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1 Introduction 

The present report constitutes deliverable D2.1, a document produced in the framework of 
WP2 “MVDC transformers for railway traction”, Task 2.1 “Definition of optimal converter 
topologies for MVDC transformers”. 

One of the main objectives of WP2 is to undertake a comparative evaluation of topologies for 
the medium voltage DC transformers and to define the optimal topology for railway traction 
applications including evaluation of the performance of the converter. 

Hence, D2.1  compares the conventional railway traction systems with new traction systems 
proposed and developed in the last decade that are also suitable for the MVDC railway 
electrification concept presented in this project. Differences and requirements of the MVDC 
traction system will be considered while investigating converter topologies for MVDC 
transformers and the impact of new wide band-gap (WBG) semiconductor technologies on their 
design. Then, D2.1 focuses on presenting the most suitable DC-DC converters for this 
application, defining an example of optimal configuration and requirements of control.   

 The deliverable has the following sections: 

• Section 2 defines abbreviations and acronyms used in this report 

• Section 3 describes the history of railway power electronic traction transformers (PETTs) 

• Section 4 introduces the state of the art and classification of railway traction systems 

• Section 5 presents the specifications of high-power converters suitable for MVDC-ERS 
traction 

• Section 6 introduces the regenerative braking and on-board storage of the traction systems 

• Section 7 describes protection and control issues of on-board traction systems 

• Section 8 clarifies potential benefits of using wide band-gap semiconductors for PETTs 

• Section 9 draws the conclusions 

• Section 10 includes the references 
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2 Abbreviations and acronyms  

ABB ASEA Brown Boveri  
AC Alternating Current 

ADC Analog-Digital Converter 
CAN Controller Area Network 

CFB/CHB Cascaded F-Bridge/ H-Bridge 
CO2 Carbon-dioxide 
CSC Current Source Converter 
DAB Dual-Active Bridge  

DAFB/DAHB Dual-Active Full/Half Bridge 
DC Direct Current 

DMU Diesel Multiple Units 
DSP Digital Signal Processor 
EMC Electromagnetic Compatibility 
EMI Electromagnetic Interference 
EMU Electric Multiple Units 
ERS Electric Railway System 

FPGA Field Programmable Gate Array 
GaN Gallium Nitride 

HV/MV/LV High Voltage / Medium Voltage / Low voltage 
HVDC High-Voltage DC 

IC Integrated Circuit 
IFE/IBE Isolated Front-End / Isolated Back-End 

IGBT Insulated Gate Bipolar Transistor 
IO Input - Output (interface) 

ISOP Input Series Output Parallel 
LCC Line Commutated Converter 
LFT Line/Low Frequency Transformer 
MFT Medium Frequency Transformer  
MMC Modular Multilevel Converter 

MOSFET Metal Oxide Semiconductor Field Effect Transistors 
 MVDC Medium-Voltage DC 

NPC Neutral-Point Clamped  
PCB Printed Circuit Board 
PETT Power Electronic Traction Transformer 
PWM Pulse Width Modulation  
RMS Root Mean Square 

Si Silicon 
SiC Silicon Carbide 
SST Solid State Transformer 

STATCOM Static Compensator 
THD Total Harmonic Distortion 

 VSC/VSI Voltage Source Converter/Voltage Source Inverter 
WBG Wide Band-Gap 

ZCS/ZVS Zero Current Switching / Zero Voltage Switching 
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3 History of electrical railway traction 

3.1 General considerations on railway electrification and traction  

The reason behind railway electrification was the reduction of operating costs, CO2 

emissions and an improvement in energy efficiency. The newly developed electric locomotives 
achieved more power than diesel engines, a better reliability and quieter operations. High power 
electric locomotives can also pull heavier freight at higher speed over slopes, thus increasing 
capacity in mixed traffic conditions, when time between trains is important. Having no local 
emissions, electric propulsion has a great advantage over diesel in urban areas and tunnels. 
Electric traction offers possibility for regenerative braking (turning kinetic energy into 
electricity) also, which can further increase efficiency by supplying other trains or the utility 
grid – especially useful in mountainous areas, where heavily loaded trains must descend for 
long distances [1]. 

