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1 Background
The HESE2 project is carried out within KAJT (KApacitet I Järnvägstrafiken), Capacity
in the Railway Traffic System, which is a research program for improved railway system
performance financed by the Swedish Transport Administration (Trafikverket). The project
aims to expand functions that were developed in a previous project (HESE). The main
purpose is to compute technical headway given input data in the form of track, signal,
vehicle parameters, and other ETCS parameters, and with an emphasis on making it easy
to vary the input data in order to be able to compare different cases relatively easily. The
extensions in HESE2 project concern the handling of Hybrid Train Detection (HTD) and
the modeling of some different driving profiles.

2 HESE tool
The main purpose of the HESE tool is to compute the minimum technical headway between
two trains with train control system ETCS Level 2 (ETCS L2). The tool computes ETCS
braking, warning and intervention curves to targets considering track line speed profile(s)
and gradients, train parameters and other ETCS parameters such as National values. The
computations are implemented following Baseline 3 SRS 3.6.0 (UNISIG, 2016). HESE tool
is implemented in Python programming language.

The train parameters are imported from RailSys traction unit and train configuration data
(RMCon). The tool requires that the assigned trains are configured with ETCS parameters
for either the Gamma braking or the Lambda braking model. Train data is imported and
processed separately into an object structure and saved to a file, which in turn is loaded
when running the HESE tool. Track infrastructure data is defined in Excel-sheets, mainly
line speed profile(s), signal information locations including distances to supervised locations,
position balise locations including position inaccuracy, and track gradients. Optionally, stop
locations for trains can be defined if required.

When running the tool, braking and other curves are computed for all relevant targets,
and then the train speed profiles (dynamic speed profiles) are computed. The targets are
either of type End of Authority (EOA) or Most Restrictive Speed Profile (MRSP), i.e.,
targets where the permitted line speed, which is minimum of the maximum train speed and
maximum line speed, becomes lower than on the preceding section. The main difference
between the EOA and MRSP targets is that VTarget = 0 for EOA and VTarget > 0 for
MRSP targets where VTarget is target speed. When the train speed profile is computed,
MRSP targets gives the braking phases. EOA targets are not used for anything at this
stage, but are required for the technical headway computations.

The first version of the HESE tool is described in Sipilä (2021). The train speed profiles and
resulting running times have been verified against RailSys. The computed ETCS curves
have been verified primarily against the ERA Braking curves simulation tool (UNISIG,
2024).
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2.1 Braking, intervention and warning curves in ETCS Level 2
Figure 1 shows an example with different curves computed for an EOA target. All curves
are computed by the ETCS onboard system of the train. Emergency Brake Deceleration
(EBD) is fully deterministic in the sense that it must be possible to calculate in advance
given the target information, train parameters, and track characteristics. Based on the
EBD curve, an Emergency Brake Intervention supervision limit (EBI) is calculated. The
function of this is that if a train for any reason passes this limit and emergency braking is
initiated, the train should still not exceed the EBD curve and must be able to stop at the
EBD target point at the latest. In reality, the necessary distance between EBD and EBI is
continuously computed by the onboard system. If the EBI must be calculated in advance,
for example as in the HESE tool, some acceleration values relating to this are required.

To avoid that a train reaches the EBI limit at all if the service brake intervention is activated,
a Service Brake Intervention supervision limit 2 (SBI2) is calculated. This considers the
time to achieve the full service brake and other parameters related to the service brake
function. Service Brake Deceleration (SBD) with an associated Service Brake Intervention
supervision limit 1 (SBI1) is calculated for an EOA target, and the resulting Service Brake
Intervention supervision limit (SBI) is the most restrictive of SBI1 and SBI2 at all speed
levels.

The example, shown in figure 1, uses a Supervised Location (SvL) which in this case is
located 100 m beyond the EOA target. The distance between these two locations can be
described as a safety distance, and the track section covered by this distance must be free
before a Movement Authority (MA) can be extended to that target. Typically, there is
a switch Danger Point (DP) located at the SvL or somewhere beyond it. The EBD, EBI
and SBI2 curves have their target on the SvL, whereas the remaining curves point on the
EOA location. If EOA and SvL coincide, all curves point to the EOA location. SvL is not
applicable for MRSP targets.

The Permitted speed supervision limit (P) aims to give the driver a margin to react with
the service brake if the train exceeds this speed and avoid that the onboard system ordering
service brake. Warning supervision limit (W) gives an audible warning after the P limit is
exceeded. Both P and W curves are calculated by fixed time offsets from the SBI curve,
TDriver for P and TWarning for W. The Indication supervision limit (I) is calculated as a
time offset from the P supervision limit, the offset is obtained by considering both the time
parameter to achieve a full service brake and the fixed value for the driver reaction time
(TDriver). The indication limit (I) gives the driver time to react with the service brake and
not exceed the permitted speed supervision limit (P) when transitioning from the ceiling
speed supervision regime to the target speed supervision regime. Since Figure 1 shows an
example where the release speed ̸= 0, many of the curves are cut at the release speed or
higher, although they were originally calculated from VTarget = 0.
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Figure 1: Example with braking, intervention and warning curves for an EOA target. In this exam-
ple, supervised location (SvL) is 100 m behind target (red triangle), position inaccuracy
is included and an onboard release speed is active. Position balises are black squares.

