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Introduction. At this stage of the continuous development of combined power supply systems there is
a problem of improving the methods and electrical devices aimed at the accumulation of energy and its
dynamic transmission to consumers. In modern modes of operation of electric vehicles (EV), energy storage
devices must withstand millions of cycles of charge/discharge without degradation of electrical characteristics.
Supercapacitors (SP) can process at least one million cycles and can be used in combined power supply
systems of the EV and various electrical and electromechanical objects that are stochastically in need of
high pulse power.

Problem statement. In combined power supplies from the SC and accumulator battery (AB) combine
high performance with the specific power of the SC with high energy specific AB, which can easily provide
high power at the beginning of the movement of the EV or at a sharp change in the speed of movement,
while providing the required energy storage with AB in long motion. Using combined systems with SC and
AB can significantly increase the life of AB and work with low losses in circuits oscillatory charge SC. The
purpose of this work is to develop the theory of energy processes in the circle of the oscillatory charge SC
from AB, which is based on the consideration of the dependence of the capacity of the SC on the voltage on
their terminals and the purposeful change of the initial voltages of their charge, which improves the energy
efficiency of the combined power supply systems.

Results. In this work, a study of the energy characteristics in the circuits of the oscillatory charge of
supercapacitors from a storage battery, which is considered as a real source of electromotive force (EMF),
has been carried out. A comparison of the power characteristics of circuits of oscillatory charge SC with
different values of the quality factor of the charging circuit is carried out. The approximated solution of the
nonlinear nonuniform differential equation of the second order for an oscillatory process of charge SC from
AB, in which the capacitance is a linear function of the voltage at its terminals is obtained, which makes it
possible to determine the dependence of energy losses in charge circles on the parameters of their elements.
Conclusions. The conditions for increasing the energy transfer coefficient from AB to SC in the circuits
of the oscillatory charge are analyzed. The features of the influence of the initial voltages, capacities and
Q-factor of the charging circuit on the energy transfer coefficient from AB to SC are determined. The
regularities of increasing the energy transfer coefficient and reducing the power losses in the circuits of the
oscillatory charge from the SC from AB with the increase of the effective Q-factor of the charge circuit and
the initial voltages on the terminals of such a SC are established.
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Introduction

At the stage of the steady development of combined
power supply systems there is a problem of improvi-
ng the methods and electrical devices aimed at the
accumulation of energy and its dynamic transmission
to consumers [1—4]. In modern modes of operation of
electric vehicles (EV), energy storage devices must wi-
thstand millions of cycles of charge/discharge without
degradation of electrical characteristics. Supercapaci-
tors (equivalent denomination — ionistors, ultra-
capacitors, non-linear capacitors, or double-layer
electrochemical capacitors) can process at least one

million cycles and can be used in combined power
supply systems of the EV and various electrical and
electromechanical objects that are stochastically in
need of high pulse power [2,4-10,15,16].

Supercapacitor (SC) can provide currents and
power tens of times larger compared to new lithi-
um ion batteries and withstand a thousand times
more cycles of charge/discharge without destroying
[1,2,8,11]. Specific power of industrial designs of SC is
9-10* W /kg, which is 22 times more than for lithium-
ion accumulator battery (AB) [2, 11]. The duration
of the charge processes of the SC is from 1 to 30
seconds, which is almost 1000 times less than in AB. In
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modern samples of SC, the specific energy is almost 7
times lower than in industrial lithium ion batteries [2].
According to these features, in combined power supply
systems AB is used for long-term power modes, and
SC — for providing pulsed modes with high capacities.

An analytical review of the work related to the
study of power characteristics in electric circuits of
combined power supplies from the SC and AB confi-
rmed that the studies in most cases were conducted
without an analysis of the energy transfer coefficient
from AB to SC. There is also no analysis of electrical
energy losses in the circuits of the oscillatory charge of
the SC from AB in combined systems under different
initial conditions under voltage on the terminals of
the SC [1-9]. Such approaches for a long time have
prevented the carrying out of studies on increasing the
energy performance of combined power supplies from
the SC and AB.

1 Formulation of the problem

In combined power supplies from the SC and AB
combine high performance with the specific power of
the SC with high energy specific AB, which can easily
provide high power at the beginning of the movement of
the EV or at a sharp change in the speed of movement,
while providing the required energy storage with AB in
long motion [3,9]. Using combined systems with SC and
AB can significantly increase the life of AB and work
with low losses in circuits oscillatory charge SC.

The purpose of this work is to develop the theory of
energy processes in the circle of the oscillatory charge
SC from AB, which is based on the consideration of the
dependence of the capacity of the SC on the voltage on
their terminals and the purposeful change of the initial
voltages of their charge, which improves the energy
efficiency of the combined power supply systems.

2 Energy processes in the ci-
rcuits of oscillatory charge of
supercapacitors

Let us investigate the oscillatory charge of the SC
from the lithium ion battery, respectively, we will consi-
der only the charging circuit of the combined power
supply represented by the equivalent scheme in Fig. 1.

