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Development of a Novel Methodology for DC Railway Power Network
Analysis Based on Participation Factor

Byoung-Yoon Shin*, Gilsoo Jang*, Seung-Kwon Shin**, Sung-Kwan Joo*
and Hansang Lee'

Abstract — Urban DC railways have played an important role in urban transportation, and railway
operation and energy management have been emphasized to be important to achieve maximum
efficiency from existing infrastructure. Fast, accurate DC railway power flow analysis is required to
operate a DC railway efficiently, and this paper proposes a novel methodology to analyze the DC
railway power network by implementing the participation factor (PF). The PF concept consists of a
correlation between the vehicle and the substation, as explained using zones based on the position of
the vehicles running on the route. Then, the DC railway powerflow is calculated using the PF concept.
Finally, the usability of the proposed method was validated via case studies with actual railway
operation data, and we discuss some of the advantages of the suggested methodology.
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1. Introduction

Transportation consumes a large quantity of electrical
energy, and even for smart grids, smart transportation
classified separately as a major concern. DC railways are
large-scale transportation solutions that play an important
role in urban traffic, and as urbanization accelerates,
railway routes and transportation capacity need to increase.

However, there are some practical limits to doing so,
such as the availability of space and power. Furthermore,
the depletion of natural resources and environmental issues
should also be taken into consideration. Therefore, proper
vehicle operation and energy management have been
further emphasized as necessary to obtain the maximum
efficiency in the existing infrastructure. To this end, it is
important to develop a method to more -effectively
calculate the powerflow in order to reflect real-time data so
that operation can be carried out with various technologies,
including regenerative energy, energy storage systems,
substation peak load reduction, etc.

Even though a DC railway network is a simple network
consisting of linear components, it actually consists of non-
linear systems since a vehicle has a constant power load.
Therefore, an iterative method should be applied to
determine the powerflow. The Newton-Raphson method or
Gauss Seidel method are generally used for powerflow
calculations [1, 2].

The Newton-Raphson (NR) method consists of a sparse
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programing technique, such as a factorization algorithm,
and it is popular in the analysis of large AC power systems.
The NR method uses a geometric interpretation of the
derivative of the slope of the tangent. Since the
convergence speed of the NR method is quadratic, it is
thus possible to obtain an exact approximation with fewer
iterations. However, there is a difficulty in calculating
the derivative, and the disadvantages of non-convergence
depend on the initial value. There is also a subroutine that
calculates the Jacobian matrix for every iteration, and
since the Jacobian matrix is a voltage-variable function,
the computational time increases.

System equation linearization allows for an iterative
method, such as Gauss Seidel, to be applied to solve the
equation. The advantages of using this method are that the
calculation is simple and requires less memory than that for
NR.

Talukda et al. suggested a direct method that changes the
substation to a current model and confirmed that the Gauss
iterative process is more suitable based on the limits of the
initial value error, in comparison to the NR process [3].
Goodman, C.J et al. reviewed a simplified method using
diakoptics on combined networks [4]. Glover, J.D et al.
proposed an iterative method using the voltage-current
characteristics of the vehicle [5], and Mellitt, B et al.
proposed a calculation that takes into account the
substation limitation, such as the overvoltage limit with
regenerative energy [6]. Cai, Y et al. compared iterative
methods for the conductance vector and current vector.
This comparison indicated that the current vector is more
efficient and that regenerative energy can be easily applied
[2]. Various studies have investigated railway powerflow
incorporating energy storage systems to reduce substation
peaks as well as the efficient use of regenerative energy
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KEPCO Distribution System

Fig. 1. Simplified model of Korean DC railway

[7~11]. AC-DC hybrid analysis methodology was suggested
considering the time interval in order to analyze railway
networks with distribution networks [12].

Participation Factor (PF)-based powerflow analysis is
herein proposed to improve the computing speed and
accuracy of the convergence characteristic, and this paper
is organized as follows. Chapter 2 addresses the system
configuration of a DC electric railway. The basic concept
for PF and its application are presented in Chapter 3. Case
studies are provided in Chapter 4, and the conclusions are
described in Chapter 5.

