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Abstract: In this paper we have analyzed the solution of the recovery 
of the braking energy, as well as the solutions of the energy use when 
supplying a technically advanced tram station. The research effort was 
directed on two main paths. In the first part we identified the receiver 
assembly and the functionalities of the modern tram station, as well as the 
modeling of its operating cycles. In the second part we determined the 
optimal solution for the recovery of the braking energy, as well as the energy 
efficiency of the technological chain. 

Keywords: Electric transportation, Power Quality, Smart City. 

Rezumat: În această lucrare am analizat soluția de recuperare a 
energiei de frânare, precum și soluțiile de utilizare a energiei la alimentarea 
unei stații de tramvai avansate din punct de vedere tehnic. Efortul de 
cercetare a fost direcționat pe două căi principale. În prima parte am 
identificat ansamblul de receptoare și funcționalitățile stației moderne de 
tramvai, precum și modelarea ciclurilor de funcționare ale acesteia. În partea 
a doua am determinat soluția optimă de recuperare a energiei de frânare, 
precum și eficiența energetică a lanțului tehnologic. 

Cuvinte cheie: Calitatea energiei electrice, Oraș inteligent, Transport electric 

1. Introduction

The power energy system must be continuously developed and be 

able to adapt to the development and implementation of new technologies. 
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The urban transport system is predisposed to improving energy efficiency 

and this is possible by supplying trams using renewable energy sources, 

developing storage systems, using the energy recovered during braking, as 

well as using energy efficient devices. 

The specialized literature presents a series of results [1-5] that come 

from the implementation of braking energy recovery solutions, as well as the 

integration solutions in the smart cities paradigm of energy storage solutions 

used in public transport [6,7]. Also, in order to reach the energy efficiency 

target, the cities of the future are new to electrifying the transport of people 

[8-10], and this solution is native to the areas with low population 

concentrations, as well as their transport over medium-long distances, 

specifically to the Romanian cities [11-14]. 

2. Smart city context

A smart city is a city where technology is used to create a sustainable 

environment, so the services work in a fluid way offering comfort, safety, 

but also energy efficiency [19]. The citizens of the smart city can benefit 

during the journey with the means of transport of free access to the Internet, 

by charging mobile phones in the waiting station [20]. Intelligent traffic 

management involves monitoring and analyzing traffic flows, which leads to 

a smooth flow of traffic [21]. 

3. Smart transportation

At the present time, in Bucharest, the trams do not have GPS devices 

installed, so there is no information regarding the departure or arrival times 

of the trams at the stations. 

The trams are supplied with direct current with voltages between 600 

- 825 V, the circuit being closed between the contact wire and the tread. The

tram is equipped with an automatic switching device, on-board computer,

four brakes, air conditioning system, passenger information with audio-

video system and passenger charging system [16-18].

The recovery braking process depends on a number of physical 

parameters of the transport system, the most important being the mass and 

speed of the tram. Following the analysis of the structure of the analyzed 
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line, another parameter with a high degree of importance, namely the slope 

of the line, emerged. 

a) 

b) 

Figure 1. The influence of the slope on the energy recovered using the recuperative brake: 

a) flat ground b) sloped ground

The angle to the horizontal (slope) of the tram directly influences the 

speed of travel, increased it by approximately 15%. This phenomenon 

increases the force required to brake the tram, increasing the recovered 

energy. The visual description of this phenomenon can be seen in Figure 1. 

In the case of the electricity storage system, two different objectives 

were evaluated, namely the local storage, placed in the wagon and the 

storage in the station. Due to the complexity of the systems analyzed, we 

have made a series of considerations with a simplifying character. For 

example, we have considered Li-Ion battery systems as energy storage 

technology, which have superior characteristics in terms of the amount of 

energy stored in the volume unit (about 0.17 kWh / kg). 
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4. Case study

Currently, the transport company does not have electric power 

stations, so the power supply solution of the stations involves the exclusive 

use of the electricity recovered by the tram, through the recovery braking. 

In order to carry out an analysis as close to reality as possible, we 

started by identifying the main electricity receivers within the modern 

station. Thus, we identified the presence of two advertising panels with LED 

technology, the traffic information panel, as well as the lighting system (see 

Figure 2). 

Figure 2. The main elements of the proposed modernized station 

In order to be able to determine the amount of energy required for the 

continuous operation of all the elements of the station, we analyzed the 

energy performances of the component elements. In this respect, we have 

made electrical determinations in the Electricity Utilization and Quality 

Laboratory in University Politehnica of Bucharest, using LED lighting 

systems, fluorescent tubes, as well as advertising panels with LED 

technology. The power quality analyzer used for carrying out the 

measurements was type class A Fluke 435. 

Following the analysis of the possible solutions, the one was chosen 

that allows the energy recovery at the tram braking, as well as its local 

storage, for later use. This will not require the implementation of a system 

for synchronizing the arrivals and departures of the trams from the stations. 

Figure XXX shows the composition of the complete energy recovery, 



34 Marin Petre, Ion Popescu 

transfer and use system. The diagram shows, on the right, the two electric 

motors of the tram frame. The central area is dedicated to the power 

electronics system, which is an inverter, a filter capacitor and a rectifier. The 

role of the inverter is to supply alternating voltage to the motors, and the role 

of the rectifier is to convert the recovered energy to braking into energy at 

continuous voltage, filtered using the capacitor. 

Figure 3. Overview of the energy utilization solution obtained by regenerative braking 

The station is to be equipped with three video panels, two of which 

will be positioned externally, and the third will be positioned at the top of 

the frame of the station and will have smaller dimensions. In order to be able 

to reserve the capacity of the batteries, it was considered that all three panels 

have the same installed power. 