According to the equivalent scheme of the combined
power supply EM (Fig. 1), the SC is charged from the
lithium ion battery due to the active resistance of the
charging circuit Ry = Rap + R1 + Rw, inductance
coil L and switch. In this scheme, as a constant voltage
source is used a lithium-ion battery with a nomi-
nal voltage U, = 2,3V and an internal resistance
Rap = 0,0120hm. SC is represented as the equi-
valent circuit with the parallel branches with different
time constants 7 = RC [5], resistance of the wires

R,, = 0,01 ohm. This scheme with three branches with
sufficient accuracy reflects the energy processes in the
SC with the duration transients up to 30 minutes. The
first branch is represented by the capacity, the value
of which depends on the voltage. This branch consists
of elements Cy and R;, the values of which do not
change and the element C, (U;), whose value depends
on the applied voltage to the SC. The branch has such
a small constant time that its capacities are recharged
in a few seconds. The second branch with unchanged
parameters Cy; and Ry is used to display transient
processes that take minutes. The third branch has the
biggest time constant and reflects transient processes
lasting more than 10 minutes, and it is assumed that
the parameters C3 and R3 are unchanged, that is, they
are not, voltage dependent on the terminals of the SC.
To take into account the self-discharge of the SC in the
equivalent circuit, a resistor Ry is used [5,11].
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Fig. 1. Equivalent circuit for a combined power source
with AB and SC

The dose of energy, that is selected from lithium ion
battery at a charge of SC from zero initial conditions
Usc (t=0) = 0,i(t=0) = 0 for the final voltage

—_J

Usc (t =00) = Uap,i(t =00) = 0, can be found by
expression:
oo UaB
Wap = /UAB i) - dt = Uap / CW)-du, (1)
0 0

where Usp — the voltage of the battery.

The change of the dose of electric energy entering
the SC during the charge from zero initial conditions
Usc(t=0) = 0,i(t=0) = 0 for the final voltage
Usc (t =00) = Uap, i(t = 00) = 0(and, accordingly,
change the value of charge @ on each of the plates from
0 10 Qfin) can be found from the expression:

00 Qfin
AWscz/U(t) i(t)-dt = / U-dQ =
Uag ’
:/U-(O1+2kU)-dU. (2)
0

In the work [12], when analyzing the energy
processes of the charge of a linear capacitor, variants
of increasing the energy characteristics were proposed,
using non-zero initial conditions under stress on termi-
nals of linear capacitors, but the energy processes in
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the circuits of the charge SC, with non-zero stress
conditions, were not considered.

To study the expedient operating modes of a combi-
ned power supply system with SC and AB, it is
necessary to analyze the energy characteristics in the
process of oscillatory charge of SC from lithium-ion
AB at non-zero initial conditions under voltage at the
terminals of the SC, in the range —Uap < Uysc <
+UaB.

In the study, the initial and final conditions for the
current in the charge circuit were identical: i (¢ = 0) =
i(t =00) = 0. The dose of energy entering the SC
is analyzed; the dose of energy selected from AB; the
energy of losses in the circuit of the charge SC and the
coefficient of energy transfer from AB in the charge
from the source of the constant voltage. The points
in the range are studied —U,,—0,9-U,, ..., +U,. The
total capacity of the SC was represented by the sum
of the constant capacity C7 = const and the capacity
Cy (U) = k - |U|, which is linearly dependent on the
voltage value U [3-7,10,11,13]:

C(U)=Ci+k-|U. (3)

For the oscillatory charge of the SC from AB, the
parameters of the electric circuit are chosen such that
the condition for the Q-factor is satisfied. Considering
the expression (3), we have:

1
Ry

Qr = (4)

c(U)

Taking into account the expressions (3)-(4), the
Q-factor of the charging circuit is a function of the
voltage on the terminals of the SC Q¢ (U). In the study,
two different values of the inductance L; = 1,697 H
and Ly = 42,438 H (estimated values) and the total
resistance of the charging circuit Ry = 0,0245 ohm
were used. At the nominal voltage on the SC |U,| the
Q-factor of the oscillating circle of charge (Fig. 1) is
Qs (|Un]) = 2 and Q2 (|JU,]) = 10. The dependence
of the Q-factor of the charge circuit from the voltage
is taken into account in the study of combined power
supply systems.

3 The solution of nonlinear
nonhomogeneous differential
equation

In fig. 2 is shown the voltage dependence on the
terminals of the SC (a) and the current in the charge ci-
rcuit (b) (at Q-factor Q1 (JU,|) = 2) at a charge from
zero initial conditions Use (t =0) =0,i(t =0) =0 to
the moment, when the switch is closed i () = 0 and the
voltage on the terminals will be equal Usc (tf) = Uy.

The expression for the current in the circuit of
charge SC can be written in the form [13]:

o ld),

I ()

0= €+ 2k e ) -

Given the second Kirchoff law for the scheme of the

electric circuit of the oscillatory charge of the SC can
be written:

E=Ups(t)+ UL (t)+Usc (1), (6)

where Ugy, (t) = Ur,, (t)+Ug, (t)+Ug, (t) — voltage
drop on the resistive elements of the charging circuit.
The expressions for Ugx, () and Uy (t) can be given:

Uny () = Ry - i (1) =
= rs- (142w wse ) - (50)). @
UL (1) = Ldidgf). (8)

The derivative of time for expression (5) has the
form:

di(t) d <(Cl_|_2k|Usc( - (dUSC()D B

dt — dt d
dUsc (t )

— 1+ 20 s () - (L) 4
/
+(Cor 2k Use ) - (12210

() (5.

