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A B S T R A C T   

The need to reduce overall energy consumption motivates the search for ways to improve energy use by 
transportation. Electrification has helped to significantly reduce the energy intensity of rail transportation. On 
today’s high-speed lines, power flows between trains and traction transformers are generally transmitted through 
the 2x25 electrification system. Although most of the energy provided to the railway system is consumed by the 
moving trains, a part of the energy is lost in the electrification system itself. In this study, dynamic computer 
simulations of realistic high-speed rail operating scenarios are developed and the energy losses in the electrifi-
cation system are evaluated. The results show that power transmission losses are significant, and their value 
depends on the operation scenario. Finally, a method for selecting the minimum transmission loss operating 
scenarios is proposed, without modifying the transportation capacity offered or altering the resources required 
for the operation of a high-speed rail.   

1. Introduction 

Although rail is considered to be one of the most energy-efficient 
modes of transportation, its high share of overall transportation activ-
ity makes the search for techniques to reduce its energy consumption 
and associated gas emissions a key objective of current research work. 
The expansion of the electrification of railway lines over the last decades 
has significantly improved the energy intensity of rail transportation. 
According to data from the International Energy Agency, the specific 
consumption of rail passenger transportation has been reduced from 
375 kJ/pkm in 1975 to 200 kJ/pkm in 2015 [1]. 

In high-speed rail systems, several strategies are being implemented 
to reduce energy consumption. These measures can be grouped ac-
cording to the focus of their efforts: infrastructure, rolling stock and 
operation. Measures focusing on infrastructure and rolling stock involve 
long implementation times and high investment costs, being often de-
ferred to the medium to long term, as the opportunity to undertake them 
must be carefully sought [2]. In contrast, most energy efficiency 
improvement measures based on changes in operation can be imple-
mented within a short timeframe and with low associated costs [3]. 

Numerous references on operational strategies to reduce energy 
consumption can be found in the literature (see [4,5] for reviews on this 

subject). Energy efficient train control (also known as eco-driving) is 
reported as an effective way to reduce energy consumption; in [6] a 
thorough review on eco-driving is presented encompassing different 
railway systems, while [7] is limited to high-speed systems. Acting on 
the timetable has also been addressed in previous works: A first 
approach is based on adjusting the timetable to make the best possible 
use of efficient driving [6]. A second approach is to act on the timetable 
with proposals such as [8] where the aim is to recalculate timetables in 
the face of disturbances in order to minimise delays and consumption, 
[9] where the robustness of the schedule is analysed, or [10] where the 
adjustment of the schedule tries to reduce peaks in substations. Because 
of its energy-savings potential, it has been widely considered the option 
of maximising regenerative energy, using the braking energy to power 
other trains on the line [11]. This energy efficiency improvement has 
been especially studied in urban transport where high traffic density 
stimulates the search for energy saving opportunities. Numerical 
methods have been applied [12–17], with an emphasis on heuristic 
[18–25] and artificial intelligent techniques [21,26]. Some of these 
studies also consider efficient driving, [12,13,15,25,27] incorporate the 
possibility of delays in the study, [22] considers interconnected lines 
while [23] considers the possibility of power interruptions, [16] in-
cludes the possibility of energy storage in the optimisation. Lately, the 
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analysis of these high traffic density services has incorporated the need 
to consider them as cyclic services [28], taking as an objective to 
minimise the cyclic time that takes into account the times of the outward 
and return journeys as well as the waiting times at the origin and end 
stations [29]. Subsequently, the scope of the research work has been 
extended to include all elements of the railway electrical system. This 
overview presents two improvements over previous work: it allows the 
evaluation of power flows applying electric braking to a nearby train in 
traction [17,24] and accounts for transmission losses in the electrifica-
tion system [14]. 

