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ABSTRACT

Integrated subway systems have emerged as a new trend that provides the highest quality service at the
lowest investment cost by combining the advantages of the two largest passenger transport capabilities
during peak hours. Under the integrated model, designing the traction power supply is much more
complex than for other independent systems. This article presents the results of a study on the method of
calculating the design load of the power supply for the transport operation of the system. Matlab
R2017b/Railway Systems is a reliable software for simulating and analyzing some necessary data, and the
research results show the feasibility of the method when applied to the case of asynchronous load on the
system. The results meet the power supply design standards according to IEEE P1653.2, EN 50328, and
IEC 60146-1 overload allowances for class VI, and voltage standards according to EN 50163, UIC 600, and

IEC 60850.
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I.  INTRODUCTION

The integrated subway model - MRC is a combination of
subway trains (MRT) and suburban trains (CR). This
combination model allows the operation with a very large
transport capacity during peak hours in order to meet the
demand for travel between the suburbs and the city center,
which each type alone cannot meet, and to return to the
separate normal operating state of each type during off-peak
hours with the lowest investment cost and the highest service
quality. This method allows for increasing the transport
capacity and service frequency of the subway line without the
need to increase the number of purchased trains operating on
the line. On the other hand, the suburban train, when running
on the line, will operate like a subway train. The diagram of the
integrated train operation is described in Figure 1 of [1], in
which A to E are the terminal stations of the subway line, B to
E (or B to A but stops at any station) the terminal stations of
the suburban railway, and B to A is the integrated peak-hour
suburban railway station.

Over the past few years, many studies have emphasized the
advantages of having a subway system that is integrated [2-6].
To guarantee that the system operates in a manner that is
flexible, efficient, dependable, and energy-saving, it must have
a robust power supply system that can support maximum

transportation capacity during peak hours. Despite this, the
majority of research studies have concentrated on planning,
predicting, and handling transportation capacity and energy
conservation while assessing the advantages it provides to the
overall development of smart cities in the current integrated
subway context [7-11]. Some recent studies have been
conducted on the method of designing the power supply for
electric subway trains [12-20] and the study of operating
voltage in a pure system [19]. This article presents the results
of the research on calculating the design of traction power
supply for the integrated system. In the design of the power
supply for traction, to ensure continuous, flexible, reliable,
safe, and efficient system operation, the traction power station
capacity must meet two evaluation criteria: power supply
capacity and minimum contact voltage allowed in normal
operating conditions and emergencies.

The majority of the research on creating power systems for
subway trains wuses computer simulations that are
comprehensive, effective, and affordable. In this particular
study, the software chosen for simulating and calculating a
power supply that meets the global standards is Matlab
R2017b/Railway Systems.
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II. METHODOLOGY Fiinymax = My (Ray+Rey+ X R i) (13)
A. Calculating the Power of the Traction Substation 3 Roaciny = Rejny Rejny+Rijny (14)
There are many methods used to calculate the design load . . .. .
of the electric traction power supply for a subway or suburban The maximum traction force under normal conditions is:
railway system [12-20]. However, these methods only allow I g — . F... 15
separate calculations for each system. For integrated systems Ziz1 Fij, omax = o p 1€ Prmax i (raymax (15)
that combine two systems with different capacities on the same where:

power supply system, this difference, which arises from the
characteristics of the train, is an important issue in load
calculation. Since the transport capacity of subway and
suburban trains is different, the current used is also different.
Correspondingly, the acceleration and operating speed are
different, so the mechanical resistance (R,) and acceleration
resistance (R,) are also different. As a result, the maximum
instantaneous traction force performed on each cycle of each
train trip between the two stations is different. From all these
differences, an asynchronous load is created over the range of
the power supply of a traction substation. Therefore,
calculating this complex asynchronous load needs to meet the
demand for the highest power usage during peak hours.

The components of train motion resistance (R)),
acceleration resistance (R,), curve resistance (Rc), gradient
resistance (R,), and tunnel resistance (R,) can appear in one
cycle of the train motion starting at station j within the power
supply range of a traction substation i.

