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ITIpeocmasnene po3e’ssanns npooaemu, noe’a3anoi 3

BGUKOPUCMAHHAM AKYMYAAMOPI6 HA ABMOHOMHUX COHSY-
HUX Ma 6IMPOBUX eJIeKMPOCMANUIAX, YCMAHOBKAX 2apaH-
M06aH020 JHCUBNEHHS, eNeKkmpomobinax. Bidomo, wo
00un enemenm axymynsmopa moice euoasamu 1,2—4 B,
omice euHuKae HeoOXiOnicmv Komniexmyeamu 6Gama-
peto, 8 NOCaiI006HO napanebHoMy 3’c0Hani, 6i0 dexiib-
KOX enlemenmie 00 0eKinbKox mucsau eiemenmis. Y npo-
ueci excnayamauyii 3’A6A10MbCA HE3HAUHI BIOXUNEHHA
Hanpye enemenmie, Ki 6 NPOUeECi eKCnaAYamauii HaKonu-
wyomoCa i npu3600amov 00 6uxody 3 aady éamapei. Jlns
3anobizanns maxux saeuw, HeoOXiOHe diaznocmyeants 3
mounicmio do 0,1-0,001 B na enemenm. Ile ycxnaonioe
cucmemy KOHmMpOJI0 ma npu3eo0umv 00 GUOPAKYEAHHS
yciei bamapei, npu 6uxo0i i3 1a0y neénoi Kivkocmi ee-
Menmie. 30L1bUYEMbC HABAHMANCEHHA HA HABKOIUMHE
cepedosuuie, no6’a3amne 3 Yymunizauicto CUHUIO, KAOMII0,
aimiro. Bemanoeneno, wo ne ichye edpexmusnux nepe-
meoproeauie noCmMiliHoi Hanpysu 6 NOCMilKY, HA 3a3HA-
ueHux pienax nanpyeu i nomysxcrnocmi. Ilepemeoprosaui
Hanpye 3 piena 3 B euxopucmogyromv npomizxcny nanxy
nepemeopenns enepeii maznimnozo noast. Husvrosonomui
nepemeoprosati yb020 Muny GUKOPUCMOBYIOMbC MINbKU
HA MATUX NOMYHCHOCMSAX.

Jogedeno, wo 3nauny xinvkicmv nocaiooéno napa-
JIeNIbHO GBIMKHYMUX eJIeMEHMIE aKYMYAImMopa MojcHa
3aminumu 00HuM exeisanenmmuum no enepeii. [lposedenum
00C10NCEHHAM 6CMAHO0BIIEHO, W0 NOOATbULE NIOBUWCHHSL
Hanpyeu 00UIILHO BUKOHYEAMU TOHICMOPAMU WILAXOM iXx
3apsa0HCAHHS 8 NAPAIETLHOMY PeNCUMi 3 NOCAIOYIOUUM
PO3PAOOM Y NOCI008HOMY.

Pozpobnenuii. mamemamuunuii onuc poéomu nepe-
meopro6aua, NOMUHAIOMU 3 MOMEHNY 6MUKAHHSL, BUX00Y
Ha ycmanenui pexcum i 3 no0ANLUUM PeazyeaHHsIM HA
3miny nasanmasicenns. Ockinvku podoma nepemeopio-
6aua nepedbauae 6eauxi cmpymu, 6paxoeyOMvCL CKIA-
006i enympiwnix onopie ycix enemenmie. Taxuii nioxio
00360515€ QOCAIOUMU MOIHCAUBT MEXHIUHI peai3auii, 6Usl-
sumu 3aKOHOMIPHOCMI npu eapiauii 1o0zo0 napamempis ma
onMuMI3y6amu YyMoGuU 3aaeHCHO 610 MUny XiMiuHUX eJie-
MeHMI6 i NOMYHCHOCME CROHCUBAUA

Kanrouogi cnosa: axymynsmop, ionicmop, napaneiv-
HUill 3apa0, nocai0o6HUI PO3PA0, eHepeis ereKxmpu1Ho20
noas, banamnc 3apady
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1. Introduction

Existing chemical energy sources typically have a volt-
age on one element in the range of 1.2V for alkaline and
up to 4 V for lithium. The required voltages and capacities
are much higher for the consumption industry. The tradi-
tional way is a combination of a series of several elements
to several thousand elements in guaranteed power settings
and electric vehicles. This leads to known complications
in their production and operation. There are no DC-DC
converters at the specified voltage and power levels up to
200 kW. This is what forces to combine so many elements.
The next problem is to control and manage the number of
batteries. Given the properties of lithium batteries in terms
of their fire risk, the accuracy of measuring the voltage of
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each element should be up to 0.01 V. Therefore, it is import-
ant to consider a study aimed at replacing a large number
of low-power chemical elements with one equivalent in
energy, with a voltage of up to 4 V by creating a DC-DC
converter from 1.2—-4V to 200 V.