A similar example, but for an MRSP target, is shown in figure 2. The SBD and SBI1
curves are not defined for MRSP targets. It can be seen that the EBD curve crosses the
target location at a faster speed than VTarget and reaches VTarget beyond the MRSP target
location. The speed level where the EBD crosses is calculated based on a set of speed
difference fixvalues.

In addition to the curves described in connection with figures 1 and 2 there is also a
Guidance curve (GUI) that can be enabled depending on a national value (NV) setting
and whether information is available for the normal service brake. The purpose of the GUI
curve is to provide driver guidance for comfortable braking and to avoid and reduce brake
wear. The HESE tool can be used with GUI curves, but the train configuration data which
was available in the Swedish national RailSys network model (RailSys version 11), do not
hold data for normal service brake, hence GUI curves are not represented in the figures. If
speed inaccuracy is activated, this can be handled as a percentage share for different speed
intervals or according to the description in UNISIG (2023).
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Figure 2: Example with braking, intervention and warning curves for an EOA target. In this exam-
ple, supervised location (SvL) is 100 m behind target (red triangle), position inaccuracy
is included and an onboard release speed is active. Position balises are black squares.

2.2 Technical headway for pure level 2 and level 2 with hybrid train
detection

The technical headway is the minimum time interval that is required between two trains
at a location, normally with the assumption that the following train should not have to
reduce its speed because of the first train. Figure 3 describes the technical headway in a
simplified way for ETCS L2 with Physical Fixed Blocks (PFB) and only Trackside Train
Detection (TTD), which means that train detection and train integrity checks are ensured
by trackside equipment. Trains receive information from a Radio Block Centre (RBC),
which constitutes the radio interface between trains and interlocking.

As long as train 1 occupies section B–C, train 2 can at the most have movement authority
(MA) to B, i.e., train 2 has an active EOA target at B. As soon as train 1 leaves section B–C
and the system reacts on this, including required data transmissions, train 2 can receive an
extension of its MA up to C. Going back to the condition that the following train should
not have to initiate braking because of the first train, in this example, train 2 can be at the
location where it would have initiated braking if it had not received information about the
extended MA just in the moment before. The driving time for train 2 from this position to
the position where train 1 was when it released section B–C, with the addition of system
transmission times, gives the technical headway in this case.
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Figure 3: Concept for technical headway for ETCS L2 with PFB and TTD. In top figure, train 1
occupies section B–C and train 2 has an active EOA target at marker board B. In bottom
figure, train 2 receives an extension of its MA, with EOA target now at marker board C,
because train 1 has released section B—C.

Another type of ETCS L2 implementation is Hybrid Train Detection (HTD), which was
formerly known as Hybrid Level 3 (HL3). This implementation utilizes physical fixed block
sections in combination with Virtual Sub-Sections (VSS), i.e., virtual pre-defined blocks.
An existing physical fixed block section can be divided into two or more virtual sub-sections
which only exist virtually in the RBC. Hence, this implementation does not require installing
additional track side equipment, which would be the case if installing more physical fixed
block sections.

Since there is no track side equipment which monitors the status of a virtual sub-section,
i.e., occupied or not occupied, the RBC must always know the position and integrity status
of a train before releasing any virtual sub-section the train has passed. Trains which are
equipped with a Train Integrity Monitoring System (TIMS) can release virtual sub-sections.
Trains not equipped with TIMS, trains with non-functioning TIMS or if there is some other
problem with the train position and integrity reporting, can only release physical fixed block
sections. In this case, the TTD equipment performs train detection and train integrity
checks.

Figure 4 gives an example of this. Train 1 is equipped with TIMS; therefore, it can report its
train integrity status to the RBC. When it passes from one virtual sub-section to another,
the RBC can release the first one, and it becomes available for the following train 2. In this
example, A, B, and C are real marker boards with physical fixed block sections between
them, whereas A1 and B1 can be seen as virtual marker boards which mark the end of one
virtual sub-section and start of another.
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As long as train 1 occupies virtual sub-section B–B1, train 2 has its MA up to EOA target
at marker board B. When train 1 has passed in full into the next virtual sub-section B1–C,
the RBC can clear B–B1 and train 1 can get an extension of its MA to virtual marker
board B1. Assume that conditions in the first example without HTD (figure 3) and in
this example are similar regarding length of the physical fixed block sections, trains and
speeds. If this is the case, then, in theory, the technical headway will decrease, which
means that the capacity will increase. However, if the physical fixed block sections are
sufficiently short to begin with combined with high train speeds, the difference compared
to the first example may be marginal. There may also be an additional time associated
with the rear end position reporting, which means that the clearing of virtual sub-sections
may take longer than clearing physical fixed block sections.