Ry = A+Bv+Cv? (1)
R,;; = + G/1000 2
ft'VZ
Ryj= - (3)
Rej = ==, £<300
' 4)
Rej= 5. 12300
Roxyij = 3 )

The maximum resistance is:

{Z Rij =R+ Ryjj + Ry

6
Rmax.i,j < Z Ri,j < Ra+Rr ( )

Let M, and M, be the total weight of the subway train x
and the suburban train y at full load with maximum carrying
capacity. The maximum instantaneous traction force of train x
and y in each direction, within the supply range of a traction
power station i and traveling from station j in the direction of k
and towards h, can be calculated:

Fiijaoxmax = M (Ryx+R x+ X R ook ) (M
2 Rpaikx = Rejuot Ryjat Rijax 3
Fijnxmax = Mx'(Ra,x"'Rr,x"' 2R axjhx ) )
2 Riaxjnx = Rejnx Ryt Ry jn (10)
Fyijxy.max = M, (R y+Rey+ X R axjoky ) 1D
ERiaxjky = Rejuy Ry Ry (12)

60 Drpsgi 2

( y -
| Zna. pi€Lj pl,max -

Clmax  Vsc
CpA,max ( 16)
Cimax

Fti,j,(na)max € kX, hX, ky’ hy

1,25 < Clmax < CLMRT> Clmax =

‘When an error (er) occurs:

!
it
Zi:i Fti,j, (er),max = Zer.plei,j Pimax Fti,j,(er)max (17

where:

( _ 60 2 Drps(i+1)
|Zer. pEL Plmax = 5 o Drpgi+ — —

Cl,max Vsc 2
Cp.ma

_ Comax 18

1’25 < Cl,max < CIMRT> Clmax = C ( )
t,max

Fti,j,(na)max € kX, hX, kyv hy

The maximum instantaneous power demand within an hour
is described by:

P1(na),max v
Ptj,j(na)max = Zi:l Fti,j, (na)max 36m. - (19)
’ nmc nml
Pi(er),max M
Ptj,j (er)max = Zi:l Fti,j, (er)max "3 . . (20)
3’6 nmc nml
where nand n_ are the mechanical and engine efficiency
respectively:
nmc,min < nmc = nmc,max

<
nmt,min < nmt - nmt,max (21)
Vse <vs Vpeak

The auxiliary power consumption is:

O[xy] 'pd,[x,y]
P[x,y],i(na)aux = Zna. piEi p],max < + m[x,y] .pc [x.y] (22)

N[xy] .pd,[x,y] >

P[x,y],i(er)aux = Yer. pi€i Pl max <+ M) Pe J (23)

The maximum instantaneous total power requirement
within an hour is defined as:

PTPSi(na)max = Pti,j(na)max + P[x,y],i(na)aux (23)

PTPSi(er)max = Pti,j(er)max + P[x,y],i(er)aux (24)

If the system has regenerative braking, the percentage of
energy recovered 1 is:

PTPSi(re, na)max — PTPSi(na)max(l_ ﬂre) (25)
PTPSi(re, er)max — PTPSi(er)max ( 1= ﬂre) (26)

