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03221 Vilnius, Lithuania

* Correspondence: nikolaj.visniakov@vilniustech.lt; Tel.: +370-682-22-866

Abstract: In this paper, the energy characteristics of the charge circuits of a supercapacitor (nonlinear
capacitor) and an equivalent linear capacitor from a DC voltage source, which is a lithium-ion
battery for such energy storage devices, are analyzed. It is established under what conditions the
losses of electricity in the charge circuits of linear and equivalent nonlinear capacitors from the
DC voltage source are reduced. The influence of final and initial voltages on similar terminals
and capacitance terminals on similar energy losses is analyzed. The regularities of increasing the
energy transfer coefficient in the circuits of the aperiodic charge of supercapacitors and equivalent
linear capacitors from a DC voltage source (battery) with increasing initial voltages at the capacitor
terminals are determined.

Keywords: battery; capacitance; charge; electricity losses; energy processes; internal resistance;
nonlinearity; supercapacitor

1. Introduction

The progressive development of energy-intensive technologies requires the develop-
ment and improvement of devices capable of storing electricity and quickly providing load.
Strict requirements are placed on the ability of devices to operate hundreds of thousands
of cycles without deteriorating energy performance. Supercapacitors (SC) are capacitive
energy storage devices that are successfully used in switching electrical systems and electric
vehicles. SC are widely known as ultracapacitors, ionizers or two-layer electrochemical
capacitors [1–17]. These elements occupy an intermediate area between conventional bat-
teries and linear capacitors. The specific power of the SC is 23 times higher than the specific
power of modern lithium-ion batteries [11], due to relatively low internal resistance. The
capacitance of the SC can be from 1 to 10 kF, at nominal voltage (2.7 to 4 V). The voltage
applied to the SC is limited by the voltage of electrochemical decay of the electrolyte, at
which the electrolyte begins to decompose more intensely and the supercapacitor fails.
For use at higher voltages, the SCs are connected in series and receive rated voltages of
hundreds of volts.

SCs can withstand up to a million charge-discharge cycles without destroying their
structure (Table 1), in contrast to lithium-ion batteries, which are capable of operating at a
maximum of several thousand such cycles [11,16,17]. Rechargeable batteries are best used
for steady-state power consumption. Therefore, in the combined power sources of electric
vehicles, supercapacitors provide pulse modes of high power consumption in the load,
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and the battery provides long-term operation of the electromechanical system in steady
state [3,5,8–12].

Table 1. Characteristics of supercapacitor, capacitor and lithium-ion battery.

Device
Characteristics Supercapacitor Capacitor Lithium-Ion Battery

Charge time 1–30 s 10–3 < t < 10–6, s 1 < t < 5, h.

Discharge time 1–30 s 10–3 < t < 10–6, s t > 0.3, h.

Number of cycles 1,000,000 1,000,000 >500

Specific energy, W h/kg <30 <0.1 <200

Specific power, W/kg <91,000 >1,000,000 <3900

A detailed review of the results of the analysis of the energy characteristics of super-
capacitors [2,8–21] showed that research has been conducted without taking into account
the loss of electricity in the circuits of charge, recharging and internal redistribution of
supercapacitor charges. There was also no analysis of electricity losses in the charge circuits
of supercapacitors from the battery under non-zero initial voltage conditions.

The aim of this work is to compare the energy characteristics (energy transfer coeffi-
cient and energy loss) of a linear capacitor and supercapacitor, when charged by a battery,
both at zero and non-zero initial voltage conditions, as well as to establish the influence
of initial and final voltages on power losses in the charge circuits of linear capacitors
and supercapacitors.

2. Methods
2.1. Energy Processes in the Aperiodic Charge Circuit of a Supercapacitor and an Equivalent
Linear Capacitor

The dependence of the capacitance of supercapacitors on the voltage at its terminals
was taken into account during the research. In studies conducted in [2,3,13–23] it was
noted that the physics of the SC involves the presence of part of the capacitance, which
depends on the applied voltage to its terminals. Experimental measurements of charge
from a DC voltage source were performed for SCs with a capacitance of 470, 1500 and
2600 F [18,20,21].