Figure 4: Concept for technical headway for ETCS L2 HTD with VSS and TTD. Train 1 is equipped
with TIMS. In top figure, train 1 occupies physical fixed block section B–C, including
virtual sub-section B–B1, and train 2 has an active EOA target at marker board B. In
bottom figure, train 2 receives an extension of its MA, with EOA target at virtual marker
board B1, because train 1 has released virtual sub-section B–B1.

Consider that we have the same situation as in the previous example (figure 4), but with
the difference that train 1 is not equipped with TIMS or the train rear end position and/or
train integrity reporting is not working. In figure 5, train 1 is no longer occupying virtual
sub-section B–B1 anymore. Since the RBC does not have a report on this, it cannot release
this section. Train 2 cannot get an extension of its MA until train 1 leaves the physical
fixed block section B–C and the TTD equipment performs the occupation and integrity
check. This example becomes essentially the same as in figure 3. Combining the features
of virtual sub-sections with trackside train detection equipment, i.e., keeping the physical
fixed block sections, makes it possible to operate a mix of trains with and without TIMS.
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Figure 5: Concept for technical headway for ETCS L2 HTD with VSS and TTD. Train 1 is not
equipped with TIMS or there exists some other problem with rear end position or train
integrity reporting. In top figure, train 1 occupies physical fixed block section B–C and
train 2 has an active EOA target at marker board B. In bottom figure, train 2 receives
an extension of its MA, with EOA target at virtual marker board C, because train 1 has
released physical fixed block section B–C.

3 Method developments
This section summarizes the different developments made in the HESE2 project. The first
part deals with implementation of HTD functionality in the HESE tool. The second part
covers the modeling of different driving strategies and their impacts. This work could later
be incorporated into the HESE tool, but currently it is implemented in a separate tool.
3.1 HTD functionality in HESE tool
The main output from the HESE tool is the train speed profile and technical headway
diagrams. The vertical track profile and ETCS gradients are also provided. Figure 6 shows
an output example. The first (top) diagram shows the calculated ETCS curves against all
relevant targets and the train speed profile together with the line speed profile. The red
triangles in the bottom show the marker board locations. If position balises are set in input,
they are shown with black squares, in this example no position balises are used. The red
triangles placed on the train speed profile show the positions where the train must have
received an extension of movement authority at the latest.

In this example, the indication curve is used as limit for pre-occupation. There is also a fixed
release speed of 40 km/h, but this does not have any effect on the headway calculations.
This example has fixed physical block sections of constant length 3000 m.
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Figure 6: Example of output from HESE tool. Top subfigure shows all relevant targets, line speed
and train speed profiles. Subfigures for vertical track profile and ETCS gradients which
influence the target curve calculations. Bottom figure shows resulting technical headway
at each marker board.

From the example, it is clearly visible that especially longer sections with larger gradients
have an impact on the calculated curves. Negative gradients (downhill) give longer curves,
and trains need to start braking earlier when approaching active EOA targets or MRSP
targets. However, with longer and larger uphill gradients, the curves become shorter since
the gradient resistance will help to brake the train.
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Looking at the line and train speed profiles, the technical headway increases when the first
train reduces its speed due to the line speed profile (MRSP). When the first train can start
to increase its speed, the headway values decrease. The highest technical headway value
will set the limit for the whole scenario; in this specific example, it is around 260 seconds.

One of the key points and original aim with the HESE tool is to facilitate easy and quick
adjustments of track data and marker board positions, adding and removing, and seeing
the effect on the technical headway. For example, the limiting headway of 260 seconds can
be reduced by adding one or more marker boards in this area.

HTD is implemented by adding an attribute to marker board input specifying whether it is
a physical board, ending one physical fixed block and starting another, or if it is a virtual
board ending a virtual sub-section and starting another one. When running the tool (main
script), each of the two trains is set to having TIMS or not having TIMS. It is the first
train which is interesting here; whether or not the following train has TIMS has no effect.

Updates are also made on how the release of sections is done depending on the train type.
Calculations of the ETCS curves to virtual marker boards are done in the same way as for
the real marker boards. The example in figure 7 is identical to the previous one (figure 6),
except that the physical fixed block sections of 3000 m are divided into virtual sub-sections
with length 1000 m.

Figure 7: Example of train speed profile output from HESE tool with HTD. Physical marker boards
are red triangles and virtual marker boards are blue.

