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Abstract
The possible placements of energy storages in the power supply system of underground were 
considered. The advantages and disadvantages of each placement of the energy storages according 
to various indicators were defined. According to the results of the general analysis of existing 
researches, their comparative analysis and the proposed approach using a scoring scale was 
established, the placement of accumulators on underground rolling stock was the most appropriate.
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Introduction
nowadays one of the priorities of developed coun-

tries is to solve problems of energy saving and energy 
efficiency. Under conditions of constant increase in 
the energy resources cost for many modern enterpri- 
ses reducing the energy intensity and energy compo-
nent of the production cost is also one of the deter-
mining factors of effective development [1-6].

in papers [7, 8], the use of energy storages was 
proposed to solve these problems. The application of 
energy storages allows solving a number of complex

problems. The main ones are the following: reduc-
tion of energy consumption from the mains  by main-
taining and reusing of excess energy; straightening 
of minute and hour load diagrams; providing static 
and dynamic stability of the power system; reduction 
of the installed capacity of power plants engaged in 
the supply and power conversion (transformers, con-
verters, distribution substations, etc.); reduction of 
current loads and power units heating temperature, 
respectively, which allows increasing their service li-
fe; providing the uninterrupted stable power supply in 
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emergency modes of the main supply sources [7-11].

The rail transport with abruptly variable load, 
and in particular, the underground is one of the pro-                                                                                                
mising areas of energy storages application [6, 10-16]. 
The main advantage of their use in the underground 
is a peculiarity of its rolling stock operation: distinct 
impulse uneven character of load; small distance be-
tween the railway hauls, as a result, frequent starting 
and braking; often changing profile of the track; sta-
ble movement schedule compared with other types of 
rail transport (shunting locomotives, main line elec-
tric locomotives, trams) [15, 16].

From analysis of researches [6, 10-15], it is known 
that most of the energy costs in the underground are 
the traction costs (about 70%) [15, 17, 18]. in or-
der to reduce energy consumption for traction the                         
undergrounds of Ukraine, new cars are bought and 
upgrades to existing ones that exhausted their service 
life are performed with the possibility of electric-
ity generating to the contact system in regenerative         
braking mode. From the analysis of researches [6, 13, 
15, 19], it has been established that the energy effi-
ciency of regenerative braking depends on many fac-
tors (the presence of consumers in the power area of 
traction substations, the operating condition of other 
consumers, track profile etc.). As a consequence, the 
use of regenerative braking power has a probabilis-
tic nature and can save about 10% consuming on the 
rolling stock traction [11, 15]. However, to provide the

use of regenerative braking electricity at maximum 
efficiency without additional hardware including en-
ergy storage units is impossible [6, 10, 11, 15, 19]. 
Energy efficiency of regenerative braking and the 
payback period of additional technical means, in 
turn, are largely dependent on the choice of energy 
storages placement in the power supply system of                          
underground.

Work objective is to analyze the problem of ra-
tional justification of the energy storages placement 
in the power supply system of underground.

Materials and research results
From the analysis of the electrical schematic dia-
grams and existing studies [6, 15, 20-24], it is know 
that the energy storages can be placed in front of the 
traction substation, directly on the traction substation, 
on the section pillars, on the output of traction substa-
tion along the contact system line (on the stations at 
the ends of console areas of electric traction network) 
and on the rolling stock of the underground. The 
structural scheme of the underground power supply 
system with possible placements of energy storages 
is shown in Figure 1. in the structural scheme (Figure 
1) the following list of symbols was adopted: Tpp - 
Thermal Power Plant; PL - power line; RS - regional 
substation; SP - section pillar; ES - energy storage; 
TS - traction substation; RS - rolling stock; CR - con-
tact rail; OT – open track.