Effective use of electricity is possible only in the presence
of systems of its accumulation. It is known that electricity
levels vary dramatically depending on the day, season, and
other factors. The rapid development of wind and solar
power further complicates the unpredictability of electricity
flows. The only way out is to create storage systems. Chem-
ical energy stores have become widespread. However, they
need an extremely complex control system as the number
of elements grows. Failure of 10 % to 20 % of the batteries
causes the entire battery to be found defective.



2. Literature review and problem statement

Chemical sources of electrical energy as capacitors
have been widely used in both industrial and domestic
energy fields. Problems related to energy accumulation and
network return were investigated in [1, 2], which shows
the feasibility of using megawatt battery stations in con-
junction with wind. However, the paper did not address
the operation of several thousand chemical elements with
an element voltage up to 1.2—3 V. The use of flow batteries
for powerful energy systems is the most expedient from
the point of view of the authors [3, 4], but there are diffi-
culties with the energy derivation. This may be due to the
instability of the chemical composition of the components
and other conditions. The authors proposed a number of
mathematical models that, in their opinion, would help find
the best battery life depending on the mode of operation.
At the same time, the features of power redistribution be-
tween charge and discharge elements of chemical batteries
were not taken into account. Similar problems occur with
lower capacities, for example in guaranteed power systems.
This applies to studies conducted at hybrid wind and solar
power plants using an electrical energy storage system. In
particular [5] compared the use of capacitors, batteries,
and flow batteries. In the studies, the issues of optimizing
multifactor problems by different mathematical methods
were solved, and in-depth tests on a vanadium-cerium bat-
tery for peak loads were also performed in [3]. Those papers
did not cover the question of the structure of the combina-
tion of chemical sources. In their simulations, the works
did not take into account the fact that a chemical battery
consists not of one element but of many hundreds and some-
times thousands of elements. In [6], tests were performed
on lithium batteries while comparing field data with model
data obtained from Matlab Simulink. However, the Sim-
ulink environment uses simplified standard models, at least
battery-based, that do not take into account the features of
different power sources. The study of the combined work of
a solar station and a battery system was proposed in [7] for
electric vehicle service networks. Dynamic battery modes
were considered in a Simulink environment, which was not
appropriate.

Possibilities of using an ionistor accumulator (also called
the molecular accumulator, or supercapacitor) were studied
in [8]. It was not mentioned, however, that its permissible
voltage for the element was also 3—4 V; therefore, it had to
be combined with a connection, which would complicate the
control system. The system of combining solar stations for
charging electric vehicles with lithium batteries, presented
in [9], was based on the Simulink environment, which may
be doubtful, especially in transients. In [10], it was proposed
to solve the problem of unbalance of lithium battery ele-
ments, in the course of charge-discharge cycles, by the meth-
od of parallel switching. Since these are special-purpose
submarines, where cost is not crucial, the method is possible
but burdensome for mass production.

The problem can be described as the progressive insta-
bility of the battery element parameters in the charge-dis-
charge process. The discrepancy of these parameters over
time accumulates. Its effect on the battery life and complex-
ity of the solution were highlighted in [11]. Lead-acid bat-
teries were considered, the required measurement accuracy
was 10 mV per element, and the active and passive balancing
systems were compared. However, this approach does not

solve the main issue of the number of elements and the need
for elemental control.

Considering that the voltage of each element cannot be
more than 4V, the battery should be 100-200V, and the
number of elements in a parallel connection series can reach
thousands. At the same time, each element of the battery
has slight deviations already at the production stage, capac-
ity, voltage, internal resistance, and resistance of switching
buses. Typically, the deviation of the parameters by one hun-
dred percent of the value causes a change of currents in the
hundreds of amps. This is due to the facts that the internal
resistances are thousandths of ohms (Q) and the electromo-
tive force is 2—5 V. As a result, the parallel connection of the
battery elements causes equalizing currents, and the serial
connection disrupts the proportional voltage distribution.

In the course of exploitation, the differences inevitably
increase, and the distinctions caused by the temperature
differences grow. Active and passive balancing systems
improve the situation somewhat, but it happens due to the
fact that the lagging elements receive additional energy
and the better ones are converted to the passive state. In
the subsequent charge cycles, the situation is repeated until
complete degradation of the lagging element. As a result, the
battery life of such elements will be substantially shorter
than that of a single element. With regular deep discharges,
after some time, the exponential growth of the failures of the
individual elements begins. All of these problems can proba-
bly be solved by replacing the multi-element battery with an
energy-equivalent element.

One of the specific properties of electricity is the need for
its immediate use. In the case of a misbalance of generation
and consumption, an emergency situation arises. The amount
of losses depends on the amount of unused electricity. There-
fore, taking into account the cost of energy, various direc-
tions of its storage and subsequent return to the consumer
are developing rapidly. One way to accumulate electricity is
to use chemical energy storage devices. The problem is com-
mon for both a standalone solar or wind power plant several
kilowatts of power and for a megawatt power system. It is
difficult to cover all the variety of electrochemical groups
used, but the main ones are cadmium, lead, lithium, and
vanadium (for flow batteries). This series also includes fuel
elements [12, 13]. All this diversity is combined by only one
parameter — their output voltage is in the range of 0.7-4 V.
For low power consumers of 10—100 W there are DC-DC
converters, but with an input voltage of 5V and above, up
to 500 W of 8 V or greater, 12-24 V for stand-alones, and
100—400 V for industrial output.