+(cor o vse ) (T25Y). o

The expression on Kirchhoff’s second law, taking
into account the expressions (5)-(9), will have the form:

WL - (dUst)> (Usc <t>|)+

dt Usc (1)
L€+ 20tk () - (F2g) 4
+Rz'((C1+QkIUSC(t)|) (dUSC ))
+Usc (t) = E.

The following replacements should be introduced
to simplify the appearance of the non-linear
nonhomogeneous differential equation of the second
order (10):

Usc (t) =
[Usc (t)| = |U\
dUsc (1) _ 1y (11)
dt ’
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Fig. 2. The dependence of the voltage on the terminals of the SC (a) and the current in the charge circuit (b)
at a charge from zero initial conditions to the moment of closing the switch

The nonlinear nonhomogeneous differential equati-
on of the second order (10), after the use of substitution
(11), will have the form:

U
+ Ry - (C1+2k|U|)-U/ +U=E. (12)

2
L-(Cy+2k|U|)-U// +2kL - (U/) : <|U|> +

This nonlinear nonhomogeneous differential equati-
on of second order can not be solved by direct methods.
It is necessary to get the approximate value of the
roots, using a numerical method in the package of
applications MATLAB. Let’s take the parameters of
the equivalent circuit (Fig. 1) such that Q-factor is
Q1 (U,) = 2. The oscillatory charge of SC occurs from
zero initial conditions Usc (t =0) =0,4(t =0) =0 to
the moment when the switch is closed i (f) = 0 and the
voltage on the terminals will be equal Ugc (tf) = Uy.

4 Approximation of the voltage
dependence on the supercapaci-
tor terminals

The approximation of the voltage dependence on
the terminals of the SC Ugc (), in the process of
oscillatory charge (Qs1 (Uf) = 2), was implemented
with the Curve Fitting Tool (MATLAB) application,
which allows describing the approximated function by
the given data vectors Usc (t) and ¢ from the MATLAB
workspace. An exponential function is selected as an
approximated function in the Curve Fitting Tool appli-
cation. The dependence of the voltage on the terminals
of the SC in the process of oscillatory charge over a
time interval from ¢ = 0 to t = 180 s is depicted in
Fig. 2a. The voltage on the terminals of the SC, in
the workspace of the application package MATLAB, is

given by the data vector (with the dimension of 1x4699
points) [14].

The solution of the nonlinear nonhomogeneous di-
fferential equation of the second order (12) will be
written as the sum of two exponents:

Usc (t) =a-e +c- e, (13)
where a,b,c,d — the stable of integration, which are
determined from the initial conditions.

For these initial conditions, the coefficients are defi-
ned with an accuracy of 95 %:

a=-22le+04 (—1.648¢ + 11,1.648¢ + 11);
b= —0.2949 (—336.9,336.3);

c=2.2le+ 04 (—1.648¢ + 11,1.648¢ + 11);

d =—0.2949 (—336.9,336.3).

The statistics of the data approximation in Curve
Fitting Tool’s application for the voltage dependence
function on the SC terminals, depending on the time
Usc (t):

— RMSE: 0.071 — the standard error. A value close
to 0 indicates that the approximation can be used
successfully because the standard deviation of the
sample mean value is within the normal range.

— R-square: 0.997 — the correlation area between
the initial values and the approximate values. A
value close to 1 indicates that the variance is
negligible [14].

— Adjusted R-square: 0.997 — this is the number of
degrees of freedom of the approximated correlati-
on area. A value close to 1 indicates a good
approximation.
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The current in the charging circuit is determined in
accordance with the expressions (5) and (13):

i(t):(C1+2k(a-ebt—|—c.edt)).

(a-b-ete-d-e™). (14)

The approximate solution of the nonlinear
nonhomogeneous differential equation of the second
order (12) in the form (13) satisfies the requirements
for approximation. The root of the mean-square error is
close to 0; accordingly, the solution of this nonlinear di-
fferential equation in the form (13) can be successfully
used to analyze the energy processes in the circuits of
the oscillatory charge SC from the source of a constant
EMF.

The correlation area between the initial values and
the approximate values and the number of degrees of
freedom, of the approximated correlation area, which
indicate a good approximation.

5 The analysis of the energy

characteristics of the osci-
llatory charge of a supercapaci-
tor

The dose of energy that is selected at the oscillatory
charge of the SC from the source of the electromotive
force is determined by the expression

ty
Wan Z/UAB-i(t)-dt7 (15)
t;
where Uap — the voltage of the source of the

electromotive force, in this case — the battery.
After substituting in this expression the formula for
the current in the charging circuit (14), we obtain:

ty
Wap = /UAB (Cl + 2k (aebt + cedt))
t;

. (abebt + cdedt) dt. (16)

The dose of energy that enters the SC, with osci-
llatory charge from the initial voltage U; to the final
voltage Uy, is determined by the expression

? K2

2 3
= (Ur—=Uy)-

2 2
LU+ Uy 2k (Uf +U Ui+ U; )
2 3

Achhﬁg—Uﬂ+2k@§—wﬁ

(17)

The energy transfer coefficient ng¢ is determined by
the ratio of the energy received in the SC to the energy

selected from AB for the entire time of the oscillatory
charge:

_ (Wsclty) = Wsel(t)
15¢ = Wap(ts) = Waglty)

2k(UF+UsU;+U7)
(Uf -U) - + 1 3

= tr ) (18)
fUAB i (t)dt

C1(Up+Us)
2

respectively Wgsc(ti), Wsc(ty) — the energies that
were accumulated in the SC accordingly before swi-
tching and after the end of transient process of the
oscillatory charge from the AB; AWap = Wag(t;) —
Wap(tf) — the energy given by AB during the osci-
llatory charge.