The total capacitance of the SC consists of a series connection of many capacitors, and
nanoelectrodes of primary capacitors, which are due to a double electric layer of charges
on the surface of the pores of activated carbon of the main electrodes of the SC. One of the
possible explanations for the reason for the increase in the total capacitance of the SC with
increasing voltage is connection with the increase in the dielectric constant of the electrolyte
or with a decrease in the thickness of the electric double layer [18]. The total capacitance of
the IC can be represented by the expression:

C =
εε0S

d
, (1)

where ε is the dielectric constant of the electrolyte, ε0 is the dielectric constant of vacuum,
S is the total surface area of the developed surface of the nanoporous electrode, and d
is the thickness of the electric double layer (dielectric between the charges of the electric
double layer).

The explanation of the nonlinear increase in the capacitance of the SC with increasing
voltage on it is that the area of accumulation of charges in the electrodes of the SC increases
with the application of higher voltages. Under such conditions, the process occurs due to the
penetration of charges into the developed nanopores of electrodes of smaller diameter [3,18].
The process causes an increase in the charge accumulated in the SC, nonlinear relative to
the increase in voltage at the terminals of the SC.
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Under the capacitance C between two bodies, which have equal and opposite in sign
charges, the absolute value of the ratio of charge on one of the bodies to the voltage between
the bodies is given by

C = Q/U. (2)

From the definition of capacitance follows the unit of its dimension 1 C/V = 1 F. The
capacitance is between two conductive bodies that are separated by a dielectric.

In an electrostatic field, the voltage between two bodies U can be linearly expressed
by the charge Q; then the ratio Q/U is independent of neither the value of Q nor the value
of U. Capacitance depends only on the configuration of bodies, their size, distance between
bodies, and dielectric properties. This is also true for linear capacitors (LC). Exceptions are,
for example, devices that use ferroelectrics, i.e., substances in which the dielectric constant
is a function of U. For supercapacitors, the magnitude of the capacitance C is a function of
the voltage U [2,3,8–20]. Expression (2) is valid for both LC and SC, because it establishes
the relationship between the charge accumulated on each of the plates Q and the voltage
between them U.

Under the conditions of the experiment, the SC was charged from a DC voltage
source [15]. Small ripples with a value of 10 mV at a frequency of 1 MHz were superimposed
on the DC voltage component. The capacitance of the SC increased nonlinearly in a given
voltage range at its terminals. Given this dependence, the total capacitance of the SC can
be approximated, with sufficient accuracy, as the sum of the fixed capacitance C1 = const
and capacitance Cv(U) = k |U|, which linearly depends on the voltage U. The coefficient
k = const and has dimension [F/V].

According to the physics of the double electric layer [2,3,18,20], the total capacitance
of supercapacitors is determined by the expression:

C(U) = C1 + k |U|. (3)

Taking into account expression (3) for branching the modes of operation of the SC, in
accordance with works [2,3,8–20], it is necessary to use branched substitution schemes. In
order to take into account the distributed electrical parameters of supercapacitors, their
branched substitution schemes with different numbers of parallel branches containing
concentrated linear and nonlinear elements C, R and L were proposed. The schemes can be
improved taking into account the duration of energy processes.

This paper investigates the change in the energy and dynamic characteristics of the
SC when the voltage at its terminals changes when charged by the battery. The optimal
solution of this problem is to use an equivalent scheme of substitution of SC with a variable
number of parallel branches with different values of time constants τ = RC [20]. With a
duration of transient processes to τ ≤ 30 min, the scheme of replacement of SC is shown
in Figure 1, which accurately reflects the energy processes in the supercapacitor. The
parameters of this substitution scheme were determined experimentally [20].