Figure 8 shows the technical headway values for the setup in figure 7. In the first case,
train 1 has TIMS functionality and virtual sub-sections are available for the following train.
The limiting headway of 260 seconds from the previous example is reduced to just under
230 seconds. It is no surprise that the headway values are reduced along the entire line. In
general, shorter block sections (virtual or physical) mean that trains can run closer to each
other. In this example, the change is relatively large, from 3000 to 1000 m block sections.

9
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The second case, where train 1 must pass a physical marker board before the physical fixed
block section can be released, gives essentially the same headway result as in Figure 6,
since the virtual sub-sections can almost be seen as inactive. Technical headway values are
calculated for all boards (physical and virtual), but the following virtual location values
are identical in this case since both trains are of the same type and consequently have the
exact same train speed profile. However, the virtual location headway values are purely
hypothetical in this case, since train 1 cannot release virtual sub-sections.

Figure 8: Technical headway from scenario with virtual sub-sections. In top subfigure shows, train
1 is equipped with TIMS whereas in the bottom example it is not. Physical marker board
values are red and virtual marker board values are blue.

10
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3.2 Driving strategies
One of the aims of the project is to make the headway estimates more robust with respect to
variations in driver behavior and future Automatic Train Operation (ATO). Driver variation
can be modeled in many ways. One way is to use data from real operation and use it to
classify a set of different driving styles or drivers. This set of drivers can then be used
to calculate different speed profiles, train trajectories, which in turn are used to estimate
different headways. Since the headway calculation is timetable based, all drivers in the set
must be able to follow the timetable, i.e., they are not allowed longer running times than
scheduled in the timetable.

Instead of using data to estimate driver behavior, a set of different driving strategies is used
to cover the possible effect of different behavior on the headway outcome. In total, eight
different driving strategies are implemented:

1. Minimum Time Train Control (MTTC, reference)

2. Maximum Coasting (MC)

3. Reduced Maximum Speed (RMS)

4. Reduced Acceleration (RA)

5. Reduced Braking (RB)

6. Reduced Performance (RP)

7. Energy Efficient Train Control (EETC)

8. Dynamic Energy Efficient Train Control (D-EETC)

The first driving strategy, Minimum Time Train Control (MTTC), is used as reference,
and gives the shortest possible running time between stops. The rest of the strategies are
designed to cover different driver behavior in different phases of the train run (acceleration,
constant speed, braking).

The Energy Efficient Train Control strategy (EETC), is designed to be energy efficient and
is a possible candidate for future ATO or Connected Driver Advisory systems (C-DAS). All
driving strategies, except MTTC, have running times between stops equal to those of the
MTTC strategy + running time allowance.

Several of the strategies (MTTC, MC, RMS, EETC) are similar to the ones described in
Scheepmaker et al. (2020). However, there might be some small differences between the
strategies described in Scheepmaker et al. (2020) and those implemented in this project.
All implementations assume that trains are at a standstill at the beginning and end of the
analyzed section.
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To demonstrate the effect of the different driving strategies, a small case study is performed
on the Stockholm City Line (Citybanan). In the case study, it is assumed that this line
section is equipped with ETCS L2, and not the Swedish legacy ATC system currently in
use.

Infrastructure data such as track speeds, gradients, and locations of stops, switches, and
signals (used as marker boards) are exported from the Swedish National RailSys model for
year 2022 (T22). Rolling stock data for the Stockholm commuter trains, electric multiple
unit X60 (EMU), is also taken from this model. The model covers the infrastructure used
by the commuter service between Spånga and Ulriksdal on the north side and Trångsund
and Huddinge on the south side.

Minimum Time Train Control (MTTC)
MTTC is the reference and represents the shortest possible running time between stops.
Trains can use full acceleration according to the traction force diagram. Braking is per-
formed according to the specified ETCS braking parameters. Trains follow the Permitted
braking curve (P) when braking towards a lower permissible speed (MRSP target), but it
is possible to change to any of the other ETCS braking curves. Braking towards stops is
defined as a constant braking rate (0.5m/s2). The braking rate is affected by the track
gradients.

A function called Minimum Time To Hold Speed is implemented to increase realism of driver
behavior. The function prevents trains from going directly from acceleration to braking.
After an acceleration phase is finished, the trains must drive at a constant speed for 10
seconds before braking is allowed. This function is also implemented in the RA and RB
driving strategies. For the rest of the strategies, the function is not required since they are
using the MTTC as the starting point for the calculations.

Maximum Coasting (MC)
In the Maximum Coasting (MC) driving strategy, trains start by following the MTCC
speed profile. At a certain point along the route, they will start coasting. When coasting,
no traction power is used and the trains start to deviate from the MTCC profile. Once the
trains have started coasting, they are not allowed to use the traction power again before
the next stop. In addition, they are not allowed to run faster than the MTCC speed profile
at any point. Normally, the MC strategy will encounter the MTCC speed profile towards
the end of the route when the trains are braking towards stops.

