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Abstract— The electrical modelling of rail trackswith multiple
running trains is complex due to the difficulties of solving the
power flow. The trains’ positions, speed, and acceleration change
instantly which makes the system nonlinear. Additionally, the
nonreversible substations are another reason for the nonlinearity
of the system. These nonlinear characteristics of the rail system
make the power flow analysis more complicated. In this paper, a
simple method for modelling electric railways has been used to
avoid complicated algorithmsto solvethe power flow. The method
depends mainly on modelling the mechanical and electrical
characteristics of the full rail track system using the simulation
tool Simscape, which has been developed by MathWorks. The
model is able to provide the track voltage and also the trains
voltages. Through the implementation of Energy Storage Systems
(ESSs) it will be possible to improve the energy efficiency of
electric railways by effectively controlling the rail track voltage
and thetrains contact voltages.

Keywords— Braking resistors; electric railways,; energy storage
system; regenerative braking; rail track;

. INTRODUCTION

alternative is a % rail system where the rail track has two
running rails and two power rails. The live rail, which is tie 3
rail, is placed on the side of the running rails. The return rail,
which is the # rail, is placed on the center or on the other side
of the track. The 4 rail is applied as a return conductor to
substations to avoid using the running rails to pass current which
is shown to cause premature erosion [3].

In urban cities, the %rail track system is commonly used
with a very short distance between passenger stations. Trains
need to accelerate and decelerate in a very short time in order to
achieve top speeds. This results in a high generation of power
before leaving a station and a high regeneration of power before
reaching the next station [4]. This surge in power can cause
voltage peaks and dips due to the resistance in the conductors
and as the substations are commonly just rectifiers, there is n
power flow back to grid. However, even if the substations are
bidirectional, it is not practical to re-feed the power to the grid
due to the immature relaadivation, and phase mismatching.
The power that is regenerated on braking is ideally consbgned
other trains on the same conductor rails. However, to protect the
track from high voltages, this excess power is dissipated as heat

For many years now, there has been a demand to move frdhtough the onboard braking resistors. This energy is redard
diesel trains to electric trains in order to reduce harmfuls wasted as it cannot be reused. Furthermore, the heat that is
emissions, noise and to take advantage of lighter weigllissipated can increase the overall energy requirements for
locomotives [1]. Electric railways can be AC or DC. cooling on underground rail systems.

Historically, DC was preferred for the ease of controlling trains’

DC motors. Economically, AC is preferred for its ability to step
up and step down the voltage, which reduces conductor si
However, line losses of low voltage electric railways are higher
in AC than in DC due to the skin effect and the loop inductanc
In the UK, DC railway systems use overhead transmission line
and a 3 rail or 4" rail. Overhead transmission lines are not
commonly used in urban areas because they are difficult to bui
in confined spaces, notably in tunnels, and are not aesthetical
desirable. The'$and 4" rails are placed on the ground close to
the running rails. The main advantages ®fa®id 4" rail lines

are the low price of construction, low cost of maintenance, angLI

the ability to construct them where space is limited [2]

Z

%\'/here to

It has been proposed in literature, and more recently with a
number of pilots installed around the world, energy storage
§ystems (ESSs) could support peak powers on DC rail tracks and
in turn increase the system efficiency. To study the siz&8f E
locate it and how it is controlled requires a
§0phisticated voltage model capable of supporting multiple train

imulations [5]. T. Kulworawanichpong [6] solved the power
E%)w of a multi-train model by using a simplified Newton-

aphson method. B. Mohamed, P. Arboleya and C. Gonzalez-
Moran [7] have provided a method called a Modified Current
Injection to solve the electric railway power flow, whether the
bstations were reversible or non-reversible. Different
simulation methods for electric railways were provided in [8]

Substations provide the power from the AC electrical grid9], [10], [11] and [12]. However, all of them were able to just
through DC rectification with the UK commonly using either provide the trains contact voltagesd not the track voltage.
750V or 1500V. In some DC rail systems, running rails arelhis paper has developed a simulation approach to magiellin
responsible for carrying the return current to the substatiortfe mechanical and electrical characteristics of' aadl track

through the connection between the train’s wheels and the rails.

