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ENERGY EFFICIENCY OF THE SUBWAY ELECTRICAL SUPPLY SYSTEM WITH
ELECTRICAL ENERGY RECOVERY AT BRAKING

Purpose. The purpose of the paper is to assess the efficiency of the subway power supply system, which uses a four-quadrant DC
drive with energy recovery in the supply network in the braking mode. Methodology. We have applied the theory of electrical
circuits and mathematical simulation in Matlab package. Results. The theoretical dependence of the efficiency of the electrical
supply system with a bidirectional flow of energy on the coefficient of resistive short circuit at the load terminals has been
obtained. The theoretical result is verified by modeling. Originality. The equivalent circuit of the subway power supply system
with a four-quadrant DC drive and the possibility of energy recovery to the supply network in braking mode is developed, its
parameters are determined, and the schedule of the electric train movement was set. Practical value. The use of the obtained
dependencies and simulation results will allow to determine the direction of the future development of the subway power supply
system and optimize its energy efficiency. References 8, tables 1, figures 5.
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Mema. Memow cmammi ¢ ouinka KKJ/I cucmemu enexmponocmavannus memponoiuimeny, 6 AKill GUKOPUCHIOEYEMbCA
YOMUPLOXKEAOPAHMHUI NPUBIO NOCMININO20 CIMPYMY 3 PEKYREPAYiclo enepeii 6 Mepexcy HCUGNEeHHA 6 PeHCUMi 2ainbMyEaHHA.
Memoouka. /Ina npoeedenHs 00CiOICEHb GUKOPUCHMOBYBANACA MEOPiA eIeKMPUYHUX Kil, Mamemamuine MOOen08aHHsA 6
naxkemi Matlab. Pezynomamu. Ompumana meopemuuna 3anexncnicmo KK/I CE 3 Oeonanpaenenum nomoxom emepeii 6io
Koegiyicnma pe3ucmuenoz0 KOPOMKO20 3aMUKAHHA HA Klemax Haeanmaxcenna. Teopemuunuii pezynvmam nepegipenuii
mooeniosannam. Haykoea nosusna. Pospobnena exgieanenmna cxema cucmemu eneKmponoCmayaHHA Memponoiimeny 3
YOMUPLOXKEAOPAHMHUM RPUEOOOM NOCHINHO20 CIPYMY | MOMNCIUGICMIO PeKynepauii enepeii 6 Mepexcy HCUGNEeHHA 6 Pedcumi
2anbMy6anHa, eusnaueni i napamempu, 3aoaunuii zpagix pyxy enekmponoizoa. Ilpakmuune 3nauennsa. Burxopucmanns
ompumanux 3anexdcHocmeii i pe3yibmamic MoOeNI06aAHHA 00360NUMb GUIHAYUMU HANPAMOK NEPCHEKMUGHO20 PO3GUMKY
cucmemu eneKmponoCmaiants Memponoaimeny, onmumizyeamu it enepzoegpexmuenicms. bion. 8, tabmn. 1, puc. 5.

Kniouoei cnosa: cucremMa eJeKTPOIIOCTAYAHHS, eHepris, Koe(ilieHT NoBepHeHHs eHeprii, koediumieHT kopucHOI aii,
pexkynepauis eHeprii.