Today, the solution for the whole power range of 500 W
to 100 MW is also single — to combine a series of elements in
parallel. The number of elements is from 6 to 12 in a car and
up to several thousand in the guaranteed power supply of
industrial power systems and electric vehicles. It should be
noted that any group of batteries, such as lead, is branched
into a huge number of subgroups, distinguished by metal
additives and structural design, each for their own purpos-
es [14]. The same pattern applies to other groups of batter-
ies [15, 16]. In general, a control system can be created for
any battery group or subgroup. However, this is not enough;
given the toxicity of certain electrolytes, the explosiveness
and fire hazard of some batteries must be monitored indi-
vidually. In some cases, this cannot be done separately, so
elements are divided into groups and control is carried out
in sections [17].



The global problem in this situation is as follows. During
the release of any battery, each of its ‘jars’ has close parame-
ters in terms of internal resistance, open circuit voltage, the
ratio, and distribution of active masses. Already after the
first discharge, these indicators are ‘diverging’ in each of the
elements, each battery is discharged in its own way, and their
control system is shared. As a consequence, the next charge
does not start with the same conditions, and these deviations
accumulate during operation. For lithium batteries, the crit-
ical parameter is temperature, with measurement accuracy
of up to tenths of a degree (fire and explosion), and it also
becomes different. That is, the system of chemical storage
management becomes extremely complex, whereas its reli-
ability must be better. One striking example is the incident
at the Salyut-7 space station, which was deactivated due to a
false positive of the battery level sensor, which showed 100 %
charge [18].

The situation is complicated by the fact that when one or
two cans of all lead accumulators and up to 10—15 % lithium
accumulators fail, the battery is discarded. In some coun-
tries, lead-acid batteries have been recycled, the issue on
lithium ones has not been resolved, and only nickel and co-
balt extraction technologies have been developed. In Europe,
currently, only 5 % of lithium batteries are recycled [19] and
only 10-20 % of them are unusable.

The authors propose, instead of a certain number of
consecutively switched elements, to install one equivalent
in power with the corresponding voltage. Advantages in the
control system, reliability, safety, and efficiency of charge
and discharge processes are obvious. The reliability of in-
formation as of the source, and, therefore, the reparability,
is increasing.

High voltage step-down DC-DC converters are widely
used in the world. However, there are some difficulties with
boost converters. In particular, converters with power up
to 40—-50 W from 2—4 V voltage, 1 kW from 8-9V, as well
as 3kW from 48 V and above have been used [20-22]. Tt
is problematic to create a boost converter with a voltage of
0.8—-5 V and with a power exceeding 10 kW. This is probably
what prompted them to go in parallel with chemical power
supplies.

There are several reasons for this. According to [23],
at low-voltage currents with currents exceeding 100 A, the
static losses in semiconductors are by an order of magnitude
greater than dynamic ones. Therefore, the power circuits
should include a minimum of semiconductor elements and
a power transformer. The second factor is the excess en-
ergy stored in the inductance of the scattering. In [23], a
charge-converter was considered, but such a solution re-
quires an additional voltage stabilizer, which significantly
reduces the efficiency with voltages exceeding 10 V. Ac-
cording to [24, 25], non-inductive voltage converters with
0.9-1.8 V have been worked out, with 90 % efficiency but
at up to 10—-20 W. Due to the limited amount of energy, this
type of converters is not widespread because of the limited
amount of energy that the capacitor can transmit. In the
literature, they have several names: the converter with the
pumping of the capacitor, with charge transfer, and with the
switching of capacitors. The emergence of an ionistor gives
the opportunity to transmit much more energy.

The authors have studied a 0.9-5VDC ionistor con-
verter to a voltage greater than 200 V without the use of in-
ductive elements. This was made possible by combining the
properties of chemical energy storage devices with voltages

up to 5V and ionistors with similar voltages. Both the first
and second elements have no energy storage constraints.

3. The aim and objectives of the study

The aim of the study is to develop a method of increasing
the low-voltage direct current of a chemical energy capacitor
without the use of induction elements, i. e., without interme-
diate conversion of magnetic field energy.

To achieve this aim, the following objectives were set
and done:

— to determine the feasibility of using a DC-DC convert-
er from voltage levels of 1-5 V, with electromagnetic energy
conversion;

— to find out the capacity of ionistors to carry out direct
conversion of low-voltage DC electric energy;

— to get a mathematical model of the work of an ionistor
converter and to find out the regularities of its operation
with variation of parameters.

4. Materials and methods of the research

In the first stage, the fundamental possibility of the very
idea of capacitive transformation was investigated. For this
purpose, the power scheme presented in Fig. 1. Capacitors
and thyristors were used as keys without forced switching.
The main indicator was to achieve the effect of a ‘transform-
er’ at constant voltage. That is, when increasing the output
voltage twice, the output current, relative to the input,
decreases twice. The output voltage must be stabilized au-
tomatically when the load changes, without additional reg-
ulation through the control circuit. The effect on the power
of the clock frequency and the ratio of the duration of charge
and discharge were also evaluated.