As reflected in the previous paragraphs, the adjustment of timetables 
to optimise the operation of the railway system has been extensively 
dealt with in urban systems, where the traffic density is very high. 
However, it has been much less treated in interurban systems, where the 
density is much lower, although it must be taken into account that in 
these cases the electrical losses are significantly higher. Although there 
are few references in the literature that account for losses in the elec-
trification system, power transmission losses are inherent to electrified 
railway transportation and should not be ignored [30]. Some proposals 
can be found regarding DC trains: [31] presents a procedure to obtain 
robust timetables by minimising the energy consumption of trains due to 
delays; [32] computes the electrical losses by means of pre-set co-
efficients assigned to various parts of the system such as the line and the 
substation; in [33], a schedule adjustment proposal is presented to make 
the best use of regenerative energy and, in addition, to shave peak 
power, but not take into account the losses in the electrical system; in 
[34] a procedure is presented for optimizing energy exchanges between 
trains by accelerating and braking to take advantage of possible delays 
in trains included in the preset schedule; in [35] the rescheduling has as 
objective to avoid overloads in the supply system. However, less similar 
research on high-speed lines has been published. In the case of urban 
railways –typically fed in direct current– the energy regenerated in 
braking is dissipated if the space–time coincidence of the trajectories of 
two trains does not occur. On the contrary, the electrical substations that 
feed the high-speed lines –in single-phase alternating current– are 
reversible and admit return power flows from the braking trains to the 
high-voltage supply network. Furthermore, published papers on energy- 
efficient scheduling on high-speed lines rarely consider power trans-
mission losses in the electrification system; [36] presents a multi-
objective problem (to minimize the average travel time of trains, the 
energy consumption and the delayed times) solved using an heuristic 
optimization algorithm but only the traction energy consumption is 
considered; in [37] it is proposed to modify the trajectory as well as the 
timetable, but this implies changes difficult to implement, especially in 
competitive markets. Typically, a high-speed train running within an 
electrification section is powered from a traction substation by single- 
phase alternating current. For most of the time, the substation ex-
changes power individually with a single train –transferring power from 
the high-voltage supply network in the traction phases and returning 
power when the train applies regenerative braking. These power ex-
changes are subject to transmission losses. In fact, power transmission 
losses can reach values close to 5 % of the energy supplied to the high- 
speed railway system as estimated in [38]. Eventually, another train 
may run simultaneously within the same electrification section. As 
explained in this paper, this concurrence modifies in several ways the 
power exchanges and the consequent transmission losses that occur in 
the electrification system. 

To fill this gap, this paper evaluates the performance of the electri-
fication system of a high-speed line operated in different scenarios of a 
transportation plan based on periodic timetables. Power transmission 
losses are calculated by simulating the operation of the complete railway 
system. By comparing the results of different scenarios –without varying 
train speed profiles–, the effect of scheduling adjustment on energy loss 
is assessed. The results show that it is possible to reduce transmission 
losses in the electrification system by up to 31.55 % by modifying the 
departure times of some services. 

The paper is organized as follows. Section II presents the mathe-
matical basis of the models used to describe rail traffic, the mechanics of 
train movement, the electromechanical conversion in the train traction 
chain and the electrification system. Section III details the algorithms 
used for the numerical resolution of the models. The case studies in 
Section IV show the importance of loss control through service sched-
uling. Finally, Section V draws the main conclusions. 

2. Mathematical basis 

The operating scenarios to be studied consist of a set of trains 
running simultaneously along a high-speed railway line. A first mathe-
matical model represents rail traffic by defining the departure times and 
trajectories of all the services that make up the transportation plan. The 
dynamics of the movement of each train and the electromechanical 
conversion in its traction chain are represented by a second model. 
Finally, a third model reproduces the operation of the railway electri-
fication system that feeds the line on which all the trains run. 

2.1. Rail traffic 

The scheduling of a transportation plan between two ends of a rail-
way line is based on two type trajectories, one for each direction. By 
convention, consecutive odd numbers are used to designate the services 
running in one direction and consecutive even numbers to designate the 
services in the opposite direction. In this way, all the odd services are 
programmed to circulate following the type 1 trajectory xtype,1, and all 
the even services following the type 2 trajectory xtype,2. Both types of 
trajectories must be carefully designed to be feasible and reproducible 
by the trains under various operating conditions [39]. 