The assumption that trains are not allowed to use traction power again once they have
started coasting, is a simplification. Without it, it is possible to have multiple coasting
phases on a route between two stops, especially if the ceiling speed is varying along the route.
With multiple coasting phases, it is necessary to decide which one or which combination of
coasting phases should be used.

12



i
i

“output” — 2026/6/2 — 8:38 — page 13 — #14 i
i

i
i

i
i

If the goal is to minimize energy consumption, it is natural to choose the combination of
coasting phases that minimizes energy consumption. However, since energy consumption
is not the focus in this case, the assumption above is made to simplify the calculation.

The challenge in the MC strategy, is to find the location where coasting should start, so
that the whole run time allowance is consumed when arriving at the next stop. To find the
starting location, several iterations are performed using the Secant method. Each iteration
requires the calculation of a new MC speed profile. Although the Secant method has slower
convergence than, e.g., the Newton’s method, it requires only one evaluation (calculation
of a MC speed profile) in each iteration, while Newton’s method requires 2. Hence, if the
evaluation is time consuming, the Secant method can be faster than the Newton’s method.

MC speed profile is energy efficient for routes where trains stop frequently (Scheepmaker
et al., 2020). However, it is not always possible to find a solution that uses all of the run
time allowance. If it is far between stops and if available run time allowance is high, trains
might come to a full stop before the whole run time allowance has been consumed. Coasting
usually takes place towards the end of the train run before the train starts braking to a
stop. Figure 9 shows an example of MC profiles with different running time allowances.

Figure 9: Maximum Coasting speed profiles with different running time allowances. Stops (left to
right): Spånga, Sundbyberg, Stockholm Odenplan, Stockholm City, Stockholm S.
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Reduced Maximum Speed (RMS)
The speed profile of the reduced maximum speed (RMS) strategy is calculated by limiting
the maximum speed of the MTTC profile. The secant method is used to iteratively find the
maximum speed limit that gives the right running time on each route between two stops
(MTTC + running time allowance). The same value of the maximum speed is used for the
whole route between two stops. An option is to have different maximum speeds on different
subsections, especially if the track speed is changing. This increases the complexity of the
calculations and gives similar problems as discussed in connection with the MC strategy in
section 3.2.

An additional simplification is the assumption that trains have enough traction power to
run at the maximum speed limit used. In calculating the MTTC profile, the effect of limited
traction power is considered. When the MTTC is limited by a maximum speed value to
achieve the RMS profile, running time calculations are not rerun to check whether the trains
have enough traction power to follow the new speed profile or not. This simplification is
considered acceptable, except in some special cases involving freight trains or high speed
strains with limited power and steep gradients. The driving strategy affects the top speed
of the trains; therefore, it mainly affects the middle part of the train run from start to stop.
An example of RMS profiles is presented in figure 10.

Figure 10: Reduced Maximum Speed profiles with different running time allowances. Stops (left to
right): Spånga, Sundbyberg, Stockholm Odenplan, Stockholm City, Stockholm S.
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Reduced Acceleration (RA)
In the Reduced Acceleration (RA) driving strategy, train acceleration rate is limited to
a maximum value (figure 11). Therefore, the effect of the limitation is greatest at lower
speeds, since the traction force usually decreases with increasing speed. An alternative is
to reduce the acceleration by reducing the traction force at all speeds, e.g., by multiplying
the traction force diagram values by a factor less than 1. However, an unwanted effect of
this approach is that trains might not be able to reach top speed if they have a low residual
acceleration. For that reason, the first approach is chosen.

The secant method is used to find the maximum acceleration value. In each iteration, a
completely new speed profile is calculated from start to stop. The function Minimum Time
to Hold Speed is used and set to 10 seconds. This driving strategy affects acceleration at
lower speeds; therefore, it affects mainly the first part of the train run from start to stop.

Figure 11: Reduced Acceleration speed profiles with different running time allowances. Stops (left
to right): Spånga, Sundbyberg, Stockholm Odenplan, Stockholm City, Stockholm S.
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Reduced Braking (RB)
The Reduced Braking (RB) driving strategy changes the MTTC profile by shifting the
braking curves earlier in time, i.e., trains start to brake earlier and to some extent also less
hard. Both braking curves towards lower permissible speeds (MRSP target) and towards
stops (constant braking) are shifted. The curves are shifted with the same amount of time
regardless of the current train speed. Braking curves towards EOA targets used for block
reservations are not affected. Figure 12 presents an example of train runs with RB profiles.
Close to the stop, a release speed of 10 km/h is used to avoid an unproportionate large
part of the run time allowance being consumed on the very last distance before the stop.
At speeds below the release speed, trains follow the MTTC profile (figure 13).