In the second stage, the switch to ionistors and transis-
tor switches was made. This allowed varying frequencies,
capacities, and work on different types of ionistors in a wide
range. According to the obtained dependences, a compara-
tive characteristic of the capacitor converter and the ionistor
was carried out.

The third stage. It was designed to cover a wide range
of capacities, from industrial power systems to autonomous
wind and solar generation systems. They use a variety of
chemical energy storage devices that differ in the amount
of energy, in their type, in the number of elements, and in
their connection schemes. It is not advisable to carry out
converter studies for each individual object. Therefore, a
mathematical model was investigated to determine the con-
verter parameters for a particular type of chemical storage
and their operating conditions.

5. Results of studying low-voltage direct current
converters

5. 1. Research on a low-voltage step-up electromag-
netic DC-DC converter

Tests were conducted on the use of serial DC-DC con-
verters. It has been established that at an input voltage of
2-3V the maximum power is 10-20 W. Starting from a
voltage of 8—10V, it is not possible to get more than 300 W
as a result of the modular units’ upgrading. The use of ad-



ditional radiators or additional ventilation is ineffective.
Switching to voltages above 10 V increased power up to
500 W, but there were problems with the high-frequency
power transformer. During the switching of the power keys,
an anti-electromotive force arose due to the inductance of
the transformer. To some extent, its impact was reduced by
circuit solutions, but with the increase in power, these mea-
sures were not effective. The next step was to use sectioned
transformer windings. Further research showed that this
solution could increase power only to 1-1.5 kW. The solution
to the problem of converting direct current electricity up
to 4 V with power exceeding 500 W by traditional DC-DC
converters has proved impossible.

3. 2. A study of a low-voltage direct current ionistor
converter

Known DC-DC converters operate, using an inductive
element, transformer or throttle. There is a chain of trans-
formations of energies: direct current into alternating, into
energy of the magnetic field, again into alternating current,
and rectification. It is extremely problematic to create a
high-frequency (100-300 kHz) transformer with a power
of 100—200 kW at an input voltage of up to 5 V. Therefore,
the idea of charging a certain number of ionistors in a par-
allel mode was implemented, followed by a series discharge
in a sequential one. In this approach, the low-voltage prop-
erties of chemical energy storage and ionistors were organ-
ically combined. Fig. 1, a shows a diagram of the converter
that was used to study the conditions of double voltage
increase. When the control pulses are applied to the VS,
and VS, thyristors, they open and charge in a circle +G,
VDy, VSy, Cy, and —G, as well as in a circle G, VDy, Co, VSo,
and —G. As the capacitor charge of the thyristors closes,
the discharge of capacities C; and Cy occurs in successive
inclusion in a circle: +Cy, VD,y, Cy, VD3, C3, and —Cj. After
a certain number of charge-discharge cycles on the capaci-
tor C3 and R, the voltage is twice that of the supply volta-
ge G. At the moment of discharge of the capacitor, the dio-
de VD is closed by the total voltage of the capacitors and
does not allow discharge through the power source. Sim-
ilarly, the VD3 diode prevents discharge of the Cs storage
capacitor per power supply circuit.
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Fig. 1. An ionistor converter of direct current to direct
current: a — a thyristor; b — a transistor

As the load R increases, the discharge capacitance in-
creases and, accordingly, a greater amount of energy is sup-
plied from the source, i. e., there is a self-regulation of voltage

twice the output. In order to increase the voltage, a circuit of
n parallel capacitors Cy, Cy, ...C,, is drawn up 7 times.

The diagram shows satisfactory operation at power up to
500 W, easy to manage, and the thyristors are locked nat-
urally, at the charge of capacities and reduction of current.
For increase of power, it is necessary to use forced switching
of the thyristors, which complicates the circuit and worsens
the quality of the output voltage by the discharge pulses of
the switching capacitor. In general, the thyristor circuitry
has some advantages, but as the power grows, the capacitor
charge processes become less manageable.

The use of electrolytic capacitors allowed increasing
the capacity to kilowatts; its further increase led to their
overheating.

The power part of the converter on the ionistors is pre-
sented in Fig. 1, b. A typical modern ionistor has a capacity
of up to 3,000 F [26], serially used as an auxiliary means
for starting engines at low temperatures. Since 1-10 kA
currents are required to convert significant power at low
voltages and high frequencies, the element must have low
internal active resistance and low impedance. It is diffi-
cult now, without full-scale research, to determine these
parameters, since they are significantly frequency-depen-
dent, and the manufacturer does not always specify control
frequencies, so these values fluctuate. Specialized ionistors
with low internal resistance under the Low ESR marking
are used where ion-separator is applied [27]; study [28]
specified the technology of their production, for which
CNF-PANI material was proposed to ensure significant
reduction of internal resistance [29]. Molecular accumula-
tor 24PP 30/0.003 with a capacity of 104 F has an internal
resistance of 0.003 Q[30]. According to the data given
in [31], the use of liquid organic electrolytes opens new pos-
sibilities. Electrolytes with high ion transport properties
are required to obtain high-frequency ionistors with low
consistent equivalent resistance [32].

