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1. Introduction

Th e rising demand for public transportation and the associ-

ated requirements for energy effi  ciency, pollution reduction, 

and lower capital cost make light rail (streetcars or trams) 

an attractive and competitive option for large and crowded 

metropolitan areas. Unfortunately, the overhead contact 

lines that supply these streetcars with electric power are an 

impediment to adoption, having a negative impact on both 

the environment and street aesthetics. In situations where 

environmental constraints are predominant, especially in 

historic city centers, the requirement for overhead catenary 

lines and power poles adds costs and poses problems for 

construction.

In response, Hitachi Rail S.p.A. has developed an on-

board energy storage system (OBESS) that features effi  cient 

operation and enables streetcars to travel across sections of 

their route that lack catenaries. Th is means that streetcar 

routes can include large squares, historic city centers, or 

other areas of cultural interest without the need to install 

power poles to support overhead catenary lines, thereby 

avoiding the architectural issues and the detrimental eff ects 

on street appearance of such ugly infrastructure. Catenary-

free operation also avoids adverse environmental impacts.

Hitachi Rail S.p.A. developed the OBESS with a stand-

alone confi guration that allows conventional catenary-sup-

plied streetcars to be converted to hybrid operation (the 

ability to run without the presence of the catenary). Benefi ts 

include the business opportunities opened up by upgrading 

existing rolling stock to run on new routes and the option 

of removing unattractive catenary and power pole infra-

structure from city centers.
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Interest in the use of streetcar-based mass-transit systems has grown amid the rising 
demand for environmentally friendly public transportation. Hitachi Rail S.p.A. has devel-
oped a new OBESS that can be retrofitted to existing streetcars with traditional overhead 
catenary systems to enable catenary-free operation. This upgrade allows streetcars to 
travel across sections of their route that lack overhead catenaries, as are commonly 
found in historic city centers, thereby improving both environmental performance and 
street appearance. This article describes the energy storage system and on-board BMS 
that enable catenary-free operation, and the DC-DC converter used to interface the new 
OBESS to the existing traction and auxiliary converters.

Catenary-free Streetcar with 
On-board Li-Ion Battery System
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2.  Hitachi Rail S.p.A.’s OBESS

Th e retrofi tting of an OBESS to an existing vehicle needs to 

be done in a way that does not excessively increase the vehi-

cle weight, that is easy to install, and that does not require 

modifi cations to the traction system that might invalidate 

homologation (regulatory approvals). What is required is 

a modular system that can satisfy diff erent vehicle energy 

requirements and fi t in the space available.

Th e features of the Hitachi Rail S.p.A.’s solution are as 

follows:

(1) An energy storage unit (ESU) based on lithium-ion 

technology that guarantees high safety and reliability levels 

and that features an optimal balance of high power and 

energy density. A dedicated battery thermal management 

system (BTMS) is included to ensure adequate cooling.

(2) A direct-current to direct-current (DC-DC) converter 

featuring semiconductors selected for optimal performance, 

namely the next High Power Density Dual (nHPD2) hybrid 

silicon carbide (SiC) module [nHPD2 + high-conductivity 

insulated gate bipolar transistor (IGBT) + SiC diode] pro-

duced by Hitachi Power Semiconductor Device, Ltd.

(3) A cooling control system that adjusts capacity based 

on the losses in the DC-DC converter, thereby reducing 

acoustic noise and the amount of power consumed by cooling.

(4) A charging and discharging strategy that maximizes 

battery life and energy savings.

(5) A monitoring and data recording function for condi-

tion-based maintenance (CBM) that minimizes mainte-

nance costs and improves reliability.

(6) Communication interfaces compatible with railway 

industry protocols [Ethernet and Controller Area Network 

(CAN) bus] for connection to the vehicle’s on-board network.

Th e OBESS (incorporating the ESU and BTMS) and 

DC-DC converter have been designed for installation on 

the vehicle roof, with the design replicating the exiting 

component layout as much as possible to make this easier. 

Both are housed in stainless steel, with the frames being 

physically attached to the sides of the vehicle by means 

of riveted brackets. For ease of installation, the electrical 

interface to the vehicle uses plug-in connectors for both 

high- and low-voltage circuits. Figure 1 shows an OBESS 

and DC-DC installed on a streetcar roof.

Th e buck-boost (step-up/step-down) DC-DC converter 

is used to convert between the diff erent voltages of the 

OBESS and the main power line and traction system. Th e 

bidirectional converter features high-effi  ciency semicon-

ductors and a high switching frequency to minimize both 

output voltage ripple and inductor size. Th e DC-DC con-

verter is used for:

CB MB RB

OBESS HVACHVAC Traction systemTraction system DC-DC

P RA
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(BTMS + ESU)
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Figure 1 — Configuration of OBESS Installed on Car Roof with DC-DC Converter
A complete OBESS is able to be installed using the space available on the roof of the vehicle. The extra weight this adds is not enough to require new 
homologation.