In a transportation plan based on periodic schedules, the departure 
and arrival times represent periodic events. As shown in (1) and (2), any 
pair of consecutive odd –or even– services are separated by a headway 
TH. In addition, the departure times of the even services are temporarily 
offset from the departure times of the odd services by a layover time TL. 
Consequently, passengers are served by transportation services that 
follow a regular and simple pattern. According to the Marry-Go-Round 
paradigm, the fleet size is quasi-inverse proportional to the value of 
the headway. Therefore, a trade-off between the expected demand and 
the existing constraints for the operation must be made to set the value 
of headway TH [28]. 

x2m+1(t) = xtype,1(t − mTH) (1)  

x2m+2(t) = xtype,2(t − TL − mTH) (2) 

On the other hand, different values for TL in (2) temporarily shift the 
scheduled departure times of the even services. Given the periodic 
structure of the transportation plan, the variation of TL within the in-
terval [0, TH) results in a complete set of different operating scenarios. If 
the operation is carried out on a double track line, the variation of TL 
does not compromise the capacity of the infrastructure, nor does it 
require a change in the size of the available fleet. Therefore, for each 
value of the headway TH, it is possible to generate a complete set of 
equivalent operating scenarios. These equivalent scenarios offer the 
same transportation capacity and, in general, respect the same operating 
constraints [40]. 

2.2. Train motion 

The trajectory xn described by the train providing service n is the 
result of the forces acting as it travels along the track. In the models 
commonly used in literature, the train is considered a point mass moving 
along a one-dimensional space, i.e., the track. Recently, more accurate 
simulation models have been developed that overcome this simplifica-
tion [41,42]. However, the study proposed in this paper requires the 
recurrent simulation of different operating scenarios to be compared. 
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The search for a trade-off between simulation processing time and ac-
curacy has led us to adopt the simplified model. Thus, the study of train 
dynamics can be reduced to the evaluation of two forces acting in the 
direction of train motion: the traction and braking force Fn and the 
forward resistance Rn. 

The traction and braking force Fn is the result of the control per-
formed on the traction chain of the train so that its actual trajectory 
conforms to the trajectory programmed for the service it provides. Fn 
control can be exercised manually by the driving staff or automatically 
by the train operation system. The driving resistance Rn is a negative 
force opposing the movement of the train. The total driving resistance Rn 
experienced by the train during its movement is the sum of the train’s 
basic resistance Rn,basic and the resistance due to infrastructure Rn,infra. 

Rn,basic(t) = A+B
dxn

dt
+C

(
dxn

dt

)2

(3)  

Rn,infra(t) = mtraingi(t)+Ct

(
dxn

dt

)2

(4) 

Rn,basic is the resistance to forward motion experienced by the train 
when running on a horizontal, straight, open-air section, due to me-
chanical friction, aerodynamic friction, and air intake. Rn,basic is usually 
expressed by the Davis formula (3) where A, B and C are specific to each 
type of train [41]. The resistance due to infrastructure Rn,infra is the 
additional resistance that the train suffers when running on gradients 
and tunnels. The decline i can increase or reduce the value of infra-
structure resistance. The value of the tunnel factor Ct in (4) depends on 
the geometrical characteristics of both the tunnel and the train [43]. 

As shown in (5), applying Newton’s second law on the mass of the 
train mtrain –including the inertial effect of the rotating masses in ξ– the 
Lomonossoff equation is obtained [44]. 

Fn(t) = ξm
d2xn

dt2 +Rn(t) (5) 

For the train to be accelerated, the active electrical power Pn 
captured through the pantograph must be converted into mechanical 
power by the traction chain. As can be seen in (7), the losses of this 
electromechanical conversion must be considered through the efficiency 
η. 

Pn(t) =
1
ηFn(t)

dxn

dt
(7) 

Dynamic braking of high-speed trains combines the use of both air 
and electric brakes. Depending on the braking demand and the train 
speed at each instant, the brake control system determines the distri-
bution of the braking force between the air and electric brakes [45]. 
During electric braking, the traction chain of the train reverses its 
operation and generates electric power. When the technical conditions 
set out in [46] are fulfilled, the regenerated electrical power can be fed 

back through the pantograph. As stated in (8), the active electrical 
power Pn during braking depends on the regeneration rate ρn and the 
efficiency η of the electromechanical conversion. The value of ρn es-
tablishes the portion of the braking power that is regenerated and fed 
back into the electrification system. The value of ρn is variable, as it 
depends on the brake blending and the receptivity of the electrification 
system. In both traction and electric braking, the value of η for trains 
with induction motors can be considered constantly ~ 0.86 [47]. 