The first branch (instantaneous branch) is represented by a capacitor, the capacitance
of which depends on the voltage [6,18] according to expression (3). The branch consists of
elements C1 and R1, the values of which do not change, and the element Cv(U1), the value
of which depends on the applied voltage to the terminals of the SC. This branch has a low
time constant and its capacitors are charged in the second time range. The second branch
(delayed branch), with constant parameters C2 and R2, operates in the minute time range.
The third (long-term) branch has the longest time constant and operates in the range of
10 min (parameters C3 and R3 are also constant). To take into account the self-discharge of
the SC, a substitution circuit is added in parallel resistor R4. The battery is represented by a
DC voltage source E with internal resistance RAB.

In refs. [3,18] it was experimentally confirmed that the equivalent circuit substitution
scheme accurately reflects its energy and dynamic characteristics in charge-discharge
processes.
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Figure 1. The scheme of replacement of SC.

Voltages URAB(t), UR1(t), respectively, on the resistors RAB, R1 of Figure 1, are ex-
pressed by the formulas:

URAB(t) = RAB · i(t); (4)

UR1(t) = R1 · i(t), (5)

After combining the resistances of the charging circuit RΣ = RAB + R1, according to
Formula (3), we can write:

URΣ(t) = RΣ · i(t) = RΣ ·
(
(C1 + 2 · k · |USC(t)|) ·

(
dUSC(t)

dt

))
(6)

Coefficient k = const and has the dimension (F/V).
According to Kirchhoff’s second law for the scheme of Figure 1, the expression is:

E = URΣ(t) + USC(t) (7)

Finally, the formula can be written as follows:

E = RΣ ·
(
(C1 + 2 · k · |USC(t)|) ·

(
dUSC(t)

dt

))
+ USC(t) (8)

We obtain a nonlinear inhomogeneous differential equation of the first order:

2 · k · RΣ · |USC(t)| ·
(

dUSC(t)
dt

)
+ RΣ · C1 ·

(
dUSC(t)

dt

)
+ USC(t) = E. (9)

We introduce the following substitutions:

USC(t) = U,
dUSC(t)

dt
= U/; (10)

Differential Equation (9) can be represented as:

2 · k · RΣ · |U| ·U/ + RΣ · C1 ·U/ + U = E. (11)

This nonlinear inhomogeneous first-order differential equation can be solved to obtain
an unknown function USC(t). The solution can be found by direct or indirect (approximate)
methods [5]. This differential equation is nonlinear, so the analytical form of the solution
of such an equation must be sought using the elements of symbolic mathematics in the
MATLAB application package. With complex functions of external perturbations (broken,
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non-integrated, discontinuous functions), it is sometimes extremely difficult to find an
analytical solution. In such cases, approximate methods for solving differential equations
(DE) are used.

The approximate solution of the nonlinear inhomogeneous differential equation of the
1st order in the range ti = 0 to t f will be written as the sum of two exponents:

USC(t) = a · ebt + c · edt, (12)

Coefficients (determined within 95%):

a = 1.93(1.918 . . . 1.942),

b = 0.00281(0.002686 . . . 0.002941),

c = −1.858(−1.870 . . . 1.845),

d = −0.158(−0.1614 . . . 0.1564).

Data approximation statistics:
R-square: 0.9973—the area of correlation between the initial values and approximate

values. A value close to 1 indicates that the variance is negligible.
Adjusted R-square: 0.9973—this is the number of degrees of freedom of the approxi-

mated correlation area. A value close to 1 indicates a good approximation.
RMSE: 0.04401—the root of the standard error or standard error. A value close to

0 indicates that the approximation can be used successfully because, the standard deviation
of the sample mean is within the norm.