The energy of losses in the circuit of oscillatory
charge of the SC from AB can be determined from
the expressions (15) — (17). This is energy, which is
the difference between the energy given by AB and the
energy received SC during the oscillatory charge:

Wiosses = (WAB(ti) - WAB(tf)) -

— (Wsel(ty) = Wsel(ti) (19)

The dose of energy Wéc, that enters to the SC
during the oscillatory charge from the initial voltage
U; to the final voltage Uy, is reduced to the value of
Woap, that is to the quantity of the dose of energy
selected from AB with an aperiodic charge of a fully
discharged SC (Upsc (t = 0) = 0), is determined by the
expression:

(U — Ul)
WféC = ty !
S Uap -i(t) - dt
0
oy s+ vy 2k (U3 UL+ U2)
5 - 3 (20)

The expression for the energy dose Wg 5, Which is
taken from the AB during the charge from the initial
voltage U; to the final voltage Uy, has reduced to the
value of Wy4p, can be written as

ty g
[ Uapi(t)dt Jit)dt
ts t;
Wiy = - = I (21)
[ Uapi(t)dt Jit)dt
0 0

The coefficient of energy transfer from AB nsc, wi-
th oscillatory charge of the SC from the initial voltage
U; to the voltage Uy, for the given values of energy

doses Wéc and WI{‘B, has the form
/
w
Nnsc = fc .
AB

(22)
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The energy of losses Wl{mses in the circuit of the
oscillatory charge SC from the initial voltage U; to the
final voltage Uy, has reduced to the value Wyap, can
be found from expressions (20)-(22)

Wl{)sses = (WAB (tl) - WAB (tf))/_

— (Wsclty) = Wse(t) = Why — Wie. (23)

6 Processing and analysis of the
results

Accordingly in tab. 1, the values of the energy
characteristics in the circuit of the oscillatory charge
of the SC from the initial voltage U; to the final
voltage Uy, are given at Q-factor of charging circuit
Qs (Un) =2 (L =1.697 H):

— dose of energy Wgse, which enters to the SC
during the oscillatory charge;

— dose of energy Wy p, which is selected from the
AB during the oscillatory charge;

— energy of losses Wi,sses in the circuit of osci-
llatory charge SC;

— coefficient of energy transfer from AB ng¢c, under
given conditions. In tabl. 2 shows similar energy
characteristics, when the charge from the SC
from AB in a oscillatory charging circuit with
Qs2(Up) =10 (L = 42.438H).

Numerical simulation in the MATLAB applicati-
on package completely corresponds to mathematical
dependencies (1), (23).

It is necessary to analyze the energy characteristi-
cs in the circuits of the oscillatory charge of the SC
with variable initial voltages Upgc: the dose of energy
entering the SC; the dose of energy selected from AB;
energy of losses in the circuit; the coefficient of energy
transfer from AB.

From tabl. 1 it is evident that, when the Q-factor
of the oscillatory charge circuit of SC is Q1 (Uy,) = 2,
the coefficient of energy transfer from AB changes in
the range from 27,13 %, when Uysc = —U,, to values
exceeding 90,0 %, when Ugsc > 0,7 - U,.

At initial voltage on terminals of the SC Uygc =
=0,9-U, , the coefficient of energy transfer under the
charge the SC (at Q-factor Qf1(U,) = 2) is increased
by 1,27 times, when compared with the coefficient of
energy transfer at zero initial conditions of voltage;
and when changing the initial voltage of the SC from
Upsc = —0,9-U, to Upsc = 0,9-U,, the coeflicient of
energy transfer increases by 2,8 times.

The dose of energy Ws¢, that entering to the SC at
the initial voltage on the terminals Upgc = 0,5 - U, is
2912,52 J, which is 1,4 times less than with the voltage
Upsc = 0V, but the energy losses in the circuit of

oscillatory charge of the SC, under given conditions,
will be smaller in 2,61 times. At initial voltage on the
terminals of the SC Uygsc = 0,7-U,, the dose of energy
Wsc, that entering to the SC, will be less than 2,032
times than the dose of energy, entering the SC with a
oscillatory charge from zero initial conditions, but the
energy of losses will be less in 6,35 times.

With Q-factor Q1(U,) = 2, the dose of energy
selected from AB, when charged from the initial voltage
SC Upsc = —0,5- U, to the nominal voltage on
the terminals of the SC, 1.33 times more than when
charged from the voltage Upsc = 0V. With a osci-
llatory charge of the SC from the voltage Upsc =
0,7 - U, to the voltage U, the dose of energy selected
from AB will be less than 2,43 times, in comparison
with the energy dose at a charge from zero initial
conditions.