including vehicles, rail track, and substations. The simulation

Only one feeder conductor is required in this case and is calledethod presented in this paper, can accurately analyze the power
the 3¢ rail, set either beside the rails or between them. Th#ow, measure the track voltage and the voltages that the trains



are subjected to. Consequently, onboard or stationary E®Ss ¢

be introduced into the model for analysis and optimization. 123
Q 10
] 1: Accelerating Region
Il THE TESTSCENARIO ~_§ 8 T 2: Constant Speed Region
The test scenario proposes equal distances between the . i 3: Regenerative Braking Region

rectifier substations and also between the passenger station;i, 3
Fig. 1 shows that there are 7 passenger stations sepayated |g 4 ]

1.5km that the trains stop at. The trains start their journeys a £ > 1 1 2 3
station A and finish their journeys at station G. To demonstrate ]

electrical validation, the journeys are repetitive dre train’s 0 A= e
characteristics and load are the same for all of them. The typica 0 03 06 0.9 12 15
speed profile of a certain train between any two virtual stations Position (km)

is shown in Fig. 2, and it is shown that the maximum speed is

38.88km/h. The six trains have the same speed profile that is
repeated between any two consecutive passenger stations with
the mass Of each tra|n rema|n|ng the same. Train 1 Train 2 Train 3 Train 4 ——Train 5 Train 6

10 7

Fig. 2. Driving cycle of a train between any twmsecutive passenger
stations.

Table | shows the arrival time of the trains at each station, ]
except for station A, where it shows the departure time. It is = g 1
assumed that the trains are restricted to this timetable and thel=z ]
dwell time in the inter-stations is 30 seconds. The cyclic railway £
timetable was first used in 1931 in Netherlands, for passengers’
convenience, by making the timetables easy to memorize. Late 3
on, cyclic timetables were adopted by European countries in~ * 1
their bus, metro and railway systems [13]. The positionseof th 0 Tttt
trains against time for the whole journey is shown in Fig. 3. It 0 300 600 900 1200 1500 1800
can be seen that there is an overlap between the trains where Time (s)
train is braking while another one is accelerating. This overlap
plays a very important role in terms of energy exchange and Fig. 3. Train diagrams consisting 7 passenger stations.
voltage stability. To effectively consume the regenerative
braking power for the accelerating trains, the distance between I1l. MODEL DESCRIPTION
the braking trains and the accelerating trains should be short to
minimize losses due to the resistance of the conductoA Physical Modelling

Consequently, if the traffic density is low and there are not |y order to move a train from its stationary state, a tractive

enough trains that can import all of the regenerative brakingyrce needs to be applied. The tractive force decreases when the

power, an overvoltage will occur, potentially causing damage t@in’s speed increases, and depends on many factors such as the

the power network. To protect the system from overvoltagesehicle weight, the gradient, the inclination, and the trip time.

braking resistors installed on the train are switched in at gyrthermore, the braking force is responsible for bringiey

defined voltage threshold to dissipate the regenerative power.irain to a standstill. While a train is moving, a forcthe drag
force- resists its movement, and consists rolling resistance and
air resistance. The equations used in this paper are adiapted
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1.5 km F 1.5 km 1.5 km D 1.5 km C 1.5 km

s - > a4 [14] as follows:
E « % « > .@@E g « F ?g, e The drag forceQ(V) in kN is represented by the Davis
% g o 1ass i equation as
i .2/ |Headway “
BEIINR ST SR S AN S { Q(v) = a+ bw+ cv. @
Fig. 1. Rail track with 3 substations and 6 runniagys. The coefficients of the Davis equation depend on the train
TABLE | type, when they are calculated experimentallgpresents the
TIME SCHEDULE OF THETRAINS IN SECONDS bearing resistance and is relative to the vehicle mhss,
Station] Tra | Trane | Tra@| Tradl Tragl Traid represents the rolling resistance, aodr_epresents the_ air
0 145 590 | 435 | 580 795 resistance. The values of the Davis coefficients are available in