2.2. Energy Characteristics of Charge of Equivalent Linear and Nonlinear Capacitors from the
Storage Battery

The change in the magnitude of the charge of the capacitor in time dQ characterizes
the electric current at the time of charge, based on which we have the expression:

i(t) = dQ/dt, (13)

whence accordingly dQ = i(t) dt.
For SC, it should be borne in mind that the charge differential dQ is a linear part of an

infinitesimal increment of a function equal to the product of C(U) by U, and the formula for
determining dQ has the form [3]:

dQ = d[C(U)·U] = (C0 + 2 k·U)·dU. (14)

After substituting expression (14) into expression (13), we obtain the formula for
determining the change in the amount of current over time:

i(t) = (C0 + 2 k·U)·(dU/dt). (15)

The differential capacitance of the supercapacitor can be calculated by the formula:

Cdiff (U) = C0 + 2 k·U. (16)

Experimental results confirm that the capacitance of the SC changes nonlinearly with
changing voltage. This curve can be approximated with sufficient accuracy by the linear
function C(U) when the SC is used at a voltage of 0.5Un to Un (where Un is the nominal
voltage of the SC). A number of studies [3,8–20] have confirmed that the supercapacitor
stores up to 75% of energy in this voltage range.
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The capacitance of ordinary linear capacitors C does not depend on the voltage of their
charge U, and the energy accumulated in them under the condition of zero initial voltage is
determined by the expression:

WLC = CU2/2. (17)

If the SC charge started at zero initial conditions (ti = 0 voltage Ui = 0 and the mag-
nitude of the charge Qi = 0), then taking into account expressions (13)–(14) we can obtain
an expression for the energy WSC accumulated in the SC at a certain voltage final voltage
Uf = U:

WSC =
∫ t f

ti

U(t) · i(t)dt=
∫ Q f

Qi

UdQ=
∫ U f

Ui

U(C0 + 2kU)dU = C0U2/2 + 2k U33 (18)

The dose of energy taken from the battery (AB) WAB can be found by the formula:

WAB =
∫ t f

ti

UABi(t)dt, (19)

where UAB—the battery voltage.
The energy transfer coefficient η is equal to the ratio of the energy received in the LC

or in the SC to the energy taken from the AB for the entire charge time:

ηLC =
(

WLC

(
t f

)
−WLC(ti)

)
/
(

WAB(ti)−WAB

(
t f

))
, (20)

ηSC =
(

WSC

(
t f

)
−WSC(ti)

)
/
(

WAB(ti)−WAB

(
t f

))
, (21)

where WLC(ti), WSC(ti), WLC

(
t f

)
, WSC

(
t f

)
are energies that have been accumulated in

the LC and SC in accordance with the switching and after the completion of the transient
process of charge from the AB; WAB = WAB(ti)−WAB

(
t f

)
i.e., the energy given by AB

during the transition process.
According to expressions (17)–(19) we obtain the energy of losses in the charge circuit

of the LC and SC from the battery. The energy of losses is the difference between the energy
given by the AB and the energy received during the charge of the LC or SC:

Wloss1 =
(

WAB(ti)−WAB

(
t f

))
−
(

WLC

(
t f

)
−WLC(ti)

)
, (22)

Wloss2 =
(

WAB(ti)−WAB

(
t f

))
−
(

WSC

(
t f

)
−WSC(ti)

)
. (23)

When modeling, the SC cannot be limited to one constant value of capacitance, as in
the case of LC. If it is necessary to specify one value of capacitance, for SC it is necessary to
calculate the equivalent capacitance, Cekv(U1), for a specific value of voltage U1. According
to expressions (17) and (18), the SC accumulates more energy than the LC is charged to
the same voltage. In a previous study [22], it was shown that when discharged and then
charged to the same voltage for SC and LC with equal internal resistances (RLC = RSC), the
supercapacitor has a load resistance Rn with more energy and with greater pulse power
than LC.

The expression for the capacitance of the LC, CW, which is equivalent to the capacitance
of the SC, provided the equality of the accumulated energies (WLC = WSC) and the voltage
on their plates (ULC = USC = U), can be obtained from (18):

CW = C0 + 4 kU/3 (24)

To study and compare the energy characteristics of the circuit when charging the SC
and LC from the battery, mathematical modeling was performed in the Matlab application
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package. The time constant was calculated by the formula τ = RC. The parameters of the
SC and lithium-ion battery [11,20] used in the study are given in Table 2.

Table 2. Parameters of the SC and lithium-ion battery.