2. DC Railway System

2.1 Structure of DC railway power system

A DC railway power system consists of a substation,
catenary, vehicle and rail. Fig. 1 shows a simple railway
system model. The power necessary to operate the
vehicle is provided by direct current conversion from the
distribution network and distributed supply to the vehicle
through the catenary. There are multiple substations
between the starting and final destination, and depending
on the vehicle operation schedule, one or multiple vehicles
can be located between substations.

In a conventional power network, only the load capacity
varies with a fixed location while the location of the
railway load also varies during operation. Also, the variation
in the railway loads includes intermittent and regenerative
characteristics when compared to conventional loads.

Therefore, a new network has to be established
according to the vehicle location as time varies. Also, the
characteristics of the vehicle change according to its
operating status. Normally, power is consumed during
acceleration, acting as a load, but it acts as a source during
breaking by sending a reverse current to the network when
producing regenerative energy.

2.2 Power system configuration

This paper assumes that the KEPCO distribution system

Table 1. Basic data

Category Specific data
Rated voltage
Operation data Dwell time
Headway

No-load voltage
Source conductance
Substation location

Vehicle location

Substation data

Vehicle data
Power

Line data F ee@ef impedance per km

Rail impedance per km

Vveh

I:,veh Iv

eh
o
(a) (b)

Fig. 2. Model for the vehicular load

is robust enough to build an urban DC railway power
system, so the no-load voltage (V,) supplied from the
substation rectifier is constant.

The rectifier is converted to an equivalent model using a
fixed value (V) for the voltage source and the measured
source conductance, as shown in Fig. 1, to electrically
separate the DC railway system from the AC distribution
system. Since the vehicle acts as a constant power load, it
should be expressed as a current source in order to obtain a
correlation between the vehicle and the substation, as
shown in Fig. 2.

Table 1 shows the data needed to construct the system
equation. The network consists of substations, vehicles, the
catenary and rail. Since the vehicle operates according to
schedule, it is necessary to obtain vehicle location data and
power consumption data as time varies.

Depending on the location of the vehicle, the con-
ductance of the catenary between the substation and the
vehicle or vehicle and vehicle varies, and it can be
calculated using Eq. (1) depending on distance.
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9e; = Liiv1 X & (1)

where ;. is the line length between two electrical
components, and & is the conductance per kilometer.

3. Participation Factor
3.1 Current distribution ratio

There are several substations throughout the entire track,
and the power requested by the vehicles is supplied in
parallel through those. The vehicle is positioned between
the end point and the starting point according to the
schedule, as shown in Fig. 3.

If the vehicle is located as shown in Fig. 3(a), the
current-voltage relationship between the furthest substations
from the vehicle (subl) and the following substations (sub2)
is represented with Eq. (2). The current from sub2 can be
expressed using Eq. (3). In Eq. (3), a, is the coefficient of
the current ratio of I, to I;.

Is; " gs2 = Is1(gs1 + gc,sl,sz) 2
1
Is; = E(gm + gci)ls1 = azls; 3)

In the same way, the current from sub; can also be
expressed by the current ratio, o;, and L.

1 i
Iy = E{gc,si_l,siZ;c:ﬁ A + @i_1gsi-iflss = ailsy (4)

Since the vehicle current is equal to the sum of the
current from each substation, the vehicle current, I, with
each substation current can be expressed using the equation
for Isl, as in Eq. (5). The components of the vehicle's
current can thus be expressed using Eq. (6).

Lyen = Is1 +Isp + -+ sy = Isg X Xiemq @ Q)
CDleft set: [altaZJ“"am] (6)

The same notation can be used to derive the current
distribution for the vehicle current located in Fig. 3(b) by
using Eq. (7)

Also, if the vehicle location is as shown in Fig. 3(b),
the current can be calculated according to the farthest
substation by using Eq. (2)~(5), and this is represented in

Eq. (7).