CB: cabin B   MB: motor car B   RB: trailer car B   P: pantograph car   RA: trailer car A   MA: motor car A   CA: cabin A   OBESS: on-board energy storage systems   
HVAC: heating, ventilation, air conditioning   DC: direct current   BTMS: battery thermal management system   ESU: energy storage unit  
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(1) Charging the ESU from the catenary

(2) Charging the ESU during braking

(3) Powering the traction system using ESU energy

In all functional modes, the output voltage and current 

of the DC-DC converter are regulated by the duty cycle 

of each single-phase leg. During charging and discharging, 

the control system communicates with the ESU battery 

management system (BMS) to limit battery charging or 

discharging based on the battery’s state of charge (SoC) 

and whether the system is powering or regenerating (under 

traction or braking). Th is is done to keep the SoC within 

a suitable range, maximize use of regenerative energy by 

avoiding use of brakes, and maximize the supply of electric 

power from the battery to the traction system.

During recharging, the DC-DC converter steps down 

the DC link voltage to supply the desired output current 

for charging the ESU.

When under traction, the DC-DC converter steps up the 

voltage from the ESU to provide a constant voltage for pow-

ering all the vehicle subsystems, including the drive system.

Th e DC-DC converter control unit (DCCU) is able 

to interface with the vehicle network using the existing 

communication bus, whether it be Ethernet, Multifunction 

Vehicle Bus (MVB), or CAN.

Th e DCCU includes a power management module that 

specifi es the charging or discharging power reference for 

the DC-DC converter based on information from the BMS 

and the available power feed. Figure 2 shows the energy 

fl ows managed by the DCCU in the diff erent functional 

modes.

When power is supplied from a catenary, the ESU per-

forms smart charging, meaning that the DCCU draws a 

surplus of energy from the network and uses it to charge the 

batteries, taking into account both the SoC and the traction 

energy requirement, and also ensuring that the maximum 

line current able to be drawn by the streetcar is not exceeded.

Th e Figure 3 shows the trip diagram for a streetcar trav-

eling along a mixed line (with catenary and non-catenary 

zones) and Figure 4 shows an enlargement of a catenary 

zone where the ESU recharges the battery.

Recharging from catenary
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Figure 2 — Energy Flows Managed by DCCU
The system is able to evaluate the energy required 
from the battery system and the energy avail-
able from the line, and manages the energy flows 
accordingly.
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Figure 3 — Trip Diagram on Mixed Line
The diagram plots the speed and SoC along a test-
ing route that includes zones with and without an 
overhead line.

DCCU: DC-DC control unit   BMS: battery management system

SoC: state of charge
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2. 1
Battery Pack

Th e fi rst step of ESU development is battery cell selec-

tion. Th e requirements for the battery pack are that it pro-

vide adequate energy storage capacity while also having a 

high cycling performance and high safety and reliability. 

Lithium-ion batteries are able to meet these requirements. 

Furthermore, a modular approach was adopted with each 

battery module being made up of 32 cells in an eight series/

four parallel (8S4P) confi guration. Figure 5 shows a pho-

tograph of the battery array and Table 1 lists the module’s 

main characteristics.

Th e actual streetcar system uses 20 of these modules 

connected in series. Figure 6 shows a prototype system 

ready for testing and Table 2 lists the main characteristics.

2. 2
BMS

Th e BMS combines important safety functions with logic 

and interface functions. Figure 7 shows a block diagram of 

the BMS that highlights its master-slave architecture.
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Figure 4 — Trip Diagram when ESU 
Recharging from Overhead Line
The figure shows an enlargement of the Figure 3 
diagram for a zone with an overhead line. Power 
is drawn from the overhead line to recharge the 
battery system while the streetcar is coasting at 
constant speed.

Description Unit Value

Cell type — Prismatic cell

Module configuration (number of cells in series and parallel) — 8S4P

Nominal capacity Ah 92

Nominal energy stored Wh 1,692.8

Nominal voltage V 36.8

Weight kg 22

Cooling system ― Liquid

Nominal continuous charge/discharge current at 25°C* A 400

Peak charge/discharge current at 25°C* A 800

Energy density Wh/L 202

*  Depends on operating conditions, state of health (SoH), and temperature. Related to mission profile.

Table 1 — Battery Module Characteristics

Figure 5 — Photograph of Battery Module Prototype
The battery module is made up of thirty-two lithium-ion cells connected 
in eight series/four parallel (8S4P) configuration.
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Th e main safety functions are:

(1) Th e high-voltage (HV) batteries are disconnected from 

the DCCU if cells go outside their safe operating area 

(voltage, current, temperature, or charge limits defi ned by 

the cell manufacturer).

(2) Monitoring of HV battery connection health. Th e BMS 

tracks the connection health and disconnects HV batteries 

if their health is too low.

