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Purpose. Analysis of existing technical solutions for management of energy exchange processes on traction electric stock with
on-board energy storage devices and search for the rational one among them. Research on energy exchange processes and estima-
tion of the amount of saved electricity during the application of various technical solutions.

Methodology. The work provides a comparative analysis of existing technical solutions for control of energy exchange pro-
cesses on traction electric stock with on-board energy storage devices. The advantages and disadvantages of each of the existing
technical solutions are formulated. The nature of the flow of energy exchange processes is determined and the amount of electric-
ity is estimated by directly connecting the on-board energy storage to the traction motors and through a static reversible converter
of controlled type for the specified operating conditions of the electric stock and accepted assumptions.

Findings. It is determined that a static reversible converter of controlled type with inductive or capacitive power dispensers is
the most rational and energy efficient device for controlling the charge and discharge processes of an on-board energy storage unit
on electric stock.

Originality. The theory of the use of energy storage devices on electric stock, which, unlike the existing ones, allowed determin-
ing the amount of saved electricity for the cycle of “regenerative braking — acceleration of the train” depending on the type of
connection of the on-board energy storage and its energy intensity.

Practical value. It is found that the control of energy exchange processes in the energy storage system by applying a static con-
verter of controlled type is more rational. It is determined that for control of energy exchange processes on traction electric stock
with on-board energy storage devices, the most rational and energy efficient one is the use of current-reversed pulse-width con-
verter with inductive or capacitive power metering unit. The obtained research results can be used by industrial enterprises in the
design and creation of innovative electric stock in order to increase its operational characteristics.
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Introduction. At present time the problem of reducing
electricity consumption is becoming a strategic direction for
the development of many branches of industries and sectors of
the Ukrainian economy, including rail transport. It is known
that one of the promising measures that will greatly save elec-
tricity in rail transport is the implementation of regenerative
braking systems on its traction electric stock (ES) [1].

Literature review. From the source [2] it is known that
among the traction ES rail transport the largest reserves of en-
ergy saving due to the implementation of recovery systems are
in the subway due to the peculiarities of operation of its elec-
tric rolling stock (frequent acceleration and braking, a small
distance between stations, and others). The energy savings
from the use of regenerative braking power in the subway make
50 % of the electricity consumed per traction [2]. However,
under the existing infrastructure of the subway energy supply
system, the use of recuperation electricity is probable and does
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not exceed 10 % [1]. Consequently, much of this electricity is
excess and dissipates in the form of heat on the braking resis-
tors of the rolling stock or the bus of the overhead lines. Thus,
there is currently a problem of inefficient use of regenerative
braking electricity.

One of the most promising ways of solving this problem is
the use of on-board capacitive energy storages (CES) [1, 3].
The main advantages of the onboard installation of capacitive
energy storages compared to affixed ones is the maximum ef-
ficiency of energy exchange, stabilization of the voltage of the
overhead line, ensuring the autonomous operation of the elec-
tric rolling stock. It is known that the introduction of CES in
the subway will greatly increase the efficiency of the use of
electricity by regenerative braking and additionally save the
electricity consumed by the traction of the rolling stock of
about 10—20 % [4]. At the same time, the search for a rational
technical solution for the effective reception and return of re-
generative braking electricity remains one of the important
and urgent questions, provided that it is installed on the elec-
tric rolling stock.
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Purpose. Analysis of the existing technical solutions for
controlling the energy exchange processes on the traction ES
with on-board CES and finding the rational one among them
under conditions of implementation in the subway; research
on energy exchange processes and estimation of the amount of
saved electricity during the application of various technical so-
lutions.

Results. Existing technical solutions for the control of en-
ergy exchange processes on traction ES with on-board CES
have been analyzed through a series of studies. During this
analysis, the technical solutions applicable to both the rolling
stock of the subway and other traction ES of the direct current
(suburban electric trains, electric locomotives, trams, and so
on) were considered. In work [5], a direct connection of the
capacitive energy storage to the traction drive is considered, as
well as through a nonadjustable converter and a bi-directional
converter. In works [6—10], technical solutions are proposed
in which the control of energy exchange processes is carried
out by means of controlled static converters.

In work [6], it is proposed to control the energy-exchange
processes with a reversing converter installed in the circuit of
the on-board energy storage , which is a converter capable to
provide an up-down conversion factor (Fig. 1, ). In work [7],
it is proposed to use a DC-DC converter for these purposes,
the scheme of which is shown in Fig. 1, a. In work [8], it is also
proposed to use down, up or up-down voltage converter of
DC-DC type, which provides a two-zone speed control of the
traction motor (Figs. 1, a, ¢) to control the operation of the on-
board capacitive energy storage and electric traction drive. In
work [9], a scheme of voltage converter due to impulse control,
which works in the mode of up-down converter (Fig. 1, a), is
proposed. Technical solution for control of energy exchange
processes on the traction rolling stock with on-board capacitive
energy storage presented in work [10] is shown in Fig. 1, c.
Thus, in many works, it is proposed to use a reversible up-
down DC-DC transducer of a converter type as a converter.