The manufacturer declared an absorbed power of approximately 100 

W. Laboratory determinations revealed that the receiver had a variable usage

profile, the maximum level of which is 50 W.

The determinations highlighted a level of absorbed electric current of 

about 0.24 A, with a maximum level of 0.3 A (see figure 4). 
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Figure 4. Evolution of electrical current used by LED panel 

Also, the consumption profile showed variations of the load, about 

10 W (20%), at each change of video material (see Figure 5). 

Figure 5. Active power evolution for LED panel 

The determinations revealed the presence of a reactive power regime, 

of about 40 VAr, with capacitive character (see Figure 6). 

In order to be the object of the local lighting, mounted in the station, 

a solution of their analysis is used fluorescent tubes. We decided not to 

eliminate this solution, it can perform well with gradual reductions with a 

voltage up to 70% Un. 

This (dimming) process can result in significant energy savings, as well 

as creating a lifetime of tubes. In the hourly interval, between 00:00 and 05:00, 

a projected energy saving of 16% is achieved for the case of this process. The 

benefits of adoption are reduced as they extend and extend with respect to 

significant extensions for a lifetime of fluorescent tubes, from 4 000 to 8 000 
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hours. Electrical absorption of 0.24 A, at a maximum level of 0.43 A (see 

Figure 7). 

Figure 6. Reactive power evolution foe LED panel 

Figure 7. Evolution of electrical current used by fluorescent lamp 

The measurements revealed the presence of an active power regime of 30W 

(see Figure 8). 

Figure 8. Active power evolution for fluorescent lamp 
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The maximum value of the absorbed electric current is 151 mA, with a 
minimum value of 144 mA (see Figure 9). 

Figura 9. Evolution of electrical current used by LED lamp 

The average value of the active power is 14W (see Figure 10). 

Figure 10. Active power analysis for LED lamp 

The results of the processes for determining the energy parameters of 
the different receivers were concentrated in Table 1, in order to allow the 
quick dimensioning of a power solution. 

Table 1. Measurements results 

Load 
Pavg 
[W] 

Qavg

[VAr] 
Savg

[VA] 
Iavg

[A] 
IMAX

[A] 

LED Panel 32 35 48 0.21 0.27 

Fluorescent Lamp 23.5 33.5 41 0.22 0.43 

LED Lamp 13.2 30.3 33 0.14 0.15 

Router 16.1 16.4 23 0.1 0.1 

USB Outlet 48.3 42.6 64.4 0.25 0.28 
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We considered the composition of the receivers to be made up of 

three LED panels, three fluorescent / LED lamps, a router and USB sockets. 

Analyzing the energy requirement for the first case, in which only 

fluorescent lighting is used, a 93 Ah battery was found. For the second case, 

when using LED lighting as a power solution, the battery capacity is 73 Ah. 

Thus, we chose the value of the installed capacity at the 100 Ah station 

level. 

To calculate the recovered energy, we considered the mass of the 

wagon of 45 t, being the average between the mass of the empty wagon (35 

t) and the mass of the loaded wagon (55 t), data that comes from the tram's

technical data sheet.

The calculation of the energy recovered in the case of flat lands 

showed that the duration of the braking period is estimated at 10 seconds, 

which results in a recovered energy of 2 kWh. For the case of the sloping 

terrain, we considered that the tram speed is 15% higher, so the recovered 

energy is 3.1 kWh. It is observed that in cases where the tram brakes on the 

slope (α> 0°), the recovered energy obtained is significantly higher (by 64%) 

than the amount of energy recovered in the case (α = 0°). 

The tram line analyzed has 15 stations, of which 2 stations represent 

areas with the possibility of recovering a higher amount of energy (α> 0°). 

In the case of a complete tram crossing, it will be subjected to 26 brakes 

with normal recovery (α = 0°) and 4 brakes with higher recovery (α> 0°). 

Thus, the total amount of energy that can be obtained through recovery 

braking is 64.4 kWh. 

In order to deepen the analysis, the electrical scheme of supplying 

the station was simulated using the ETAP program. This approach allowed 

the identification of the circulation of powers, the losses produced in the 

network, as well as the analysis of the harmonic regime on the power supply 

bar of the receivers in the station (Load mains). 

In the case of the harmonic analysis, a strongly disturbed regime was 

identified (see Figure 12), the cause of which is the way of using the DC 

power of the receivers, through the power rectifiers. This regime exceeds by 

an order of magnitude the current standards of power quality (EN 50160), so 

it was necessary to identify a solution to limit this disturbing regime. 

Connecting the first filter shows an improvement in the shape of the voltage 

curve and a decrease in the value of the THD, but which still do not meet the 

operating rules, so I have connected a filter on the power bar. By using two 

filters, the shape of the curves is improved and the THD values are within 

normal operating range (harmonic range reaches 2%) (see Figure 13). 
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Figure 11. Power flow analysis 

Figure 12. Harmonic analysis for the case of unfiltered regime 
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Figure 13. Harmonic analysis for the case woth two connected filters 

5. Conclusions

This study represents an initiative to improve the services offered by 

local transport, offering modern transport solutions. The extended analysis 

of the proposed solution highlighted the fact that the mobile storage solution 

can also be used to supply additional mobile capacity, placed at the terminals 

of the tram line. In the case of the harmonic analysis, a strongly disturbed 

regime was identified, the cause of which is the way of using the energy at 

continuous voltage of the loads, through the power rectifiers. Thus, to limit 

the disturbance regime, two passive absorbent filters mounted on the power 

supply bar of the station will be introduced. 
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