CDright set: [ By, B2, B ml (7

The vehicles are usually located between substations
during operation, as shown in Fig. 3(c). In this case, the
current supplied from the left- and right-side substations
should be separately considered. When the vehicle is in
service between sub; and sub,;;, each current ratio set for
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Table 2. Current distribution (CD) ratio table
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Fig. 3. DC railway location during operation time

the left side substations (sub; ~ sub;) and the right side
substations (sub;;; ~ sub,,) can be derived using Eq. (6) and
(7) with the Ig; and Ig,, functions, respectively. That is, the
vehicle current, [, can be expressed as the sum of the
current from both sides, as shown in Eq. (8).

Lyen = ([aq, az, -, ;] * Isy + [ Bis1s Bivzs s Brml * Ism
3

CDset: [ ay,-,a;, Biz1, Bl ©)

Table 2 shows the component of the current distribution
ratio for the DC railway network composed of m
substations.
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3.2 Participation factor calculation

In the previous chapter, we determined the current ratio
for the left and right side based on the railway's location.
However, we can only obtain a distribution ratio based on
the end for both sides because the actual current value of
the end substation for both sides is an unknown value, so
the current ratio for all substations needs to be unified
using one standard to calculate the actual current
distribution. When the vehicle is located between the ith
and i+1th substations, as shown in Fig. 3(c), the relation
equation is derived as Eq. (10) from the relationships
between V., Vs; V1 and the current for both sides.

i
;" gsi t Z Ak Gespw | Isa
=1

= (.81'+1 “gsi+1 T Z‘Ir(n=1+1 Br - gC,v,Si+1) lsm (10)

Eq. (10) can be expressed as Eq. (11) by the relational
expression of Ig, to Ig;.

i
_ @i gsitlp=1k'9C,syw

Isy Bi+19sit1+2Re141 Br9cwSiq

— Ism

(11)

where v is the current ratio of the total current from both
sides.

Applying vy, the current from each substation can be
represented using a value proportional to Ig. For the
vehicle that is operating in Zone i, the substation current
ratio can be calculated using Eq. (12).

Lyen = (a1 ++ai+y B+ -+v: ) Iy (12)
Iveh = [ali Y .81'+1' Y .Bm] ' [Sl (13)

As previously discussed, the vehicle current is equal to
the sum of the substation currents. That is, each substation
has its own current duty, and this current duty can be
represented with a participation factor that indicates the
portion of the load current or regenerative current of any
specific vehicle, as shown in Eq. (15) and (16)

Is; = pfi* lyen (14)
ai
Thet “k+7'2}11+1 Bj (15)
. Bi+1Y
T Y T B (16)

Thus, the PF matrix for vehicle k is given in Eq. (17).

PF = [pflkJ pfzk TR pfmk] (17)

The iy, substation current is the same as the sum of the
contribution for each vehicle, as in Eq. (16). The current
for the whole substation can be independently obtained,

and the relationship between the substation and the entire
vehicle is the same as in Eq. (18).

Isi = Xk=1Pf ik Lveni (18)
Isy pfi1  pfiz Pfix—1 Pk
15:2 pfz1  pfz pfox-1 Pl
Ism—1 Pfm-11  Pfm-12 Plm-1k-1, Pfm-1x
ISm pfm,l pfm,z pfm,k—l pfm,k
Ivehl
Ivehz
: (19)
Iveh,k—l
Iveh,k

3.3 Voltage calculation

With the substation current, we can obtain the substation
voltage from the no-load voltage. Eq. (20)

Vi=Vu—9s1Is (20)

The voltage for the k-th vehicle located between sub; and
Subi+1 can also be obtained using the PF. Based on the k-
th vehicle, the PF matrix and I, matrix can be expressed
as follows in Eq. (21)

PF11 PFlZ] [Ivehl]
PF21 PFZZ Ivehz

(21)
where Sub, ~ Sub; is row 1 and Sub,,; ~ Sub,, is row 2 of
the PF matrix while Veh; ~ Veh; is Iveh1 and Veh, ~ Veh, is
Iveh2.