with criterion:
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n <1 <n TABLE II. TRAIN LOAD PARAMETERS
re,na. min re[x,y] re,na,.max (27)
nre,er. min < nre[x,y] < nre,er.max S{: mbol fg%ggc;‘rggg P Di;cril;gon .
i ) o 12 .000; 54. erson/hour/direction
The power selection for the traction substation is: n,, n, 2.2 Control car
6;5 locomotive unit
Prps; < Prps; - 28 MM, My :
TPSi(er,na)max = T'TPSi(na), min (28) Moy 20 tons; 42 tons Control car
PTPSi(re, er)max < PTPSi(re),min 29) My 38 tons; 41 t:)ns Locomotive unit
Sax 3.2x22 m Floor area of a passenger car
PTPSi(re),min < Prpgi < PTPSi(na), min (30) Sex 3.2x23 m? Passenger area
2
Therefore, the selected power for the traction substation 2‘” gi;xiz m2 Floor a;ea of a passenger car
according to (28)-(30) must comply with IEEE P1653.2, EN o 5 45;_ > ;’;(7 Oa“effger ”,ef
50328, and IEC 60146-1 standards. sdxy S il ceupaney ree
fyoxy 0.55%; 0.45% Occupancy rate
B. Operating Voltage £4x 38 seats Cabin seat
Let Uy, Ugge, and Uiy i be the operating voltage of the fex 44 seats Passenger seat
o o fy 32 seats Cabin seat
unloaded rectifier, the supply voltage, and the contact voltage, T 5
ively: ey seats Passenger seat
respectively: m, 55kg Weight/passenger
€], max
L = 2" Ly ()€ Sna prei (€20)
inaymax = & Doy (O€ Do, pyeid PLanax TABLEIIL  TRAIN TRACTION PARAMETERS
C],max 0
Ii(er)max = 4y Ix,y ()€ Zer. pyij Phmax (32) S)(’:mhol l[\/[;:t:;'clg z?;a(l)l(l)?)
Lpl p B
dec,(na, er) — Udc_o - Ii(na, er)max’ Z RTPSi, cf (33) CL_])Z [p/h/d] 54,000
W m/s’ 0.9/1.0
3 AUget soxmme = Diinaen L Tets L + Tcnmor « Tots X (34) BBy s /s
3j, jHxmax i(na,er),Lx Tcls "ax i(na,er),x Tcls “Amax ay,max/B . [m/s] 0.85/1.0
Utx(na, er),min — dec,(na, er) Z AUdc:j, j+xmax (35) R;. Ry [kg/tan]

The minimum contact voltage at the end of the power
supply section of a traction substation operating in normal or
fault conditions must satisfy the operating voltage requirements
of the EN 50163, UIC 600, and IEC 60850 standards, as
specified in (35).

III. SYSTEM DESIGN

A. Load Parameters

The route profile from substation 3 to substation 4 can be
seen in Table I. TPSi is the i" traction substation, STj is the j"
passenger station, G%o is the lope of the railway, C is the curve
radius, Rt is the coefficient of tunnel resistance for smooth
plane double track, and SP is the end of power supply section.
The load parameters are exhibited in Table II and the traction
parameters in Table III [1].

TABLE L. PROFILE OF THE ROUTE FROM TRACTION
SUBSTATION NO. 3 TO NO. 4 ALONG THE LINE
Km TPSi | STj | G%o C Rt
10.0 SP 11
11.00 12
11.50 +35 650
12.00 13
12.40 3
13.20 14
13.70 +5 500
14.00 SP
14.40 15
15.40 16 -5 17.14
15.80 -20 17.14
16.00 4 17.14
16.40 17 17.14
17.40 18 17.14

R,= 325 + 0.039-V + 0.000659-V>
Ry=2.45+0.044-V + 0.000374-V2
Voo Viax [ [km/h] [ 45/60
Train load Ix [A]: 400-(4M)+200-(2M)+200-(2Mc)
Train load [A]: 400:(4M)+200-(1M)+200-(2Mc¢)
Support load Taux [A]: 25.3333-(6M)+24-(2Mc)
Support load Iauy [A]: 26.6667-(5SM)+24+(2Mc)

B. Design of the Calculation Process

The process of calculating the design of a pullable electrical
supply is described as an algorithmic flowchart in Figure 1.

IV. RESULTS AND DISCUSSION

A. The Result of Selecting the Power Capacity for the
Traction Substation

1) Case I

The calculated power capacity for traction substation No. 3
in case 1 is presented in Table I'V.