That is, there are ways to further reduce the internal re-
sistance of the ionistor, as this parameter can become critical
when operating in an ionistor converter.

For the scheme of Fig. 1, b, Schottky diodes were used
because they operate at low voltages and have a slight volt-
age drop in the open state of 80-250 mV. Alternatively, dual
diodes of the STPS120L15TV series of 15 V may be used at
more than 100 A [33]. MOSFETs were used as key elements
to operate at low voltages, high power levels and frequencies
above 50—-100 kHz. In particular, the IRL2505 model with
a current of 74 A has a drain resistance — a leakage Rps
of 8 mQ; model AUIRFS8409 with a voltage of 40V, at a
current of 195 A has a resistance of 1.2 mQ; and IRF2804S
refers to 40 V, 320 A, and 1.6 mQ [34, 35].

Fig. 1,b shows the following: VD{-VDs3 as Schottky
diodes, C;—C, as ionistors up to 4V, and C3 as a combined
ionistor with consumer voltage. As to the Cj ionistor, it
can be combined with several 2—4V ionistors to obtain
12-24 V. Given the ability of the MOSFET transistors to
operate at high frequencies, a variant was developed to use
for a Cg pulse capacitor a type IKE-90/300 at 300 V, 2 F and
IKE-115/300 at 300 V, 2.5 F.

In the scheme under consideration, ionistors operate in
difficult conditions if they are completely discharged and
recharged at a certain frequency. This mode will complicate
the operation of key elements. Therefore, a partial discharge
mode was used and the residual charge would serve to limit
peak currents. The frequency dependence on the residual



voltage was obtained under the condition that unchanged
energy was transmitted:

c(,-u,)
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where C is the capacity of the accumulator; Uy and U,
are maximum and residual charge and discharge voltages,
respectively; fi is the frequency at full discharge of the ca-
pacitor; and f5 is the frequency at partial discharge of the
capacitance up to U,.

The dependence of frequency on the degree of discharge
of the capacitance was experimentally verified:
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where 7 is the multiplicity of residual voltage. In practice,
this means that the same energy can be transmitted at full
capacity discharge at 50 Hz or partial discharge (1/3) at
450 Hz. As the frequency increases, the residual charge in-
creases, which will limit the current flow at the beginning of
the ionistor charge process.

5. 3. Creation of a mathematical model of low voltage
ionistor converter

The following time structure was created. The process is
divided into steps:

— 1 — charge of ionistors in parallel switching;

— 2 — break of a circle of a power supply with a key and
recharging of the ionistors at the expense of inductive com-
ponents;

—3 — discharge of sequentially switched ionistors on
storage capacity and load;

— 4 — discharge capacity and load inductive components.

Let us denote this process as the first cycle. During the
fourth step of the first cycle, the first step of the second cycle
begins. Its difference depends on the presence of residual
charges on the ionistors. The difference between cycles de-
pends on the increase in residual charges. That is, the circuit is
implemented when the initial conditions of the next step and
the cycle are the final conditions of the previous one. A sign
of a steady process is the stabilization of the output voltage.

The first step is the charge of the capacitor from the
power supply in Fig. 2, where G with a4 V DC power source
symbolizes a lithium battery consisting of one large capacity
can. K is the transistor key, VD is the reverse diode, 7, is the
charging resistance, which includes: active resistance of the
key, battery, inductance, and capacitance. C is a charge ca-
pacitor (ionistor) consisting of a certain number of ionistors
switched on in parallel.

Fig. 2. Step 1. A charge circuit

This is a differential equation describing the process of
charging ionistors from a chemical current source:

7 ” +
Us=Lq"+1q +qcﬁ, 3)

where L, and 7, mean the total inductance and the resistance
of the charging circuit; C is the capacity when the batteries
are switched on in a parallel mode and there is the corre-
sponding number of capacitors; g3 is the residual charge,
which is zero for the initial process, and later it corresponds
to the charge remaining from the third step.

In the received second-order differential equation, its
initial conditions are the charge and the current at the time
of the key K.

During the second step, there is the switch of the key K
(Fig. 3), and the ionistors are additionally charged in paral-
lel switching due to the inductive components, through the
reverse diode VD. As noted earlier, the conversion of direct
current electrical energy occurs without the use of inductive
elements. However, there may be times when high frequencies
(as we also do not limit them) take into account the induc-
tance of the connecting bus as well as the inductance of the
chemical source and the ionistor. On the other hand, when op-
erating at low frequencies, it is appropriate to introduce some
inductance to limit the initial current surge. In both cases, the
reverse diode VD (Fig. 3) will give some energy boost. Its val-
ue is especially important when switching on high currents.
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Fig. 3. Step 2. A discharge circuit

The differential equation describing this process with
the initial current obtained from equation (3) at its final
value for the first step and the additional charge obtained
by working out the inductance of the reverse diode has the
following form:

Lq//+Rq/_q-"_C,q01:07 (4)

where ¢ is the charge accumulated at the time of switching
in the previous step on the capacitor C.