Pn(t) =
ρn(t)

η Fn(t)
dxn

dt
(8) 

As can be seen in (9), the complex electrical power in the train’s 
traction chain Sn consists of an active component and a reactive 
component. The power factor of the train λn determines the magnitude 
of its reactive power at each instant. For today’s high-speed trains, the 
value of λn is close to unity over almost the entire active power range of 
the train. Lower values of λn only appear when Pn is reduced below 12.5 
% of its nominal power [48]. 

Sn(t) = Pn(t)
[

1+ j
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − λ2
n(t)

√ ]

(9)  

2.3. Electrification system 

The traction chains of today’s high-speed trains are designed to 
accept single-phase alternating current captured through their panto-
graph and provided through a sequence of traction transformers [49]. 
Each traction transformer is connected to a single electrification section, 
which is isolated from adjacent sections by neutral zones. In general, it is 
assumed that the high-voltage supply network is sufficiently robust to 
consider the operation of each electrification section independently 
[50]. 

The secondary of traction transformers in the 2x25 kV electrification 
system –the most widespread system on today’s high-speed railways– 
consists of two identical windings in series. The nominal voltages of the 
connection terminals are +25 kV on the overhead contact line, 0 kV on 
the rail and -25 kV on the negative feeder. Several traction autotrans-
formers are located at regular intervals along each electrification sec-
tion. Each autotransformer consists of two identical windings in series. 
The end terminals of each autotransformer are connected to the over-
head contact line and the negative feeder, and the center tap to the rails. 
Each autotransformer draws most of the return current from its center 
tap to its end terminals. In this way, the return current extracted from 
the rails is diverted equally to the contact line and the negative feeder. 
This design drastically reduces the current flowing through the electri-
fication system as the voltage difference between the contact line and 
the negative feeder is ~50 kV [51]. 

The operation of the 2x25 kV system can be approximated by a 
model widely used in the literature. As shown in Fig. 1, the model is 

Fig. 1. Model of the 2x25 kV electrification system.  
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based on two simplifications. First, each electrification section is rep-
resented by a concentrated parameter circuit obtained by the association 
of all equipotential conductors. Secondly, the model assumes that most 
of the current is drained by the two autotransformers closest to the train 
position. The residual current not drained by the autotransformers is 
conducted along the rails to the traction transformer. The accuracy 
achieved with these simplifications is acceptable for the evaluation of 
energy losses in the electrification system [52]. Therefore, this method is 
a suitable tool for the comparison of energy losses between different 
operating scenarios. 

In addition, the operation of the electrification elements is modelled 
as follows: 

Traction transformer. The high voltage supply network and the trac-
tion autotransformer are represented by means of a Thevenin equivalent 
circuit. As stated above, it is assumed that the supply network is suffi-
ciently robust. Then, the equivalent circuit can be reduced to two ideal 
25 kV voltage sources and the short-circuit impedance of the trans-
former ZTT. The impedance of the traction transformer will contribute to 
the impedance of the transmission subsection, as shown in the following 
paragraphs. 

Autotransformers. Since the two windings of the autotransformer are 
designed for the same voltage, i.e. 25 kV, they have the same number of 
turns and the transformation ratio is 2:1. Ideally, it is assumed that there 
is no loss of magnetic flux between the two windings of each auto-
transformer. Consequently, according to Kirchhoff’s current law, the 
return current reaching at the central tap of each autotransformer is split 
into two equal parts, as seen in Fig. 1. Depending on the position of the 
train, the impedance of each autotransformer will contribute to the 
impedance of each subsection (transmission or supply) as specified in 
the following paragraphs. 