The secant method is used to find the time shift that gives the desired running time (MTTC
+ running time allowance). In each iteration, the sections of the MTTC profile where the
trains are braking are shifted. The function Minimum Time to Hold Speed is used and set
to 10 seconds. This driving strategy affects braking; hence, mainly affecting the last part
of the train run from start to stop.

Figure 12: Reduced Braking speed profiles with different running time allowances. Stops (left to
right): Spånga, Sundbyberg, Stockholm Odenplan, Stockholm City, Stockholm S.
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Figure 13: Zoomed in figure showing train run from Stockholm Odenplan (left) to Stockholm City
(right). The effect of the release speed (10 km/h) is clearly visible close to the stop at
Stockholm City.
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Reduced Performance (RP)
The Reduced Performance (RP) driving strategy is a simple way to add running time
allowance to the MTTC profile. To achieve the RP profile, the speed of the MTTC profile
is simply divided by a factor that corresponds to the running time allowance in percent
((MTTC time + Running Time Allowance)/MTTC time). Hence, the speed in the RP
profile is lower than the MTCC and have the same ratio in all locations between two stops.
No iterations are required, making the method fast to calculate and simple to implement
(figure 14)

A simplification is that running time calculations are not rerun. Normally, this is not a
problem, but it can give slightly unrealistic results in cases where trains cannot achieve the
track speed (according to MRSP) in the MTTC profile due to too low traction power. The
lower speed due to limited traction is inherited from the MTTC profile to the RP profile,
even though the train might have enough traction power to be able to keep a constant speed
at the lower speed level of the RP profile. This driving strategy affects speed throughout
the entire train run from start to stop.

Figure 14: Reduced Performance speed profiles with different running time allowances. Stops (left
to right): Spånga, Sundbyberg, Stockholm Odenplan, Stockholm City, Stockholm S.
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Energy Efficient Train Control (EETC)
The EETC driving strategy is the only strategy with the aim of using the available running
time allowance to reduce energy consumption. The strategy is interesting to include in the
analyzes, as similar strategies might be used in the future by C-DAS and ATO systems to
save energy. The speed profile of the EETC strategy is more complex to calculate than
the other profiles and can consist of multiple cruising and coasting sections. It is also
possible for a cruising train to start coasting, i.e., sections consisting of a combination of
cruising and coasting. It is similar to the strategies presented in Scheepmaker et al. (2020)
and Thorlund Haahr et al. (2017), but the implementation has some simplifications and is
not identical. In the same way as in Thorlund Haahr et al. (2017), the algorithm has a
finite resolution depending on the resolution of the cruising speed and the target locations
for coasting. Both resolutions for cruising and coasting are input parameters that can be
changed. The default setting is that the cruising speed resolution is 0.25 m/s (0.9 km/h)
and the resolution for coasting target positions is 3 m.

It is the theoretical total mechanical energy used for traction between each stop that is min-
imized. The possibility for using regenerative braking to feed energy back to the catenary
system is not considered.

The calculation is made in several steps:

1. Identify all possible start locations for cruising on the MTTC profile, it is possible to
start cruising in sections where the train is accelerating in the MTTC profile.

2. Calculate cruising sections, including time and energy consumption, from start loca-
tion to intercept of MTTC profile.

a When intercepting the MTTC curve, store the cruising section in the list of
possible sections, if the required extra running time required is lower than the
available running time allowance.

3. Identify all possible end locations for coasting on the MTTC profile, sections on the
MTTC profile where the train is running at constant speed or is braking.

4. Calculate coasting sections, including time and energy consumption, backwards from
all possible end locations identified to intercept the MTTC profile.

a If crossing a cruising section calculated in step 2, form a combined section (cruis-
ing − coasting) and store it in the list of possible sections.

b When intercepting the MTTC curve, store the coasting section in the list of
possible sections, if the required extra running time required is lower than the
available running time allowance.

5. Find the best combination of sections that gives the lowest energy consumption and
fulfills the constraint of the running time allowance.

6. Combine all sections in the best solution into a complete speed profile.
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Step 5 is an optimization problem solved by implementing a search tree, where each node
is a unique combination of the sections calculated in the steps described above. A branch
of the tree is terminated if the solution, i.e. node, requires more energy than the current
best solution or if it requires more running time allowance than available. Figure 15 shows
examples of EETCS profiles.

Figure 15: Energy Efficient Train Control speed profiles with different running time allowances.
Stops (left to right): Spånga, Sundbyberg, Stockholm Odenplan, Stockholm City, Stock-
holm S.
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Dynamic Energy Efficient Train Control (D-EETC)
The D-EETC driving strategy is an extension of the EETC driving strategy and is still
under development. The first steps are almost identical to steps 1–4 in the EETC algorithm.
Instead of making a list of possible cruising, cruising–coasting and coasting sections, and
finding the best combination of sections, the data from steps 1–4 is stored in a directed
graph. New vertices are added to the graph at locations where cruising, coasting and MTTC
curves intersect each other.