The costs of line maintenance is increased by electrification, but many operators such as 
Network Rail in the UK claim that, as electric multiple units (EMU) are lighter than diesel ones 
(DMU), the wear-and-tear costs are lower [2]. Although electrical equipment near the tracks 
such as substations and catenary wires imply some additional maintenance costs, if there is 
enough traffic the reduced track and engine maintenance costs compensate these additional 
ones resulting in a significant advantage. The reason why electric railways have a higher 
efficiency is that central stations or power plants generate electricity with higher efficiency than 
mobile engines or generators. In nominal regime the energy efficiency of a diesel locomotive 
and a power plant would be almost the same [3], [4], but diesel motors decrease in efficiency 
at lower powers (non-nominal regime) [5] in comparison with a power plant that can shut down 
some generators or deliver elsewhere any power excess. Electric locomotives can also 
recuperate energy by regenerative braking and do not consume energy while being idle, except 
that needed for cooling systems. Additionally many fossil fuel power plants generate heat at 
high temperature [6] that can be used for heating or cooling districts. Hence such power plants 
are cleaner than mobile sources such as locomotive engines. Furthermore, power can also be 
generated by clean renewable energy sources like hydroelectric, geothermal, solar and wind 
[7]. 

As in the last decade the renewable energy market has increased rapidly, new opportunities 
are opening also for the power supply of electric railways. In the past decade railway 
electrification constantly increased and electrified tracks almost reached one third of the total 
tracks globally in 2012 [8]. According to a report of the International Energy Agency, between 
1990 and 2015 due to the increase of railway electrification both the energy consumption per 
transport unit decreased and the CO2 emissions per transport unit decreased by 35.8% and 
31.6%, respectively. Moreover, half of these reductions were achieved in the decade of 2005 to 
2015: rail energy consumption per passenger-km decreased by 27.8% and energy consumption 
per freight tonne-km decreased by 18.1%. Between 2005 and 2015, rail CO2 emissions per 
passenger-km decreased by 21.7% and CO2 emissions per freight tonne-km decreased by 
19.0%. In this time (2005-2015) the share of oil products (diesel) decreased from 62.2% to 56% 
in the global railway fuel mix, while the share of electricity increased, whereof electricity 
generated by renewables has shown an increase of 65% [9]. The data presented in these reports 
points to the future tendency of integration of renewables in the railway system and to the 
necessity of innovation. The railway electrification system must become more compatible with 
renewable energy sources to keep up with the increase of the proportion of power generated by 
renewable sources. The most promising concept is a smart interoperable electric railway grid 



MVDC-ERS, D2.1 – Converters topologies for MVDC transformers  6/40 
 

including green energy plants. The MVDC-ERS project studies and will lay foundation for such 
a smart grid. 

At the moment, modern railway electrification systems use AC power to produce higher 
voltages using transformers connected to the public grid. For the same amount of power, the 
higher the voltage the lower the current. With lower currents, line losses are reduced and higher 
power can be delivered to the trains. The AC voltage is stepped down inside the locomotive 
with an on-board transformer and converted to a DC voltage to supply the traction motors and 
auxiliary loads as required. Some motors may directly use DC, but most of them are 3 or more 
phase AC motors which need further conversion from DC to three-phase AC using power 
electronics. The initial idea and advantage of AC motors was that power-wasting resistors were 
no longer necessary for speed control as in DC locomotives. When high-power semiconductors 
were developed, the classic AC and DC motors were replaced by three-phase induction motors 
fed by inverters that can vary frequency and voltage to control their speed. These new systems, 
called variable frequency drives, could operate on DC and AC of any frequency as well, 
therefore modern electric locomotives were designed to operate flexible under different 
frequencies and supply voltages simplifying cross-border operation [10]. 

3.2 DC traction systems 

The earliest systems choose DC because of the limitations connected to regulate the speed 
of AC motors without power converters. The first applications of DC electric energy for traction 
date back to the 1860s, after in Davenport and Scotland experiments were made on battery drive 
in the years 1837 and 1838. After the successful demonstration of an electric tramway in 1860, 
it did not take long to develop the first electric DC locomotive in Berlin for demonstration in 
1879 by Siemens. Then in 1880 more electric traction and railway systems appeared like 
streetcar lines, railway and were put into operation in the following decade. Starting from 1890, 
tramway and metro networks started to be adopted in some large cities due to the advantage of 
not releasing smoke like diesel engines. As these systems were adopted more widely, the 
voltage values had to be increased to meet the greater power requirements as well as longer 
distances. By 1916 it was reached 3,000 V, which is considered the current technological limit, 
with some systems above 3,000 V in the 1920s. The technological limitation consists in the 
difficulty to design reliable circuit breakers above 3,000V. 