Parameters of the SC Substitution Scheme
Parameters of the

Lithium-Ion
AB

R1, Ohm C1, F k, F/V R2, Ohm C2, F R3, Ohm C3, F R4, Ohm E, V RAB, Ohm

0.0025 270 190 0.9 100 5.2 220 9000 2.3 0.012

We assume that the initial voltage on the LC and SC was zero.
The studies were performed under the condition that the capacitance of the linear

capacitor, CW, is equivalent to the capacitance of the supercapacitor, provided that the
energy stored in them is equal (WLC = WSC = 2196 (J) at ULC = USC = 0.99Un) calculated
according to expression (24) and is equal to CW = 846.84 F. The internal supports of the LC
and the first (instantaneous) branch of the SC are the same: RLC = R1 = 0.0025 Ohms.

3. Results and Discussion

To determine the optimal charge modes from the lithium-ion battery of the supercapac-
itor and to compare this with similar modes of the equivalent linear capacitor, an analysis of
energy characteristics was performed. An analysis of change of a dose of energy arriving in
the SC and LC was carried out for energy losses in the circuit, the dose of energy taken from
the battery, and the energy transfer coefficient from the battery depending on the voltage to
which the SC and LC are charged. Five points were considered: point 1, in which the volt-
age on the SC and LC ULC = USC = 0.25Un; point 2, in which the voltage on the SC and LC
ULC = USC = 0.5Un; point 3, in which the voltage on the SC and LC ULC = USC = 0.75Un;
point 4, in which the voltage on the SC and LC ULC = USC = 0.9Un, and point 5, in which
the voltage on the SC and LC ULC = USC = 0.99Un while (WLC = WSC = 2196 (J).

The energy characteristics of SC and LC in the process of charging from AB at different
voltage change ranges were considered as ULC = USC = (0.25 . . . 0.5)Un; (0.5 . . . 0.75)Un;
(0.75 . . . 0.9)Un; (0.9 . . . 0.99)Un.

Figure 2 shows the functional dependencies.
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Figure 2. Functional dependences: (a) = the dose of energy WSC, which enters the SC at each moment
of its charge and the energy dose WAB1, which is selected from the AB; the dose of energy WLC, which
enters the LC at each time of its charge and the dose of energy WAB2, which is selected from the AB;
(b) = energy losses Wloss in the charge circuit LC and SC; (c)—energy transfer coefficients from the
AB when charging the linear capacitor ηLC and supercapacitor ηSC.
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Table 3 shows the energy characteristics (energy doses received in the SC and LC;
energy doses taken from the battery, energy losses in the circuit; energy transfer coefficient
from the AB) and time tLC and tSC at points 1–5, when the voltages at SC and LC were
equal to 0.25, 0.5, 0.75, 0.9 and 0.99Un under the condition of equality of the accumulated
energies in them (WLC = WSC = 2196 (J) at ULC = USC = 0.99Un).

Table 3. Energy characteristics and time tLC and tSC at points 1–5.

Points 1 2 3 4 5

ULC, V 0.25Un 0.5Un 0.75Un 0.9Un 0.99Un

WSC, J 68.77 371.70 1052.00 1703.00 2196.00

WLC, J 140.10 560.10 1260.00 1816.00 2195.00

WAB, J/SC 501.50 1293.00 2372.00 3159.00 3680.00

WAB, J/LC 1120.00 2240.00 3360.00 4034.00 4435.00

Wloss, J/SC 432.73 921.30 1320.00 1456.00 1484.00

Wloss, J/LC 979.90 1679.90 2100.00 2218.00 2240.00

ηSC, % 13.7 28.7 44.3 53.9 59.7

ηLC, % 12.5 25.0 37.5 45.0 49.5

tSC, s 1.604 5.166 13.490 26.810 63.910

tLC, s 3.533 8.511 17.020 28.330 56.560

The results of numerical simulations in the Matlab application package in Table 3
confirmed the correctness of the analytical dependences (3)–(24).