With the Q-factor Q2(U,) = 10 (L = 42,438H)
of the oscillating charge circuit of the SC, the process
of charge of the SC occurs at the coefficient of energy
transfer from AB nsc > 57 % (Table 2) and the higher
the value of the initial voltage on the SC Uysc, the
higher the coefficient of energy transfer from AB.

At the charge of the SC from the initial voltage at
the terminals Upsc = 0,9 - U the coefficient of energy
transfer from AB increases by 5,56 %, compared with
U, the coefficient of energy transfer from AB at zero
initial conditions of voltage (Table 2). When changing
the initial voltage on the terminals of the SC from
Upse = —0,8-U, to Upsc = 0,8-U,, the coefficient of
energy transfer changes 1,4 times and makes 98.23 %.

Accordingly, the dose of energy Wg¢, accumulated
during the charge in the SC from the initial voltage
at the terminals Upse = 0,5 - U, to the nominal
voltage U,, will be 1,55 times less than the dose of
energy entering the SC during the oscillatory charge
from zero initial voltage on the terminals of the SC;
and the energy of losses Wj,sses in the circuit of the
oscillatory charge of the SC, while, will be less than
2,59 times. At the initial voltage on the terminals of the
SC Upsc =0,9-U,, the dose of energy accumulated in
the SC during the oscillatory charge will be 6,6 times
less, than the dose of energy at the initial voltage of
Upsc = 0 V; under these conditions, the energy of
losses Wipsses, in the circuit of the oscillatory charge
SC from the initial voltage on the terminals of the SC
Upse = 0,9 -U,, will be less than 49 times for the
energy of losses at oscillatory charge from zero initial
conditions.

The dose of energy W,p, which is selected from
the AB during the oscillatory charge at Q-factor of the
charge circuit Qs2(U,) = 10 (L = 42,438 H), varies
nonlinearly from 12178.00 J with the initial voltage at
the terminals Upse = —0,9 - U, up to 1064,82 J, at
initial voltage at the terminals Upsc = 0,9 - U,. At
the initial voltage at the terminals of the SC Uyse =
0,5-U,, the dose of energy selected from AB will be 1,59
times less, and at initial voltage Upsc = 0,9 - Up,- in



Investigation of energy processes in circuits of oscillatory charge of supercapacitors

11

Table 1 Experimental data Qs (U,) = 2

nsc WiossessJ Wag,J Uscmaz:V Wsc,J Uosc,V Uosc/Uas
27.13 7051.18 9677.18 3.05 2626.00 —-2,30 —-1,0
34.55 5963.24 9111.24 3.05 3148.00 —2,07 —0,9
41.91 4975.33 8565.33 3.05 3590.00 —1,84 —0,8
48.72 4127.39 8049.59 3.04 3922.2 —1,61 —-0,7
54.91 3410.20 7563.10 3.02 4152.90 —1,38 —0,6
60.38 2814.39 7104.09 3.01 4289.70 —-1,15 —0,5
65.12 2329.00 6677.10 2.98 4348.10 —0,92 —0,4
69.07 1943.40 6282.50 2.95 4339.10 —0,69 —0,3
72.19 1647.97 5926.07 2.92 4278.10 —0,46 —0,2
74.53 1429.92 5614.24 2.89 4184.32 —0,23 —0,1
76.05 1282.41 5355.17 2.86 4072.76 0 0
77.45 1148.28 5091.78 2.83 3943.49 0,23 0,1
79.12 994.27 4762.74 2.79 3768.47 0,46 0,2
81.05 828.17 4370.43 2.75 3542.25 0,69 0,3
83.20 657.89 3916.85 2.70 3258.96 0,92 0,4
85.56 491.37 3403.88 2.64 2912.52 1,15 0,5
88.12 336.68 2833.01 2.58 2496.34 1,38 0,6
90.84 201.95 2205.70 2.52 2003.73 1,61 0,7
93.74 95.42 1523.11 2.45 1427.69 1,84 0,8
96.78 25.31 786.36 2.37 761.05 2,07 0,9
100.00 0 0 2.30 0 2,30 1,0
Table 2 Experimental data Q2 (U,) = 10
nsc WiossesyJ Wag,J Uscmaz,V Wsc,Jd Uosc,V Uosc/Uas
57.17 5462.00 12754.00 3.89 7292.000 —2,30 —-1,0
63.93 4393.00 12178.00 3.89 7785.00 —2,07 —0,9
70.24 3445.00 11575.00 3.87 8130.00 —1,84 —0,8
75.77 2659.80 10978.00 3.84 8318.00 —1,61 —-0,7
80.51 2025.10 10389.00 3.81 8363.90 —1,38 —0,6
84.48 1523.29 9814.99 3.76 8291.700 —-1,15 —0,5
87.68 1140.87 9261.97 3.71 8121.10 —0,92 —0,4
90.17 859.23 8737.33 3.65 7878.10 —0,69 —0,3
91.92 666.93 8253.03 3.59 7586.10 —0,46 —0,2
93.02 545.33 7818.65 3.53 7273.32 —0,23 —0,1
93.51 483.19 7448.41 3.48 6965.22 0 0
93.87 433.08 7068.21 3.42 6635.13 0,23 0,1
94.31 375.32 6596.47 3.35 6221.15 0,46 0,2
94.81 313.13 6037.37 3.26 5724.24 0,69 0,3
95.39 248.93 5396.42 3.16 5147.49 0,92 0,4
96.02 186.24 4675.76 3.05 4489.52 1,15 0,5
96.70 127.84 3879.05 2.93 3751.21 1,38 0,6
97.44 79.91 3009.67 2.79 2932.76 1,61 0,7
98.23 36.56 2070.62 2.64 2034.06 1,84 0,8
99.07 9.86 1064.82 2.48 1054.96 2,07 0,9
100.00 0 0 2.30 0 2,30 1,0
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6,99 times less than the dose of energy, which is selected Conclusions