The edges between the vertices correspond to short sections of either cruising, coasting or
MTTC. Each edge has two properties, cost and distance, where cost is the time and distance
is the energy required for a train to traverse the edge. After the graph is constructed, it is
used to solve a Constrained Shortest Path Problem (CSPP). The goal is to find the path
with minimum distance (lowest energy) that has a cost (running time) smaller than a given
budget (running time allowance).

The main advantage of the D-EETC approach is that additional constraints can be applied
to the vertices and edges of the graph. Such constraints can be time windows when the
train is allowed to pass certain vertices or use certain edges. This can be used to implement
C-DAS like behavior where the train needs to pass several timing points within given time
windows or take expected release times of block sections ahead of the train into consideration
when finding the best speed profile. The latter is done by adding braking curves towards
the signals (marker boards) when the graph is constructed. Everywhere where the braking
curves intersect any other curve (cruising, coasting or MTTC), a new vertex is added. New
edges that correspond to braking towards the signal are also added to the graph.

Additionally, curves for acceleration which start from the braking curves also need to be
added. This is to allow the train to accelerate after the signal aspect has changed from
stop to proceed. If a train arrives at a vertex that has a braking curve towards a signal
as one of its outbound edges, and the corresponding signal aspect is stop, the only allowed
outbound edge to take is the one that corresponds to braking.

If the signal shows proceed, it is allowed to take any available outbound edge from the
vertex. Whether the signal shows proceed or stop, is determined by comparing the time
when the train arrives at the vertex, with a given estimation of when the signal will change
from stop to proceed. Figure 16 shows an example where D-ETTC is applied between
Älvsjö and Farsta strand where the speed profile is adapted to when the last two signals
before Farsta strand are expected to change from stop to proceed. The location of the
last signal is a few meters after the stop board (location) in Farsta strand. This method
can also be used to calculate the consequences of too short headways, i.e., the timetable is
scheduled with a conflict.
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Figure 16: D-EETC speed profile between Älvsjö and Farsta strand. The algorithm has calculated
a speed profile that minimize energy consumption given available running time allowance
and expected release times of the last two block sections.

Driving strategy effect on headway (TPE)
The developed driving strategies can be used collectively to calculate block occupations
and headway values which are less deterministic and, to some extent, consider variations
in driving behavior. Figure 17 shows the different driving strategies on the section between
Spånga and Stockholm S with 10% running time allowance which is measured relative to
the running time of the MTTC profile. Driving strategies use the available running time
allowance differently, some use it in the beginning of the train run, some more or less evenly
along the whole train run and some towards the end. Signal block sections are reserved
(pre-occupied) when the front of a train intersects the indication curve, indicated as red
dashed lines in figure 17. Note that two strategies that intersect an indication curve in
the same location, might reserve the block at different times. The reason is that the time
when they arrive at the reservation location depends on the calculated speed profile since
departure from the previous stop. Signal block sections are released when the whole train
has passed the overlap behind the marker board (signal).
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Figure 17: Calculated speed profiles for commuter trains from Spånga to Stockholm S. Running
time allowance is 10% between all stops. Stops (left to right): Spånga, Sundbyberg,
Stockholm Odenplan, Stockholm City, Stockholm S.

Speed profiles of different driving strategies are calculated between stops. All driving strate-
gies start from the station and arrive at the next station at the same time. The exception is
the MTTC profile which have shorter running time since it does not include running time
allowance.

Figure 18 shows blocking times for all driving strategies between Spånga and Stockholm
Odenplan, where different driving strategies are shown with different semi-transparent col-
ors for block occupations. Two lines are shown for MTTC, one where the train starts on
time and arrives at the next stop ahead of schedule (early arrival) and one where the train
starts behind schedule (late departure) and arrives on time at the next stop.

By combining the two MTTC profiles, it is possible to calculate block section occupations
that show when block sections will be reserved at the earliest (if the train does not depart
ahead of schedule) and when block sections will be released at the latest (if the train arrives
on time at the next stop). The combined block occupation of the MTTC profiles gives a
Train Path Envelope (TPE) which has a maximum time width, shown as transparent blocks
with blue borders in figure 18. The block occupations of all other driving profiles are inside
this TPE.
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The figure shows that the full width of the calculated TPE is used for a majority of the block
sections. At the start of the train run, all driving strategies, except RP and RA, follow the
MTTC profile (early arrival) and apply maximum acceleration to reach the allowed speed
(MRSP) as fast as possible. Naturally, it is the RA profile that falls behind at the start of
the train run, and is soon caught up by the MTTC profile (late start).