Ienv. Ilenvio cmamovu saensemca oyenka KIIJ[ cucmemovl 31eKmpocHadicenun Memponoiumena, ¢ KOmopoi uUcnoab3yemcsa
4emuIpEXKEAOPAHMHBLIL NPUEOO NOCHIOAHHO20 MOKA C PeKynepayueil IHEP2UU 6 NUMAIOWYI0 CEMb 6 PelNcUMe MOPMOIHCCHUSL.
Memoouxa. [Jlna npogedenus uccne006aHUil UCHONB308ANACy MEOPUA INEKMPUYECKUX Uenell, MamemamuiecKoe
Mmooenuposanue 6 naxeme Matlab. Pesynomamot. Ilonyuena meopemuueckan 3asucumocmsy KIIJI CI ¢ ogynanpasnennvim
nOmMOKOM JHepeuu om KoIpuuyuenma pe3aucmugnoz0 KOPOMKOZ20 3AMbIKAHUA Ha Klemmax nazpysxu. Teopemuueckui
pesyibmam  nposepen  moodenuposanuem. Hayunas wnoeusna. Paspabomana xeueanenmunas cxema  cucmembl
INEKMPOCHADIHCEHUA MEMPONOIUMEHA C HEeMbIPEXKEAOPAHMHBIM NPUBOOOM NOCHMOAHHO20 MOKA U  603MONCHOCHIBIO
PeKynepayuu Hepzuu 6 NUMAIOWYIo Cemy 6 PeHcume MopMONCeHUs, ONPeoeiensl eé napamempsl, 3a0aH 2PAPUK OBUICEHU
anekmponoes3oa. Ilpakmuueckoe 3nauenue. HMcnonv3oeanue nonyueHHwlX 3aéucumocmeit u pe3yibmamos MOOeIUposanus
no3eonum onpedenumsv HANPAGNEHUE NEPCHEKMUGHO20 PA3GUMUA CUCHIEMbL INEKMPOCHADIICEHUA Mempononumend,
onmumusuposams eé Ineporpghexkmuenocms. buodn. 8, rabdn. 1, puc. 5.

Kntouesvie cnosa: cucreMa 3J1eKTPOCHAOKeHUS, JHEPrusi, KodQ(QHUIHEeHT BO3BpaTa IHePruu, KoIP(PHUIUEHT MOJIe3HOr0
JeiicTBHUs, peKynepanusi JHeprum.

Introduction. The functioning of the transport
system of a modern large city is impossible without the
use of the subway, which provides a significant part of
passenger traffic. Its high reliability is combined with not
the highest energy efficiency, which is due to the use of a
DC collector electric drive of sequential excitation
without the possibility of returning energy to the supply
network. Many scientific works have been devoted to
improving the efficiency of the subway power supply
system [1-3]. One of the solutions to the problem of
energy conservation is the use of a four-quadrant DC
electric drive, which makes it possible to organize a bi-
directional flow of electrical energy between the source
and the load. This will allow the energy stored in the
moving train to be return to the industrial network of
three-phase alternating current, which, in turn, should
increase the efficiency of the entire supply power supply
system. However, as shown in [3], the effect of energy
saving from the use of regenerative braking is not always
obvious. It depends on the configuration of the used

power supply system and the operating modes of the
electric drive. Under certain conditions, the effect of
reducing the total efficiency of the system due to the
occurrence of additional losses during the return of energy
to the network is possible.

The goal of the work is the assessment of the
efficiency of the subway power supply system, which
uses a four-quadrant DC drive with energy recovery to the
supply network in the braking mode.

Traction substation structure. A traditional
traction substation uses uncontrolled diode rectifiers to
convert AC voltage to DC, which does not allow the
return of energy to the supply network. To implement a
possible increase in the efficiency of the circuit, instead of
diode bridges, it is necessary to use a four-quadrant
thyristor rectifier, shown in Fig. 1.

The network 6(10) £V is represented by a three-
phase symmetric system of sinusoidal voltages ugy, usg,
usc. The network parameters are taken into account by the
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active resistance R,. The parameters of the line
connecting the traction substation and the three-phase
converter transformer 6(10) £V / 0.71 kV are determined
by the active resistance R;. The network windings of the
transformer 77 are connected to the network 6(10) £V, and
the valve windings are connected to the six-pulse four-
quadrant bridge rectifier VS1 — VS12. Losses in the
thyristor bridge are represented by an equivalent source of
counter-EMF of level of 1 V in the forward and reverse
directions and transferred to the DC circuit.

parameters from transformer 7 to rectifier bridges
correspond to the active resistance R,. The load is
represented by a DC motor with independent excitation.
The line parameters from the controlled rectifier (CR) to
the DC motor are taken into account by the resistance of
the contact rail Rggz. The inductances in the power line,
which are present there in fact, do not participate in the
formation of losses during energy transfer, therefore they
are transferred to the load and they are not shown in the
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Fig. 1. Equivalent circuit of SPSS with four-quadrant CR

To adequately assess the energy efficiency of the
subway power supply system (SPSS), it is necessary to
know the train schedule, which, according to [1-3],
contains the following intervals: the acceleration interval
from zero to nominal speed (time ¢,.) averages 20-30 s;
braking time from nominal to zero speed (f,) is on
average 40-50 s; the train stop interval (time #,) is usually
25 s; the interval of movement with nominal speed (%)
is 110-130 s. Taking into account that the time of
movement of rolling stock between two stations is on
average three minutes [1], in accordance with [3] we
accept the following values of traffic intervals: #,. = 25 s,
twoy = 115 s, 1, =45 s, t, =25 s.

