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EXECUTIVE SUMMARY
FINE-2 WP5 is responsible for the assessment through real measurements of the energy savings achieved
on urban scenarios due to the integration of different energy efficient technologies and their comparison
against previously estimated theoretical values.
The aim of task 5.1 in particular is to verify the energy savings estimated as part of FINE 1 WP4
(Deliverable 4.7 [1]) due to the integration of the Hybrid SiC converter technology in the Metro
demonstrator. To do so, real data has been collected from the reference vehicle, the Euskotren UT922,
during its commercial operation.
A reduction of 1.73% was estimated in FINE 1 for the net energy absorbed by the catenary. However, in
this case, it is not possible to directly calculate the real energy savings at the catenary level due to the
vehicle’s configuration, which is currently composed by three Si converters and one SiC Hybrid converter.
Due to this, the comparison has been performed on the energy absorbed by the traction inverter.
The analysis of the collected data shows an average reduction of the energy absorbed by the traction
inverter of 0.44%. Though it is lower than the 1.05% estimated in FINE 1, it is not unexpected given the
results’ low order magnitude and both the measurement sensors tolerances and the simulation tool’s model
simplifications, which are unavoidable in this type of studies.
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1. INTRODUCTION
The objective of FINE-2 WP5 is to evaluate the energy savings achieved on urban scenarios by real
measurements and their comparison against theoretically estimated values due to the integration of
different energy efficient technologies, specifically the use of SiC converters.
Silicon Carbide inverters have lower cooling requirements than the traditional inverters based on silicon
semiconductors. The reduction of the cooling requirements reduces the weight and volume of the inverter
and enables higher switching frequencies, which improves the efficiency of the traction chain by reducing
the energy losses on both the motor and the inverter.
In the Shift2Rail CCA Project FINE 1 WP4, the theoretical values for the benefits of using Hybrid SiC
converters were assessed, using a tool called OPEUS. It estimated a value of 1.73%, as indicated in
Deliverable 4.7 of the project [1], when applied to a Metro baseline.
Now, the Deliverable D5.1 describes the verification process carried out in order to validate or, if necessary,
modify this theoretical estimation. The verification process is based on real measurements and takes into
account the real operation of the vehicle.
Finally, as during the FINE 1 project, the conclusions of the verification process will be transferred to
IMPACT for further assessment of the overall S2R KPI. KPIs are the means by which the benefits
generated by the S2R programme are demonstrated.
As the present document shall be understandable as a stand–alone report, some information already
published in FINE 1 deliverable 4.7 [1] is repeated here.
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2. TEST SCENARIOS: VEHICLE, TRACK AND OPERATING CONDITIONS
No specific tests or driving profiles have been carried out. The data set has been collected during the
vehicle’s commercial operation. This methodology allows a clearer vision of the impact that the Hybrid SiC
technology could have over the real consumption of the vehicle, as it is not conditioned to any theoretical
duty cycle or specific operation conditions.
This chapter summarizes the main characteristics of the verification scenario: Vehicle, track and operation
conditions.

2.1. Vehicle
The measurements used for the energy assessment have been collected from the Metro Euskotren
demonstrator (UT922). This vehicle is composed by 4 cars and 4 motor bogies located in the head and tail
cars. Each motor bogie includes 2 traction motors controlled by one traction converter. In October 2018 one
of these converters was substituted for a Hybrid SiC converter as part of the Shift2Rail IP1 PINTA project,
and has been running in commercial operation since then.

Figure 1: Hybrid SiC converter installed in the UT922

2.2. Track
As indicated at the beginning of this section, the data set has been collected during the vehicle’s real
operation. During this time, the vehicle has run through the following tracks:

Page 9 of 20

Furthering Improvements in Integrated Mobility Management (I2M),
Noise and Vibration, and Energy in Shift2Rail

Grant Agreement Number: 881791



Bilbao – San Sebastián

Figure 2: Bilbao – San Sebastián line (108.67 km). [3]



Lasarte – Hendaia

Figure 3: Lasarte – Hendaya line (28.37 km). [3]
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Bilbao – Bermeo

Figure 4: Bilbao - Bermeo line (29.19 km). [3]

2.3. Operation conditions
As previously stated, no specific driving profiles have been tested. The data has been collected from the
reference vehicle while it has been performing its normal operation. This way, the energy savings are
directly associated to a real operation so the annual energy savings estimated at the end of the document
are more realistic.
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3. OPEUS SIMULATION RESULTS
The simulations carried out during FINE 1 in order to estimate the energy reduction due to the Hybrid SiC
converter were calculated according to the Metro Baseline scenario, which means that the results are
associated to a theoretical speed profile based on the track data and timetable proposed by the EN50591
standard, Appendix B.7 [2], for Metro passenger traffic.
Section 3.1 below summarises the resulting Energy KPI reduction presented in FINE 1 D4.7.
Then, Chapter 3.2 shows the theoretical energy reduction associated to the verification scenario and
calculated with the OPEUS tool.