The relatively low voltage of DC systems requires very high currents from the power 
supply to obtain enough power for the locomotives. These high currents lead to large 
transmission losses. In areas like Eastern Europe, Italy, Belgium and Spain, where catenaries 
operate at 3 kV DC, basically two 1,500 V DC motors in series were used. However, even at 
3kV power losses are very large for heavy trains and high-speed trains. Higher voltages could 
not be used with DC systems due to the difficulty of voltage transformation in way as efficient 
as AC transformers [11]. Nowadays better semiconductor devices are available, DC lines are 
still used and under development [12], [13]. Both systems (AC and DC) converts and transports 
high-voltage AC from the grid to lower voltage DC in the locomotive, the difference between 
the two electrification systems is the location where the conversion from AC to DC is done: at 
the feeding substation (in case of DC) or on the locomotive (AC). The choice of which one to 
be used, often depends on the already existing electrification system in the respective country 
or area and the costs of a new infrastructure. The conversion and transmission of electric energy 
cannot be done without magnetic field losses in transformers and inductors and ohmic losses in 
power electronics and wires. [14] In the case of a DC system the conversion takes place in a 
railway substation where can be used massive and efficient hardware systems that cannot be 
used on-board on a train where space is limited, and losses can be significantly higher. [15] 
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Cooling systems and other conversion hardware and the energy used for their operation should 
be considered as well. 

3.2.1 Interoperable traction 
 
The versatility of power electronics converters introduced the possibility of using 

multisystem rolling stock, which ensure interoperability between different railway power 
supply systems. Different countries have different economic and environmental situations; thus, 
the electric railway systems may differ. Therefore, interoperable traction vehicles must adapt 
to different frequencies and voltages of the supply network while at the same time maintain 
performance as high as possible for each system. Modern railway applications have a dedicated 
on-board DC link to supply traction converters and auxiliary services. This DC link voltage is 
constant, independent of the power supply technology allowing an unchanged on-board 
configuration. To implement this, separate input stages are responsible for conversion and 
transformation. However, there are space and weight limitations on-board, especially in high-
speed trains preventing the installation of dedicated input stages for the different power supply 
systems, thus reconfigurable circuits are necessary for transition between systems in a way that 
takes advantage of the same components with variable functions. 

As the electromechanical components in multisystem vehicles consume considerable space and 
weight, they should be used only when they are necessary. Considering the relation of the 
available volume and weight distribution on wheels of bogies they must be carefully installed. 
Hence it is preferred, if possible, installation under the bogies in a centred position [12]. 

In the first years or decades of application of a new MVDC-ERS interoperable vehicles 
will be necessary as the transition to a new electrification system will not happen instantly. This 
will imply multi-voltage and multi-frequency transformer operation, the usage of four-quadrant 
converters and different multilevel solid-state converter or power electronic traction 
transformers. There are already 25kV AC - 3kV DC reconfigurable traction devices, hybrid 
locomotives, but a new MVDC railway electrification system will have to be investigated on 
this matter too, to offer smooth transition without losses in efficiency. Fortunately, new research 
on power electronic traction transformers with Silicon Carbide (SiC) semiconductor devices 
offers promising solutions [16]. 

3.3 MVDC-ERS concept comparison with existing ERSs 

Current AC rolling stocks use a traditional line frequency transformer (LFT) at the input 
stage tuned to meet electromagnetic compatibility standards. Since these transformers works at 
low frequency, they are heavy and bulky. To reduce the weight of LFTs, new medium frequency 
transformers (MFT) were developed and different prototypes are still under research and 
testing. Power Electronic Traction Transformers (PETTS), also known as Solid-State 
Transformers (SSTs) are new types of converters with MFTs using power electronic 
semiconductor devices. They achieve power efficiency and power quality comparable with 
LFTs, as well as providing galvanic isolation and voltage transformation [17]. 

