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Harmonic Analysis on the Korean AC Railway System

Hanmin Lee*, Gildong Kim**, Kwanghae Oh***, Gilsoo JangJr and Saehyuk Kwon****

Abstract - Line constants of the catenary system are estimated. The harmonic current that the Korean
Train Express (KTX) injects into the catenary is measured to precisely analyze the harmonic effects.
The Korean high-speed railway system is modeled by estimated and measured results. The system
model is applied for predicting the harmonic effects. The simulation results from the system model are
compared to field test data concerning the total harmonic distortion (THD). The reliability of the

system model is verified.
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1. Introduction

The AC electric railway has progressed rapidly in Korea.
Korea joined the league including France, Japan, Germany
and Spain with the historical opening of its express rail in
April 2004. Namely, Korea entered into the super high-
speed train era, operating its trains at the speed of 300km/h,
finally reaching its target speed of 350km/h (actually
touching 352.4km/h) with high-speed train (HSR-350x).
HSR-350x boasts its construction with 92 percent of local
technology ranging from its unique design to core devices
such as propulsion and control systems.

Modem AC electric cars have typically used thyristor or
Pulse Width Modulation (PWM)-controlled converters,
which give rise to higher harmonics. Harmonic currents in
electric trains are one of the most important aspects of
power quality. A load current model to represent electric
trains was proposed [1]. The current harmonics injected
from the AC electric car are propagated through power
feeding circuits. As the feeding circuit is composed of
resistance (R), inductance (L), and capacitance (C), the
capacitance and the inductance of the feeding circuit on the
side of the power system may cause a parallel resonance
and an amplification of harmonic current at a specific
frequency. Therefore, an exact assessment of the harmonic
current flow must be undertaken during the designing and
planning stage for the electric traction system [2-4]. Since
the harmonic current flows through the catenary system, it
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needs to be accurately modeled to analyze and assess the
harmonic effect on the power feeding system.

The electric railway system as well as the electric train
was modeled. The electric railway system was expressed
by a 2-port or 4-port network model [5, 6]. Also, filters to
reduce harmonics were studied on the electric railway
system [7-10].

In this paper, Line constants of the catenary system are
estimated. The harmonic current that the KTX injects into
the catenary is measured to precisely analyze the harmonic
effects. The Korean high-speed railway system is modeled
by estimated and measured results. Modeling for each
railway system is performed by an 8-port network model
that is an extension of the 2-port network theory.

The system model is applied for predicting the harmonic
effects. The simulation results of the system model are
compared to field test data pertaining to the total harmonic
distortion (THD).

2. Korean high-speed railway system

The Korean high-speed railway systems are based on
single-phase 55 kV / 27.5kV. They are connected to a 3-
phase power system to be supplied with a large 1-phase
load. AC feeding circuits supply electric trains with electric
power through a 3-phase to a 2-phase Scott-transformer
through feeders, contact wires and rails. Autotransformers
are installed at approximately every ten kilometers with
circuit breakers, which connect adjacently up and down
tracks at the parallel post. Substations are located roughly
every fifty kilometers, and there is a sectioning post
midway between two substations. The SP has circuit
breakers, which enable one feeding circuit to electrically
separate from the other. They may be closed in case the
adjacent SS is out of service. Fig. 1 shows a typical AC
electric railway system.
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Fig. 1 Korean high-speed railway system

Fig. 2 is the Korean AC electric railway system model
by the PSCAD/EMTDC, and it includes each subsystem
module.
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Fig. 2 Korean AC electric railway system model by the
PSCAD/EMTDC

2.1 Formulation by 8-port representation

In a general way, desirable harmonic analysis should be
performed on a 2-port representation for the sake of calcu-
lation convenience.

The harmonic current source is, however, connected to a
contact line and rail conductor on the secondary sides of
two autotransformers of which the primary terminals are
linked between the contact line and the feeder in the circuit
model as shown in Fig. 1. Moreover, there are capacitive
admittances among three conductors (contact line, feeder
and rail conductor). They make it impossible to realisti-
cally model the power feeding system upon a 2-port
representation.