3.1. Estimated energy KPI reduction for SPD Metro, FINE 1 Baseline scenario.
According to the Deliverable 4.7 of FINE 1, higher efficiency of the SiC Hybrid motor converters decreases
the traction energy at the catenary by 1.05% and increases the recuperated energy by 0.16%.
So, the expected net energy savings at the catenary and the KPI improvements due to de SiC Hybrid
motor converters eventually sum up to 1.73%.

Figure 5: Integrated energy KPI reduction for SPD Metro. Source FINE 1, D4.7, 2019 [1]

3.2. Estimated energy KPI reduction for SPD Metro, FINE-2 verification scenario.
New KPI simulations have been performed with the OPEUS tool in FINE-2 Task 5.1. The aim of these new
simulations is to adjust the energy KPI reduction due to the Hybrid SiC converter taking into account the
real boundary conditions of the verification scenario. This way, the theoretical energy savings will be
directly comparable to the measured ones.
The process to perform the simulations is very similar to the one carried out in FINE 1. The only difference
is that the real speed profiles recorded in normal operation are taken as input instead of using the precalculated Metro Baseline speed profiles already available in the OPEUS library (“speed_profile_library”
folder).
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Then, the energy consumption is calculated using the same OPEUS vehicle files generated for the KPI
estimation in FINE 1, for both the normal and the improved traction converter.
The next table shows the energy savings theoretically estimated for the Hybrid SiC converter in the
verification scenario.
Metro savings (%)

Net energy at the catenary

Day 1: 2020/01/06
Day 2: 2020/01/07
Day 3: 2020/01/08

1.73%
1.31%
1.34%

Traction energy at the
catenary
0.92%
1.06%
1.04%

Recuperated energy at
the catenary
-1.44%
-1.74%
-1.48%

Table 1: Relative energy improvement for SPD metro according to the real speed profiles registered in normal operation

According to the previous table, in average, the traction energy demand at the catenary decreases by
1.00% while the recuperated energy increases by 1.55%. This leads to an average net energy reduction
(auxiliary systems included) at the catenary of 1.46%.
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4. TEST RESULTS
Finally, this Chapter shows the energy savings obtained from the recorded data.
As stated in section 2, no specific tests have been performed in order to quantify the energy savings due to
the Hybrid SiC converter. The measurements have been taken during service. Hereby, the energy savings
are directly related to the train’s real operation instead of a theoretical duty cycle and, in consequence, they
are more realistic.
Additionally, as stated in Section 2.1, only 1 of the 4 traction converters that compose the vehicle’s traction
chain is a SiC Hybrid converter. This is considered an advantage for the comparison because it ensures an
almost identical duty cycle in all the converters (speed, effort at the wheel, DC link voltage, etc.). There may
be small differences between each converter effort value due to the weight distribution or between the input
voltages of each converter. However, these are much lower than they would be if both the original (Si) and
the improved converters (Hybrid Sic) were integrated in different vehicles and the impact is minimal.
The following data has been collected in order to evaluate the energy savings:


Time



Speed.



Effort at the wheel.



Input current at the traction converter.



Input current at the auxiliary converter.



Catenary voltage.

The previous parameters have been collected using the sensor system already available in the Euskotren
UT922. No additional equipment have been required. The following figure shows position of the voltage and
current sensors situated at the entrance of the traction converter:

Figure 6: Location of the current and voltage sensors.
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The energy savings have been calculated from the voltage and current sensors situated at each inverter
input. By multiplying both signals, the power at the inverter input is obtained. Afterwards, the power profile
is time-integrated to calculate the energy consumption.
For the KPI verification, only the traction energy at the catenary will be compared. The reasons are:


The auxiliary power considered for the theoretical estimation performed in FINE-1 is a constant
value associated to specific boundary conditions (external temperature, passenger load, etc.). As
the energy values have been collected during the train’s real operation, the boundary conditions are
different and more variable than the ones used in the theoretical simulation. In consequence, the
auxiliary consumption will be different. However, as the Hybrid SiC converter affects only the
traction energy consumption, the comparison of the traction energy is enough to verify the KPI
improvement.



The theoretical estimation has been performed under 100% receptive catenary condition. However,
the energy regenerated in real operation is conditioned to the catenary receptivity and the energy
burned by each inverter crowbar, which isn’t always the same due to some small voltage
imbalances during the braking phase.