In summary, the maximum calculated power required for
the traction of both normal operation and contingency
situations meets the actual power consumption demand of the
selected train load. Therefore, it satisfies the design calculation
requirements. The selected power capacity of the traction
substation must also meet the overload conditions in both
normal and contingency situations. The chosen power per unit
converter is 3,2000MW, and the traction substation power is
6,4000MW, which is less than the actual power consumption
demand of 6,5113MW, but greater than the demand in cases of
regeneration when braking normally and in contingency
situations, which are 3,9068MW and 5,8602MW, respectively.
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Import:

= [Table 1, Table 2, Table 3] —

Calculating Formulas (1 — 6)
with: max ¥, Cp__= Cp

‘ Calculating Formulas (19
Fn"

No
L ves
Choose Prpg; according to (28 -30)
with overload follow to IEEE P1653.2.
EN 50328 and IEC 60146-1
— 7es
o O ¥
—=| Generate Prpg;
<>

‘ Calculating Formulas (31 — 33) ‘ —-

—30) ‘___

L

‘ (_"rena:m:eU‘x(m_aﬂ=,m-1 ‘

<=

Compare with:
IEEE P1653.2, EN 50328 and
IEC 60146-1.

No.opl @ ves

(all three converters working together), which is greater than
the actual consumption demand of 9,7670MW and the
theoretical calculation of 11,8979MW.

In phase 2, under normal circumstances, the station
operates with three power supply units providing 9,6000MW,
which is greater than the maximum calculated power
requirement of 9,5183MW, the regeneration requirement under
contingency situations of 8,5665MW, and the actual power
consumption demand of 7,0322MW. If there is no
regeneration, the overload capacity is 14,4000MW, which is
greater than the maximum calculated power requirement of
14,2775MW and the actual power consumption demand of
11,7203MW. Therefore, the analysis of the results shows that
the selected power capacity is suitable for the required load
demand.

2) Case 2

In the case of an incident, traction substation number 3
must also supply power to an additional segment from traction
substation number 4. The calculated power capacity for traction
substation number 3 in case 2 is shown in Table V.

TABLE V. THE CALCULATED POWER CAPACITY FOR

TRACTION SUBSTATION NO. 3 IN CASE 2

Component Phase 1 Phase 2
nCR 4.5000 3.0000
nlnter 3.0000 2.5000

FmaxCR [kN] 205.6862 205.6862

FmaxInter [KN] 244.4978 244.4978
Pmax.na [MW] 4.5590 6.8385
Pmax.er [MW] 9.2539 12.6911
Pre.na [MVA] 3.1913 4.7869
Pre.er [MVA] 6.4777 8.8838
Pload.na [MW] 3.9758 5.9637
Pload.er [MW] 7.5965 10.4181
Pldre.na [MW] 2.7831 4.1746
Pldre.er [MW] 5.3176 7.2927
prec [MW/dv] 3.2000 3.2000

nprec [dv] 2+1 2+1

Ptps [MW] 6.4000 9.600
Pol.na(2h) [MW] 9.6000 14.4000
Pol.er(2h) [MW] 14.4000 14.4000

No.op2
Generate design result
=
End
Fig. 1. Flowchart of the load calculation process.
TABLE IV. THE CALCULATED POWER CAPACITY FOR
TRACTION SUBSTATION NO. 3 IN CASE 1
Component Phase 1 Ph2
n 3.0000 2.5000
Fmax [kN] 244.4978 244.4978
Pmax.na [MW] 7.9319 9.5183
Pmax.er [MW] 11.8989 14.2775
Pre.na [MVA] 4.7592 5.7110
Pre.er MVA] 7.1387 8.5665
Pload.na [MW] 6.5113 7.8136
Pload.er [MW] 9.7670 11.7203
Pldre.na [MW] 3.9068 4.6881
Pldre.er [MW] 5.8602 7.0322
prec [MW/dv] 3.2000 3.2000
nprec [dv] 2+1 3+1
Ptps [MW] 6.4000 9.600
Pol.na(2h) [MW] 9.6000 14.4000
Pol.er(2h) [MW] 14.4000 14.4000

The power supply capacity of the traction substation with

the ability to withstand overload for two continuous hours
according to the IEEE P1653.2, EN 50328, and IEC 60146-1
standards, is 9,6000MW, which is greater than the actual
consumption demand of 6,5113MW and the theoretical
calculation of 7,9319MW for normal operation. The ability to
withstand overload for contingency situations is 14,4000MW

In this case, the selected power capacity for the station must
meet two different loads. The capacity of each rectifier unit is
3.2000MW, and the station is designed with a (2+1)
configuration for each load phase. In phase 1, the station
supplies a capacity of 6.4000MW, which is greater than the
normal maximum load calculation (4.5590MW) and the
contingency load in <case of regeneration inhibition
(5.3176MW), but smaller than the normal maximum load
calculation without any contingency (9.2539MW). However,
the station's ability to withstand 150% overload for two
consecutive peak hours is 9.6000MW, which is higher than the
actual consumption load (7.5965MW) and even the maximum
calculated contingency load without regeneration inhibition
(9.2539MW), meeting the standards' requirements.