Vienk = Vsi— (PF21 Iyenz — PF121en1) (22)

V.en k can be obtained as the voltage difference between
Sub; in Eq. (22)

3.4 PF based DC powerflow network analysis meth-
odology

Fig. 4 shows the DC railway powerflow process based
on the PF determined above. The Gauss iteration method is
suitable as a direct method, and it is herein adopted.

Step 1) Read the DC railway data and configure the
railway network

Step 2) Read the location data for each railway and
determine the zone of each.

Step 3) Import o, B value depending on the vehicle location
and calculate y

Step 4) Calculate PF with y and the current distribution
ratio

Step 5) With initial values for V,; and Vg, calculate the
initial value of I, and calculate the substation
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Read Substation data

Vehicle
Catenary
Rail
data reading

A
Calculate current ratio(y)
Participation Factor

I

Calculate
Vs, Vveh

Fig. 4. Flow chart for the DC

calculation

railway powerflow

current using PF.

Step 6) Calculate V, and V,, with the updated substation
current value. V., is then applied to calculate I,
with the power, voltage and current relation
equation.

Step 7) Iterate the process until the Vg, error is less than
the specified tolerance.

4. Case Study
4.1 Simulation conditions

This section presents a case study to verify the proposed
methodology. The DC railway powerflow is calculated by
updating the vehicle location and power consumption data
according to the actual operation schedule based on the
information for Seoul Metro Line 5. The Seoul Metro Line
5 network is composed of 15 substations. Therefore, the
entire area can be divided into 16 zones, and 16 railways
are thus operational at the same time. We assumed that
the source impedance for all substations and the feeder
impedance have a particular value, as shown in Table 3.
Seoul Metro Line 5 operates with headway on the order

of 5 minutes, and the length of the route is of about 49 km.

The specific data for Seoul Metro Line 5 is shown in
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Table 3. Specific data for Seoul Metro Line 5

Specific data Seoul Metro Line 5
Rated voltage 1,500 [V]
Dwell time 30 [sec]
Headway 300 [sec]
Number of vehicles 16
No-load voltage 1,650 [V]
Source impedance 0.02956 [Ohm]
Feeder impedance per km 0.0203 [Ohm/km]

Table 4. Geometrical location of substations

Sub Sub. Sub Sub Sub Sub
No. | Location(m) | No. | Location(m) | No. | Location(m)
1 3,612 6 20,485 11 34,326
2 7,202 7 23,085 12 38,351
3 10,585 8 25,085 13 40,401
4 13,806 9 29,201 14 43,520
5 17,509 10 32,827 15 46,904
Table 3.

The substation locations are provided in Table 4, and the
zones are determined relative to these locations.

4.2 Simulation results

The location of each substation, the source impedance,
and feeder impedance are considered as fixed parameters to
determine the current distribution for the 16 zones of Seoul
Metro Line 5 using Eq. (4) - (9), as shown in Table 5. For,
Zones 1 and 16 which indicate the outer areas of the
substation, the current distribution is determined according
to Eq. (5) with their ratios between substations 15 and 1,
respectively. All other zones (2—15) do not require separate
computations to obtain the current distribution since they
are determined directly by the base values of each substation
located at the ends. For example, if a train is located within
Zone 5, it is possible to compose substations 1 to 4 with o
values while substations 5 to 15 can be composed of
values. By obtaining y from the current distribution ratio
and Eq. (15) and (16), derived from the train and substation
locations, it is possible to calculate the substation
participation factors for each train. Table 6 includes the
participation factors for t=15 sec. According to Table 6,
high participation factors are assigned to the two or three
substations that are closest to the given train location.