With reference to the MVDC electrification system, the main problem for the on-board 
traction system is the necessity to find suitable alternatives to transformers to step-down the 
high voltage to levels compatible with traction inverters and motors. Whilst some work has 
been undertaken on PETTs in the past (most notably in the ABB project [18]–[25]), these have 
largely been based around AC transformers with Power Electronics, whereas the focus for this 
research is on DC-based power transformers. To this aim, different topologies will be explored 
and compared in the next two sections. 
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In the following, the most widely used AC railway electrification systems – 25 kV, 
50/60Hz ([26], [27]) – will be analysed in comparison with traditional DC railway 
electrification systems – 1,500/3,000V, in terms of electrical railway power supply system 
technology, number of connections to utility grid, substation, substation interaction, possibility 
of feeding current back to the grid, overhead lines, current transportation and collection 
systems, rolling stock, power fed back to the overhead line through regenerative braking, 
corrosion and leaks. The advantages and drawbacks are listed for each system in Table 1. As it 
can be observed, most of the drawbacks of DC systems are caused by the low voltage supply, 
thus higher number of substations, heavier overhead lines and higher traction losses. Due to the 
higher current, corrosion should also be considered. For these reasons, current DC systems are 
not economical regarding overhead lines – implying higher investments and operational costs 
(tear and wear) – and regarding substations – higher number meaning more expensive 
connections to the grid and higher maintenance costs. 
 

Table 1 – Comparative analysis of AC and DC-ERSs. Based on [28], [16], [29], [30]–[32] and [33]. 
 

 25 kV 50/60Hz AC 1,500V/3,000V DC MVDC-ERS 

Utility/main 
grid (power 

supply) 

− possible unbalance on the 
utility grid 
− strong electric 
connections needed 
+ medium to low number of 
connections (depending on 
substation technology if it is 
transformer or converter 
based) 

+ no unbalances on the grid 
+ possible connection to 
weaker parts of the utility 
grid 
+ low impact on the power 
distribution network 
− high number of 
connections to the grid 

+ low impact and no unbalances 
on the grid 
+ low number of connections to 
the grid 
+ possible connection to weaker 
parts of the utility grid 
+ possibility to develop smart 
grids 

Substation 

+ low number of 
substations, meaning lower 
investments and 
maintenance costs 
+ simple circuit breakers 
and switching devices 
+ simple fault detection 
− in case of using 
converters, two conversion 
stages AC/DC/AC to solve 
unbalanced loading, larger 
substation (need of land) 

− high number of 
substations, meaning 
higher investments and 
maintenance costs 
− need of rectifiers (affects 
investments, maintenance 
and reliability) 
− complex circuit breakers 
− complex fault detection 
+ small substation 

+ fewer substations (no 
inductive voltage drop, allows 
more distance between 
substations) meaning lower 
investments and maintenance 
costs 
+ bilateral supply, substations 
can be paralleled to share the 
load 
+ Possibility of controlling DC 
short circuit currents by 
substation converters and using 
low-load or no-load DC circuit 
breakers 
+ only one conversion stage, 
thus improved efficiency and 
smaller substation 

Interactions  
in substations 

− complex power supply 
diagram due to phase 
separation 
− less flexibility in  case of 
substation incident 

+ simple power supply 
diagram since there is no 
phase separation, beneficial 
in dense areas of traffic 
+ substations in parallel 
flexible in case of incident 

+ simple power supply diagram 
since there is no phase 
separation, beneficial in dense 
areas of traffic 
+ substations in parallel flexible 
in case of incident 

Current fed 
back to the 
utility grid 

+ basic transformers needed 
to feed back currents to 
overhead line, or the two 
stage AC-DC-AC 
converters could also be 
used 

− due to low voltage, the 
effectiveness of 
regenerative braking is 
rather low, but may be 
enhanced by technological 
upgrades of vehicles and/or 
substations. These 

+/− inverters needed with 
harmonics generated, but power 
factor of AC-DC converter and 
harmonics injected to the grid 
can be controlled to meet 
standards 
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upgrades implies relatively 
high investment costs, 
since voltage inverters are 
needed with harmonics 
generated (however power 
factor and harmonics 
injected can be controlled) 

Overhead line  
and current 

transportation 

− high insulation distances, 
thus difficult 
implementation in urban 
areas and tunnels 
− complex impedance jωL, 
therefore presence of 
inductive voltage drops 
+ low losses due to high 
voltage in traction circuit 
+ light overhead line due to 
lower current: lower costs 
+ low tear & wear of contact 
wire 
+ one contact wire 
− neutral zones 