Traction chain. The train is represented by a time-varying current 

source. The instantaneous value of In is related in (10) to the electrical 
power of the train Sn. 

Sn(t) = Un(t)I*
n(t) (10) 

Taking advantage of the symmetries derived from the model of the 
two series windings of the secondary of the traction transformer and the 
autotransformers, the meshes of the circuit shown in Fig. 1 can be 
simplified into the equivalent circuit illustrated in Fig. 2 [53]. 

As can be seen in the model depicted in Fig. 2, In flows between the 
traction transformer and the train through the impedance of the trans-
mission subsection ZT,n and the impedance of the supply subsection ZS,n. 
Since the voltage at the traction transformer UTT is assumed constant 
and equal to 25 kV, the voltage Un and the current In of the train are 
related in (11) and (12) through the impedance of its traction circuit Zn. 

25 = Un(t)+ [ZTT + Zn(t)]In(t) (11)  

Zn(t) = ZT,n(t)+ZS,n(t) (12) 

In the approximate electrical model used in this work, the values of 
ZT,n and ZS,n are derived from the positions of the transformer and 
autotranformers, xTT, xAT,1 and xAT,2, in (13) and (14). The parameters 
Zα, Zβ and Zγ are characteristic values related to the impedances of the 
equivalent conductors resulting from each particular electrification 
system, as defined in [54]. 

ZT,n(t) = Zα(xAT,1 − xTT) (13)  

ZS,n(t) = Zβ
[
xn(t) − xAT,1

]
− Zγ

[
xn(t) − xAT,1

]2

xAT,2 − xAT,1
(14) 

Applying the instantaneous values of Sn, ZT,n and ZS,n to the system of 
equations formed by (10) and (11), the voltage Un and current In can be 
derived. Finally, the power loss in the electrification system SL,n and 
power in the traction transformer STT are evaluated in (15) and (16), 
respectively. 

SL,n(t) = [ZTT + Zn(t)]|In(t)|2 (15)  

STT(t) = Sn(t)+ SL,n(t) (16) 

In the current operation of high-speed lines, it is unlikely that two 
consecutive trains in the same direction will run within the same elec-
trification section [55]. However, there are frequent crossings of two 
trains running in opposite directions. In these cases, both trains concur 
within the same electrification section for an interval of time. 

Fig. 3 shows the equivalent circuit at an instant of the concurrence 
interval of two trains within an electrification section. The traction 
circuit of train 2 crosses the supply subsection of train 1. Since both 
trains run on different tracks, the current I2 is divided into two equal 
parts within the supply subsection of train 1. If the supply subsections of 
the two trains are different, the transmission impedances ZT,12(1) and 

Fig. 2. Equivalent circuit for one section with one train in the approximate 
2x25 kV system model. 

Fig. 3. Equivalent circuit for a section with two concurrent trains in the approximate 2x25 kV system model.  
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ZT,12(2) are calculated in (17) and (18), respectively. On the contrary, the 
transmission impedances ZT,12(1) and ZT,12(2) are zero. 

ZT,12(1)(t) = ZÎ±
[
(xAT,2(1)-xAT,1(1))

]
(17)  

ZT,12(2)(t) = ZÎ±
[
(xAT,1(2)-xAT,2(1))

]
(18) 

Exploiting the linearity of the traction circuit in (11), the super-
position principle can be applied to evaluate the effect of the concur-
rency of the two trains within the electrification section. The mutual 
effects caused by the overlapping of their traction circuits are collected 
in the impedance matrix Z [56]. 
[

25
25

]

=

[
U1(t)
U2(t)

]

+

{[
ZTT
ZTT

]

+Z(t)
}[

I1(t)
I2(t)

]

(19) 

The instantaneous values of the currents and voltages in the traction 
chains of the two concurrent trains are deduced in the system of equa-
tions formed by (10) and (19). Then, the instantaneous power loss in the 
electrification system SL is calculated in (20) as the sum of the power loss 
in both traction circuits considered individually SL,1 and SL,2, plus the 
mutually induced power losses due to their overlapping SX. The mutual 
power loss SX can be calculated as shown in (21)-(23). Finally, the 
instantaneous power in the traction transformer STT within the concur-
rence interval can be evaluated in (24). 