For that reason, this paper proposes a new model for
harmonic analysis in the power supply system including
feeders, contact lines, rails and autotransformers. The
system model is based on an 8-port representation that is
an extension of the 2-port network theory.

2.2 Catenary system

The catenary system has several conductors with a complex
geometry, and the geometry is illustrated in Fig. 3. The

system could consist of contact wires (4, 6), messenger
wires (3, 5), feeders (1, 2), rails (7, 8, 9, 10), protection
wires (11, 12), and buried earth wires (13, 14). Droppers
every few meters connect two conductors such as the
contact wire and the messenger wire. Those conductors are
electrically regarded as one conductor. This simplification
is made possible by the continuous parallel connection of
some conductors. Finally, we can reduce the overall
conductors to the equivalent of 5 conductors [11].

———feeder(1,2) il

1 messenger wire(3,5 UB
7 :

M~ contact wire(4,6)— / 0
! :
\\dropper//::"/ I

“protection wire(11,12) ||
‘ /rails(7,8,9,10)~§-—— }
i buried earth
wire(13,14)

Fig. 3 Configuration of the catenary system

2.2.1 Impedance reduction method

All impedances are calculated using Carson equations.

The self-impedance per unit length is expressed by the
following formula:

Zi'i =Z i+ Zg N

where,
ZAii
Z Eii
with earth return

: Internal impedance per unit length of a conductor

: External impedance per unit length of a conductor

The elements of the series impedance matrix can then be
calculated from the geometry of the catenary configuration

and characteristics of the conductors. The mutual
impedance is calculated by Eq. (2).
Z, =2, = AR, + jotom B ax) 2)
2 d,
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with g, = permeability of free space. Eq. (3) makes
impedances in /km.

Hoo o 10*Hkm (3)
2r

The parameters in Egs. (2) and (3) are as follows:
D, : Distance between conductor i and the image of

conductor k,
d,.k : Distance between conductor i and k,

@ : 27f with frequency in Hz,

AR’,AX " : Carson’s correction terms for earth return effects.

Some conductors of the catenary system are regarded as
one conductor electrically, and the conductors (ng and n-
1) become equal to one equivalent conductor as in Fig. 4.
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Fig. 4 Equivalencing impedance of the catenary system

The equivalent impedance of Fig. 4(a) can be expressed
as Eq. (4).

Vi Zy1 Zyz v Zya L
Va1 - Zn—l,] Zn—],n |
Vﬂ Zn,] AN rse Zn,n In (4)

By the reduction method, the reduced equivalent impe-
dances of Fig. 4(b) are expressed as Eq. (5).

{ Vi } Zia v Zia—t H I
Vn—l Zn—1.1' Zn—l,n—ll In—1+In (5)
where
, (Zn— 7Zn )(Z n— —Z n)
2oy =7y 11 Ny a1 — 7y,

Zn—l.n‘*'Zn‘n_2>< Zn—l,n

. ( Zn—],n—] _Zn.n—l)(zn—l.nfl _Zn—l,n)
Zn—l,n+zn<n72>< Zn—],n

Zn*l,n—ly = Zn*l,n—l

( Zn*l,n*l *Zn.n—l)(zl,n—l 7zl.n)
Zﬂ*l,ﬂ + Zn.n —2X Zn#],n

Zl,n*ll =Z10-1—

Za-11' =Z1a-1

2.2.2 Capacitance reduction method

The conductors of the catenary system are affected
through capacitive coupling. Modeling equivalent capaci-
tance is identical to the process of the impedance reduction
method. The feeder, the contact wire and the messenger
wire are indicated in Fig. 5.
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Fig. 5 Index for charge and potential calculation

The voltages from 3 conductors are a function of the line
charge.

Vr Prr Prc Prw|[ Qr
Ve|=|Per Pec Pem|| Qc
Vi) [ Pur Puc Pund | Qu ©
where,
Q = charge per unit length on conductor
-1 2h; _ 1 Dy
Py= 27ey In T Py=P;- 2meg In d;

By the reduction method, the equivalent potential coeffi-
cients are calculated.

