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A theoretical analysis of the initial charge and discharge processes in consecutive connected sections of the
battery under the action of rectangular pulses was carried out, in particular, their influence on the uniformity of
energy accumulation and return wes explored. The non-uniformity of energy accumulation and return between
sections is shown. The equivalent electrical circuit of both single and serially connected battery sections is given.
On the basis of equivalent electrical circuits, computer simulation of charge-discharge processes was carried out in

the LT SPICE application program package.
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Introduction

Series connection of sections in storage batteries is
widely used in various industries. Studies of the
interaction of sections during charging or discharging of
storage batteries are of interest because they help to extend
their service life. The charge-discharge processes are
described in the literature, in particular, in [1-5], and
equivalent electrical circuits of one section of the storage
battery (STB) are also given, as well as the processes that
take place in each section of the STB during its charging.
It was noted that when a voltage charging pulse is applied
to the STB sections connected in series, there is a charge
delay in each of the sections. However, the results of the
effect of this delay on the energy storage in each of the
sections are not given.

This work is dedicated to the actual analysis and
research of the effect of the charge delay of each section
of the STB on the amount of energy storage in the sections.
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I. Theoretical analysis of the initial
charge-discharge processes of series-
connected storage battery sections.

The initial stage of charging. At the initial stage of
charging, the current flows from the positive electrode,
through the first section, to the negative electrode of the
first section. At the same time, this process does not take
place instantly, but with a certain delay due to both the
initial arrangement of ions (positive and negative) and
other processes.

Impulse methods are an effective method of charging
STB [6-8]. In these methods, when a charging voltage
pulse is applied at the moment ¢,, (Fig. 1) to the positive
electrode of the first section, the charge current will flow
through this section with a delay T, and at the moment of
time t;will appear on the negative electrode of this
section. That is, Ty = t; — to.

Similarly, the process will take place in the following
sections of the STB. Let's consider these processes under
the condition that all sections of the STB have the same
parameters.

Then for the second section:
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Fig. 1. Diagram of voltage change on the STB and on each section, during discharge.
After charging the battery, at the moment of time ty,
Tg=1t, —t;. without load (no discharge current), in the interval Ty=t,-

For the n-section:

Td = tn - tn—l-

The voltage Un on each of the sections is:
U, =E,+ [ f(e)de+R, [ f(i)di

in the interval T, =t,—t, in the interval
T, =t, — t, or the second section and similarly for the
remaining sections.
That is, for the n-th section in the interval
Te =t —th

where: E, — electromotive force (EMF) on each of the
sections before the start of charging, e,, — the value of the
increase in electric current on each of the sections, during
charging, respectively in the intervals T;, T, and up to Th,
Rn — is the internal resistance of the STB section, i, — iS the
charging current in the same intervals, t. — is the time when
the STB charging is turned off. Therefore, the voltage on
each subsequent section, except for the first, begins to
increase with a delay of T,; (Fig. 1.).

te, the voltage on each of the sections is lower than the
voltage at the moment of time te by the amount R,, [ £ (i.).

Each of the sections accumulates energy during
charging:

Wi =T [ fUI(En + [ flen) —Rn [ £()

where m — is the section number from 1 to n.

That is, in the interval T= T; for the first section,
Tm=T, for the second, and likewise for the rest of the
sections up to Tm=T, for the nth section. The first section
will accumulate more energy than the second. This
difference will be:

W, =T, [ fG)(En+ [ flen) —Rn [ f(i)

Similarly, in the second section, more energy is
accumulated on W, than in the third, and likewise in the
following sections. And the n-th section will accumulate
the least energy.

When T,>>Tc;, where Te=te-tn, this difference in
accumulated energy is not significant. But, with a large
number of charge-discharge cycles of the STB, it
accumulates and can affect the working condition of the
STB sections.
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Fig. 2. Diagram of changes in voltage on sections and STB during charging.
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The initial stage of STB discharge. When the STB
is discharged with current i, in the initial stage, the current
delay process in each of the sections is similar to that
during charging. The discharge current flows from the
positive electrode of the first section of the battery into the
load, so the first section is activated first. We denote this
delay as: Tg=t1-to.

Similarly, the delay process will be in the following
sections. For the second Tg=to-t1, for the nth- section

Tn=tn-t(n-1).
The voltage for each of the n-sections is equal to:

U, :Es_ff(ep)_Rnff(ip);

where: e, is the magnitude of the electromotive force
(e.m.f.) drop on each of the sections, during the discharge,
respectively in the intervals Ty, T, and up to Ty, l¢— is the
discharge current in the same intervals, t. —the time when
the discharge (load) of the STB is turned off. The voltage
on each subsequent section, except for the first, begins to
decrease with a delay of Ty4 (Fig. 2).