Figure 1. structure scheme of the underground power supply system with possible placements of energy storages

when determining the rational placement a compa- 
rative analysis was proposed to carry out  according to

the following indicators: energy efficiency, capital                
investment, economic feasibility, impact on electric ener-
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gy quality of the contact system, providing the in-
creased crossing capacity of railway haul, the impact 
on the service life of power supply elements in the un-
derground system, the ability to ensure the autonomous 
conduct of the rolling stock in case of emergency mode 
in the power supply underground system, the influence

Table 1. Comparative analysis of storage units according to their placement

Indicator name 
Energy storage placement 

ES1 ES2 ES3 ES4 ES5
Energy efficiency minimum Average Average Average Maximum 
Capital investment Average minimum Average Average Maximum 

economic feasibility * minimum Maximum Average Average Average 
impact on electric energy 

quality Maximum Average Average Average minimum ( not 
influence  )

providing the increased 
crossing capacity of railway 

haul 
minimum Average Average Average Maximum 

impact on the service life of 
power supply elements in 
the underground system Maximum Average Average Average minimum 

Ability to ensure the 
autonomous conduct of 
the rolling stock in case 

of emergency mode in the 
power supply underground 

system 

minimum Average Average Average Maximum 

Influence on acceleration 
and braking characteristics 

of the train Not influence Not influence Not influence not 
influence Influence 

energy processes control Complex Complex Complex Complex simple 

on acceleration and braking characteristics of the train, 
the implementation of energy processes control.

The results of the comparative analysis of diffe- 
rent energy storages placement for the above indica-
tors are shown in Table. 1.

Note: the economic feasibility indicator is calculated only on the basis of savings from increased energy efficiency in 
energy supply system of underground

performed comparative analysis on these indicators 
(Table 1) allowed us to establish the following:

- the main advantage of placement energy storage 
at the district substations (es1) is the lack of impact 
on the acceleration and braking characteristics of the 
train and the need for fewer storage units (possibly 
only one). However, their energy capacity should be 
substantial and account for more than 10 gJ [6, 23]. 
with this placement, it is necessary to equip the traction 
substations with inverters, this follows with the need of 
additional investments. As a result, the capital invest-
ments for this placement are average. other indicators 
emphasize only the shortcomings of this placement. in 
particular, the energy efficiency is small and amounts 
to 10% of the electricity are consumed in the traction

[15]. The impact on electric energy quality and service 
life of the power supply elements of the  underground 
system is the largest due to the  non-linearity recovery 
source and low Ts power factor in power inverting 
mode, as well as the transition of additional excess volt-
age  through a significant number of the power equip-
ment elements (wires, tires, valves, etc. ). providing of 
increase capacity is the smallest due to the influence 
of inertia conditions of the system and electrical equip-
ment heating. The autonomous movement of the train 
is the least, since at occurrence of an emergency shut-
down of the main power supply at the area from rs to 
the current collectors mounted on the train carriages; 
the further movement of the latter is not possible in the 
traction mode. When energy processes control a signifi-



27Metallurgical and Mining IndustryNo.10— 2016

Machine building
cant number of factors that complicate the overall con-
trol system should be considered. The increasing com-
plexity of the control system consists in using a large 
number measuring and control devices at each stage of 
the electricity transit and development at these stages of 
complex multi-level algorithms;

- the main advantages of placing energy storage at 
the section pillar (ES2) are the lack of influence on the 
acceleration and braking characteristics of the train, lit-
tle capital investments and the largest saving. The total 
amount of storages installation on SP is insignificant, 
and their energy consumption should be about 100-200 
MJ [6, 23, 24]. Energy efficiency indicators of the im-
pact on power quality, providing increased traffic ca-
pacity of  railway haul, the impact on the service life 
of elements of underground power supply system, the 
possibility of providing the autonomous conduct of the 
rolling stock when emergency operation in the power 
supply system of underground are mediocre. energy 
efficiency is up to 25% of the electricity consumed for 
traction [23, 24]. The impact on electric energy quality 
is carried out due to the non-linearity of the recovery 
source. The service life of power supply system ele-
ments of the underground is reduced by decreasing re-
source of wires, tires due to additional excess currents 
flowing. The movement of the train in the traction mode 
is impossible in case of emergency in the area from Ts 
to the current collectors mounted on the carriages of 
the train. The disadvantage of placing es2 is the need 
of taking into account other modes of conducting other 
electricity consumers and, as a consequence, this will 
complicate the construction of work algorithms and the 
development energy processes control system;

- the main advantages of energy storage placing 
at traction substations (ES3) are the lack of influence 
on the acceleration and braking characteristics of the 
train. Other indicators are mediocre, except for the 
indicator of the energy processes control. synthesis 
of control system is complex due to the need of taking 
into account operating conditions of other consumers. 
The main advantages and disadvantages, as well as 
the mediocre characteristics under condition of ener-
gy storage placing on Ts output along the contact sys-
tem line (es4) are similar to that when es3 placing. 
The difference between es3 and es4 placements is 
determined by the basic functional purpose. For es3 
placing the primary functional purpose is to take re-
generative braking electricity near the source of its re-
lease, thereby reducing the contact system losses; for 
es4 placing it is stabilization of the contact system 
voltage at the ends of cantilevered areas of electric 
traction network, resulting in increased traffic capa- 
city of railway haul. The total amount of installation

es3 and es4 storages is medium, and their energy 
content should be up to 100 mJ [6].