The initial conditions for it are the charge g, and the
current iy at the time of commutation. The solutions of
equations (3) and (4) for the two variants are shown in
Fig. 4. Position a is the charging current, ¢ is the voltage
on the capacitor, and e is the working of the reverse diode.

The switching occurred at a falling current of 50 A at the
time of 210~ s at a maximum voltage of 5 V. In the second
option, the switching occurred before 103 s; the positions b,
d, and f correspond to the previous ones, but the switching
occurred at a maximum current of 180 A, with the voltage
of 2.5V and the resulting voltage of 2.6931 V. In this case,
twice the duration of the charge of 2-1073 s gave a voltage of
5V, against the duration of 10-3s with a resulting voltage
of 2.7 V. That is, the efficiency of working the reverse diode
at the current of 175 A (position f) is slightly smaller in
voltage than in the first option. It is impossible to predict
the effect of the frequencies, the charge and discharge ratio,
and a number of other parameters. Only the study of the
mathematical model of the converter can answer these ques-
tions. The next, third step (Fig. 5), describes the process of
connecting the ionistors through sequential switching and
their discharge on the storage capacity Cs and loading R;.



i, A 200 i, A 200
100 100
0 0
0 1 2 0 0.5 1
ts, x103 s ts, x103 s
a b
u,B 10 uB 4
5 2
0 0
0 1 2 0 0.5 1
ts, x10° s ts, x103 s
c d
i, A 100 i, A 200
50 100 \\
00 2 4 00 1 2
ts, x10* s ts, x10* s
e f

Fig. 4. The capacitor charge options:
a, ¢, and e — switching at falling current;
b, d, and f— at maximum current

Fig. 5. Step 3. A consecutive discharge circle

We find the dependence of the output voltage U, on the
number of ionistors n, their capacitance, and the value of the
capacitor Cy_, in series switching:

4y 4
U,= =n-=2 C_,=
T

n

< )
n

where ¢ is the charge accumulated by the capacitors; 7 is the
number of capacitors.

In Fig. 5, the capacitors Ci{—C, symbolize a certain
number of nominally identical serially switched ionistors,
and 7, is a bit resistance, which includes active resis-
tance of ionistors, connecting buses, keys, similarly to
inductances L,. Cy is the storage capacity, and R is the
active load. Let us develop a differential equation of the
discharge circle of Fig. 5:

CLJF Lq"+r,q —u,=0,
1-n
(6)

u
"+ Cou, +—2=0.
q oUy R,

where L, and 7, are the total active and inductive resistance
of the discharge circuit, uy is the load voltage, and R; is
active load.

It is more convenient to conduct tests when the system
of differential equations results in an explicit form with re-
spect to a previous derivative. After completing the standard
transformations, we get the following:

C +L” ” +
| r Zr |.
”r 1 p 2 RL q

- chz c, T, i ’
=g+ ——g
c R, RC,.,

1-n

()

Since we have a third-order differential equation, we
determine the initial conditions go, ¢g;, ¢;. To find them, we
should consider the following facts. At the time the keys are
actuated, the current is zero. The initial charge on capacities
Cy_, is found as the sum of the charges of the first and second
steps after integrating the current of the second step. The
solution of equation (7) is presented in Fig. 6.
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Fig. 6. Transients in the capacitors: a, ¢, and e — a charge
in a parallel mode; b, d, and f— a discharge in a series

In order to show the different options, Fig. 6 presents
the case when the capacity of the ionistors was increased to
20 F. The first step, position a: the charging current from
the battery with a voltage of 4 V, with the key actuation at
210725, with a current of 350 A. Position ¢: the increase of
voltage on the capacitor; voltage increases to 0.4 V. Position
e: there is a charge current due to the reverse diode VD1 and
inductance. Position b: 8 capacitors C are switched on in par-
allel to their switching to the serial connection (voltage in-
creased 8 times), and there is discharge on the capacitor C,.
Position d: there is a boost of the charge voltage of the cur-
rent on the capacitor C,. Position f: voltage increases on the
capacitor Cy (load Ry).

The fourth step of Fig. 7: the capacitor C, is charged due
to the inductance and supply of the load R;. Along with the
fourth step, the first and second steps of the second cycle
occur. That is, the duration of the fourth step corresponds
to the sum of the durations of the first and second steps. At
the time of switching K3, the current retains its value and
in some way is distributed between the capacitor and the
load. We constructed the system of differential equations so
that the current flowing to the capacitor could be removed
and not searched separately. The initial condition is that the
capacitor Cy has a certain charge go3 (from the third step).
At the time of commutation in the circuit L,—Cy, R —7,—VD
there is the current ig3, which is defined as the end of the
previous step. Also, according to the law of charge conserva-



tion, the charge corresponding to the current at the moment
of commutation is stored — that is, we have initial conditions
for the charge, the current (the first derivative); in the fu-
ture, we will find the second derivative. Below, there is a sys-
tem of differential equations describing the above processes.

q. —dos _ 0:

)

’ (®)
9.~ Y903 =0
C

Lqg"+rq -

q+q.+

)
2

where ¢ and g are the charge and current traveling by in-
ductance, diode, resistance 7,; ¢, and ¢/, are the charge and
current passing through the capacitor C.