The graph of changes in current, voltage, and load
power for the indicated intervals of movement of the train
in the considered SPSS can be of the form shown in Fig. 2.
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Fig. 2. Schedule of trains between stations

In the interval of the train acceleration ¢, the
automatic control system linearly changes the speed of the
train from zero to nominal, which, with independent
excitation of the DC machine, corresponds to a linear
increase in the load voltage from zero to nominal. The
load current is limited at the nominal level. The power
developed at this stage also linearly rises to the nominal
value. In the interval of movement ¢,,, at nominal speed,
the nominal voltage will be applied to the load, and the
train will overcome the drag and friction, developing up
to 30-50 % of the nominal power. The current consumed
by the load will be at the same level. In braking mode, the
automatic control system provides a smooth linear
decrease in speed to zero level during #,,.. The load voltage
will also decrease linearly to zero. In order to ensure the
return of kinetic energy stored by the train to the supply
network, it is necessary to change the polarity of the load
current with its limitation at a level not exceeding the
nominal value. With the beginning of recovery, the load
current passes to the reversible valve group and is
maintained negative until the energies returned and
consumed by the train are equal at the braking stage.
After that, the linearly changing load power becomes
positive again, and the load current transfers to the
positive valve group as a result of switching the rectifier
bridges. In the stop interval ¢, the electric drive of the
train does not consume energy. At all stages of
movement, the train consumes energy of its own needs,
which is spent on heating, lighting and ventilation of cars,
its value can reach 10 % of the nominal one. This is taken
into account in the graphs presented in Fig. 2.

The power developed at the stages of movement
depends on the physical parameters of the train, on its
speed and mass. The mass of rolling stock is determined
by the number of cars and the number of passengers in
each car. According to [4], the train consists of five cars
with a mass of 33 ¢ each. The car accommodates from 200
to 300 passengers with an average weight of 60-70 kg.
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Thus, we can assume that the mass of the train is 200-250
t. The nominal speed is 25 m/s or 90 km/h. According to
[4], trains operating on the subway lines are equipped
with an electric drive with nominal power of up to 2 MW.
In an equivalent circuit for further calculations and
modeling, an NPS0OKS motor with a nominal power of
2.013 MW and a nominal current of 3053 4 was chosen.
Moments of resistance and inertia of the train are reduced
to its rotor.

To calculate the energy of losses in a bidirectional
flow, it is necessary to set the parameters of the SPSS
circuit shown in Fig. 1. The characteristics of the supply
network are determined by the parameters of the three-
phase transformer of the supply substation type TMH
4000/35/6 [1], for which the phase resistance Ry = 0.1 Q
[1]. The parameters of line 1 (see Fig. 1) are determined
by the distance between the traction substation and the
converter transformer, which, on average, is from 1 to 3
km [1]. The aluminum three-wire cable used in line 1 has
a phase resistance value R; of 0.3 (Vkm, and its cross
section is selected according to the current that the
considered drive can consume, and is equal to 95 mm® [1].
The TC3II1-2500/10¥3 6(10)/0.71 kV series converter
transformer has a nominal power of 2.509 MW and short
circuit losses of 20 kW. The total equivalent resistance of
his phase Rzy will be 2 mQ. The parameters of line 2 are
determined by the distance between the converter
transformer 7 and the rectifier, which is assumed to be
50 m. In this case, the cross section of the copper cable
will be equal to 1000 mm’, the value of the phase
resistance R, is 0.9 mQ. The Rgy steel contact rail has a
standard cross-section of 6600 mm”* and a resistance of 9
mQ/km. Its length can vary from 1 to 3 km, depending on
the location of the train on the run between stations. The
active resistance of the previously selected DC machine is
8 mQ.

