Pascal programming language, as a computer software for building the mathematic model
of the battery. The main advantage of the shareware software is the legal base for its free
usage and wide access to the study of documented source code for shareware programs for
computers, and modify it including the building of own research on its base.

The results of modelling of discharge process are presented in Fig. 4. We showed the
discharge curves of accumulating battery: one (solid) line is built on the base of calculation
of mathematic model, and the other (dotted) line is built on the base of parameters of
battery LT-LFP 300, while the discharge current Ip, temperature +20°C.
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Fig. 4. Discharge curves of accumulating battery

5. Conclusions

The obtained dependences had leaded the following conclusion: the described
mathematic model is adequate and could be used in the applied scientific research
experimental works. During the modelling all tasks given to the scientists, were solved
successfully.

This work was supported by Russian Federation Ministry of Education under
Grant Subsidy Agreement 14.577.21.015) of 28.11.2014 (Unique Agreement Code
RFMEFI57714X0154).
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MOJEJINPOBAHNE KOMIIOHEHTOB I'MBPU/ITHOTI'O
IrorpoACKOIo m rtACCA2KNUPCKOI'O TPAHCIIOPTA

B CBOBOJHO PACIIPOCTPAHAEMOM ITPOI'PAMMHOM
OBECIIEYEHNN

J1.B. Tonoavckuti, E.B. Coaomun, U.I. Tonoavckrasn, H./I. Tonoavcrut

B pamkax mpoekTa <PazpaboTka HAyIHO-TEXHUYECKUX PEITIEHU I KOMIIOHEHTOB MOOWTh-
HBIX 3aPSIHBIX YCTPOUCTB JJIsi aKKYMYJISTOPHBIX Darapeil rubpUIHOTO U JIEKTPUIECKOTO
[IPUBOJIOB I'OPOJICKOTO I'PY30BOT0 U MACCAKUPCKOIO aBTOMOOMJILHOI'O TPAHCIOPT:> I'PYIINA
y4eHbIx paszpaboTaia MareMaTHIecKue MOV JNTHH-HOHHBIX aKKyMYJISTOPHBIX Oarapeit
LiFePo4 c nenbio n3ydeHns U MPOBEPKH aJeKBATHOCTH PaHee Pa3pabOTAHHBIX aJrOPHTMOB
3apsima, JAJs TOaydYeHust Haubosaee 3(p@peKTUBHOrO Crocoba YCKOPEHHOTO 3apsiia MPH CO-
XpaHeHWH KadecTBa OaTapeil HApsIy ¢ HEM3MEHHBIM CPOKOM WX CJIy:KObl. Mcmosnb3oBanune
CBOOOHO PACIPOCTPAHSIEMOI0 IPOrPAMMHOI0 0DeCIIeYeHns CyIeCTBEHHO yCKOpsieT pabory,
MMOCKOJIBKY CTYAEHTHI U ACOUPAHTHI MOTYT HCIOJb30BATH TAKON WHCTPYMEHT 6€3 BCSIKUX
OTpaHWYeHU BBUIY OTCyTCTBUs juieH3un. C y4eToM TOro, 9TO JMTHH-HOHHBIE HaTapen
CTAHOBATCS CEro/Hs Bce Dosiee BOCTPEOOBAHHBIMU BO BCEM MUDE, JAHHBIN HAYYHBIA CEIMEHT
3acayKuBaeT ocoboro BHuMaHus. [IpoekT Halenen Ha pa3zpabOTKy CHCTEMBI YCKOPEHHOTO
3apsifia, KOTOpast MPEICTABISIETCS SKOHOMUYECKH BBITOMHON B TJIaHE TTPUMEHEHNST B HOBBIX
TUOPUTHBIX TPY30BBIX dekTpoMobumnsx KaMA3, a rema gaBiasercs aKTyaqbHOM g paspa-
OOTKH TIPOEKTOB IO CO3AHUIO CIENHUAJILHOTO 33PAIHOTO 00OPYAOBAHUS 715 OOJBIIErPy3-
HOIO U MACCAXKUPCKOTO TPAHCIOPTA, PADOTAIONIEr0 OT JIEKTPOTATH.

Karoueenie c1066: Aumuli-uonnas aKKYMYLAMOpHas bamapes; 20podckot, mpancnopim,
MAMEMATNUYECKOE MOJEAUPOBAHUE; CUMYAAUUA; CB0000HO PACTIPOCTPAHACMOE NPOZPAMM-

Hoe obecnevenue.

JImreparypa

1.

['OCT P EH 1986-2-2011. ABToMOoOIIN C 3JIEKTPHIECKOi TAroi. I3Mepenue sHepre-
THYECKUX XapaKTepucTuK. Yacthb 2. 'ubpuanbie Tpancnoprasie cpeacrsa. — M.: Cran-
nmapruadopMm, 2011. — 20 c.

. ABroMoOmIIm ¢ 3eKTpo- U THOpHAHBIM 1TpuBOomoM. Risiken minimieren und

Herausforderungen meistern // Mechatronik. — Sonderh: Antriebstechnik, 2013. —
C. 18-20.