Finally, as stated the beginning of this section, only 1 of the 4 traction converters that compose the
vehicle’s traction chain is a SiC Hybrid converter. So, the energy savings have been calculated comparing
the energy absorbed by the SiC Hybrid converter against the traction energy absorbed by the Si converter
located in the other bogie of the same car. The following table shows the energy absorbed by each traction
converter and the resulting energy savings.
Traction energy at the
catenary
Day 1: 2020/01/06
Day 2: 2020/01/07
Day 3: 2020/01/08

Si converter (kWh)
3850.8
2049.6
3657.8

Hybrid SiC converter
(kWh)
3835.2
2040.2
3641.1

Energy savings
0.41%
0.46%
0.46%

Table 2: Relative energy improvement for SPD metro according to the real speed profiles registered in normal operation

Table 2 shows that the average saving of the traction energy absorbed by the inverter due to the SiC
Hybrid technology is 0.44%.
As an example, the following figure includes 2 hours of the registered data of the UT922. The speed profile
and the traction power demand of one normal converter and the SiC converter are shown. No obvious
differences can be seen between both converters.
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Figure 7: Registered speed profile and power demand of the UT922, day 1 (2020/01/06).
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5. COMPARISON BETWEEN THE REAL VALUES AND THE THEORETICAL
PREDICTIONS AND IMPACT OVER THE ENERGY COSTS
The previous Section (Chapter 4) shows that the real energy savings due to the Hybrid SiC converter are
lower than the previous theoretical predictions, which were expected to be between 1.05% (Fig.3.1) and
1% (Fig.3.2) for the traction energy absorbed at the catenary according to the OPEUS simulations of both
FINE 1 (Chapter 3.1) and FINE-2 (Chapter 3.2) respectively.

Traction energy absorbed at the catenary
1.20%
1.00%
0.80%
0.60%
0.40%

0.20%
0.00%
FINE 1 - Theoretical,
Baseline scenario

FINE 2 - Theoretical,
Real scenario

FINE 2 Measurements

Figure 8: Energy savings comparison. OPEUS Vs Real measurements

Even though the resulting energy savings are half the theoretically estimated ones, it can be concluded that
there is a good accordance between the theoretical and the recorded values and that the deviations are
justified by the measurement tolerances:


On the one hand, the theoretical values have been calculated through simulations taking into
account the efficiency maps of the traction chain. Even though these efficiency maps have been
verified in test bench, small deviations are unavoidable due to the tolerance of the sensors and the
testing methodology itself.
The possible deviations of the OPEUS tool simulations must be also taken into account.



On the other hand, the tolerance of the current and voltage sensors installed in the train to measure
the energy consumption must also be taken into account.



Adding up the previous two reasons and taking into account that in both cases (theoretical and
measurement) the energy reduction percentages are low, it can be concluded that the KPI
improvement due to the Hybrid SiC converter has been correctly estimated.

Finally, the reduction of the operation energy cost has been calculated. To do so, the following parameters
have been taking into account:


IMPACT project KPI model input data for SPD3 energy cost calculation:
o

Assessment period: 30 years
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o

Fleet acquisition: 32 units

o

km/year: 230000km

o

Energy price: 0.11 €/kwh

Input data from FINE-2 task 5.1:
o

Journey Energy usage, real scenario: 7.27 kWh/km1

o

KPI Improvement, verified: 1.73%

Thus, according to the previous data, the following results are obtained:


Annual energy consumption per UT: 1,672.1 MWh.



Annual energy consumption of the fleet: 53,507.2 MWh.



Annual operation cost (due to the operational energy consumption) of the fleet: 5,885.8 k€



Operation cost (due to the operational energy consumption) of the fleet after the assessment period:
176,573.8 k€

In conclusion, a total energy cost reduction of 3055 k€ could be achieved due to the Hybrid SiC converter
integration for a fleet of 32 units during an assessment period of 30 years.

1

Average energy consumption according to CAF’s database. Real value calculated from field data of vehicles with
similar characteristics. Confidential information.
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6. SUMMARY AND CONCLUSIONS
The KPI reduction for the Metro SPD provided in FINE 1 D4.7 [1] due to the integration of a Hybrid SiC
converter has been verified. It can be seen that there are very small differences in the theoretical
calculations depending on the reference scenario (Baseline or commercial operation). However, these
differences are not worrisome as the energy consumption is completely dependent on the reference
scenario (speed profile, train state, climate conditions, etc.).
Moreover, there are small differences between the theoretical predictions and the results obtained from the
real measurements. However, these differences are not unexpected and are common when comparing
theoretical results versus real measurements due to both the measurement sensors tolerances and the
simulation tool’s model simplifications, in this case OPEUS.
Regarding the energy costs, the KPI improvement could lead to a reduction of up to 3055 k€ over a 30 year
period and assuming a fleet of 32 units, as considered in the IMPACT KPI Model for SPD3.
This study has been focused in the energy improvements provided by the Hybrid SiC converter. In addition,
it has set the foundations of the methodology for analysing the impact of the Full SiC in the Metro SPD
which is expected to be more significant. The Full SiC converter is already being developed in PINTA and
will replace the Hybrid SiC in UT922 in 2021. The theoretical calculation of the KPI improvement in Metro
SPD due to the Full SiC integration will be carried out in FINE-2 task 3.1. However, the verification is not
contemplated in FINE-2.
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