164 | 309 | 454 | 509| 744 889 Table II.
358 | 503 | 648 | 793| 938 1083
550 | 607 | 842 | 987| 1132 1271
746 | 891 | 1036| 1181 1328 147
940 | 1085 | 1230| 1375 1520 166
1134 | 1279 1424] 1569 1714 185

e The maximum tractive forc& (V) in kN is

@|Mmol0| m >

Ty O =

(2)

F(v) =310, v<10n /s
F(v) =310- (10s— 100), lxvs 222 ¢




Forward Rail Resistance Forward Rail Resistance

e The maximum electrical braking ford8(v) in kN is AN AR

B(v) = 260, v<18n /s @®)
B(v) =260- (1&—- 270), v> 1B $ A .
Substation1 Substation2
L . . . Internal Resistance Train Current Q) Internal Resistance
The train is represented by an ideal current source importing
current when it is accelerating or cruising, and exportingeatir - substationt oc voltage Substation2 DC Voltage
when it isdecelerating. The train’s power demand changes with "e‘”"‘)r“’;';“%‘a"“ Re‘“”‘}"‘xﬁé“‘e

time due to the different speed modekile the auxiliary power
is always zero for the sake of simplification. The length ef th

vehicle is ignored and treated as a particle. Fig. 5. Electrical configuration of a train runnibgtween two successive
substations.

|||—

Train dynamics are described in Fig. 4. Grade and curvature ) ] i )
resistance are ignored in this model. A PI controller is used to The electrical resistance between a train and the previous
control the train’s speed to integrate it with the electric power ~ Station, or the following train, is calculated by (4). Equatin (
system. The outputs of the physical model that feed the pow&an be applied to calculate the eleettiesistance between a
system model are the distance travelled by a certain train, afignning train and the next station, or the train ahead if tisere
the train’s current demand (import/export) at that instance. The ~ One. For example, Fig. 6 shows the eleatricesistance
objective of the electrical model is to be able to simulate théifference between train 1 and the next or previous passenger
voltage and current along the conductors to analyze the powgation. Applying (4) to train 2’s journey results in Fig. 7, and

flow. applying (5) to train 2’s journey results in Fig. 8.

B. Electrical Modelling {Rvdn(t) = Ryxdy(D; Aha (9 < ¥ (4)
Substations are based on AC-DC rectification and they are |Rg () = Ryx(d,(9—-d,(9);  d..(3> v,

unidirectional. For the reason of considering the DC traction in R, ()= R, x(d.— d (9): d.()>

this study, the AC side of the substation is disregarded and oD =Ry s T Ib wl Y 5)

assumed to provide fixed DC voltages. Substations are modelled |R', (t)=R,x(d.,()-d(9); d..(d< V.,

using ideal DC voltage sources and internal resistances which . . . . .
represents Thevenin’s equivalent, as shown in Fig. 5. The 3" and Where, R, (1) is the electrical resistance between train
4" rails are represented by resistive lines. In the figure, thand the previous passenger station or the following tRjp(t)

rﬁsisat_ance betwee;? tgebtrari]n and the s;ps_tation IS variaé)lg, er]@ the electrical resistance between train and the next
the distance travelle the train, and it is represente the . : : ;
multiplication of the peryunit rail electrical resipstance and S{hé)assenger station or the train ahed®, is the electrial

difference in distance between the train and the substation. THesistance of the rail tracld, (t) is the distance travelled by
electrical resistance between a certain train and the previousain n which is time variant, and, is the distance between

the next station is a time variant. Furthermore, the other trairg_;ny two consecutive passenger stations, which is always 1.5km

running either behind or ahead of a certain train change t : -
electrical resistance value between this train, the next station ;Inﬁ our casg. It is worth rpenhonmg thal,(t) represents the
the previous station. travelled distance by traim between any two consecutive

_ ) ) ) stations, which means that this distance starts at Okm to 1.5km
The challenge in modelling the electrical system is that th@ind then repeated until the train finishes its journey. The
location of the trains is variable, and this causes instantaneoggvelled distance by a train that is running between traiand

changes to the apparent electrical configuration of the n_etworﬁ1e station ahead of train is identified asd_,(t) , and the
Another challenge is that the power demand of the trains also lled di b inthat i ina b and
changes with their location. This requires calculation of thdf@velled distance by a train that Is running between tiaen

voltages and currents at each node along the track. In othé€ last previous station passed by trainis namedd, ,(t) .
words, the network is time-varying, and the circuit equationginally, y_, represents the location of the station ahead of train
change based on the train’s speed and location and the number n andy. , represents the location of the station that was lastly

of trains on the track. The model parameters are showable T .
Il. passed by traim .