+ lower isolation distances, 
thus easier implementation 
in urban areas and tunnels 
+ absence of jωL complex 
part of impedance, thus no 
inductive voltage drops 
− high losses due to high 
currents/low voltage in 
traction circuit  
− heavy overhead line due 
to high current: higher 
costs 
− heavy wear of the contact 
wire implying maintenance 
− two contact wires 
+ no neutral zones 
+ no skin effect 

− high insulation distances, thus 
difficult implementation in 
urban areas and tunnels 
+ absence of jωL part, thus no 
inductive voltage drops and 
reactive power consumption 
+ low losses (high voltage) 
+ no skin effect, thus smaller 
cross-sections; light overhead 
line due to lower current: lower 
investments 
+ low tear & wear of contact 
wire, low maintenance costs 
+ no neutral sections, avoiding 
power transfer interruptions and 
speed loss as well as 
mechanical and electrical 
stresses in locomotive circuit 
breakers 

Current 
collection from 
the overhead 

line 

+ better current fetch in case 
of ice on the overhead line 
+ light catenary line 
enabling high speeds 
+ low wear of pantograph 
contact strips (low current) 

− heavy wear of 
pantograph contact strips 
(high current) 
− limited speed because of 
heavy catenary lines 
− risk of contact wire 
fusion at standstill (high 
current) 

+ light catenary lines (since 
currents are lower) enabling 
higher performance and speeds 
(easier tensioning and 
maintenance of tension)  
+ low wear of pantograph 
contact strips (low current) 

Rolling stock 

− large and heavy 
transformers on-board, thus 
heavy rolling stock 
− need of rectifiers on-board 
+ simple circuit breakers 
− converter complexity and 
reliability 

+ no transformer on-board, 
thus lighter rolling stock 
+ no rectifier on-board, 
thus light and more reliable 
rolling stock 
− converter complexity and 
reliability, complex circuit 
breakers 

+ smaller PETTs on-board, thus 
lighter rolling stock 
+ no rectifier on-board, thus 
lighter and more reliable rolling 
stock 
− converter complexity and 
reliability, complex circuit 
breakers, current has to be 
controlled and limited in faults 
in on-board PETTs 
− need of rolling stock 
development 

Current fed 
back to the 

overhead line 
(regenerative 

braking) 

− necessity to adjust the 
phase of the current with 
overhead line current 

+ no adjustments of the 
phase of the feedback 
current is needed  

+ no adjustments of the phase 
of the feedback current is 
needed  

Current return 
+ low levels of current 
returning to substations due 
to high voltage 

− high levels of current 
returning to the substations 
due to low voltage 

+ lower levels of current 
returning to substations due to 
high voltage, but the new 
system must be able to mitigate 
stray currents 

Corrosion  
and leaks 

+ low risk of corrosion due 
to low current leaks 

− high risk of corrosion 
due to high current leaks 

+ limited corrosion due to lower 
return currents 
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Interferences 

− ground currents may 
interfere /w communication 
devices near the railway 
installations and when 
power electronics are used 
− large filters and 
compensators needed to 
improve power quality 

+ no interference with 
signaling systems, except 
when power electronics are 
used 

+/- possible interference with 
signaling systems, no induced 
voltages in adjacent lines 
− high power converters may 
produce high order harmonics 
− EMI, EMC noise emissions 
have to be investigated  

Conclusions 
Allows more powerful 
traffic if well dimensioned 

No phase-separation, of 
interest in dense areas of 
traffic. 

Will combine advantages of 
current AC and DC systems, 
(most drawbacks are due to low 
voltage) however new operation 
procedures and regulations are 
needed. 

 
As Table 1 summarises a new MVDC-ERS is a promising solution, as it combines the 

advantages of AC and DC ERSs and at the same time opens new opportunities for the design 
of future smart grids. This implies that some aspects presented in Table 1 need more research 
and investigations. Some examples are the faults detection in real time, new circuit breakers for 
HVDC in substations as well as in PETTs on-board in rolling stocks, insulating materials, 
overhead line design, flexible power-supply diagrams, necessary modifications of rolling stocks 
design for compatibility, the impact of high DC voltage on current collection. Several studies 
like [33] have shown environmental, and system stability benefits of High Voltage DC (HDVC) 
transmission lines. In the case of DC train systems potential cost savings, complexity of 
infrastructure and more friendly integration into the grid are highlighted as further advantages 
in [16], [29], [34],[32]. 