Based on the analysis of the abovementioned works, it is
found that the control of energy exchange processes between
the on-board CES and the traction actuator can be nonadjust-
able and adjustable. In the case of nonadjustable control, it is
possible to connect the BNE directly to the electric traction
drive, as well as through nonadjustable devices (current-form-
ing active resistors, inductors or capacitors, nonadjustable
converters with unchanged algorithm of operation in charge
and discharge modes of CES). With regulated control, the
CES connection to the electric traction drive is made through
a converter of adjustable type. In order to determine the ad-
vantages and disadvantages of applying the appropriate tech-
nical solution in energy storage systems (ESS) for the imple-
mentation of the control of energy exchange processes, a com-
parative analysis of the following factors was performed: the
efficiency coeflicient of the energy exchange processes, the
value of the “dead” volume of CES, the coefficient of energy
use of the device, cost and weight. The results of their com-
parative analysis are given in Table 1.

Costs and weight-and-dimensions characteristics are giv-
en for the ESS as a whole, taking into account the cost and
dimensions of the device itself (if any) and CES.

Direct connection of the CES to the electric traction drive
results in a low percentage of the on-board CES’s working vol-
ume (the dead volume is about 75—90 %), resulting in a CES of
considerable total energy consumption [5] is necessary. The
charge and discharge processes are unstable and depend on
many factors, above all the value of the voltage in the overhead
line. Therefore, there is a clear dependence of the stability of the
flow of energy exchange processes between the traction drive
and the on-board CES on the energy processes in the overhead
line. However, under conditions of stable energy exchange pro-
cess, its efficiency coefficient will be quite high (about 90—
98 %). There is no need for use of additional devices and con-
trol systems, a considerable resource of work CES.
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Fig. 1. Power type schemes of static converters of the adjustable
type:
a — up-down voltage converter; b — four-quadrant converter with
intermediate inductive insert; ¢ — down voltage converter; VT 1—
VT8 — IGBT — transistors; VD1—VD8 — diodes; L1, C1— induct-
ance and capacity of the energy metering device in the converter
circuit; Ly, Cy, Cpp — inductance and capacity of the filter; R,
L, — resistance and inductance of the converter

Thus, the advantages of the direct CES connection scheme
are the high efficiency of energy exchange processes, absence
of additional devices and control systems (simple and reliable
technical solution), a considerable resource of the on-board
CES operation; disadvantages include the need to use on-
board CES of significant energy consumption, significant
mass and cost values of CES, instability of the flow of energy
exchange processes, significant impulse current loads that re-
duce the operational life of traction motors.

The main function of current-forming elements (resis-
tors, inductors, capacitors) is to limit currents during the
charge and discharge processes of the on-board CES [4]. The
most simple and reliable connection is CES through the re-
sistor; however, the efficiency of charge and discharge pro-
cesses does not exceed 50 %, which significantly limits its
scope. Under the condition of a series connection of induc-
tance or parallel connection of the capacity of the efficiency
coefficient of energy exchange processes it increases and
makes 50—90 %, however the weight and cost of ESS in-
crease. Therefore, in general, the use of current-forming ele-
ments in the control of energy-exchange processes is not
widely used (especially in the case of ESS with powerful on-
board CES) due to the following disadvantages: low efficien-
cy of charge and discharge processes, significant mass and
cost of ESS. The advantage of using current-forming ele-
ments over the direct connection of the CES is to reduce the
amount of “dead” volume and to increase the stability of the
flow of energy exchange processes.
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Comparative analysis of different CES connection schemes

Table 1

Type of the on-board CES Efficiency Amount of the “dead” Cost of ESS* ‘Weight of the Operating factor
connection to the electric traction drive coefficient, % volume of CES, % ESS* of the device
Nonadjustable type of charge and discharge mode control CES
Direct connection 90-98 62—-90 - 1.5—2 times less -
Resistor 30-50 40—65 1.5-2.5times less | 2—3times less 0.5-0.6
Inductivity, capacity 50-90 35-60 1.5—1.8 times less — 0.6—0.7
Nonadjustable converter 40—60 15—40 2.5—4 times less | 2.5—5 times less 0.8—1.0
Adjustable type of charge and discharge mode control CES

Transistor converter of the direct current to 90-94 5-20 2—3 timesless 3.5—7 times less 0.8—1.0
direct
Adjustable devices at charging with direct 87-92 10—40 1.5-3 times less | 2.5—5.5 times less 0.5-0.7
current
- amplitude-impulse control;
- frequency-pulse control;
Adjustable devices which support mode of 82-90 10—40 1.5—3 times less 3—5 times less 0.6—0.7
constant power

* Note. The “—” mark indicates the device implementation of which shows the highest cost and mass dimensions of the ESS. For other de-

vices, these values are calculated by reference to the highest values

While controlling the charge and discharge modes of the
CES through a nonadjustable static converter, there is a low
efficiency coefficient of energy exchange processes (of about
40—60 %), a considerable percentage of the working volume of
the CES (the “dead” volume is about 15—35 %). The charge
and discharge processes are relatively stable.