Efficiency of SPSS with bidirectional energy flow.
Let us evaluate the efficiency of the power supply system
shown in Fig. 1. According to [3], the maximum possible
efficiency of SPSS with a bi-directional energy flow is
determined by the formula:

-1
_ Mmax— 2 = Mmaxe ) — kg 1

Mmaxe> = ) )]

l-kg
where 7Jyaxs and 77naxe are the maximum possible values
of the efficiency of three-phase SPSS in the forward and
reverse energy flows, respectively; kg is the coefficient of
energy return from the load to the source, determined by

the expression from [3]:

OSkEzps‘_sl, )
S—

where Pg. and Py, are the source powers in forward and
reverse energy flows, respectively.

The value of the maximum possible efficiency of the
SPSS in a direct energy flow 77, is determined by the
expression [3]:

1 1 1

=4 |———, 3
TTmax— > 4 kg 3)

where kgc is the short circuit coefficient, determined by
the ratio of the short circuit power at the load terminals to
the net active load power:

ks =23C, )

R usf

where Pgc is the power of the resistive short circuit of
SPSS with the load off; P,y is the average value of the
effective active load power in the repeatability interval of
the train schedule according to Fig. 2.

The values of P,, and ky depend on the train
schedule, task intervals, acceleration and braking speeds
of the train. The power of the resistive short circuit Py
depends on the configuration of SPSS and can be
determined from the relation:

_ 30
2Ry
where Uy, is the amplitude of the sinusoidal phase voltage
of the power source; Ry is the equivalent active resistance
of SPSS shown in Fig. 1.
The value of the active equivalent resistance of the
power supply system, according to Fig. 1 includes the
following components:

Psc s Q)

RZ:R(')+Ri+RTV+R2+RRF+RKR+RJ’ (6)

where R(') is the phase resistance of the AC voltage source
6(10) kV, reduced to the secondary winding of the
converter transformer (CT); Ri is the resistance of the

section phase of line 1, reduced to the secondary winding
of the CT; Ryy is the total resistance of the CT phase; R, is
the resistance of the section phase of line 2 from the
transformer to the rectifier; Rpr is the resistance of the
controlled rectifier; Rxr is the resistance of the contact
rail; R, is the resistance of the armature circuit of the DC
motor.

The value of the maximum possible efficiency of the
SPSS in the reverse energy flow 7. can be determined
by the following expression [3]:

1
1+ kEkge

We find the value of the maximum possible
efficiency of SPSS with a bi-directional energy flow and
determine the possible range of its changes using the
above expressions.

To determine the coefficient of energy return from
the load to the source kg, according to (2), it is necessary
to know Pg_ and Pg,. Their values can be determined
from the train schedule shown in Fig. 2. Having
calculated the area under the curve of the graph of power
changes for the forward and reverse energy flows, we
obtain the values Pg , = 50.3 MW, Ps. = 108.7 MW and,
in accordance with (2), kz=0.5.

We find the average value of the effective load
active power by integrating the instantaneous power
graph in the interval of train repeatability. The value
P,y=1.44 MW was obtained.

To find the power of the resistive short circuit Pgc,
we determine the components of the equivalent active

(7

NMmaxe =
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resistance of the power supply system Ry and the possible
range of their changes.

According to the above data, the reduced phase
resistance of the source phase R(') can be calculated by the
expression:

Ry =kRy, (8)
where k = 1/k,* is the coefficient of reduction of the

parameters of the elements of the primary winding of the
converter transformer to the secondary, equal to 0.014.

The resistance R(') value is 1.4 mQ.

Similarly, the reduced phase resistance of line 1 R1'

is calculated:
Ry =kR, . 9)
The remaining components of expression (6) and the

possible range of their changes were determined above,
the parameter values are summarized in Table 1,

according to which the resistance Ri lies in the range

from 4.2 mQ to 12.6 mQ. Active equivalent resistance of
SPSS Ry, shown in Fig. 1 will have values ranging from
27 mQ to 44 mQ.