During operation, both the location of the train and the
power consumed may vary every second. Table 7 displays
the location of all trains (relative to the starting point) as
well as their zones and power consumed at t=15 sec. Note
that negative values indicate regenerative breaking while a
0 value refers to trains in a stationary state, coasting, or at
the end of operation, as for Train 16.

The suggested method is applied to calculate the results
of each substation voltage, and the vehicle voltage and
current are shown in Table 7.

Fig. 5 shows the voltage change for substations #3 and
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Table 5. Current distribution set of Seoul Metro 5

Zon:b 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
1 | 115E+08 | 27060660 | 6594807 | 1696611 | 3799038 | 981251 | 2715191 | 984968 | 2082972 | 427.7125 | 1837194 | 3639084 | 125855 | 3323924 | 1
2 1 | 27060660 | 6594807 | 1696611 | 379903.8 | 981251 | 2715191 | 9849.68 | 2082972 | 427.7125 | 183.7194 | 36.39084 | 125855 | 3323924 | 1
3 1 [ 3465392 | 6594807 | 1696611 | 379903.8 | 981251 | 2715191 | 9849.68 | 2082972 | 427.7125 | 183.7194 | 36.39084 | 12.5855 | 3323924 | 1
4 1 [ 3465392 | 13.83956 | 1696611 | 379903.8 | 981251 |27151.91 | 9849.68 | 2082.972 | 427.7125 | 1837194 | 3639084 | 125855 | 3323924 | 1
5 1 | 3465392 | 13:83956 | 5432085 | 3799038 | 981251 | 2715191 | 9849.68 | 2082972 | 427.7125 | 183.7ffp4 J)36.39084 | 125855 | 3323924 | 1
6 1 | 3465392 | 13.83956 | 54.32985 | 239.0397 | 98125.1 | 27151.91 | 9849.68 | 2082.972 | 427.7125 | 183704 W86.39084 | 12,5855 | 3323924 | 1
7 1 | 3465392 | 13:83956 | 54.32085 | 239.0397 | 876.0198 | 2715191 | 9849.68 | 2082972 | 427.7125 | 183 7f36.39084 | 125855 | 3323924 | 1
8 1 [ 3465392 | 13.83956 | 54.32985 | 239.0397 | 8/6.0198 | 2996673 | 9849.68 | 2082.972 | 427.7125 | 183.7%94 | 3639084 | 125855 | 3323924 | 1
9 1 [ 3465392 | 13.83956 | 54.32985 | 239.0397 | 876.0198 | 2996.673 | 8743.808 | 2082.972 | 427.7125 | 18371094 | 3639084 | 125855 [ 3323924 | 1
10 1 [ 3465392 | 13.83956 | 54.32985 | 22,9397 | 876.0198 | 2996.673 | 8743.808 | 45286.81 | 427.7125 | 183.7194 | 3639084 | 125855 | 3323924 | 1
1 1 | 3465392 | 13.83956 | 5432985 @97 8760198 | 2996.673 | 8743.808 | 45286.81 | 1902488 | 1837194 | 3639084 | 125855 | 3323924 | 1
) 1 | 3465392 | 13.83956 | 54.32985 [We#W897 | 876.0198 | 2996.673 | 8743.808 | 45286.81 | 190248.8 | 446022.8 | 3639084 | 125855 | 3323924 | 1
13 1 | 3465392 | 13.83956 | 54.32085 | 239.0397 | 876.0198 | 2996.673 | 8743.808 | 45286.81 | 190248.8 | 446022.8 | 2365670 | 125855 | 3323924 | 1
14 1 [ 3465392 | 13.83956 | 5432085 | 239.0397 | 876.0198 | 2996673 | 8743.808 | 45286.81 | 190248.8 | 446022.8 | 2365670 | 6673802 | 3323924 | 1
15 1 | 3465392 | 13.83956 | 54.32085 | 239.0397 | 876.0198 | 2996.673 | 8743.808 | 45286.81 | 190248.8 | 446022.8 | 2365670 | 6673802 | 27523342 | 1
16 1 | 3465392 | 13.83956 | 54.32985 | 239.0397 | 876.0198 | 2996.673 | 8743.808 | 45286.81 | 190248.8 | 446022.8 | 2365670 | 6673802 | 27523342 | 1.14E+08
Table 6. Participation Factor at 15 sec
Sub
1 2 3 4 5 6 7 8 9 10 u i) 13 14 15
railw
1 [J0i763022]101178779 [|0.043569 | 0.011209 | 0.00251 | 0.000648 | 0.000179 | 6.51€-05 | 138E-05 | 2.83E-06 | 1.21E-06 | 24E-07 | 8.31E-08 | 22E-08 | 6.61E-09