Advantages of CES connection scheme for traction electric
drive through nonadjustable converter are a small amount of
“dead” on-board CES volume, stability of energy exchange
processes and maximum operation factor of the device, among
disadvantages there is low efficiency coefficient of charge and
discharge processes, significant values of weight and cost of
the ESS.

When using devices (static converters) of adjustable type,
there are following advantages: high efficiency of charge and
discharge processes, a small amount of “dead” CES volume,
stability of flow of energy exchange processes and maximum
operation factor of the device, ability to work in a wide range
of operating voltages. The disadvantages of these circuit solu-
tions are the need to use sensors and control systems for the
efficient and stable flow of energy exchange processes between
the energy storage and the electric traction drive of the electric
rolling stock.

According to the results of the comparative analysis (Ta-
ble 1) it is noticeable that the advantage of using devices of
adjustable type is obvious. This advantage is achieved, first of
all, by reducing the weight and cost of ESS, increasing the ef-
ficiency of charge and discharge processes of CES, and reduc-
ing the amount of “dead” CES volume. Thus, it was found
that the control of energy exchange processes by applying a
static converter of adjustable type is more rational.

From the source [8], it is known that in static converters
the control of energy exchange processes is carried out with
amplitude-pulse, pulse-width or frequency-pulse control. In
the design of static converters electricity meters (inductive, ca-
pacitive, inductive-capacitive) are usually used [8].

The block diagram of the electric traction drive with the
capacitive energy storage, in which the control of energy ex-
change processes is carried out through a converter of adjust-
able type, is shown in Fig. 2.

The analysis of works [5, 9, 10] has made it possible to de-
termine that among the pulse converters, the use of the cur-
rent-reversed pulse-width converter with inductive or capaci-
tive metering device is the most rational and energy efficient

for controlling the energy exchange processes in the traction
electric stock with CES. In this case, this converter must pro-
vide a decreasing and increasing conversion factor of several
units.

For the given conditions of operation of the electric rolling
stock the estimation of the indicative parameters of the ESS
and the character of the energy flow exchange processes be-
tween CES and the electric traction drive. The assessment was
made under the conditions of direct connection of the CES to
the traction drive and through a static converter of the adjust-
able type (pulse-width converter with inductive power meter-
ing device). The research was carried out using current oscil-
lograms, the voltage of the overhead line (on the current col-
lector), running speed, which are shown in Fig. 3. The given
oscillograms were obtained experimentally under the real
standard operating conditions of the electric rolling stock with
the systems of recovery between several stations. The block
diagram of the test complex, which includes the subway rolling
stock and the measuring system, is described in detail in work
[11].

The estimation of the approximate parameters of the ESS
and the nature of the of energy exchange processes running
between the CES and the electric traction drive were carried
out according to the following input data and assumptions: the
rolling stock is fed with the traction substation, the voltage of
nonworking stroke of the traction substation (U, = 825 V),
weight of the rolling stock at maximum load (m = 264 t), CES
is considered to be previously charged, the capacitive energy
storage is charged during regenerative braking of the train and
feeds (discharges) traction motors in the mode of its accelera-

Charge and
discharge current
s

Traction Traction
Power filter
converter motor
|| Reversible —— Capacitive
converter  ——energy storage

Fig. 2. Block diagram of the electric traction drive with the ca-
pacitive energy storage

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N2 3 61



i(t), Al
6000

4000 |
20001 A A
0 X "
100 200] 30 401 t,s
-2000
-4000 1

-6000

u(t), Vi
950

850

750 : : -
0 100 200 300 400  t,s

v(t), km/h

100 200 300 400 s
c

Fig. 3. Oscillograms during the operation of rolling stock be-
tween stations:
a — rolling stock current in modes of traction and regenerative
braking i(t); b — voltage at the current collector u(t); ¢ — the run-
ning speed v(t)

tion, the efficiency coefficient of the CES (ncgs = 0.98), the
inertia coefficient of the circulating train weight (1 +y) = 1.06,
current consumption in the neutral position (Z,, = 0 A) [11].
The research was performed under the condition of alternate
use of two CESs with different technical parameters. The en-
ergy consumption (A) of the first is 5 kW - h, of the other —
25kW - h.