VF] =[ PFF: PFC:] QF ]
Ve Per' Pec')l Qc+Qu

(M
Where

P’ =P.— (PCF—PMF)(PFC_PFM)

FF FF Poc+Pum—2%Pyc

P =P (Poc = Pue)(Pec —Pey)

« « Pee+Pruv—2%Pyc
PP (Poc —Pue)(Prc —Pry)

Fe Fe Pec+Pum—2*%Pye

Per’=Prc’

Finally, we can obtain equivalent capacitances.
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— _p—1
Q=CV, C=P ®)

All values for impedances are evaluated using the
Carson equations. The equivalent 5 conductors are
calculated by the reduction method. The reduced catenary
system is composed by PSCAD/EMTDC.
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Fig. 6 Detailed model of the Catenary system
2.3 Harmonics source

We analyzed the measurement data of the harmonic
current on the test track of the Korean high-speed railway
system for the field test. The field test was performed in
the KTX and in the substation (Shinchungju)

2.3.1 Power consumption of KTX
The characteristics of the power consumption of the
KTX and those of the harmonic occurrence are tested in

the KTX. The voltage that is the potential difference

between the pantograph and the rail is measured through
the PT. The current is measured through the CT of the
circuit that supplies the current to 3 Motor Blocks.
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Fig. 7 Characteristic of power consumption of KTX

According to the speed of the KTX, the detailed results
of the power consumption are indicated in Fig. 7.

The power consumption is peaked at 200 km/h. The
special characteristics of the curves appear at about
100km/h. This phenomenon is due to the additional
injection of the Power Factor Compensator (PFC).

2.3.2 Characteristic of KTX

The KTX is put in front of a substation to exclude the
effect of line constants of the catenary system. The KTX is
isolated from the adjacent power system. We operated 6
Motor Blocks and recorded the characteristics of the
harmonics. Therefore, the complete circuit is:

Power utility - transmission line - scott-transformer -
autotransformer - KTX.

The measured waveform of the voltage and the current is
illustrated in Fig. 8.

Yotage [kV]

Current [A]

_:.. Tizme Is]
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Fig. 8 Waveform of voltage (up) and current (down)

A harmonic current source in the AC electrified railway
system is, mainly, the electric train. It can be considered as
a harmonic current source injected from rail to contact line
as shown in Fig. 9.

P62 T
AC Eediear |
6PD2; 2Ry S

Contact wire group (C)

Rail group (R)
Harmonic current source \U’
120Hz 540Hz 960Hz 1380Hz 1800Hz

l

Fig. 9 Harmonic current source
2.4 Autotransformer

The autotransformer is placed between the catenary and
the adjacent feeder with the rails connected to the center
point on the winding. The AC electric railway system
supplies 55 kV between the contact wire and the feeder

- with the autotransformer of ratio 1 : 1 (feeder-rail : rail-

contact wire) to step down the high voltage 55 kV to 27.5
kV. Autotransformers are installed approximately every 10
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kilometers along the railroad. The equivalent circuit of the
autotransformer is presented in Fig. 10.
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Fig. 10 Autotransformer
2.5 Power supply

As shown in Fig. 11, the power utility supplies 154 kV
to the AC electric railway system through transmission
lines. The scott-transformer in the substation steps down
from 154 kV to 55 kV. Two pairs of 1-phase power are
obtained from a scott-transformer. The turn ratios of T-
phase and M-phase are /3 N,/2:N,and N,:N, respect-
tively. It is assumed that Ea, Ep, and E¢ are pure 60 Hz
sinusoidal voltage sources for the harmonic analysis.

Transmission Line
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Fig. 11 Power supply system

The connection diagram of windings in the scott-
transformer is depicted in Fig. 12.
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Fig. 12 Scott-transformer

3. Case study
3.1 Amplification of harmeonic current

In order to verify the proposed model and observations,
we have analyzed and tested the Korean high-speed
railway system focusing on the amplification of the
harmonic current. Fig. 13 illustrates the harmonic current
with respect to the electric train location. We changed the
location of the electric train from the substation (0 km) to
30 km. All the resonance frequency is occurred at the 24®
order, even when the location of the electric train is
changed. The resonance frequency does not depend on the
location of the electric train as shown in Fig. 13. The
amplification of the harmonic current is, however, a
function of the position of the electric train. The farther the
electric train is from the substation, the higher the
amplification of the harmonic current is. Fig. 14 illustrates
the correlation between the catenary length and harmonic
resonance. From the result, we found that the longer the
catenary length is, the lower the resonance frequency is.

| |Lacation of an Electric train
1 { | [mOkm @10km 020km 030km

.
B e
IR R T B

Fig. 13 Amplification of current harmonic as a function of
the position of an electric train
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Fig. 14 Correlation between the catenary length and har-
monic resonance

These phenomena are analyzed by the following formula.