In phase 2, under normal operating conditions, the station
provides the rated power of 6.4000MW, which is lower than
the maximum calculated load (6.8385MW), but the ability to
withstand overload is up to 9.6000MW in the event of
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regeneration inhibition (8.8838MW and 7.2927MW), but
cannot handle contingencies without regeneration inhibition.
Therefore, in this case, the station must operate with three
rectifier units simultaneously with a total capacity of
9.6000MW, with the ability to handle overload up to
14.4000MW, which is higher than the actual consumption
capacity of 10.4181MW and the maximum calculated capacity
of 12.6911MW. Thus, the analysis results show that the
selected power capacity is suitable for the load requirements.

The calculated and selected power capacity for the traction
substation in both cases 1 and 2 are based on the
comprehensive calculation method for the integrated subway
train load. This method effectively meets the load requirements
and ensures good performance for 150% overload capability
for two consecutive hours. Therefore, there is no need to
consider overload cases of 200%, 300%, and 450%, as per the
criteria for evaluating the design of traction substation power
capacity specified by IEEE P1653.2, EN 50328, and IEC
60146-1.

B. Operating Voltage
Checking the operating voltage is the final step in designing
the power supply for this integrated subway electrical load.

In phase 1, the unloaded rectified voltage is 1.656V for two
parallel rectifiers in normal operation and three rectifiers in the
event of a failure, as shown in Figure 2.

Utx-L: na & er Ist

1600 ? Lekia ey
‘lll —ter
1400 ‘ =
A L e 1183
1200 = T
-0.5 0 0.5 km 1.5 2 2.5
3 Utx-R: na & er 1st
1656
1600 i na
1400 F——er
1252
1200 2 1116
+ _1,___7___ __1@4?
1000 ==
0 1 km 2 3 4

Fig. 2. Operating voltage in phase 1.

On the left segment, the supplied voltage at the supply
station is 1.325V and the contact voltage at the furthest end of
the left segment is 1.183V. On the right segment, the contact
voltage at the end of the segment is 1.252V in normal operation
and 1.161V in case of a failure, and the contact voltage at the
extended segment is 1.047V. Therefore, in phase 1, the
smallest contact voltage at the end of the extended segment in
case of a failure is 1.047V, which is higher than the minimum
allowable limit of 1.000V.

In phase 2, in normal operation with three parallel rectifiers,
the no-load voltage is 1.656V, as shown in Figure 3. In normal
operation, the supply voltage at the supply station for both
sections is 1.391V, the minimum contact voltage on the left

section is 1.221V, and the minimum contact voltage on the
right section is 1.266V, which is greater than the minimum
allowed voltage of 1.000V. In the event of a fault, the supply
voltage is 1.259V on both left and right sections, the minimum
contact voltage on the left section is 1.089V, and the minimum
on the extended right section is 957.5V. Thus, although the
station using 3 rectifiers, it exceeds the allowable overload
power of 150% (14.4MW) according to the standard, violating
the voltage standard (957.5V < 1.000V). Therefore, the
station's capacity must be increased by using 4 parallel-
connected rectifiers, at which time the supply voltage on both
sections is 1.358V, the minimum contact voltage on the left
section is 1.188V, and the minimum contact voltage on the
extended right section is 1.057V, which is greater than the
minimum allowable voltage of 1.000V according to EN 50163,
UIC 600, and IEC 60850 standards. Thus, increasing the power
supply capacity at the traction substation can meet the demand
of the load consumption, reduce voltage drop, and increase the
contact voltage to satisfy the selection condition 1 (No.opl),
without considering the selection condition 2 (No.op2) in the
design calculation process.