SL(t) = SL,1(t)+ SL,2(t)+ SX(t) (20)  

SX(t) = SX,12(t)+ SX,21(t) (21)  

SX,12(t) = [ZTT + Z12(t) ]I*
1(t)I2(t) (22)  

SX,21(t) = [ZTT + Z21(t) ]I*
2(t)I1(t) (23)  

STT(t) = S1(t)+ S2(t)+ SL(t) (24)  

Fig. 4. First algorithm. The trajectories of all services are generated from the 
parameters defining the operating scenario. 

Fig. 5. Temporal and spatial analysis of the operation scenario.  

Fig. 6. Second algorithm. The electrical power of each train is deduced from its trajectory.  
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3. Simulation algorithms 

The dynamic simulation of the complete railway system during the 
operation of a transportation plan is performed by solving the presented 
mathematical models at each instant. As shown in Fig. 4, a first algo-
rithm takes as input parameters the headway TH, the layover time TL and 
the dwell time TD. Applying expressions (1) and (2), the trajectory of 
each service xn(tk) in the defined operating scenario is obtained. 

The periodic structure of the transportation plan makes the simula-
tion redundant during the entire service period. Therefore, it is sufficient 
to run the dynamic simulation within a time window of TH duration and 
extrapolate the results by cyclic repetition. Besides, the autonomous 
operation of each electrification section makes it possible to sectorize 
the dynamic simulation into independent parts. The temporal and 
spatial analyses (Fig. 5) reduce the computational burden and make the 
recurrent use of dynamic simulations feasible. 

Fig. 6 shows the operations performed by the second algorithm 
developed for this dynamic simulation. In the upper part, expressions 
(3)-(5) are applied to solve the mechanical side of the mathematical 
model taking as input the trajectory xn(tk) of each service. In the lower 
part, expressions (6)-(9) are evaluated, which represent the electrome-
chanical conversion performed in the traction chain. Finally, this second 
algorithm calculates the electrical power Sn(tk) of each service. 

Fig. 7 presents the calculations performed by the third algorithm to 
obtain the power loss in the electrification system SL(tk) and the power 

of the traction transformer STT(tk). First, this algorithm checks at each 
instant whether there is concurrency within the electrification section. If 
only one train runs through the electrification section, expressions (10)- 
(16) of the mathematical model of the electrification system are applied. 
Conversely, if two trains run within the electrification section, expres-
sions (17)-(24) are evaluated. 

4. Case studies 

In this section, three transportation plans are simulated to evaluate 
the effect of scheduling modifications on losses in the electrification 
system. 

4.1. Case study 1. Short distance service 

This case study simulates and analyzes the set of operating scenarios 
of a transportation plan generated by varying the layover TL. The ser-
vices run in both directions between two stations A and B, 100 km 
distant from each other. The track profile between the two stations is 
horizontal and there are no tunnels. As shown in Fig. 8, the electrifica-
tion infrastructure follows the 2x25 kV system with two electrification 
sections of 50 km length each. Both sections are fed respectively by two 
traction transformers housed in a traction substation located at kilo-
meter point 50. Along each electrification section there are three equi-
spaced autotransformers. 

The transportation services are provided by trains with a maximum 
power of 8 MW, a mass of 324 t, a length of 200 m, a maximum speed of 
300 km/h, and traction and braking characteristics as given in [57]. The 
type trajectories proposed for this case study consist of three phases: 
acceleration at maximum traction force, cruise at constant speed, and 
deceleration at maximum braking force. The travel time in both di-
rections has been set at 25 min and –given the traction and braking 
capabilities of the trains– the speed in the cruise phase should be 270 
km/h. The transportation plan is provided continuously and the de-
parture times of consecutive services in each direction follow a TH 
headway of 30 min. 

The symmetry of the trajectories and infrastructure results in a new 
symmetry in the scenarios generated in both sections. Then, the opera-
tion in section 1.1 for TL is identical to the operation in section 1.2 for 
30–TL. The trajectories of services for TL = 15 min have been plotted in 
Fig. 9. As can be seen, the operation scenarios in both sections are 
identical. Therefore, it is sufficient to simulate for section 1.1 and 
extrapolate the results for section 1.2. 