After completing the mathematical transformations, we
obtain:

L
= 1[(p_gn}f+(n_qq}
C2Lp R, R,

The initial conditions g9, gg,, and g, are taken from
the final values of the previous equation (7); we find the
initial conditions for the second derivative from the first
equation of system (8); assuming that the current at the mo-
ment of switching is zero, we obtain the value of the second
derivative as follows:

®)

(10)

1 .
oo = _Z'(Vr Ty —u,{),

where (g.—q¢2)/Co is the first equation of system (8); the
voltage (up) on the capacitor C,, at the moment of com-
mencement of the switching of the key, is defined as the
final value from the previous equation. The change of
the voltage is caused by the change of the electromotive
force (EMF) direction on the inductance at the moment of
switching. Such was the end of the first cycle, consisting of

equations that describe them remain unaltered; only the
initial conditions change.

Fig. 8. The relationship of the step time in the cycle

Differential equation (9) is solved relative to the current
due to the inductance; therefore, in the first cycle the voltage
and current with the load have one direction. For subsequent
cycles, when there is a charge on the capacitor Cy, the load is
fed by the current from the capacitor Cy, and its direction is
opposite to the direction of the charging current; that is, we
have graphs of the voltage and currents of opposite polari-
ties. The resultant solution of the 20th cycle for currents and
voltages is shown in Fig. 9.
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Fig. 7. Step 4. A discharge for the load

The connection of the steps in time is shown in Fig. §;
the load will always be voltage-carrying. In step 3, there is
a process of transition of charge from sequentially switched
capacitors to the load, or when charging the capacitors un-
der the voltage of the storage capacitor. Their total duration
(frequency) and the ratio of the duration in the steps can
vary widely.

Thus, we described the first cycle, which began at zero
initial conditions both for the charge ¢go and the current .
The following cycles will be different from the previous num-
ber of accumulated charges. Determining the final voltage at
the time of switching and knowing the capacity, we find the
residual charge that meets the initial conditions of the next
step. In the second and subsequent cycles, the differential

Fig. 9. The plots of the currents and voltages with the load;
steps 3 and 4 of the 20th cycle: g, ¢, and e are the processes
on sequentially switched capacitors; b, d, and fare the
processes with loading

As the charge accumulates in cycles, the current and
voltage on the load increase. The criterion when the device
enters the steady state mode can be the condition when the
difference of the end voltage of step 4 between the previous
cycle and the next will not exceed the preset value AU.

Using the capacitive converter shown in Fig. 1 provides
for its work with electrochemical energy storage devices
as part of the energy system, on electric vehicles, in con-
ventional cars, and in other cases, where it is desirable to
replace a certain number of elements with one equivalent
in energy. Therefore, both the electrochemical elements and
the ionistors can differ significantly in their parameters.
Of course, in-field studies do not provide that amount of
data. The obtained mathematical model makes it possible
to study the work of the converter on a case-by-case basis.



Such parameters as impedances of batteries, ionistors, and
implementation of the element base of the converter can vary
widely. They, in turn, will be correlated with the frequency,
the ratio of the duration of the steps, and the power. There-
fore, as a result of the study, we will draw graphs for one of
the parameter combinations, when in steady state (cycle 50)
the output voltage is approximately 100 V and the load has
an active resistance of 0.2 Q. Therefore, the output power is
about 40 kW. In Fig. 10, a, we observe the switching current
of the ionistors after their discharge under load (in series
connection) and the operation of the reverse diode of step 4.
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Fig. 10. Cycle 10; steps 3 and 4; voltage and currents under
load: ais step 3, with current on the capacitor C; and the
load; b is step 4, with current through the reverse diode;

cis step 3, with voltage on the load and the capacitor;
dis voltage surge through the reverse diode

The current is continuous in Fig. 10, a, with the switch-
ing at 0.95 A, and the beginning of the cycle of switching on
the diode Fig. 10, b, also at the level of 0.95 A. Accordingly,
with the voltage on the active load (Fig. 10, ¢) there is a volt-
age surge due to inductance from 0.07 V to 0.08 V, Fig. 10, d.

Fig. 11 shows the operation of the converter in a steady-
state mode, which happened during the 50th cycle. The pro-
cesses occurring here are similar to those described above
for Fig. 10, except for the increase of the current up to 150 A
and the voltage up to 113 V. The switching current does not
interrupt in the region of 8 A.

Operation of the reverse diode Fig. 11,5 changes the
current at 0.5-1079 s, but this means that it will close and
the energy on the recharge will not be lost; it also prevents
possible oscillatory processes. The load voltage in step 3
in Fig. 11, ¢ has a descending direction from 113.5V to
113.4 V; during step 4, there is a surge of the voltage on
the inductance (Fig. 11, d) from 113 V to 136 V due to the

i, A 500 i, A 50
0
0 -50
0 5 0 2 4
ts, x104 s ts, x10%s
a b

operation of the reverse diode. In total for 50 cycles in all
4 steps, there was no sign of violation of the law of switch-
ing, which confirms the reliability of the mathematical
model of the processes of voltage conversion.