. Wu, Jie. Large-Scale Energy Storage System Design and Optimization for Emerging

Electric-Drive Vehicles / Wu Jie, Wang Jia, Li Kun, Zhou Hau, Lv Qin, Shang Li, Sun
Yihe // IEEE Trans. Comput.-Aid. Des. Integr. Circuits and Syst. — 2013. — V. 32,
Ne 3. — P. 325-338.

. Niederhausern, A. Speicherkraftwerk auf vier Radern / A. Niederhausern //

Erneuerbare Energ. — 2009. — Ne 1. — P. 21-22.

. Yan, Zheng-ping. Mero/ nporHo3upoBanust pezKHMOB 3apsi/IKi djieKTpomobuiieii / Yan

Zheng-ping, Zhou Wei, Wng Wen-bin // Huadong Dianli East China Elec. Power. —
2013. — T. 41, Ne 12. — P. 2567-2572.

2015, vol. 2, no. 3 11



D.V. Topolsky, E.V. Solomin, I.G. Topolskaya, N.D. Topolsky

6. Ykas IIpesugenta PO «O6 yTBep:KIeHHH HPUOPUTETHHIX HAIPABJICHUN pa3BUTHS Ha-
yKu, Texnojioruit u rexuuku B Poccuiickoit @ejiepanuu u nepedns KPpUTHYECKUX TeX-
nosoruit Poccuiickoit @enepanuus // Topydenue Ipesugenra PO or 17 anpess 2003
rojia Nt [Ip-655 0 KOppeKTHPOBKe TPUOPUTETHLIX HANPABJICHUI PA3BUTUS HAYKH, TEX-
HoJioruit m TexHuKu B Poccuiickoit @enepanuy U ImepedHs KPUTHYCCKUX TEeXHOJIOTHUI
Poccuniickoit ®eneparun.

7. FOrr, B.E. Duekrpoobopymosanue apromMobmieit: yaeonuk st Byzos / B.E. FOrt. —
4-e uzj., nepepad. u gom. — M: I'opsguag qunust — Tesekom, 2006. — 440 c.

8. Tuxonos, A.B. Ilosbienne 3bHeKTUBHOCTI KOMOMHUPOBAHHBIX CUCTEM aBTOHOMHOTO
371eKTPOCHAOKEHNA Ha OCHOBE BO30OHOBJISAEMbBIX NCTOYHUKOB SHEPTUU: aBTOped. JIHC.
... Kam. Tex. mayk / A.B. Tuxonos. — M., 2013. — 26 c.

9. Kupnmunukora, .M. AkTyaJgnpHOCTH HCHOIB30BaHUS CBOOOIHOTO TMTPOTPAMMHOTO
obecTieveHrs] TPU MOJETUPOBAHNN TEKTPOTEXHUIECKAX CHCTEM, CO/IepPKaITuX BO300-
HOBJIsieMble uctounuku sueprun / V.M. Kupnuunukosa, /1.B. Tonosnbcekuit, .T. To-
nosibekast // Akryasnbabie Boupocsl Hayku: Marepuasnr VII Mexx ynaposoit nay q4H0-
npakTuideckoit koudepenruu. — M.: Coyrauk+, 2013. — C. 65-609.

Tonoavexuti JImumpuii Basepuanosuy, kaHoudam merHuMeckus Hayk, 00UeHm, Ka-
dedpa saexmpomernury U 60300H0BAAEMBLT UCTNOYHUKOE IHepeuu, FOucro-Yparverul 2o-
cydapemeennul yrusepcumem (2. Yeasbunck, Poccutickan Pedepayus), topol69@mail.ru.

Conomun Fezenuti Buxmoposuu, doxkmop mexnuueckux Hayk, douenm, xagpedpa
INEKMPOMETHUKY U 60300HOBAAEMBLL UCTNOUHUK0S dHepauy, FOoxcho-Ypasvekud 20cydap-
cmeennvill yrusepcumem (2. Heasbunck, Poccutickan Pedepayus), evsolomin@inbox.ru.

Tonoavckas Upuna Iennadvesna, cmapwuti npenodasamens, kadedpa srexmpomer-
HUKU U B0300HOBAAEMBLL UCMOUHUK08 anepeuu, FOocno-Yparverxutd 2ocydapemeenroiil
ynusepcumem (2. Yeasbunck, Poccutickan Pedepayus), irina_topol71@mail.ru.

Tonoavexkut  Huxuma — JImumpuesun, cmyodenm, Kaedpa  2NEKMPOHHO-
suLMUCAUMEAHUE Mawur, FOoxcro-Ypasvckud 2ocydapemeennut yrusepcumem (2. e-

aabunck, Poccutickan @edepayus), ntopolsky@mail.ru.

Hocmynuaa 6 pedaxyuro 28 urons 2015 .

12 Journal of Computational and Engineering Mathematics