The active power PTT in the traction transformer of section 1.1 for TL 
= 15 min is shown in the upper part of Fig. 10. The acceleration phase of 
the 2 m + 1 service takes place between minutes 0 and 4.2 and the 
braking phase of the 2 m service between minutes 7.2 and 10. Acceler-
ation and braking at constant torque –at low speed– temporarily vary the 
power exchanged between the train and the traction transformer. On the 
other hand, the power in the traction transformer remains stable when 

Fig. 7. Third algorithm. The electrical power transmission loss in the electri-
fication system and the electrical power in the traction transformer 
are calculated. 

Fig. 8. Route and electrification system of the transportation plan simulated in the first case study.  
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trains accelerate or brake at constant power –at high speed. Addition-
ally, the power supplied by the traction transformers remains stable 
during the cruising phases as forward resistances are constant. Finally, 
both trains change sections at minutes 12.6 and 27.6. 

As stated in (20), the power loss can be expressed as the sum of the 
power losses in the traction circuits of the trains individually considered 
plus the effect resulting from the overlapping of the traction circuits. The 
total active power loss in section 1.1 and layover time TL of 15 min has 
been represented in the lower part of Fig. 10. It can be seen that the 
active power loss is clearly higher during acceleration and braking 
phases than during cruising phases, i.e., when circulating currents are 
more intense. Furthermore, according to (16), the distances between the 
trains and the traction transformer have an influence on the trend of 
active power losses in the traction circuits. 

According to (21)-(23), the effect of overlapping when both trains 
are simultaneously accelerating –or braking– is to increase power losses 

in the traction circuits. Otherwise, the power losses are decreased when 
one train is braking, and the other one is accelerating. Thus, as can be 
checked in Fig. 10, the overlapping decreases the power loss in the 
traction circuits during the time interval 7.2–10 min as a direct power 
flow is established between the braking train –service 2 m– and the 
accelerating train –service 2 m + 1–. 

Choosing a different value for the layover time TL temporarily shifts 
the trajectory of the even services and modifies the overlapping loss 
during concurrency intervals within the simulation window. As 
mentioned above, a complete set of equivalent operating scenarios is 
obtained from the variation of TL from 0 to 29 min. Fig. 11 plots the 
relative values of the total active power loss for each operating scenario. 
As can be seen, central symmetry emerges when adding the losses of 
both sections. The total transmission losses in simulated scenarios range 
between 3.73 % and 5.45 % of the energy supplied by the traction 
transformers. Consequently, the efficient scheduling strategy presented 

Fig. 9. Service trajectories contained within the simulation time window of the first case study for TL = 15 min.  

Fig. 10. Instantaneous active power in the first traction transformer and instantaneous active power loss in section 1.1 obtained from the simulation of the operation 
scenario corresponding to TL = 15 min. 
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allows for loss savings of up to 31.55 % for this transportation plan. 

4.2. Case study 2. Medium distance service 

In this second case study, a transportation plan between two stations 
A and B, 200 km apart, is analyzed. The track follows the same design 
presented in the first case study. As shown in Fig. 12, the electrification 
infrastructure consists of four sections equipped with three equispaced 
autotransformers. Sections 2.1 and 2.2 are fed by two transformers 
located at the traction substation at kilometer point 50. Sections 2.3 and 
2.4 are fed by two transformers located at the traction substation at 
kilometer point 150. The type trajectories between the two stations 
consist of three phases. The speed during the cruise phase is 270 km/h 
and the travel time is 47 min. As in the first case study, the TH headway 
between two consecutive services in the same direction is 30 min. 

Considering the symmetry of the trajectories of the trains and the 
infrastructure, it is sufficient to simulate the operation in sections 2.1 
and 2.2, and extrapolate the results to sections 2.3 and 2.4, respectively. 
Additionally, the acceleration and braking phases and the topology of 
the electrification system are the same as those described in the first case 
study. Consequently, the values of transmission losses in the extreme 
sections 2.1 and 2.4 are equal to those obtained for sections 1.1 and 1.2, 
respectively. However, the operation scenarios are laterally shifted since 
in this second case study the travel time is 22 min longer. 