240 Harmonic Analysis on the Korean AC Railway System

ss ‘k ‘Z\_ N sp
—x — !
Ilé—é—blz i
Zss i Electric train] 1T i
le Ly ye L2 3
Li+l2=L
Fig. 15 Contact lines diagram
From Fig. 15, we can write the following formula.
L=1+1, ©)
L=1, — % (10)
z+4+azz
T
Z 11)
) A S S (
2 IT Z1 . Zz
2+ Z,+——F

where,
1, : Current of the electric train

1, : Contact line current towards the substation
1, : Contact line current towards the end of the line
AR

Contact line input impedance towards the substation
and seen from the electric train

Z,: Contact line input impedance towards the end of the
supply section and seen from the electric train

Z, : Internal impedance of the electric train

Z,-2,- Zg c.osh;aL1 +Z,sinhyl, @ (12)
Z sinhjyl, +Z; coshyl,

_coshyL,

Z,=Z2
? 7% sinhyL,

Q) (13)

where,

L, : Distance between the electric train and the substation

L, : Distance between the electric train and the end of the
feeder section

Z ¢ : Resultant impedance of the feeder substation

Z, : Characteristic impedance of the contact line

¥ : Unit length propagation constant of the contact line

Z, and Z, are composed as the parallel circuit by the

electric train. The parallel impedance, Z,, is expressed by

the following formula:

_ Zycoshy(L—L))-(Zg coshyl, + Z,sinhyl,)

Zp .
Zi sinhyl +Z coshyl

(@4

When the denominator is zero at Eq. (14), the circuit
becomes the condition of resonance, then the harmonic
current is amplified. And the resonance frequency is
independent of the location of the electric train.

When the electric train is located at the end of line (SP),
the condition is as follows.

L,=0, I,=1g, I,=14 and X =L (15)

Finally, the amplification of harmonic current is expressed
by the following equation.

]

k=ls.__ % () (16)
I, Zgsinhyl+Z,coshyl

Therefore, the farther the electric train is from the sub-
station, the higher the amplification of harmonic current is.

Fig. 16 is a simple railway system with the power utility
to analyze the resonance phenomenon.

=) A

A

Fig. 16 The railway system for the resonance phenomenon

The relations of current and voltage are represented by
the next equation (17).

_r (17)

=X
z JwL +

JwC

When this system becomes a resonance, Impedance, Z, is
expressed by the following equation (18).

7=0, @ =——0 (18)

Therefore, the longer the catenary length is, the lower the
resonance frequency is.

Finally, we obtained the amplification of the harmonic
current on the Korean high-speed railway system by
applying the reduced line constants. We simulated and
measured the amplification of the harmonic current on the
sections, which are Shinchungju-Yongjung and Pyongtaek-
Maha. The distance of those sections is as follows:
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* Shinchungju-Yongjung: 28.59 km
* Pyongtaek-Maha: 21.32 km

Results of the harmonic resonance simulation are
presented in Figs. 17 and 18.

]Am plification of Harm onic Current [pu] '

Harmonic Crder

Fig. 17 Amplification of harmonic current (Shinchungju-
Yongjung 28.59km)

Simulation

‘Am plification of Harmonic Current [DFI

Harmonic Order

Fig. 18 Amplification of harmonic current (Pyongtaek-
Maha 21.32km)
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Fig. 19 Test for the amplification of harmonic currents

The harmonic current measurement is performed in the
field in order to compare the simulation results with the
measurement data focusing on the amplification of the
harmonic current. We injected the currents from 60 Hz to
3000 Hz at the sectioning post and then measured these at
the substation. The amplification of the harmonic current is
measured from 60 Hz to 3000 Hz. The amplification of the
harmonic current is calculated as the ratio of data at the
sectioning post over data at the substation. The scheme for
the measuring test is shown in Fig. 19. The results are
compared in Table 1 and Fig. 20. The simulation results

and the measurement data are almost identical. It verifies
that the proposed harmonic model is well in accordance
with the Korean high-speed railway system.