Under the conditions of direct connection of the CES to
the electric traction drive, the following assumptions are
made: the processes of charge and discharge depend on the
level of voltage in the overhead line and the current of con-
sumption (recovery), the efficiency coefficient in the mode of
charge and discharge of the CES (n¢p=0.99), the value of the
“dead” volume of the CES (C,=80 %). For traction mode: the
CES discharge process is constant, i.e. 100 % of the energy is
transmitted to the electric traction drive. For regenerative
braking mode: subject to the voltage of the contact network
u(f) > 900 V and the recuperation current i(z) > 3000 A, the
CES charge process is constant, i.e. 100 % of the energy is
transmitted to the capacitive energy storage; provided u(7) =
=850—900 V and i(7) = 1000—3000 A, the CES charge process
is not constant, i.e. 50 % of the energy is transferred to the
capacitive energy storage; provided u(7) < 850 V and i(¢) <
<1000 A, the capacitive energy storage is not charging [5]. The
diagram of the voltage change of the capacitive energy storage
depending on the amount of stored energy is shown in Fig. 4.

Under conditions of connection of the CES to the electric
traction drive through a static converter of adjustable type, the
following assumptions are made: the processes of charge and
discharge are constant and do not depend on the voltage level
in the overhead line (100 % of the energy is transmitted to the
capacitive energy storage and electric traction drive), the effi-

ciency coefficient in the mode of charge and discharge of the
CES (Mcp = 0.9), the value of the “dead” volume of the CES
(Cy =20 %) |5].The diagram of the voltage change of the ca-
pacitive energy storage depending on the amount of stored en-
ergy is shown in Fig. 5.

The amount of electricity consumed in the traction mode
and generated by the train in regenerative braking mode in sim-
plified form can be determined analytically by the formula [12]

_I(1+y) m- V :(1+y)~m-(V22—V12) 0
3600 2-3600 ’
where V), V; are initial and final speed of the rolling stock.

In real operating conditions, the amount of electricity is
significantly influenced by the track profile, the voltage of the
overhead line and others. Therefore, under real operating con-
ditions, formula (1) does not allow taking into account these
factors. Estimation of the amount of electricity according to
the oscillogram obtained experimentally during the operation
of the train is carried out according to the formula [12]:

a) for the traction mode

— Iavjr : Ukm.tr 'ttr (2)

7 3600-1000

where 1,,, is the average value of current in the traction mode;
Uy 1s the average value of the voltage in the traction mode; 7,
is duration of the traction mode;
b) for regenerative braking mode
1 U, t

_ _ay.rec km.rec "trec (3)

3600-1000

where /,, .. is the average current value in regenerative braking
mode; U, .. is the average voltage of the overhead line in the
mode of regenerative braking; ¢, is duration of the regenera-
tive braking mode.

The amount of regenerative braking electricity that can be
used to accelerate a train is estimated by the formula

Auseful = A -néu ‘Nces- 4)

The amount of saved electricity for the cycle of regenera-
tive braking-acceleration of the train is determined depending
on the value of the working energy intensity of CES:

Ucgs, Vi

900 Work volume of the capacitive
850 energy storage
«Dead» volume of
the energy storage
0 A, kW-h

Fig. 4. Diagram of the voltage change on the capacitive energy
storage at its direct connection to the traction electric drive

Ugs, V4
900 Work volume of the capacitive
energy storage

// «Dead» volume of
the energy storage
450 / 7

0 A, kKW-h

Fig. 5. Diagram of the voltage change on the capacitive energy
storage when connected to the traction drive through a stat-
ic converter of adjustable type
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a) (Arec “MNep” kst) 2 Awarka
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Asuv :Awork “Ncep " Mckess (5)

where k,, is the coefficient that takes into account the stability
of the energy exchange processes (when directly connected k,,
is determined by the results of the processing of currents and
voltages of the overhead line; when connected through a static

converter of adjustable type — k= 1); A, is working energy
intensity of CES.

— A-G,
work — 100 > (6)
b) (Arec "Mep ksf) < Aworks
SO
Asav = Arec ! ﬂ%u : kst ‘Nces- (7)

The efficiency of CES application of a given energy inten-
sity is determined by the formula

a:M-IOO.
A

14

@®)

The total amount of consumed, recovered and save elec-
tricity is determined by the formulas

AtrZ =ZATm; (9)
n=1
N

ArecE = zArecn; ( 1 O)
n=1
N

Asav): = Z Asavn > ( 1 1 )

n=1

where 7 is the number of the test section; NV is the total number
of test sections.

The overall efficiency of CES application of a given energy
intensity is determined by the formula

(x:M-lOO.
A

ry

(12)

The results of the calculations made by formulas (2—12)
are given in Tables 2, 3.