= Utx-L: na & er 2th
1656

I 600 9 na
+ er
1400 oM. jiss
1358
1200
1188
-0.5 0 0.5 km 1.5 2 25
= Utx-R: na & er 2th
—
1600 1656
—&—na
1400 1391 —
- 1266
1200 | 1358 T—— 1194
1000 e 1057
0 1 km 2 3 4

Fig. 3. Operating voltage in phase 2.

V. CONCLUSION

The current paper proposes a calculative method for the
power design of a traction substation based on the maximum
instantaneous traction force calculation under the integrated
subway railway model. The method was designed and
simulated on Matlab R2017b/Railway Systems, and its
reliability was demonstrated through various cases of loads for
maximum power during peak hours. The method also ensures
transparency and logic when calculating data in a sequence
with filtering and cross-referencing for backup situations to
avoid power waste. The calculated power is higher than the
load demand from 14.67% to 21.81%, allowing the selection of
a substation power that meets the standards for the redundancy
factor and the allowed range of low voltage overload operation.

REFERENCES

[1] D. D. Van, "A Research on the Load Calculation Method in Designing
the Traction Power Supply for Integrated Subway — MCR," Engineering,
Technology & Applied Science Research, vol. 13, no. 3, pp. 10882—
10887, Jun. 2023, https://doi.org/10.48084/etasr.5909.

www.etasr.com

Doan Van & Nguyen: The Design Method of Traction Power Supplies in Integrated Metro Systems



Engineering, Technology & Applied Science Research

Vol. 13, No. 3, 2023, 10957-10962 10962

(2]

[4]

[5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Y. Zhou, H. Yang, Y. Wang, and X. Yan, "Integrated line configuration
and frequency determination with passenger path assignment in urban
rail transit networks," Transportation Research Part B: Methodological,
vol. 145, pp. 134-151, Mar. 2021, https://doi.org/10.1016/j.trb.2021.
01.002.

W. Kampeerawat and T. Koseki, "Integrated Design of Smart Train
Scheduling, Use of Onboard Energy Storage, and Traction Power
Management for Energy-Saving Urban Railway Operation," [EEJ
Journal of Industry Applications, vol. 8, no. 6, pp. 893-903, 2019,
https://doi.org/10.1541/ieejjia.8.893.

W. Kampeerawat and T. Koseki, "Efficient Urban Railway Design
Integrating Train Scheduling, Wayside Energy Storage, and Traction
Power Management," IEEJ Journal of Industry Applications, vol. 8, no.
6, pp. 915-925, 2019, https://doi.org/10.1541/ieejjia.8.915.

N. Zhao, C. Roberts, S. Hillmansen, Z. Tian, P. Weston, and L. Chen,
"An integrated metro operation optimization to minimize energy
consumption,"  Transportation — Research  Part C: Emerging
Technologies, vol. 75, pp. 168-182, Feb. 2017, https://doi.org/10.1016/
j-trc.2016.12.013.

T. Kara and M. C. Savas, "Design and Simulation of a Decentralized
Railway Traffic Control System," Engineering, Technology & Applied
Science Research, vol. 6, no. 2, pp. 945-951, Apr. 2016, https://doi.org/
10.48084/etasr.631.

X. Luan, Y. Wang, B. De Schutter, L. Meng, G. Lodewijks, and F.
Corman, "Integration of real-time traffic management and train control
for rail networks - Part 2: Extensions towards energy-efficient train
operations," Transportation Research Part B: Methodological, vol. 115,
pp- 72-94, Sep. 2018, https://doi.org/10.1016/j.trb.2018.06.011.

H. Liu, T. Tang, J. Lv, and M. Chai, "An integrated energy conservation
model in subway systems," Journal of Physics: Conference Series, vol.
1176, no. 4, Nov. 2019, Art. no. 042042, https://doi.org/10.1088/1742-
6596/1176/4/042042.