Table 3 shows that when the SC was charged from U0SC = 0 to a voltage of 0.25Un,
the energy transfer coefficient from AB ηSC increased 1.1 times compared to the energy
transfer coefficient in LC ηLC under similar conditions. With a further increase in voltage
to 0.5Un, the coefficient ηSC nonlinearly increases to 28.7%, which is 1.15 times greater than
the coefficient ηLC. It is known that when a fully discharged LC is charged, its energy
transfer coefficient is 50%. This study confirmed that the energy transfer coefficient of the
SC when charged from the voltage U0SC = 0 is 60%.

The dose of energy entering the LC when charged to a voltage of 0.25Un is two times
greater than the dose of energy entering the SC, while the energy of losses in the charge
circuit of the LC is 2.26 times greater than the losses in the SC circuit. When the LC is
charged to a voltage of 0.75Un, the dose of energy entering the LC is 1.2 times greater than
the dose of energy entering the SC, while the losses are 1.59 times greater than the losses in
the SC charge circuit. When the LC and SC are charged to a voltage of 0.99Un, the doses of
accumulated energies in them are the same at WLC = WSC = 2196 (J), and the energy of
losses in the LC charge circuit are 51% higher than the losses in the SC charge circuit.

The dose of energy taken from the battery when charging the LC to a voltage of 0.25Un
is 2.23 times greater than the dose of energy taken when charging the SC. When the LC is
charged to voltages of 0.75Un and 0.9Un, the dose of energy taken from the battery is 1.42
times higher.

Table 4 shows the energy characteristics when charging a linear capacitor and a
supercapacitor in different ranges of voltage change: (0.25 . . . 0.5)Un; (0.5 . . . 0.75)Un;
(0.75 . . . 0.9)Un; (0.9 . . . 0.99)Un and time intervals tSCin and tLCin, during which the voltage
changes in the specified ranges.

From Table 4 it follows that when recharging from the battery, the energy transfer
coefficient for LC and SC is in the range of 37.5 to 95%. When the voltage changes within
(0.25 to 0.5)Un, the energy transfer coefficients at the charge of LC and SC are 37.5 and
38.3%, respectively. As the voltage increases, the coefficients ηSC and ηLC increase almost
equally (ηSC > ηLC by 0.5 to 0.8% in all ranges). When the SC and LC charge in the range
(0.9 to 0.99)Un, the energy transfer coefficient of the process increases to 95%.
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Table 4. Energy characteristics when charging a linear capacitor and a supercapacitor in different
ranges of voltage change.

The Range of Change
Voltage, (Ui − Un)/Un, V 0.25 . . . 0.5 0.5 . . . 0.75 0.75 . . . 0.9 0.9 . . . 0.99

WSCin, J 302.93 680.30 651.00 493.00

WLCin, J 420.00 699.90 556.00 379.00

WABin, J/SC 791.50 1079.00 787.00 521.00

WABin, J/LC 1120.00 1120.00 674.00 401.00

Wloss in, J/SC 488.57 398.70 136.00 28.00

Wloss in, J/LC 700.00 420.10 118.00 22.00

ηSCin, % 38.3 63.0 82.7 95.0

ηLCin, % 37.5 62.5 82.5 95.0

tSCin, s 35.62 83.24 13.320 37.100

tLCin, s 49.78 85.09 11.310 28.230

The dose of energy entering the LC when the voltage changes within (0.25 to 0.5)Un
is 1.39 times greater than the dose of energy entering the SC, while the energy loss is
1.43 times higher in the charge circuit of the LC. With increasing voltage on the LC and SC
in the range (0.5 to 0.75)Un, they accumulate almost the same energy, but the loss in the
charge circuit of the LC is 5.3% higher. In the ranges of voltage change (0.75 to 0.9)Un and
(0.9 to 0.99)Un dose of energy entering the SC in 1.17 and 1.3 times higher than the dose of
energy entering the LC, but losses are 1.15 and 1.27 times more.

The dose of energy taken from the AB when charging the LC in the range (0.25 to 0.5)Un
is 1.4 times greater than the energy dose for the SC. In the voltage range (0.75 to 0.9)Un
and (0.9 to 0.99)Un the dose of energy taken from the AB when the charge of the SC in 1.17
and 1.30 times higher the energy dose for the charge of the LC.