Desired n Tactionor The values oRR (1), and R, (t) are substituted as variable

Controller S e wrass resistors, that are used to form the electrical model of the railway
in Fig. 1. The model and simulation of th& #ail track wa
Do Fore implemented in MATLAB Simulink. Simscape was used to
model the electrical system which was integrated with the
J1 e e e, physical system. The physical system is responsible fdinfge
Measured speed d,(t) and the current demand of the trains to the electrical

Fig. 4. Dynamics of a single train. model.



The electrical resistance between train 1 and stations ahead

----- The electrical resistance between train 1 and stations behind
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Fig. 6. The electrical resistance between train lthegassenger station:s

o

Time (s)

substations. Thus, each rectifier substation is responsiblet to jus
feed two adjacent electrical sections. The voltages of the
substations are shown in Fig. 10. The voltages of the substations
drop below the nominal voltage when the trains accelerate close
to them, and the voltages rise when the trains decelerate close to
the substations.

It is noticed that between the three substations, subsggtion
which is located in the middle of the track, is producingeno
power than the others. The mean power of the substasons i
0.5MW, 0.73MW, and 0.29MW respectively. The traction
substation 2 supplies more power because, in most cases, it is
closer to the accelerating trains than the other two traction
substations. Similarly, the highest peak power occurs at
substation 2 with a value of 3.15MW.
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Fig. 7. The electrical resistance difference betwesn 2 and the train S0 | W S50
behind or the previous passenger station. P ; ‘ A . 00 M ;
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e ] Fig. 9. The voltages at the trains’ locations: (a) train 1; (b) train 2; (c) train 3;
0 ] (d) train 4; (e) train 5; (f) train 6.
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Fig. 8. The electrical resistance difference betwiesin 2 and the train

ahead or the next passenger station.

IV. SIMULATION RESULTS ANDDISCUSSION

Multiple trains with different scenarios were simulated using
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the proposed modelling methodology. Interactions between the
trains and power flow d3ed on the track’s voltage have been
shown in Fig. 9. The figure shows the results for six trains. Th
interactions between the trains are very high due to the short
distance between them.

The rapid change of voltage is due to the change in the power
demand of a train and also due to the interactions betwees train
During braking mode, the train’s voltage climbs to a value
higher than the substation voltage before it is controlled by the
braking resistor box.

The two sections of the railway are electrically isolated by a
dead zone called neutral section, which is located at each
substation. This sectioning is applied to balance the national grid
by drawing power from different phases for adjacent

S
pied
o

(b) 610 1

900 1200 1500
Time (s)

w
o

Voltage (V)
w w

510 1

900

1200 1500 1800

Time (s)



-
o

<
[<)]
fuiy
o

resistors, due to the high traffic density. Fig. 12 shows the
receptivity of the railway line, which is the capability of the
trains to accept the available regenerative energy by decelerating
trains. It is observed that the linereceptivity reduces with
increasing headway. In decoupled railways, the receptivity of
the lines deteriorates with the increase of headway due to the
high likelihood of consecutive trains being separated by
different electrical sections, which is the case for 550s headway
o S However, if all of the trains start accelerating and decelerating