The obtained character of the energy exchange processes,
taking into account the received data and assumptions is
shown in Fig. 6.

According to the results of the performed research, for the
given equal conditions of operation of the electric rolling stock
(Tables 2, 3, and Fig. 6), it is established that:

- the energy exchange between the capacitive energy stor-
age and the electric traction drive greatly depends on the type
of CES connection and its energy intensity;

- stability of energy exchange under conditions of direct
connection of CES to the traction electric drive is in the range
0f 0.44—0.6;

- the total amount of saved electricity for the cycle of regen-
erative braking-acceleration of a train depends on the type of
CES connection and its energy intensity, and is in the range of
3.88—34.94 kW-h; the overall efficiency of the CES application
of the specified energy intensity is in the range of 9.4—84.9 %;

- in case of CES using the same energy intensity, it is more
efficient to connect it through a static converter of adjustable
type (efficiency is higher by 2.3—3.6 times) due to the stability
of the energy exchange processes and increase in CES working
volume;

- to maintain the full volume of regenerative braking elec-
tricity, it is necessary to use CES with a working energy of at

least 44.36 kW - h.

Table 2
The results of the calculations of the on-board CES directly connected to the electric traction drive
J.:: [ ': <
- : :
= = y E, E o, % E E o, %
Test section t), S m [ - . ky z £ 2 £ :
< /@ < N . = Z 4 2 g
" g g g = =4 5 < < < <
5 5 : 5 g g B
~ =) ~ =) < ‘Qx < A=5KW-h A=25KW-h
Section No. 1 2475 | 824 | 18.5 | 1914 | 890 16.5 | 10.48 | 8.04 0.6 7.72 1 097 | 9.3 5 4.63 | 44.2
Section No. 2 2772 | 825 | 18.0 | 1227 | 886 18.0 | 11.43 | 5.44 | 0.44 | 5.22 1 097 | 8.5 5 2.3 20.1
Section No. 3 1065 | 855 | 20.5 | 1503 | 901 | 118.0 | 5.19 | 44.36 | 0.46 | 42.61 1 0.97 | 18.7 5 4.85 | 93.6
Section No. 4 2772 | 846 | 21.5 | 1304 | 905 | 25.0 | 14.01 8.2 0.44 | 7.87 1 097 | 6.9 5 347 | 247
Z - — - - — - 41.15 | 65.49 - - - 3.88 | 9.4 — 15.25 ] 37.1
Table 3
The results of calculations of the on-board CES connected through an adjustable type converter
J.:: — ;: <
- : :
= < ; Eﬁ E o, % *Bi E o, %
Test section [ =) troe S . . ky 2 S s = ]
< /M < - ’ 3 B 4 2 S 2 S
2| = § < < <] <
GRS 3| S < < < A=5kW-h A=25kW-h
Section No. 1 2475 | 824 | 18.5 | 1327 | 890 | 16.5 | 10.48 | 8.04 1.0 6.38 4 3.53 | 33.7 | 20 6.38 60.9
Section No. 2 2772 | 825 | 18.0 | 871 886 18.0 | 11.43 | 5.44 1.0 4.32 4 3.53 | 309 | 20 4.32 38.6
Section No. 3 1065 | 855 | 20.5 | 1503 | 901 | 118.0 | 5.19 | 44.36 | 1.0 | 35.07 4 3.53 | 68.0 | 20 | 17.64 | 339.9
Section No. 4 2772 | 846 | 21.5 | 1304 | 905 | 25.0 | 14.01 8.2 1.0 6.51 4 353 (252 20 6.51 46.5
Z — — — — — — 41.15 | 65.49 — — — 14.12 | 34.3 — | 3494 | 849
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Fig. 6. The behavior of the energy exchange processes under the
following conditions:
a — direct connection of CES with energy intensity of 5 kW - h; b —
direct connection of CES with energy intensity of 25 kW - h; ¢ —
connection of CES with energy intensity of 5 kW through a static
converter of adjustable type; d — connection of CES with energy
intensity of 25 kW through a static converter of adjustable type

The analysis of existing research studies [5, 11] allowed us
to establish the estimated mass-dimensional parameters of the
CES for the above mentioned energy capacities (5 kW - h and
25 kW - h), provided they are directly connected to the electric
traction drive and through a static converter of adjustable type.
According to the results of this analysis, it is established that
the mass-dimensional CES parameters when directly con-
nected are greater by 3.8—4.5 times as compared to the con-
nection through a static converter of adjustable type. In this
case, the dimensions of the ESS are smaller by 2.4—3.3 times
when the CES is connected through a static converter of ad-
justable type.