from AB, when charged from zero initial conditions by
voltage.

A generalized analysis of functional dependencies
(Table 1, 2) with oscillatory charge of the SC from AB
(with the Q-factors of the charging circuit Q1(U,,) = 2
and Q2(U,) = 10), confirms that when changing the
initial voltage on the SC within —U,, < Upse < U,,
the dose of energy Wyp, which is selected from AB
during the oscillatory charge, and the energy of losses
Wiosses in the circuit of the oscillatory charge of the
SC, are nonlinearly reduced from the maximum values
at the initial voltage at the terminals Uysc = —U,, to
the minimum values at the voltage Uysc close to U,.
Under these conditions, the dose of energy W, which
enters to the SC during the oscillatory charge with the
Q-factor of the charging circuit Q1 (U,) = 2, will be
the maximum Wgeo = 4348,10 J at the initial voltage
at the terminals of the SC Uysc = —0,4-U,, and at
Q-factor Q2(U,) = 10 the maximum dose of energy
Wse = 8363,90 J, at initial voltage Upsc = —0,6-Uy;
after reaching these values, the dose of energy Wse
entering the SC will be nonlinearly reduced with values
UOSC — U,.

The coefficient of energy transfer from AB with
oscillatory charge SC ngc, with the Q-factors of the
charge circuit Q1 (U,) = 2 and at Qs2(U,) = 10,
increases nonlinearly from the minimum values at
Upsc = —U, to maximum at Upsc — U,.

Moreover, the larger the Q-factor of the oscillatory
charging circuit @Q;(U,,), the higher is the dose of the
energy Wap, which is selected from AB during the
charge of the SC, and the dose of the energy Wgs¢ that
enters the SC with a higher the coefficient of energy
transfer ngc. The energy of losses in the circuit of the
oscillatory charge of the SC Wj,sses Of a greater value
of the Q-factor of the circuit will be less. Thus, with the
oscillatory charge of the SC from a source of constant
EMF (in this case, lithium ion AB), with a high value of
Q-factor of the charge circuit Q¢(U,), negative values
of the initial voltage on the terminals of the SC can
be used and this will be advantageous from the energy
point of view.

For example, with Q-factor of charging circuit
Qs2(Up) = 10, you can accumulate large amounts
of energy in the SC, with the coefficient of energy
transfer nsc > 57 % and the larger the value of the
initial voltage Upsc on the terminals of the SC, the
greater will be ngc. To increase the coefficient of energy
transfer ngc, at small values of the Q-factors of the
charge circuit Qf(U,), it is necessary to increase the
positive initial Uygc voltage on the terminals of the
SC.

When choosing positive initial voltages on the
terminals of the SC, it should be kept in mind that
this reduces the dose of energy W’gc entering to the
SC during the oscillatory charge from the voltage Upsc
to U,.

1. With the oscillatory charge of the SC from AB,

the coefficient of energy transfer from AB varies
in a nonlinear range from the minimum values, at
the initial voltage at the terminals Upsc = —U,,
to the maximum, at the initial voltage at Uysc
terminals close to U,,. It is determined that the
higher the Q-factor of the charge circuit of the
SC Q¢(U,), the higher will be the value of the
coefficient of energy transfer from AB ng¢.

. The dose of energy W’'g¢ entering into the SC

during the time of one oscillatory charge at the
Q-factor of the charging circuit Qp(U,) = 2
will be the maximum W’/ gcmee = 1,163, at
initial voltage SC Uysc = —0,4 - U,; and for Q-
factor @ f2(Uy) = 10, the maximum value of the
energy dose is W/ scmaz = 2,236, with initial
voltage Upsc = —0,6 - U,; after reaching these
values, the dose of energy W’ g entering the SC
will decrease nonlinearly at Upsc — U, values.
According to the analysis, with the oscillatory
charge of the SC from AB, with a high value of
Q-factor of the charge circuit Q¢(U,), negative
values of the initial voltage on the terminals of
the SC can be used and this will be advantageous
from the energy point of view.