- the main advantages of energy storages (es5) 
placement in rolling stock are the following: the 
largest energy efficiency; no impact on the electric 
energy quality of contact system and the service life 
of its elements (wires, tiers, etc.); the ability to en-
sure the autonomous work of the rolling stock in the 
case of emergency mode in the power supply system 
of underground and increase the railway haul traffic 
capacity are the highest; energy processes control 
in comparison with other placements is the easiest.            
Energy efficiency is up to 35% of the electricity con-
sumed on traction [6, 15]. electric energy of regene- 
rative braking circulates on a small circle without its 
release in the contact system, so there is no impact 
on the electric energy quality of the contact system 
and the life of its elements. There is a possibility of 
autonomous rolling stock conduct in case of emer-
gencies at any part of the underground power supply 
system. The traffic capacity is increased to 50% [20]. 
The economic indicator is average compared to other 
placements. The disadvantage of es5 placing is the 
need of the largest capital investments and impact 
on the acceleration and braking characteristics of the 
train. The total amount of installation of es5 storages 
is the highest, because each rolling stock should be 
equipped with such system and it requires substantial 
investment [6, 20, 23, 24]. Their energy consumption 
should be up to 30 mJ [6, 15].

According to the results of the comparative analy-
sis to answer unequivocally, which placement of en-
ergy storage is rational, is not possible, since there are 
both advantages and disadvantages for each place-
ment. The only exception is placing on the regional trac-
tion substation (ES1), which can be excluded from 
the search of the rational due to the availability of a 
significant number of shortcomings. Thus, the author 
proposed to determine rational energy storage place-
ment according to grade scale. The essence of this 
approach is to develop evaluation criteria for each 
indicator which is used for comparison, which will 
be determined by the total number of points for each 
placement and direct choice of the rational place-
ments based on the maximum number of points.

in this case, the following criteria for indicators 
evaluation were adopted: energy efficiency, economic 
feasibility, providing increased traffic capacity of rail-
way haul, possibility of providing the autonomous con-
duct of the rolling stock in case of emergency modes 
in power supply system of underground: when  mini-
mum values - 1 point, medium - 2 points, maximum - 3 
points; investment, impact on electric energy quality and
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durability of elements of the underground power sup-
ply system when the maximum  values   - 1 point, medi-
um - 2 points, minimum - 3 points. When influencing 
on the acceleration and braking characteristics of the 
train, and complexity of the energy processes control, it 
takes 1 point, in other cases - 2 points.

Taking into account adopted evaluation conditions 
the maximum points could reach 25 points.  The calcu-
lation results for considered placing of energy storages 
are shown in the diagram in Figure 2.

Figure 2. The results of points calculations for different 
energy storages placements

Thus, according to the analysis of numerous studies 
[6, 10, 15-17, 23] and the proposed approach, it is de-
termined that the placement of storages on the rolling 
stock (ES5) is the most efficient for the underground 
conditions. The significant investment and impact 
on the acceleration and braking characteristics of the                                 
rolling stock are among the main drawbacks of place-
ment ES5. However, significant investments can be 
compensated for the highest technical and economic 
effect by maximizing energy efficiency, minimizing 
the established capacity of power equipment, minimal                                                                                                        
influence on electric energy quality and durability of ele-
ments of underground power supply system and etc. The                                                                                                       
impact on acceleration and braking characteristics of 
the rolling stock can be solved by various methods 
depending on the project, in particular by allowing the 
program increase of the maximum traction (braking) 
value.

Conclusions
on the basis of the implementation of the gener-

alized analysis of existing research, their comparative 
analysis and the proposed approach using a scoring 
scale, it is established that in the underground the 
most efficient placement of energy storage units is on 
the rolling stock.
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