After the end of the STB discharge, at the moment of
time tl, when there is no load in the interval Ti=t|-«, the
voltage on each of the sections is greater than the voltage
at the moment of time te by an amount R,, [ £ (i)

Each of the sections, during discharge, will consume
energy:

Wm = Tmff(id) (EB - ff(ep) _Rnff(id));
The first section loses energy more than the second,
and this difference is equal to:

We =T [ f(ia) (Ey — [ f(ea) = Ry [ f(ia));

And the nth- section will lose the least amount of
energy.

After the end of the STB discharge, at the moment of
time t;, when there is no load in the interval T\=t-te, the
voltage on each of the sections is greater than the voltage

at the moment of time te by the amount R,, [ £ (iy).
Similarly, the second section will lose Wc more
energy than the third, and so on in subsequent sections.
When T >> T, this difference in energy consumption
is not significant. But, with a large number of charge-
discharge cycles of the battery, it can accumulate and
affect the working condition of the sections.

Il. Computer simulation of charge-
discharge processes in the STB.

Computer modeling of charge-discharge processes
was carried out in the LT SPICE application program
package [9]. For this, based on the analysis of the known
schemes for replacing the electrical circuits of the STB
[10-12], an equivalent electrical circuit of both one section
(Fig. 3.) and serially connected sections of the STB
(Fig. 5) [13-16] was proposed, adapted for modeling in LT
SPICE.
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Fig. 3. Equivalent electrical scheme of charge-discharge
of one section of the STB with a voltage pulse.

The equivalent electrical circuit contains the resistor
R1-1, which is equivalent to the total resistance of the
section, including the resistance of the loss currents, R2-1
corresponds to the internal resistance, and the capacitor
C1-1 is the capacity of the battery section. Capacitor C2-
1 simulates the initial delay of the charge current by the
battery section. Resistor RO is the equivalent resistance of
the voltage source. Signals IN and OUT1, respectively, are
the input and output signals of the VIN PWL source with
a partially linear approximation of the description of the
modeling signal. A rectangular pulse with a leading and
trailing edge duration of 0.1 ns, a pulse duration of 8 ns,
and an amplitude of 12V was set for simulation. The
diagram shows the nominal values of the elements R0, R1,
R2, C1 and C2, which were used in the simulation.

For the equivalent electrical circuit (Fig. '5), OUT1-
OUTG6 signals show the results of modeling the voltage
time diagrams, respectively, on STB sections 1-6.

The equivalent electrical circuit contains resistor R1,
which is equivalent to the total resistance of the section,
including the resistance of loss currents, R2 corresponds
to the internal resistance, capacitor C1 of the capacity of
the STB section, and capacitor C2 simulates the initial
delay of the charge current by the STB section. Resistor
RO is the equivalent resistance of the voltage source.
Signals IN and OUTL1, respectively, are the input and
output signals of the VIN PWL source with a partially
linear approximation of the description of the modeling
signal. A rectangular pulse with a leading and trailing edge
duration of 0.1 ns, a pulse duration of 8 ns, and an
amplitude of 12 V was used for simulation.

The charging process takes place when the input
voltage pulse VIN changes from 0 to 12 V ina time of 0.1
ns and at the top of the pulse with an amplitude of 12 V
(quasi-constant voltage of the charging pulse for this
example) and a duration of 8 ns. When the voltage of the
input pulse changes from 12 VV to 0 in atime of 0.1 ns (rear
edge), the discharge processes of the STB section occur.
Resistor RO, in addition to displaying the function of the
internal resistance of the source, also electrically separates
the nodes of the electrical equivalent circuit IN and OUT1,
which obviously cannot be the same node of the circuit in
the process of computer simulation.
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Fig. 4. Time diagrams of simulation of charge-discharge processes of one STB section.

The results of computer simulation of charge-
discharge processes of one STB section in the form of time
changes in voltage and transient processes in the form of
changes in currents flowing through elements R1, R2 and
C1are shown in Fig. 4 (Plot.1), and the total current of the
transient process through the section is shown in Fig. 4
(Plot. 2). On the left in Fig. 4 are the designations of the
curves of the time diagram.
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Fig. 5. Equivalent electrical circuit of charge-discharge of
6 consecutively connected STB sections by a voltage
pulse (similar to a 6-section car battery).
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The proposed equivalent electric circuit of the STB is
convenient for evaluating the redistribution of voltages
between sections during the charge-discharge process,
when changing the parameters and characteristics of each
section. For example, when the capacity of the second
section C1-2 is changed by +/- 20%, namely, 600 and 400
pF, the voltage difference between OUT1 and OUT2, and
OUT2 and OUT3 will be 2.2 V and 1.8 V, respectively.
This indicates the deterioration of the operating conditions
of individual STB sections and their negative impact on
reliability. According to the results of computer
simulation, for the same parameters of the sections of the
equivalent electrical circuit of the STB, these voltage
differences between all sections are also the same (Fig. 6).
In addition to simulations using the voltage pulse
generator Vin, simulations of one section of the STB from
a constant voltage source VDD with the introduction of
control n-channel MOSFETS - transistors M2 and M3
were also carried out. A simplified equivalent electrical
circuit for simulating charge-discharge processes of one
section of a STB with control MOS transistors is shown in
Fig. 7.