2 (10489795 905 [10.093803 [ 0.024132 | 0.005404 | 0.001396 | 0.000386 | 0.00014 | 2.96E-05 | 6.08E-06 | 2.61E-06 | 5.18E-07 | 1.79E-07 | 4.73E-08 | 142E-08
3 [[0.126526 [[0438461 [10325663 [f0.083782 | 0.01876 | 0.004846 | 0.001341 | 0.000486 | 0.000103 | 2.11E-05 | 9.07E-06 | L8E-06 | 6.21E-07 | 164E-07 | 494E-08
4 [J0.032372 [Jb.112182 [J0448017 [[0332162 [J0.069899 | 0.018054 | 0.004996 | 0.001812 | 0.000383 | 7.87E-05 | 3.38E-05 | 67E-06 | 232E-06 | 6.12E-07 | L84E-07
5 | 0009081 [ 0031471 [[0.125683 10493392 [10:249738 []0.064505 [ 0.017849 | 0.006475 | 0.001369 | 0.000281 | 0.000121 | 2.39E-05 | 8.27-06 | 2.19E-06 | 6.57E-07
6 | 0002378 | 0008239 [[0.032904 [W0.12917 [[0%568319 [101184324 [J0.051004 | 0.018502 | 0.003913 | 0.000803 | 0.000345 | 6.84E-05 | 2.36E-05 | 6.24E-06 | 1.88E-06
7 | 0000573 [ 0001984 | 0.007925 [ 0.031111 [[8.136883 [J0501642 0218504 [J0.079265 | 0.016763 | 0.003442 | 0.001478 | 0.000293 | 0.000101 | 2.67E-05 | 8.05E-06
8 | 0000115 | 0000397 | 0.001585 | 0.006222 | 0.027376 [10.100324 [[0:343188 104072 [0.086113 | 0.017682 | 0.007595 | 0.001504 | 0.00052 | 0.000137 | 4.13E-05
9 | 3.866-05 | 0000134 | 0.000534 | 0.002098 | 0.00923 [J0.033826 [|0.115711 [J0I337625 [J0BT0648 [10.077956 [ 0.033485 | 0.006633 | 0.002294 | 0.000606 | 0.000182
10 | 108605 | 3.74E-05 | 000015 | 0.000587 | 0.002583 | 0.009465 [|0.032379 [ID.094476 [J0A489319 [l0238711 [ID.102536 | 0.02031 | 0.007024 | 0.001855 | 0.000558
11 | 236E-06 | 8.16E-06 | 3.26E-05 | 0.000128 | 0.000563 | 0.002064 | 0.007059 | 0.020597 [[0.106677 146 [10321462 [J0.063675 | 0.022021 | 0.005816 | 000175
12 | 732607 | 254E-06 | 101E-05 | 3.98E-05 | 0.000175 | 0.000641 | 0.002193 | 0.0064 0033147 [18.139248 [[0826456 |JN08357 [10.116099 [ 0.030663 | 0.009225
13 | 175607 | 6.06E-07 | 242E-06 | 95E-06 | 4186-05 | 0.000153 | 0.000524 | 0.001528 | 0.007916 | 0.033255 [J0.077963 [J0AL3507 10346169 [I0.091426 | 0.027505
14 | 22608 | 7.62E-08 | 3.04E-07 | 1.19E-06 | 5256-06 | 193E-05 | 6.59E-05 | 0.000192 | 0.000995 | 0.004182 | 0.009804 [J0.052001 [0.1467 7 [l0)181787
15 | 1086-08 | 3.756-08 | 15E-07 | 5.88E-07 | 2.59E-06 | 9.48E-06 | 3.24E-05 | 9.46E-05 | 0.00049 | 0.002058 | 0.004825 | 0.025589 [§ 0.07219 7718 |[0559689
16 | 661E-09 | 2.29E-08 | 9.14E-08 | 3.59E-07 | 158E-06 | 5.79E-06 | 198E-05 | 5.78E-05 | 0.000299 | 0.001257 | 0.002947 [ 0.015629 [J0.044091 [Bl181836 |[0:753856]
Table 7. Vehicle location, zone, power, voltage and current Y
Car Vehicle Vehicle Zone V_veh I _veh -
No. | Location(m) | Power (kW) (kV) (A) .
1 2125.3 5248.9 1 1547.643 | 3391.544
2 5290.9 2810.5 2 1509.702 | 1861.626 . e
3 8509.4 5196.3 3 1507.185 | 3447.686 %w . _5
4 11699.5 3352.2 4 1548.371 2164.985 E T
5 14711.6 1409.3 5 1581.353 891.199 10
6 17720.6 3453.4 6 1580.757 2184.65
7 20904.4 3235.5 7 1581.617 | 2045.691 -
8 24219.8 3027.8 8 1574.089 1923.525 o _
9 27207.5 3536.2 9 1526.654 | 2316.308 C e
10 30181.3 5237.1 10 1523.924 | 3436.589
11 | 332642 20414 11| 1599.046 | 1839.471 Fig. 5. Substation voltage (#3, #5)
12 36318.5 -3862.1 12 1677.338 -2302.52
13 | 392064 5225.0 13 1591.564 | 3282.934 #5 during the headway (300 sec). From the substation’s
14 | 435189 0 14 1642651 0 point of view, the substation voltage changes based on the
15 45976 0 15 1646.384 0 .- . .
16 29388 0 16 1647791 0 no-load voltage due to the variation in the location and