. The analysis of the functional dependences in

the oscillatory charge of the SC from AB, con-
firms that when changing the initial voltage on
the SC within the limits —U, < Upsc < U,
the energy of losses in the circuit of the osci-
llatory charge SC is nonlinearly reduced from
the maximum values at the initial voltage at the
terminals Uypsc = —U,, to the minimum values,
at a voltage Upsc close to U,. The amount of
the energy of losses W/j,sses is Teduced to the
value of Wxp, with an oscillatory charge of the
SC from zero initial voltage conditions, with a
higher value of Q-factor of the charging circuit
Qy2(U,) = 10, it will be less by 62,39 % (for
W iosses at Q1(Uy) = 2). In the transition to the
region of positive values of the initial voltages on
the terminals of the SC Uygc > 0, the energy of
losses W/ ,sses significantly decreases and at Q-
factor Q¢2(Uy,) = 10 (Upsc = 0,7-U,) energy
losses make up 2.6 % of the energy, which gives
AB.

. The energy doses that are selected from AB

W' ap are given to the value Wyap, with a Q-
factor of charging circuit Qs2(U,) = 10 and the
initial voltage of the SC Uysc = —0,7-U, will be
1,36 times greater, and at a voltage Upsc = 0 -
in 1,39 times more, than the value of the dose of
energy W' ap at Q-factor Qs1(U,) = 2.
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Hocain>keHHsa eHepreTUYHUX IIPOIECIB B
KOJIaX KOJIMBAJBbHOTO 3apaay CYIIepKOH-
JEeHCATOPiB

Bineyvrut O. O., Komoecowuti B. H.

Bceryn. B pmanwmit 9ac mpu CTasioMy pPO3BHUTKY KOMOI-
HOBAHUX [PKepeJl KUBJIEHHS BHHUKAE IPOOJIEMa TOJIie-
HHST €JIeKTPUIHUX TMPUCTPOIB MPU3HAYEHWX It 36epira-
HHE eHepril 1 11 nuHaMigHOl Hepenadi crmoxmBadaM. [Ipm
CyJaCHHX peRmMax exciuryaramii enextpomobinie (EM),
TPUCTPOT [JIsT HAKOMWYEHHSI €Hepril MOBWHHI MPAIOBATH
MinbAOHN UUKJIIB 3apsi/po3psiz 6e3 MOripIIeHHs! eHepreTH-
anmx xapakrepuctuk. Cynepkonzencaropu (B Jsiteparypi
BiZTOMi, 1K 10HICTOpH, YIBTPAKOHIEHCATODPU, HETIHINHI KOH-
Jmercaropu abo JBOMAPOBL €IEKTPOXIMITHI KOHIEHCATODPH )
MOXKYTb MPAITIOBATH HE MEHIIe MiJIbIOHA IUKJIB I MOXKYTh
YCHINIHO BUKOPHCTOBYBATHChH B KOMOIHOBAHMX IIKEpEJIax
xuBeHHss EM abo B pi3HOMAHITHUX €JIEKTPOMEXAHITHUX
00’eKTax, fKi CTOXaCTUIHO ITOTPEOYIOTH BEIUKY IMITYIbCHY
TOTYKHICTb.

ITocranoBka 3aga4i. B koMOiHOBaHUX cuUCTEMax eJie-
kTpoxkussenas 3 cynepkongencaropamu (CK) ta axymy-
naropanvu 6atapeayn (AB) MOEIHYIOTHCS BUCOKA, TATOMA
noryxkHicth CK 3 Bucokoio nmromoino eneprieio AB. Ta-
KWl Tiaxis mo3Bosisie Jrerko 3abe3emevdnTn HeOoOXiqHy ITo-
TYXKHICTh HA TOYATKY PYXY €J€KTPOTPAHCIOPTY ab0 mpu
pi3komy 30iIbIIeHH] MBUIKOCTI PyXy, IIPU IHOMY 3a0e3re-
qyoun HeoOxinuuil 3amac eneprii 3 AB, npu TpuBasomy
pyci. 3acrocysanns kombOinosanux cuctrem 3 CK Ta AB
MOKe 3HAQUYHO MiJBUNIMTH TepMiH ciyxk6u AB ta m03B0JIsie
MPAIOBATU 3 HU3bKUMU BTPATAMHU €HePril B KOJIi KOJIMBAJIb-
woro 3apsamy CK. Meroio 1mi€l poGOTH € BIOCKOHAJIEHHS
Teopil eHepreTUTIHUX INPOIECIiB B €JIeKTPUIHUX KOJIAX KO-
smsanbaoro 3apany CK six mxepen nocriitnoi EPC (AB),
sdka 0a3yeThcsd Ha BpaxyBaHHI 3ajekHOCTI eMHOCTI CK
Bl mpuksazenol 10 HOro KJjieM HANPYTW Ta BpaxyBaHHI
3MIHHUX [OYATKOBMX yMOB 110 Haupy3i npu 3apani CK,
0 TOJIMIIYE eHeproedeKTUBHICTh KOMOIHOBAHUX CHCTEM
€JIEKTPOKMBJICHHS.