S. Zhao, H. Yang, and Y. Wu, "An integrated approach of train
scheduling and rolling stock circulation with skip-stopping pattern for
urban rail transit lines," Transportation Research Part C: Emerging
Technologies, vol. 128, Jul. 2021, Art. no. 103170, https://doi.org/
10.1016/j.trc.2021.103170.

S. Zhao, J. Wu, Z. Li, and G. Meng, "Train Operational Plan
Optimization for Urban Rail Transit Lines Considering Circulation
Balance," Sustainability, vol. 14, no. 9, Jan. 2022, Art. no. 5226,
https://doi.org/10.3390/su14095226.

X. Yang, A. Chen, X. Li, B. Ning, and T. Tang, "An energy-efficient
scheduling approach to improve the utilization of regenerative energy
for metro systems," Transportation Research Part C: Emerging
Technologies, vol. 57, pp. 13-29, Aug. 2015, https://doi.org/10.1016/
j.trc.2015.05.002.

V. V. S. K. Bhajana and P. Drabek, "Development and Evaluation of an
Isolated Resonant Converter for Auxiliary Power Supply in DC
Traction," Engineering, Technology & Applied Science Research, vol. 9,
no. 2, pp. 4048-4052, Apr. 2019, https://doi.org/10.48084/etasr.2692.

F. Mao, Z. Mao, and K. Yu, "The Modeling and Simulation of DC
Traction Power Supply Network for Urban Rail Transit Based on
Simulink," Journal of Physics: Conference Series, vol. 1087, no. 4, Jun.
2018, Art. no. 042058, https://doi.org/10.1088/1742-
6596/1087/4/042058.

Z. Tian, N. Zhao, S. Hillmansen, S. Su, and C. Wen, "Traction Power
Substation Load Analysis with Various Train Operating Styles and
Substation Fault Modes," Energies, vol. 13, no. 11, Jan. 2020, Art. no.
2788, https://doi.org/10.3390/en13112788.

J. Zhang, W. Liu, Z. Tian, H. Zhang, J. Zeng, and H. Qi, "Modelling,
simulating and parameter designing for traction power system with
bidirectional converter devices," IET Generation, Transmission &
Distribution, vol. 16, no. 1, pp. 110-122, 2022, https://doi.org/10.1049/
gtd2.12281.

S. Razmjou, "A Comprehensive DC Railway Traction System Simulator
Based on MATLAB: Tabriz Line 2 Metro Project Case Study," Journal
of Operation and Automation in Power Engineering, vol. 9, no. 2, pp.

144-159, Aug. 2021, https://doi.org/10.22098/joape.2021.8197.1569.

[17]

[18]

[19]

[20]

Y. Chen, Z. Tian, S. Hillmansen, C. Roberts, and N. Zhao, "DC Traction
Power Supply System Reliability Evaluation and Robust Design," in
2019 IEEE 3rd International Electrical and Energy Conference
(CIEEC), Beijing, China, Sep. 2019, pp. 1153-1158, https://doi.org/
10.1109/CIEEC47146.2019.CIEEC-2019424.

Y. Chen, Z. Tian, C. Roberts, S. Hillmansen, and M. Chen, "Reliability
and Life Evaluation of a DC Traction Power Supply System Considering
Load Characteristics," IEEE Transactions on Transportation
Electrification, vol. 7, no. 3, pp. 958-968, Sep. 2021, https://doi.org/
10.1109/TTE.2020.3047512.

S. Su, T. Tang, and Y. Wang, "Evaluation of Strategies to Reducing
Traction Energy Consumption of Metro Systems Using an Optimal
Train Control Simulation Model," Energies, vol. 9, no. 2, Feb. 2016,
Art. no. 105, https://doi.org/10.3390/en9020105.

H. Ehteshami, S. Javadi, and S. M. Shariatmadar, "Improving the Power
Quality in Tehran Metro Line-Two Using the Ant Colony Algorithm,"
Engineering, Technology & Applied Science Research, vol. 7, no. 6, pp.
22562259, Dec. 2017, https://doi.org/10.48084/etasr.1551.

www.etasr.com

Doan Van & Nguyen: The Design Method of Traction Power Supplies in Integrated Metro Systems