According to the results of the research analysis [11, 12]
and our own research studies performed (Tables 3, 4, and
Fig. 6) it is established that one of the important and urgent
issues is the determination of the necessary parameters of
CES, first of all power and energy intensity. The simplest tech-
nical solution in this regard is the placement of on-board CES

of considerable power and energy capacity, capable of storing
and reusing the full amount of electricity of the regenerative
braking of the train during its operation. However, an analysis
of existing research indicates that the application of this tech-
nical solution is inappropriate in most cases. The main factors
stopping and limiting the implementation of CES of signifi-
cant capacity and energy intensity are the following: sophisti-
cated CES production technology for large voltage values, cost
and mass-dimensional parameters. Therefore, taking into ac-
count the above mentioned factors, the most reasonable is the
implementation of technical solutions, which use systems for
the accumulation of low energy and capacity. So, in view of the
above, a rather urgent issue is to determine the rational param-
eters of the energy storage system, first of all CES and the re-
versible converter of the adjustable type.

Establishment of an energy saving system with rational pa-
rameters will allow receiving a minimum payback period from
implementation on the electromotive structure of this system.

Conclusions. According to the results of a generalized anal-
ysis of a considerable amount of existing research in this area
of work, as well as the research performed in the work, the
following is established:

1. The most rational and energy-saving device for control-
ling the charge and discharge processes of the CES on the elec-
tric rolling stock is a static reversible converter of adjustable
type, produced on the basis of power IGBT transistors, with
inductive or capacitive power metering devices. Its application
will allow obtaining the charge and discharge processes effi-
ciency of 85-94 %, to set the value of the dead volume of
5—25% and to reduce the CES mass dimensions by 2.5—
4 times compared to the direct connection.

2. For the given conditions of operation of the electric roll-
ing stock the indicative mass-dimensional parameters of the
CEN and the efficiency of energy exchange processes were de-
termined under the conditions of direct connection of the
CES to the traction motors and through a static reversible con-
verter of adjustable type with the same values of the CES en-
ergy intensity. It is established that under conditions of con-
necting CES to the traction drive through a static reversible
converter of adjustable type, the efficiency of energy exchange
processes between the CES and the electric traction drive in-
creases by 2.3—3.6 times, and the mass dimensions of the CES
in the same working capacity is reduced by 3.8—4.5 times.

3. The problems of using on-board capacitive energy stor-
age devices on the electric rolling stock, which solution will
allow increasing its energy efficiency and obtaining the maxi-
mum technical and economic effect on this type of transport,
are indicated.

4. In the actual operating conditions of a subway train, it is
not always appropriate to use CES of considerable power and
energy to conserve, store and accumulate the full amount of
regenerative braking energy. The main factors stopping and
limiting the implementation of on-board CESs of consider-
able power and energy intensity are production technology,
cost and size parameters. Therefore, taking into account these
factors, the implementation of technical solutions that use sys-
tems of low energy intensity and capacity accumulation is cur-
rently the most promising one.

Further research should focus on determining the values of
the rational power and energy intensity of the on-board capaci-
tive energy storage devices, taking into account the actual operat-
ing conditions of the electric rolling stock with recovery systems.
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Meta. AHaji3 iCHYIOUMX TEXHIUHUX pillleHb IS 3Miii-
CHEHHST KepyBaHHST eHePrOOOMiHHUMM TIpOIlecCaMy Ha TSITO-
BOMY €JIEKTPOPYXOMOMY CKJIaJli 3 OOPTOBUMU HAKOIUYyBa-
YaMu eHepTii Ta TMOIIyK ONTUMaJbHOTO cepen Hux. ocii-
JIDKEHHSI eHEProoOMiHHMX MPOLIECIB Ta OLliHKA KiJIbKOCTI 3a-
OLIA/IKEHOI eJIEKTPOEHEePrii Mijl 4ac 3aCTOCYBaHHS Pi3HUX
TEXHIYHMX pillIeHb.

Metoauka. ¥ po60Ti BAKOHAHO MOPiBHSUIbHUM aHai3 ic-
HYIOUMX TEXHIYHUX PillIeHb i3 KepyBaHHS €HeprooOMiHHUMU
MpoliecaMy Ha TATOBOMY €JICKTPOPYXOMOMY CKJIazi 3 60pTo-

BUMM HakomuuyBayamu eHeprii. CpopmyaboBaHi repeBaru
1 HEIOJIIKM KOXKHOTO 3 iCHYIOUMX TEXHIUHUX pillleHb. BuzHa-
YEeHO XapakTep IpOTiKaHHS €HEeprooOMiHHUX MPOLECIB i
3/1ifiCHEHA OLiHKa KiJILKOCTI eJIEKTpOeHeprii 3a 6e3rnocepe-
HBOTO MiIKJIOUeHHSI OOPTOBOrO HakKoIM4YyBaya eHeprii 10
TSATOBUX IBUTYHIB i Uepe3 CTaTUYHUI peBEPCUBHUI MEPETBO-
ploBay peryJboBaHOIO TUITY JIJIs1 3aJaHUX YMOB eKCIUTyaTallii
€JIEKTPOPYXOMOTO CKJIAAy Ta MPUIHHITUX MPUITYIIEHb.