Voltage (V)
w 1%, v w
w wu ~l [Vel
o o (=] o

v
iy
o

B
O
o

0 300 600 900 1200 1500 1800 togethe, then the wasted energy in the onboard braking resistors
Time (s) will be very high and the utilization factor will be very low
Fig. 10. The substations’ voltages: (a) substation 1; (b) substation 2; (c) despite the fact that the headway is small. It is concludedhthat t
substation 3. lower number of trains running simultaneously on the track
results in lower power utilization in the railway. Similarly,
TABLE II increasing the headway of multi-trains decreases the power
PARAMETERS OFTHE TRAINS AND THE ELECTRIC RAILWAY SYSTEM utilization in the railway.
Symbol Quantity Value
m _ rainmass 2r2155q V. VALIDATION
a Davis equation constant 2.965N
coefficient The passenger stations are situated at different locations
b Davis equation linear term  0.23Ns/ v along the track, and they are stationary. The trains are moving
_ coefficient . with time and they all pass these stations at a known time.
c Davis equatlon quadratlc 0.005N& /rﬁ Measuring th tati R It d th It
term coefficient ring the passenger stations’ voltages an ¢ voltages
Vv substation dc voltage 600V experienced by the trains, these should be matched at that time
° . . when a train is located at a certain station. From Table |, it is
R substation inner resistanc 20me known that train 1 reaches interstation F at 940s and dwells for
R, rail electrical resistance 15n0Q2 / km 30s, and during this timevoltage matching occurs as shown in
Vv Voltage threshold 740/ Fig. 13. Another case is considered in Fig. 14, which shmw
max match between the virtual statienvoltage and the traits

voltage when the train and the station have the same location on
the track. Noticeably, high voltage calculation accuracy is
for the same system but with different departure intervatsn [)?‘pved notwithstanding the dynamic behavior of the electric

X ) ; : rﬁ{lway.
be seen that increasing the headway increases the losses in the
braking resistors because the trains running kiw traffic Another method to validate the model is summing the total
density. Headway is crucial to optimize energy efficiency inenergy, which should be equal to zero. In other words, the
multi-train railways. Furthermore, storing the regenerativesubstations’ output energy and the trains’ regenerative energy
energy in ESSs instead of dissipating it in the braking resistoshould equal to the trains’ energy consumption, and the total
can be used to improve the energy efficiency of the railwag. Thlosses in the system as follows

unused braking energy of each train is calculated by SE+YE-YE+YE LY E LY E )

.
=| 1,-V_dt 6

Ee Io o Vaf! ©) where ZES is the total energy consumption of all of the

where |, is the current passing through the braking resistor osﬁubstations;ZEr is the total regenerative energy by the

the train, andv,,;, is the voltage seen by the train. braking trains;)_E, is the total traction energy consumed by all

Effective power exchange between the running trains caof the trains;z Eie e IS the total energy losses in tigg
reduce the power consumption of the rectifier substations th . _ ; .
therefore the utilization of the regenerative energy should b%ndd' rail; andZEsubstaﬁO& sse: 1S the total energy losses in the
considered for the study into ESSs. The utilization factointernal resistors of the substations;.

Nuiiaion Measures the percentage of the used braking energy C"fg(k\m NECCIDEC I I T IR

Fig. 11 shows the total wasted energy in the braking resisto

of the total braking energy, as follows 857.94 2075 893.06 82.44 50.76 47.69
Mo = ZE _Z B %x100% @) From the above results, it is calculated that the two sided) of (
ulzation YE are equal with an error of 0.79%, which is acceptable due to the

transients created by the switches in the simulation model.
where ZEr is the total regenerative energy by the braking

trains andz E,, is the total dissipated braking energy in the
braking resistors of the trains.

The utilization factor for the case study above is /7%
meaning that minimal energy was wasted in the braking
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Fig. 13. Measured voltage at station F and voltage bg train 1.
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Fig. 14. Measured voltage at station B and voltsgm by train 3.

VI. CONCLUSION

The purpose of this paper was to develop an electrical model
that describes the effect of a moving train over an electric DC
railway. The work has presented a simplified test scenario of 6
trains running on a 9km rail track in order to show vdiaaof
the model against the expected observations. The model can
provide the track and train voltages at any location along with
power flows. This model can therefore be used to study the
effects of energy storage on the railway systemtagtimize
it for solutions. Consequently, it will be possible to design
onboard or stationary ESSs to import and export energy with
accurate energy calculations by voltage control. The proposed
simulation method is simple, accurate, and adaptable tgekan
in the circuit configuration. As a consequence of this ntktho
iterative math methods to solve the nonlinear equations of the
system have been avoided.
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