Table 1 Results of simulation and measurement of harmo-
nic resonance according to catenary length

Distance Classification Resonance Harmonic Order
Simulation 30™ order

2132k Measurement 30™ order
Simulation 25™ order

285%km Measurement 24" order
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(a) Shinchungju-Yongjung-28.59 km  (b) Pyongtaek-Maha-21.32 km

Fig. 20 Comparison of simulation results and measure-
ment data

3.2 Comparison of THD

Since the THD is used as a standard for harmonics
regulation, the THD is calculated as a harmonics assess-
ment index for the Korean high-speed railway system. The
THD of the voltage in the Korean railway system needs to
be regulated within 1.5%. Since the THD varies depending
on where it is calculated, it was calculated with 1 high-
speed electric train set in operation on the Shinchungju-
Yongjung section. Fig. 21 shows the calculation results at
different assessing points where the Shinchungju railway
substation 55 kV feeder bus and 154 kV incoming bus
(KORAIL §S/S), and the power utility's Chungwon
substation 154 kV outgoing bus (KEPCO S/S) are located.

According to Fig. 21, the THD at Shinchungju railway
substation is larger than the power utility's Chungwon
substation 154 kV outgoing bus. This is because the
harmonic impedances and the harmonic voltages at the
Shinchungju railway substation are larger. Since the THD
varies depending on the point of common coupling (PCC),
the PCC of the THD should be defined. The electric power
outgoing line (or point) is defined as the PCC in the analysis.
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In order to assess the harmonic performance of the Korean
high-speed railway system with respect to electric train
operation conditions, the THDs are calculated at the power
utility's electric power outgoing lines. We perform simul-
ation and measurement for the two cases. One is for 1
high-speed electric train operation. The other is for 2 high-
speed electric trains. In case the operation condition is 1
high-speed electric train set, the maximum THD for the
total operation period in the simulation is 2.1% as shown in
Fig. 22. The maximum THD in the measurement is 1.95%
as indicated in Fig. 23.

Limitation of THD
25 \
i \

THD[]

Phase A Phase B Phase C

Calculation Point(Power utility’s Substation)

Fig. 22 The THDs of 1 high-speed electric train set opera-
tion (Simulation)
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THD (%)
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0.0
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Measurement Point(Power utility's Substation)

Fig. 23 Instantaneous and the maximum THDs of 1 high-
speed electric train set operation (Measurement)

The following cases are for 2 high-speed electric trains.
The maximum THD in the simulation is 2.5% as shown in
Fig. 24. The maximum THD in the measurement is 2.3% as
indicated in Fig. 25. ‘

The simulation resuits for identifying the maximum
THD value almost correspond to the measurement data,
and they verify the capability of the proposed 8-port
represented harmonic model.
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Fig. 24 The THDs of 2 high-speed electric trains(Simulation)
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Fig. 25 The instantaneous and the maximum THDs of 2
high-speed electric trains (Measurement)

4. Conclusion

The model for the harmonic studies on the Korean high-
speed railway system is presented. This study shows an
approach to model and to analyze the system for the
estimation of the amplification of the harmonic current and
the THD.

The proposed model is based on the 8-port represent-
tation that is an extension of the 2-port network theory.
Aggregating subsystems compose the overall system.

Harinonic characteristics of the Korean high-speed
railway system are presented. The harmonic effects on the
Korean high-speed railway system according to operation
conditions of the electric train are assessed.

In order to show the capability of the proposed model,
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the model is simulated for estimating the characteristics of
harmonics on the Korean high-speed railway system. The
simulation results are presented in comparison with the
actual measurement data to illustrate the validity of the
proposed model.
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