(3) Use of an insulation monitoring device (IMD) to check 

insulation resistance before allowing HV battery connection.

(4) Measures to prevent sudden HV battery disconnection 

requests to the DCCU via the CAN due to protection 

functions, resulting in a complete loss of power.

Other functions include:

(1) Monitoring of battery pack status [SoC, state of health 

(SoH), and state of power (SoP)], which is reported to the 

DCCU and BTMS via the CAN bus.

(2) Connection and disconnection of the HV battery pack 

in response to DCCU requests using precharge circuit.

(3) Passive equalization to maximize battery pack lifetime 

that is invoked by a request from the DCCU.

(4) Th ermal conditioning management performed in coop-

eration with the BTMS to maximize instantaneous battery 

performance.

2. 3
Homologation

Th e storage battery system was designed such that, in its 

commercialized form, it would be compliant with the IEC 

62928 “Rolling stock – Onboard lithium-ion traction bat-

teries” and IEC 62864-1 “Rolling stock – Power supply 

with onboard energy storage system – Part 1: Series hybrid 

system” international standards.

Compliance with these standards is required in Europe 

for vehicle homologation (regulatory approval to allow for 

commercial use).

2. 4
Trail on Florence Tramway Network

Th e trial route chosen for a practical demonstration of the 

battery-powered Sirio streetcars* is a 1.3 km long section 

of the T1 line through central Florence, running from the 

Santa Maria Novella railway station to Strozzi-Fallaci, with 

stops at Valfonda and Fortezza.

Th e Sirio prototype with OBESS is heavier than a stan-

dard streetcar and has slower acceleration (0.8 m/s2 com-

pared to 1.10 m/s2). However, this diff erence does not cause 

any problems in practice.

Description Unit Value

Module configuration — (8S4P) × 2S

Number of branches in parallel ― 1

Number of modules in series and parallel per branch ― 10S1P

Nominal voltage V 368

Maximum/minimum voltage V 432/240

Nominal charge/discharge power kW 96*

Nominal maximum charge/discharge power (2s at 100% SoC) kW 192*

Maximum current (2s pulse) A 800

Continuous current (> 30s) A 400

Nominal battery energy kW 33.86

Cell operating temperature (cell surface) °C -30 to 55

Cell operating temperature target for lifecycle (cell surface) °C 25 to 35

ESU temperature target for lifecycle (cell surface) °C 10 to 25

State of charge (SoC) range during operation ― 60% to 90% (BOL);
50% to 90% (EOL)

Storage SoC ― from 30% to 50%

BOL: beginning of life   EOL: end of life
* Depends on operating conditions, SoH, and temperature. Related to mission profile.

Table 2 — OBESS Characteristics

Figure 6 — Photograph of Energy Storage System Prototype.
The battery is made up of 20 modules connected in series.

* A low-fl oor streetcar (tram) made by Hitachi Rail S.p.A.
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Figure 8 shows a simulation of the two vehicles along the 

trial route and demonstrates how the two streetcars have 

similar speed profi les with approximately the same average 

speed. Th e conclusion is that fi tting a streetcar with the 

OBESS does not signifi cantly aff ect its speed in commercial 

operation, especially when used in areas like the historic city 

center where speed restrictions apply.

3. Conclusions

Growth in the market for streetcars means that vehicles 

able to travel through areas without overhead catenary 

infrastructure are also needed to cater for locations such 

as historic city centers. 

Current/
voltage 

transducer
Contactors

Coolant BMS
slave

BTMS DCCU

DC-DC

Fuses

CAN bus

IMD

Is
ol

at
io

n 
st

at
us

Co
m

m
an

d 
an

d 
st

at
us

Fu
se

 st
at

us

Vo
lta

ge
 a

nd
 

cu
rr

en
t

BMS master

HV battery housing

Figure 7 — BMS Block Diagram
The BMS uses a conventional insulated master–slave architecture. A CAN bus is used to connect the BTMS, BMS, and DCCU.
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Figure 8 — Comparison of Speed and 
Discharge Curves on Demonstration Route
The two curves show that the diff erent weights and 
accelerations of the standard and OBESS-equipped 
vehicles did not significantly aff ect speed during 
commercial operation on the route under test.

HV: high voltage   IMD: insulation monitoring device   CAN: controller area network
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Hitachi Rail S.p.A has developed a fl exible OBESS 

capable of being installed on the roof of existing vehicles, 

allowing the use of such vehicles on catenary-free lines. 

Th e fi rst prototype demonstrator of this system has been 

produced and is now undergoing validation testing at its 

Naples test bench. Trials on the Sirio streetcar are planned 

for the city of Florence during the summer of 2020 to 

demonstrate the safety and performance of the system. Th e 

next step will be to move on from the prototype to com-

mercial production, including homologation in accordance 

with applicable standards to enable commercial applications.
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