Similarly, the RB strategy closely follows the MTTC (early arrival) during most of the train
run. It is not until the end where the reduced braking rates force the train to start braking
earlier. RMS is the driving strategy which is most similar to the standard driving strategy
used in RailSys (version 11). The full TPE is not used on the block sections near where
the trains stop. This is natural since the MTTC profiles used to calculate the TPE both
arrive before and leave after the rest of the strategies at stops. It is also worth noting that
the model makes block reservations at stops similar to when the feature Arrival on Green
is activated in RailSys.

Figure 18: Time distance graph showing all driving strategies from Spånga to Stockholm Odenplan
with a stop in Sundbyberg. Block occupations for different driving strategies are shown as
semi-transparent blocks with the same color as the line showing the train front position.
Block occupations based on MTTC (early arrival) and MTTC (late departure) are shown
as transparent blocks with blue borders.
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Driving strategy effect on energy consumption
Although the objective of the project is not to investigate the energy consumption of differ-
ent driving strategies, it is still interesting to analyze. After the driving profile is determined,
it is easy to estimate the theoretical energy used for traction.

EETC is the only driving strategy aimed at reducing energy consumption. However, many
of the other strategies will also save energy by using the running time allowance to reduce
speed or braking. Figure 19 shows how the theoretical energy used for traction depends on
running time allowance for the different driving strategies for trains running from Spånga
to Trångsund. Total distance is 29 km, and the trains stop in total 9 times. Energy
consumption is normalized by the energy used in the MTTC strategy. The estimated energy
consumption is purely theoretical, as it is only the mechanical energy required to accelerate
the train and overcoming the running resistances. No constant power loads, inefficiencies
of the traction system or regenerative braking are included in the calculations. In practice,
potential energy savings are probably considerably lower than shown in figure 19.

The figure shows that the MC and EETC driving strategies save the most energy. They are
almost identical, which is in line with other findings for urban traffic with short distances
between stops (Scheepmaker et al., 2020). When the distances between stops become longer,
the EETC might outperform the MC strategy (Scheepmaker et al., 2020). One reason for
that is that for longer distances, it may not be possible to use only coasting at the end
to use all available running time allowance. A similar situation arises in figure 17 between
Stockholm City and Stockholm S, where the steep uphill vertical track profile makes it
difficult to use MC to consume all running time allowance. If a train starts coasting too
early, it will simply come to a stop before the targeted stop location. In fact, in this case
the algorithm for the MC strategy could not find any solution above 12% running time
allowance. In RailSys, this problem for the MC strategy is solved, as far as observed, by
combining the coasting phase with a reduction in maximum speed. The solution will then
be similar to the EETC strategy.

The RMS strategy also has potential to save energy, and is significantly better than the RP
strategy. The RA and RB strategies are the worst. In most cases, reducing acceleration
(RA) just means that a train uses almost the same amount of energy to reach speed, but for
a longer period of time. When it is time to reduce speed all allowance is already consumed,
and the train needs to brake hard following the MTTC profile. Although reduced braking
(RB) means that braking can start a bit earlier, therefore traction is cut of earlier, the effect
is small compared to other strategies. The reason is partly because a lot of the running
time allowance is consumed when running at the release speed close to the stop instead of
braking directly towards the stop (figure 13).

For the EETC, MC and RMS strategies, relatively large amounts of energy can be saved by
the first few percentage points of added running time allowance. As running time allowance
increases, the return in saved energy is reduced. This is also in line with earlier findings
presented within the Europe’s Rail project. For the rest of the strategies, the correlation
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between running time allowance and energy saving is rather linear. These relationships are,
of course, dependent on the assumptions made and on the analyzed scenario. It should also
be said that in real operation, only trains that are on time will be able to use the running
time allowance to save energy. If the delay is too large, it should follow the MTTC profile
to reduce the delay as much as possible. Therefore, the energy saved in real operation is
probably much smaller than can be seen in the planned timetable. Also, strategies that use
the running time allowance at the end of the train run, should be somewhat more robust if
delays occur along the way.

Figure 19: Used energy for traction (theoretical relative to the MTTC profile) for different levels
of running time allowance and driving strategies. Trains run from Spånga to Trångsund
stopping at all intermediate stations.

4 Future work
Further development of the HESE tool includes linking it with the tool for driving profile
modeling and thereby also taking into account the effect of varied driving profiles on the
headway calculations. It could then be possible to use the developed D-EETC driving profile
to estimate the effect of lack of sufficient headways or a simple analysis of delay propagation
between trains that follow each other with short headways. Another possible development
is to be able to model multiple trains with the possibility of also handling changes in train
sequence at stations, i.e., overtaking or branch-out and branch-in situations. Currently, the
tool can handle one station and a situation where train 2 overtakes train 1, but not multiple
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stations or more than two trains. In connection with this, compression of the train paths can
also be developed. Here, the dimensioning technical headway between trains defines how
close one train can be to another one. Several different combinations of train sequences,
mixtures of trains with and without train integrity monitoring system, and setups with
physical fixed blocks and virtual sub-sections can then be evaluated.
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