power consumption of the vehicles as time goes by.
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Fig. 6. Convergence of iterative procedure

Fig. 6 shows the influence that the proposed method has
on the error convergence as the number of iterations varies.
The results indicate that two iterations decrease the error to
approximately 3.48E+1 while 3 iterations decreases the
error to approximately 2.43E-4.

5. Conclusion

This paper presents a novel methodology for DC railway
power network analysis based on the participation factor.
The simulation in the case study is based on actual urban
railway operating data, and the results show that the
suggested method has a fast convergence.

Compared to existing methodology, the PF-based
methodology has the following advantages.

1) If the number of substations is m and the number of
vehicles is n in the DC railway system, the conductance
matrix size is (m+n) x (m+n). On the other hand, the PF
matrix size is mxn. Therefore, the PF matrix is smaller
than the conductance matrix. If the number of vehicles
increases by p, m data is added in the case of the PF
matrix while the conductance matrix is increases by 2
(m+n+p).

2) For a conventional iteration method based on the
conductance vector, the conductance matrix is a sparse
matrix, and it is thus necessary to find the inverse
matrix within the calculation process. However, the PF-
based method can find a solution with an algebraic
calculation without additional processes.

3) Since the vehicle moves according to the schedule, the
current ratio (o, B) of the substation for the current
vehicle is fixed when the vehicle is located in any zone.
Therefore, the current ratio of the substation is obtained
through a known value that was previously calculated.
It is therefore necessary to updates the current ratio for
both ends (y) depending on time.

Based on the methodology proposed in this paper, we
will develop optimal DC railway operation that takes into
account regenerative energy and ESS in substations in
further studies.
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