The active power PTT in the traction transformer of section 2.2 for TL 
= 23 min is shown in the upper part of Fig. 13. This section is traversed 
by trains –applying constant traction– in cruising phase between mi-
nutes 12.6 and 27.9. The active power loss PL in section 2.2 has been 

represented in the lower part of Fig. 13. The observed trends in active 
power losses are consistent with the trajectory of the trains. According to 
(22)-(24), the coincidence of two trains in section 2.2 between minutes 
16.8 y 23.8 produces power loss due to overlapping. 

Fig. 11. Total transmission losses in the first case study for each of the 30 
equivalent operating scenarios. 

Fig. 12. Route and electrification system of the transportation plan simulated in the second case study.  

Fig. 13. Instantaneous active power in the first traction transformer and 
instantaneous active power loss in section 2.2 obtained from the simulation of 
the operation scenario corresponding to TL = 23 min. 

Fig. 14. Total transmission losses in the second case study for each of the 30 
equivalent operating scenarios. 
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As can be seen in Fig. 14, total transmission losses in the set of 
equivalent operating scenarios analyzed range between 2.71 % and 3.58 
% of the energy supplied by the traction transformers. Consequently, the 
efficient scheduling strategy presented allows savings of up to 24.30 % 
in the transmission losses of this transportation plan. 

4.3. Case study 3. Long distance service 

In this third case study, a long-distance transportation plan is 
considered. The operation is developed on the infrastructure resulting 
from the union of the two previous case studies. The rail services are 
extended between stations A, B and C, as shown in Fig. 15. The type 
trajectories presented in the first and the second case study are used on 
the routes between A and B, and B and C, respectively. The dwell time at 
intermediate station B is TD. The headway TH between two consecutive 
services in the same direction is 30 min. 

The transportation plan of this third case study can be decomposed 
into two pieces and the efficient scheduling strategy can be deduced 
from the results of the previous case studies. The equivalent layover 
times between the even services and odd services in each of the two 
pieces are deduced from the travel times, layover time TL and dwell time 
TD. Then, the layover time between stations A and B is TL1 = [TL + TD +

47]30, and the layover time between stations B and C is TL2 = [TL +

TD–25]30. Applying TL1 and TL2 to the results shown in Fig. 11 and 
Fig. 14, respectively, the transmission losses corresponding to each pair 
(TL, TD) can be obtained. 

In this third case study, the search space for operating scenarios is 
more extensive. For each layover time TL, there are as many operating 
scenarios as possible dwell time TD values. Fig. 16 shows the minimum 
and maximum transmission loss scenarios found in TD ∈ [2,8] min for 
each TL. 

As can be noticed, the efficient scheduling strategy presented can 
achieve savings of up to 27.38 % in transmission losses for this trans-
portation plan. These savings lie between the values obtained in the two 
previous case studies. 

5. Conclusions 

In this paper, power transmission losses of high-speed transportation 
plans are evaluated through dynamic simulations of the 2x25 kV elec-
trification system. Spatial and temporal distribution of running trains 
are translated into mechanical terms and power exchanges within the 
railway system are evaluated. For each transportation plan, a set of 
equivalent operating scenarios has been generated by means of slight 
variations of the scheduling for each plan. Although the energy con-
sumption of the trains is the same in all scenarios of each set, overall 
transmission losses differ significantly depending on the mode of train 
concurrency within electrification sections. It can be concluded that 
there is a simple efficient scheduling strategy that allows to operate a 
transportation plan in the minimum transmission loss scenario that can 
be implemented immediately and without relevant costs for the oper-
ator. This strategy preserves the service offered to passengers and the 
fleet size required for the operation. The energy savings obtained are 
continuous over time as the rail operation consistently replicates the 
scheduled timetables. Future research is aimed at implementing more 
complete models, and to consider the Integration of Energy Storage and 
Renewable Energy Sources. 
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