3.4 PETT – original concept and evolution 

Looking at the history of PETTs, it can be observed that their origins date back as early 
as the 1960s. Figure 1 illustrates the concept of a PETT, as the LFT is replaced by an MFT as 
part of the chosen topology. With a higher operating frequency, MFTs achieve a reduced 
volume and weight at the same winding current density, and maximum magnetic field strength, 
as the induced voltage is proportional to frequency. The main difference between the MVDC-
ERS concept and existing PETTs for AC-ERSs is in the first stage, having a MVDC supply 
instead of the MVAC one.  

PETTs are mostly used in applications where power density and high efficiency are 
targeted, therefore it is highly researched for traction applications in electric railways and ships. 
To illustrate this, let’s take the example of 15kV/16.7Hz ERS: according to [35], the LFT is 
approximately 15% of the weight of the locomotive. Also ABB reported a system weight and 
volume reduction of 50% and 20% respectively applying only a 400Hz PETT instead of the 
LFT system [36]. With the appearance of low-floor vehicles or roof mounted traction equipment 
as well as higher power demand in the case of high-speed trains, the features offered by PETT 
technology are highly attractive. Additional features of PETTs include control of input and 
output voltages and currents, the flow of power and load protection in case of disturbances or 
line unbalances. 
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Figure 1 – SST replacing traditional line frequency transformers. 

The article [37] demonstrates that all state of the art PETT topologies are derived from 
key concepts  patented during the years 1968-1970. The article defines three basic key concepts 
being the common characteristic with modern PETTs: 1. medium frequency isolation stage, 2. 
medium input voltage and 3. controllability. All these three characteristics are desired for 
traction equipment. Figure 2 shows an MFT, with its resonant and non-resonant variants 
patented in 1968 by McMurray. One popular modern topology, the Dual Active Bridge 
converter is based on this concept, as well as other PETT topologies (see Fig. 5). 

 
Fig. 2 – AC-AC converter with medium-frequency link patented by McMurray in 1968, including key 

waveforms, illustrating output stage regulation by phase-shift between primary and secondary bridges 
(from this DAB converters can be derived). b) resonant AC-AC configuration  variant.  [37] 
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As in 1968 high power fully controllable semiconductors were not available, McMurray used 
thyristors, which needed zero-crossing of current to turn off, therefore the transformer current 
was shaped into sinusoidal pulses. However, McMurray’s solution features power and load 
independent input-output voltage ratio and soft switching, that was necessary to reduce 
switching losses and it is still considered a strong advantage for many modern PETT topologies. 
Nonetheless, it was not possible to connect this topology directly to medium voltage power 
supplies for the limited blocking voltage of thyristors. 
 

This was achieved with a multilevel 
topology as presented in 1969 also by 
McMurray in one of his patents, as shown 
in Fig. 3. He described a “fast transient 
response stepped wave switching power 
converter” really similar to Cascaded H-
bridge (CHB) topologies. The converter 
cells have an isolation stage and are 
connected input series, output parallel 
(ISOP). PETT cells today uses 
bidirectional bus instead of the 
unidirectional diode rectifier on Fig. 3, 
however McMurray mentioned the usage 
of MFT for cell supply. ISOP structures 
also have self-balancing features of 
floating capacitor voltages [37].  

The third key concept is the 
controlling stage. Weiss proposed in 1985 
a configuration for traction applications as 
shown in Fig. 4, with MFT isolation like in 
McMurray’s approach. Weiss however 
interfaced the low voltage side DC bus 
with an additional control stage, a boost 
converter. 

Fig. 3 – Fast response stepped-wave switching 
power converter by McMurray, 1971. [37] 

The boost converter realised by Weiss is controlled to draw a current proportional to the 
rectified output voltage that is in turn proportional to the primary side voltage. In this way, the 
power factor on the railway grid side is unity for all the load condition. As the control stage is 
placed on the low voltage side of the isolation stage, the converter can be referred as isolated 
front-end converter (IFE). This idea combined with the concept of cascaded modules has led to 
many PETTs developed for traction as well as other applications.  

 


























