Pe3ynabratn. BuszHauyeHo, 1110 HaWOLIbII pallioHaJbHUM
Ta eHeproeeKTUBHUM ITPUCTPOEM IIJIs1 KepyBaHHSI Ipolieca-
MM 3apsiay 1 po3psiiy OOpTOBOro HakoIuyyBaya eHeprii Ha
eJIEKTPOPYXOMOMY CKJIai € CTAaTUYHUIA peBEPCUBHUIA TIepe-
TBOPIOBAY PETYJIbOBAHOIO TUITY 3 iHAYKTUBHUMU a00 €EMHiC-
HUMMU J103aTOPAMU €JEKTPOESHEPTii.

Haykosa nosu3zna. HabGyJia nonanbiioro po3BuTKy Teopist
3aCTOCYBaHHSI HAKOMMWYYBAaYiB €HEPril Ha eJIEKTPOPYXOMOMY
CKJIaji, 1110, Ha BiIMiHY Bifl iCHYIOUMX, T03BOJIMJIAa BUSHAYUTU
KIiJIbKICTh 3a0111a3KEHOT eJIEKTPOSHEPTii 3a LUK «peKyIepa-
TUBHE TAJIbMYBaHHS — PO3TiH MM0i31a» 3aJI€XKHO Bill TUIY Mi/l-
KJII0OYEHHSI OOPTOBOIO HAKOIMMYyBauya eHeprii Ta oro eHep-
TOEMHOCTI.

IIpakTiyna 3HaymMmicTb. BcTaHOB/IEHO, 1110 KepyBaHHS
€HEeprooOMiHHMMHM TIpOIleCAMM B CHCTEMi HAKOIMYEHHS
eHeprii LIJISIXOM 3aCTOCYBaHHSI CTATUYHOTO TepeTBOploBaya
peryJib0BaHOrO TUMY € Oiabll palioHaabHUM. BusHaueHo,
1110, JIJIs1 KepyBaHHSI eHEProoOMiHHMMM MPOLieCaMU Ha TAro-
BOMY €JICKTPOPYXOMOMY CKJIazli 3 O0PTOBUMHU HAKOITMUyBa-
YyaMM €Heprii, HalOIbII pallioHAJIbBHUM Ta eHeproe(eKTuB-
HUM € BUKOPHUCTAHHS PEBEPCUBHOTO 32 CTPYMOM IMUPOTHO-
iMITyJIbCHOTO MepeTBOPIOBava 3 iHAYKTUBHUM 200 EMHiICHUM
JI03aTOPOM eJIeKTpoeHeprii. OTpuMaHi pe3ylIbTaTh IOCIHi-
JIKEHb MOXYTb OYTM BUKOPHMCTaHi MTPOMMCIOBUMU ITiANPU-
€MCTBAMU TIiJl Yac TIPOEKTYBAaHHS Ta CTBOPEHHS iHHOBALIiii-
HOTO €JIeKTPOPYXOMOIO CKJIaay 3 METOIO MiABUILIEHHST OTro
eKCITTyaTalliiHIX XapaKTepPUCTHUK.

KurouoBi ciioBa: bopmosuii Hakonuuysau enepeii, 0o3amop
eneKkmpoenepeii, eHepeooOMIHHI npouyecu, ereKkmpopyxomuil
CKAaQ0, CMamu4HUll peeepCcUHULl Nepemaoprosay
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Lems. AHAMU3 CYNIECTBYIOMINX TEXHUIECKUX DPEIIeHUN
IUTSL peaM3aliii yIpaBieHUs SHEProoOOMEHHBIMU TPOLIEC-
CcaMU Ha TATOBOM 3JIEKTPOITOIBIKHOM COCTaBe C OOPTOBBIMU
HaKOMUTEJSIMUA SHEPTUU U TOUCK ONTUMATbHOTO CPEIU HUX.
UccnenmoBanme 3HeprooOMEHHBIX TIPOLIECCOB U OIIEHKA KO-
JIM4YecTBa COepeXXeHHOM 3JIEKTPOIHEPTUH TTPU TTPUMEHEHUN
Pa3TUYHBIX TEXHUYECKUX PELICHUN.