6. Discussion of the results of studying the operation of
the low-voltage DC converter

The conducted tests on step-up serial DC-DC converters
have shown that there are no converters with a power ex-
ceeding 200 W at an input voltage of up to 5 V. Various cir-
cuits and technological techniques can somewhat extend the
specified range [23]. In general, the problem is not resolved.
The study has found that the main obstacle to increasing the
power is a high-frequency power transformer. It is difficult to
imagine what its design with a winding for currents of more
than 200-300 A should be. The cooling conditions of both
the core and the windings will be extremely unfavorable,
with significant static and dynamic losses. Another problem
is to overcome magnetic fluxes. One thing is the localization
of the anti-electromotive force of scattering at currents up to
10-50 A, and quite another if currents are above 100 A. The
energy that appears thus must be directed somewhere. All
this complicates the scheme, reducing the efficiency. It is ad-
visable to find a way to convert a constant voltage using only
the electric field energy that can accumulate in the ionistors.

Using the method of parallel charge of ionistors, with
their subsequent discharge in series helps avoid the inter-
mediate conversion of electrical energy into magnetic field
energy. Fig. 1 shows schematic solutions that implement the
idea. Both in the transformer and in the ionistor converter
there is an automatic stabilization of the output voltage
when the load is changed due to the degree of discharge of
the capacitor. This converter helps soften the work of key
elements while increasing power. By increasing the cyclic
frequency, the amplitude of the charge-discharge differential
voltage decreases, and thus the current surges are reduced.
However, at the same time, the ‘energy’ of the charges in-
creases, and only the ‘peaks’ of the amplitudes of the currents
work. The resulting dependence is represented in expres-
sions (1) and (2).

The processes occurring in the converter are described
by a series of differential equations that are related to the
initial conditions. Such structure allows describing all
dynamics of transient and steady processes under a change
of the ratio of charge and discharge duration, values of
parameters of chemical storage of electricity, ionistors,
multiplicity of increase of voltage, and internal resistances
of all elements. This means that according to the tasks set
by simulation, it is possible to find the optimal ratio of
parameters depending on the type of chemical storage and
power for the consumer.

u B 1135 u, B 136.145
11348 136.144
113.46
136.143
0 5 0 2 4
ts, x104s ts, x10% s
c d

Fig. 11. Cycle 50; steps 3 and 4; voltage and currents under load: a shows charging current on the
storage capacity; b is reverse diode current; c is load voltage during step 3; dis load voltage in step 4



Thus, Fig. 4 presents two variations of steps 1 and 2 of the
first cycle. The first step is when the switching occurs at a
current of 50 A (Fig. 4, a); on the reverse diode additional im-
pulse 50 A (Fig. 4, ), we get a voltage of 4 V (Fig. 4, ¢). In the
second variant, with a switching current of 150 A (Fig. 4, b)
and a pulse through diode at 150 A (Fig. 4, /), the voltage
will be only 2 V (Fig. 4, d). Which of the options is preferable
is unclear as it depends on many parameters. By performing
simulations for a specific accumulator type and ionistor, in
a steady state, it is possible to determine the optimal ratio.
Thus, Fig. 11 shows the 50th cycle diagrams (steady state),
with the voltage and the current on load. Voltage ripples are
insignificant, due to the large capacity at a charging current
of 450 A.

Using the specific properties of ionistors and chemical
energy storage devices, taking into account their parame-
ters, and researching the model of an ionistor converter, we
can build a low-voltage converter of the required power. Its
features are the absence of a transformer and the ability to
operate at voltages less than 5V, at currents greater than
100 A. This will reduce the number of elements in the bat-
tery for power storage systems.

The study did not solve the optimization problem of
the influence of the ratios of the duration of the cycle, the
duration of the cycle, the multiplicity of voltage increase,
capacitor values, and more.

Further research must help find the correspondence
between the pairs of battery types — the type of ionistors,
determining their frequency parameters. The next step is to

solve an optimization problem, where the generalized criteri-
on can be the power, the voltage level or the efficiency. After
this solution, it is possible to obtain the optimal frequency,
the ratio of the steps, and the value of the capacitors. A
certain number of elements are replaced by one equivalent
in power. Probably one of the problems is to determine the
frequency of an ionistor operation, with its partial discharge,
and there is no other than the experimental path.

7. Conclusion

1. It is not advisable to create a DC-DC boost converter
with voltages below 5V and a power exceeding 1 kW. At
currents above 200 A, problems arise in cooling the wind-
ings and the transformer core. Additional measures must be
taken to localize the anti-electromotive force of the magnetic
field scattering.

2.1t is advisable to carry out the direct conversion of
low-voltage DC energy without converting it into magnetic
field energy, using a parallel charge of subsequent ionistor
discharge in a sequential mode.

3. A mathematical model was obtained for processes
occurring in an ionistor converter. It helped find acceptable
modes of its operation, depending on the type of chemical en-
ergy storage, power of the consumer, and the output voltage.
This will allow, instead of a certain number of elements of the
chemical energy storage, to use one that would be equivalent
in energy.
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