PesynbTaTu. B gasiit pobori 10C/1ipKeHo eHepreTuyHi
XapaKTEePUCTUKYN B KOJAX KosmBajabHOTO 3apsiay CK Bifx
peanbrOro mkepena nocriitaoi EPC (AB). IIposeneno mo-
PIBHSIHHS €HEPreTUIHUX XaPAKTEPUCTUK KiJI KOJTHUBAILHOTO
3apsay CK mpu pizaumx 1oOpOTHOCTSX 3apsiTHOTO KOHTYDY.
Snalimeno HaOIMKeHe PillleHHs /TS HeJTIHIAHOr0 HeOmHOPI-
IHOTO udepEeHIiaIbHOT0 PIBHAHHS APYTOr0 MOPSAKY IIPH
kosmmBasbaoMy 3apsaai CK sim AB, npu BpaxysanHi, 110
€MHICTH € JiHiiiHo0 GyHKIi€eo Big Hanpyru Ha kiaemax CK.
Jane pimeHHs a€ MOXKJIMBICTHD BU3HAYATH 3aJIEXKHICTH
eHepril BTpaT B KOJIAX KOJIMBAJIBLHOTO 3apaay HeJHIWHOTO
KOHJIEHCATOPa BiJ €JIEKTPOTEXHIYHUX [TapaMeTpiB eJieMeH-
TiB.
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BucuoBku. IlpoanamizoBani ymoBHu, 33 SKUX 3POCTAE
koedirmienT mepenaui eneprii Bigm AB no CK, B Koiax KoJu-
BaJsibHOTO 3apsay CK. BuznadeHo BIJIMB MOYaTKOBHAX YMOB
o Hanpysi Ha kiremax CK, 706porHOCTi 3apa/1HOTO KOHTY-
py, emuocti CK na koedimnient nepegaui emeprii six AB mo
CK B mporeci 3apsamay. JdocmimkeHo, mo mpy ImaBUMEHH]
JOOPOTHOCTI 3apsAAHOTO0 KOHTYDPY Ta 30iIbIIeHH] ITOYaTKO-
Bux ymoB 1o Hampy3i Ha kiaemax CK, moxna 36impmmuTn
koedinient nepenaui eneprii Big AB 1o CK Ta 3menmwuTu
enepriio Brpar npu xosmsaiabaomy 3apani CK six AB.

Karno6i crosa: emepreTwdHi TPOTECH; 3aPsiil; CyIep-
KOHJEHCATOD; BHYTPIMHINA Omip; akyMmy/aaTopHA Oarapesd;
BTPATH €JIEKTPOEHePTil

HNccnenoBanue 3HepreTUvecKux IIPOIEC-
COB B IeNdaX K0JIe0aTeJIbHOTO 3apdaaa Cy-
MEePKOH/IEHCATOPOB

Beaeyrut O. A., Komosckui B. H.

B pabore mpoBemeHO WCC/IEIOBAHNE SHEPreTHUIECKUX
XapPaKTEPUCTUK B IENAX KOIe0ATeIbHOTO 3aPs/1a CYIIePKOH-

JIEHCATOPOB OT AKKyMyJIATOPHON 6Garapeu, KoTOpas pac-
cMaTpmBaeTcs Kak peasbHbil ucrounnk JJ1C. ITposeneno
CpPaBHEHNE SHEPreTHYEeCKUX XapPAaKTEePUCTUK Iereil KoJre-
G6arempHOrO 3apana cynepkongencaropa (CK) npm pasmm-
YHBIX 3HAYEHUSAX JTOOPOTHOCTU 3aPsiIHOTO KOHTypa. [losy-
YeHO ANIPOKCUMUPOBAHBIE PEIIEHUs] HEJMHENHOTr0 HEOIHO-
pomuoro nud depeHImaIbHOT0 yPaBHEHU BTOPOTO MOPSiI-
Ka uist kosebarespHoro mporecca 3apsaa CK or akkymy-
naropuoii 6atapen (AB), y KOTOpOro €MKOCTb sBJISETCS
nmHeiHOM DyHKIMel OT HAIPSIKEHNs HA €r0 KJIeMMaX, 9TO
TaeT BO3MOYKHOCTH OMPEIE/ISITh 3aBUCHUMOCTH SHEPTeTmde-
CKUX ITOTEPH B IENAX 3aPAIa OT IaPAMETPOB UX JJIEMEHTOB.
IIpoamnanusupoBans! ycioBus yBenndenus koddduipenTa
nepenaun sueprun o1 AB B CK B memnsx kosebaresnHO-
ro 3apsaga. OnpenereHbl 0COOEHHOCTY BJIMSHUS HATAIBHBIX
HAIPAKEHUH, eMKOCTeN 1 JOOPOTHOCTEH 3aPAIHOTO KOHTY-
pa ua koaddunment nepemaun suepruu ot AB B CK.

Karouesvie cao6a: dHEpreTHYECKHUE IIPOTECCHI; 3PS,
CYILIEDKOH/IEHCATOD; BHYTPEHHEEe COLPOTUBJ/IEHUE; AKKYMY-
JIITOpHAs 6aTapesi; MOTEPH SJIEKTPOIHEPIUU



	Introduction
	Formulation of the problem
	Energy processes in the circuits of oscillatory charge of supercapacitors
	The solution of nonlinear nonhomogeneous differential equation
	Approximation of the voltage dependence on the supercapacitor terminals
	The analysis of the energy characteristics of the oscillatory charge of a supercapacitor
	Processing and analysis of the results
	Conclusions
	References