Metoauka. B paGoTe BBITIOJIHEH CPaBHUTEIbHBIN aHATIU3
CYIIECTBYIOIIUX TEXHUYECKUX pELIeHUN OTHOCUTEIHHO
yIpaBJIeHUST 9HEPrOOOMEHHBIMU TPOIECCAMM Ha TSTOBOM
3JIEKTPOIOIBIKHOM COCTaBe C OOPTOBBIMU HAKOTUTEISIMU
sHeprun. ChHopMyIMpPOBaHBI MTPEUMYIIIECTBA U HEMOCTATKI
KaXI0TO U3 CYIIECTBYIONINX TEXHUUECKUX pereHuit. Omnpe-
NieJIeH XapakTep IMPOTeKaHKsI SHEProoOMeHHBIX ITPOLIECCOB U
BBITIOJTHEHA OLIEHKA KOJIMYECTBA JIEKTPOIHEPTUU ITPU HETIO-
CPEICTBEHHOM TTOIKIIIOYeHUN GOPTOBOTO HAKOTIUTEIST IHEP-
TMH K TATOBBIM IBUTATENISIM U Y€pe3 CTAaTUUECKUI peBepCUB-
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HBIIl peoOpa3oBaTesib PEryJIMpyeMoro TUIa sl 3agaHHbIX
YCJIOBUI SKCILTyaTallid 2JIEKTPOIOABUXHOIO CcOCTaBa U
TMPUHSITHIX TOMYILIEHUIA.

Pesyabratel. OnpeneneHo, 4TO HaubOoJjee palMoHaIb-
HBIM 1 3HEeproa3(hGHeKTUBHBIM YCTPONCTBOM IS YIIpaBJICHUS
npoueccamMy 3apsiia M paspsiga OOpTOBOrO HAKOIMTES
SHEPTUU Ha SJIEKTPOITOABUXKHOM COCTAaBE SIBJISIETCS CTaTUYE-
CKUI peBepCUBHBIN IIpeoOpa3oBaTesib PeryJMpyeMoro Tumia
C MUHIYKTUBHBIMU WIN €MKOCTHBIMU J103aTOPaMU JIEKTPOI-
HEPIUU.

Hayuynas noBusna. [lonyuyuna panbpHeillnee pa3BuTHE
TEOpHUsl MPUMEHEHUSI HAKOMUTEJIEe SHEPIruU Ha DJIEeKTPO-
MOABUXKHOM COCTaBe, KOTOpasi, B OTJIMUYKE OT CYLIECTBYIO-
1IMX, TO3BOJIMJIA OMPEAEIUTb KOJIMYECTBO CIKOHOMJIEH-
HOM 3JIEKTPOIHEPIUU 3a LUK «PEeKylnepaTUuBHOE TOPMO-
JKEHUE — pa3roOH 1Moe3/1a» B 3aBUCUMOCTHU OT TUIA MOJIKIIO-
YyeHUsT OOPTOBOTO HAKOTIUTENS SHEPTUU U €T0 SHEProeM-
KOCTH.

IIpakTHyeckas 3HAYUMOCTb. YCTAHOBJIEHO, UTO yIpaBJe-
HUE 3HEPrOOOMEHHBIMU TpollecCaMU B CUCTEME HaKOILIe-

HUsI SHEPTUU TIyTeM MPUMEHEHHUSI CTATUYECKOTo Mpeodpaso-
BaTeJIsl PETYJIMPYEMOrO THUMA SIBJSIETCS Hambosiee paiuo-
HajbHbIM. OrpeneseHo, 4To, Uil YIpaBieHUs 3HEProod-
MEHHBIMU TIPOLIECCAMU Ha TATOBOM 3JEKTPOMOIBMKHOM
coctaBe ¢ OOPTOBBIMM HAKOMUTEISIMU SHEPTUM, Haubosee
palMOHAIBHBIM U 3HEProd(MheKTUBHBIM SIBJISIETCS UCTOJb-
30BaHUE PEBEPCHUBHOIO MO TOKY IIMPOTHO-UMITYJIbCHOTO
npeoOpa3oBaTessi ¢ MHAYKTUBHBIM MM €eMKOCTHBIM J103aTO-
pOM 3J1eKTpo3Hepruu. [ToydeHHbIe pe3yIbTaThl MCCIIEI0Ba-
HUN MOTYT ObITh MCIOJB30BAHbBI MPOMBILIUIEHHBIMUA TIPE/I-
MPUSITUSIMU TIPU TTPOEKTUPOBAHUU U CO3IAHWN MHHOBAIIM-
OHHOTO 3JIEKTPOMOJBUKHOTO COCTaBa C LIEJIbIO MOBBILICHUS
€ro 9KCILTyaTallMOHHBIX XapaKTePUCTUK.

KiioueBble cioBa: 60pmosoii Hakonumenv sxepeuu, 003a-
mop 21eKmposHepeUU, IHePeO0OMEHHbIE NPOUECChl, INEKMPO-
NO0BUICHOL COCMAs, CMamu4ecKuii peeepcusHblii npeodpasosa-
menb
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