The separation between charge and discharge
processes is carried out by transistors M2 and M3 in such
a way that when transistor M2 is open, then during this
time period transistor M3 is closed. And these modes are
specified by IN and IN-OUT signals, respectively. To
obtain results similar to the previous ones, for this circuit
the supply voltage VDD was 12.3 V, which is necessary
to compensate for the voltage drop on the MOS transistor
with a threshold voltage of 0.3 V. Such an element can be
used to create integrated capacitive elements, e.g., sensor
microsystems-on-a-crystal [17], for integrated capacitive
voltage dividers, smoothing elements. To implement the
elements of the control circuit in an integrated design, it is
possible to use n-channel MOSFETS of both the standard
type and those with “silicon-on-insulator” (SSI)
structures, including their three-dimensional structures
[18], polysilicon ones are optimal for resistors and
capacitors films [19].
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Fig. 6. Results of computer simulation of charge-discharge processes of series-connected 6 STB sections (a),
Demonstration of the sequence of charge delays from section 1 to 6 (b), and the sequence of discharge delays from
section 6 to 1 (c).
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Fig. 7. Equivalent electrical circuit for simulating charge-discharge processes of the STB section with transistor
control.

Conclusions

As a result of this research, the interaction of serially
connected sections in storage batteries during their
charging and discharging processes is shown.

It was noted that when a voltage charging pulse is
applied to the STB sections connected in series, there is a
charge and discharge delay in each of the sections. The
effects of this delay on energy accumulation in each of the
sections are theoretically analyzed. Since the amount of
stored energy is also affected by the internal resistance of
the section, partial compensation of uneven energy
accumulation can be provided by selecting STB sections
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according to internal resistance, in order of its decrease,
from the first section to the next ones (Note: When
assembling a Li-ion STB, the internal resistance is
checked sections).

A capacitive-resistive equivalent electrical circuit is
proposed for the analysis and computer modeling of
charge and discharge processes both in a separate section
of the STB and for sections connected in series. The
results of computer modeling in the LT SPICE application
program package confirm the presence of time delays for
series-connected battery sections, and also show the
redistribution of voltages between sections when their
parameters are changed. The optimal mode of operation of
the STB from series-connected sections will be provided
with the same parameters of the elements of the equivalent
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Komn’rorepHe Moesil0BaHHsI PoLeciB 3apsay-po3psiay B MOCIiI0BHO-
3’€IHAHUX CEKUiAX B AKyMYJISTOPHUX OaTapesx

Kageopa xom tomepnoi inowcenepii ma enexmpouixu, Ipuxapnamcoxuii nayionarvhuil ynicepcumem imeni Bacuns Cmeganuxa,
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2TOB «EMB-EHEPI' O» Hayxoso-gupobuuuuii denapmamenm ACY TIT m. Kuis, Yxpaina, tamataka@ukr.net

[IpoBeneHo TeOpeTHUHUIA aHAaJi3 MOYATKOBHX MPOIIECIB 3apsAay i po3psAAy Y HOCHIIOBHUX 3’ € THAHUX CEKITisIX
aKyMyJIITOpHOI Oatapel mix Ji€lo NpsSMOKYTHHUX IMITyJIbCIB, 30KpeMa, IX BIUIMB Ha PIBHOMIPHICTh HAKONMUYEHHS 1
Binmaui eneprii. [loka3zaHo HepiBHOMIpHICTH HAaKONM4YEHHS 1 Bimmadi eHeprii Mix cekuismu. HaBemeHo
CKBIBAJICHTHY EJICKTPHYHY CXEMY SIK OJHI€i, Tak i MOCTIIOBHO 3’€JHAHUX CEKII aKyMyJisaTopHOi Oarapei. Ha
OCHOBI1 €KBIBAJICHTHUX EJIEKTPHYHUX CXEM, IPOBEICHO KOMII IOTEpPHE MOJEIIOBAHHS IIPOIECIB 3apsAy-pO3psay y
naketi npukitaanux nporpam LT SPICE. Pe3ynbraté KoM’ FOTEpHOTO MOJCIIOBAHHS MiATBEPKYIOTh PE3yabTaTh
TEOpPETHYHOro aHanizy. OTpHUMaHi pe3yJIbTaTH MOXKHA BHKOPHUCTATH JUISi KOMIIOHOBKH CEKLiil B aKyMyJISATOPHHUX
GaTapesix, a TAKOXK y po3poOKax sIK 3apsAHUX MPUCTPOIB, TaK i MPHUIIAAiB KOHTPOJIO CTaHY aKyMYJISITOPIB.

KurouoBi cioBa: akymymsTop, MOCTIIOBHE 3’€IHAHHA CEKIi B aKyMyJATOpHIM Oarapei, MOIEIIOBaHHS,
TIPOLIECH 3apsLy - PO3PsLY.
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