Table 1
Resistances of the SPSS circuit and the range of their changes
Parameter Value
Ry, mQ 1.4
1000 m 4.
Ry, mQ 2000 m g4
3000 m 12.6
Ryy, mQ 3
Ry, mQ 1
Ry, mQ 1
1000 m 9
Ryg, mQ2 2000 m 135
3000 m 18
R;, mQ 8

The short-circuit power Pgc calculated according to
(5), depending on the circuit parameters, has a value from
34 to 56 MW. The short circuit coefficient calculated
according to (4), depending on the active equivalent
resistance, lies in the range from 25 to 40.

In a real power supply system, additional losses of
electricity may be present, which can be taken into
account in theoretical calculations by introducing the
coefficient of additional losses k.. In this case, the
efficiency of the SPSS can be calculated from [3] by the
expression:

2,1
1-kgkschkada

-1
1+ [(o.s +4/0.25— kg j —1}1%,H

1—kg

_kE

(10)

Mreale> =

A graph of the real efficiency of SPSS with a bi-
directional energy flow on the short-circuit coefficient at
the load terminals k. is shown in Fig. 3 by dashed line.
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Fig. 3. Efficiency of SPSS

Modeling of SPSS with bidirectional energy flow.
For experimental verification of theoretical results, the
MatLab model of SPSS with a four-quadrant controlled
rectifier, simulating the circuit shown in Fig. 1 was
developed. MatLab model is shown in Fig. 4. It consists
of the following blocks:

e power circuit —blocks 1, 3,4, 5,7, 8, 10;

e thyristor CR control system — block 6;

e torque, current and speed controllers — blocks 9, 13;
e current and voltage sensor — block 2;

e calculator — block 11;

o multipath oscilloscope — block 12.

Purpose of power circuit blocks: 1 — industrial
network; 3 — cables connecting the traction substation and
the three-phase conversion transformer 6(10) £V / 0.71
kV, which is indicated by block 4; 5 — cables coming from
the transformer 4 to the rectifier bridges 7; 8 — steel
contact rail connecting the CR with a DC motor 10.

The parameters of the power circuit elements in the
model were set in strict accordance with SPSS data given
above. Data of the DC motor model correspond to those
for a NP8OOKS type machine. The mechanical part of the
electric drive was reduced to the rotor of a DC machine,
and the kinetic energy stored by the train during
movement was reduced to the energy of an equivalent
flywheel. The DC machine load specified in block 9 takes
into account both the losses of own needs and the friction
and drag of the air to the moving train.

The rectifier control system is built on a vertical
principle and has an arccosinusoidal characteristic of a
phase-shifting device. The bridge switching logic
monitors the reference signal from the controller output
and the instantaneous value of the load current, making a
decision to transfer pulses depending on their
superposition.

The autoregulation system is made in a closed
manner using a dual-circuit slave current-speed controller
tuned to a technical optimum. This ensured the qualitative
maintenance of the set speed in accordance with the train
schedule.
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Fig. 4. MatLab model of SPSS

As a result of the simulation, the following were
obtained: oscillograms of changes in current, voltage, and
energy flow rate for the train motion intervals in the
considered SPSS, shown in Fig. 5. A graph of the real
efficiency of SPSS with a bi-directional energy flow
versus short-circuit coefficient at the load terminals is
built, which, for clarity, is shown in Fig. 3, together with
a theoretical graph.
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Fig. 5. Oscillograms of the circuit operation

Conclusions.

1. An equivalent circuit of the subway power supply
system with a four-quadrant DC drive and the ability to
recover energy to the supply network in the braking mode
is developed, its parameters are determined, and the train
schedule is set.

2. Using well-known formulas for the developed power
supply system, a theoretical dependence of the efficiency
of SPSS with a bi-directional energy flow on the
coefficient of resistive short circuit at the load terminals is
obtained.

3. A MatLab model of SPSS with a four-quadrant DC
electric drive based on the base of a six-pulse controlled
bridge rectifier with the possibility of realizing a bi-
directional flow of electrical energy between the source
and load is built.

4. Using the MatLab model, the real dependence of
the efficiency of SPSS with a bi-directional energy
flow on the short-circuit coefficient at the load
terminals, which repeats the dynamics of the
theoretical curve, is taken. Some discrepancy between
the theoretical curve and the data of the obtained model
can be explained by taking into account additional
energy losses in the model, such as friction, air
resistance, switching losses, etc.
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