Thus, the most energy-efficient charge occurs in the voltage range (0.9, 0.99)Un. At
equally high energy transfer coefficients (ηSC = ηLC = 0.95), the advantage of SC is that it
accumulates 30% more energy than LC.

When the LC and SC are charged to a voltage of 0.99Un, the doses of accumulated ener-
gies in them are the same (according to the selected initial conditions) WLC = WSC = 2196 (J),
and the energy of losses in the LC charge circuit are 51% higher than the SC charge circuit
losses. In such modes of operation, the supercapacitor is more energy efficient.

The advantage of supercapacitors is that they can have a thousand times higher energy
than linear capacitors [12,24]. In terms of specific energy, SCs are equivalent to modern
lead-acid batteries [8], and the specific power of SCs is 23 times higher than the specific
power of serial lithium-ion batteries [11].

The development and improvement of technology for the production of supercapaci-
tors has led to the emergence of new materials for electrodes, such as three-dimensional
porous carbon. This type of carbon has the properties of a supercapacitor, with a thickness
of only one atom. The surface area of one gram of the material is 3100 square meters.
Treatment of the above material with potassium hydroxide leads to the creation of a large
number of tiny pores in the carbon, which, in combination with the electrolyte are able to
retain a colossal electric charge. This material has ideal properties for a supercapacitor and
industry is fully prepared for its production.

With the advent of new serial samples of supercapacitors, it will be necessary to
improve equivalent substitution schemes, taking into account the physical properties of the
material of the electrodes of the SC. It will be important to take into account the dependence
of the electrical parameters of the SC on frequency, voltage and ambient temperature. This
substitution scheme can be refined to study longer processes that occur in the deep layers
for more than 30 min.
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4. Conclusions

1. Analysis was made of the energy characteristics of the linear capacitor and supercapac-
itor when charged from a lithium-ion battery, taking into account the condition that
the capacitance of the linear capacitor CW = 846.84 F is equivalent to the capacitance of
the supercapacitor, provided they have accumulated energy WLC = WSC = 2196 (J) at
ULC = USC = 0.99Un). The study was performed in the Matlab application package.

2. It was established that at charge of completely discharged SC and LC (provided
that their internal resistances RLC = R1 = 0.0025 Ohm) the energy transfer coefficient
increases nonlinearly. In order to reduce energy losses, the charge of SC and LC
to voltages higher than 0.9Un with the energy transfer coefficient ηSC ≥ 53.9 and
ηLC ≥ 45%, is optimal.

3. When charging a fully discharged supercapacitor to a voltage of 0.99Un, its energy
transfer coefficient is ηSC = 59.7, which is 1.2 times higher than the energy transfer
coefficient of a linear capacitor. When the LC and SC are charged to a voltage of
0.99Un, the doses of accumulated energies in them is the same (according to the
selected initial conditions) WLC = WSC = 2196 (J), and the energy of losses in the
LC charge circuit are 51% higher than the SC charge circuit losses. In such modes of
operation, the supercapacitor is more energy efficient.

4. Comparison of research results for different ranges of voltage change during LC and
SC charge was performed. It was established that in all studied ranges of voltage
change, the energy transfer coefficient at the SC charge exceeds the energy transfer
coefficient at the LC charge by 0.5 to 0.8%. Their values, depending on the range of
voltage changes are 37.5 to 95% (with increasing voltage, the energy efficiency of the
charge increases). When the SC and LC charge in the range (0.9 to 0.99)Un, the energy
transfer coefficients in the SC and LC increase to 95%. The advantage of an SC is that
it accumulates 30% more energy than an LC.

5. With the advent of new serial supercapacitors, it will be necessary to improve substi-
tution schemes, taking into account the material properties of the electrodes of the
SC. When using an equivalent substitution scheme for the analysis of longer energy
processes in the SC (lasting more than 30 min), additional parallel branches in the
scheme with large time constants will need to be entered.
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