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Abstract — Owing to the consistent increase in accurate analysis issue for energy consumption of the
AC electric railway systems, there is controversy about the adequacy of the present watt-hour metering
configuration. Due to the unusual load characteristics and facilities, the discussions have not been
active. Therefore, in order to achieve more accurate watt-hour metering for AC electric railway
system, this paper proposes numerical formulas for watt-hour metering that reflects the highly-varying
characteristics of the railway load and the structural characteristics of the Scott transformer. The
proposed formulas have been verified by comparison with site-measured data, and a more suitable
metering configuration for AC railway system has been proposed.

Keywords: AC electric railway system, Scott transformer, Scott connection, Regenerative power,
Highly-varying load characteristics, Watt-hour metering.

1. Introduction

The AC electric railway system is one of the most
representative and conventional electric transportation
system. It is a massive transportation system with a
primary purpose of transporting commuters or cargo, but in
terms of electric energy network, it is one of the large
capacity electrical loads. In the viewpoint of electric load,
it is characterized by the position shift of electric load,
intermittency of energy consumption, large regenerative
power, and large-capacity single-phase load.

Since the railway system is designed for transportation,
the movement of the load means that the electrical distance
between the load and the source changes every moment.
The change in electrical distance depends on the operation
mode(dwelling-accelerating-coasting-braking) which is the
main cause of the intermittency of energy consumption
[1,2]. Especially, during braking mode, the electrical
braking system applied for efficient braking converts the
kinetic energy of the moving vehicle into electrical
energy[3], which is re-supplied from the vehicle to the
catenary system in the form of regenerative energy [4,5].

While the above three characteristics are simply physical
phenomena based on the design purpose of the railway
system, the fourth one is related to the reliability of the
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operation. In order to achieve a high traction force, high-
power three-phase induction motors are installed inside the
vehicle, but it is difficult to reliably supply three-phase
electric power by a wire contact method. For this reason, in
spite of the high capacity of electrical load, it is adopted
as a single-phase supply system. The equipment required
to feed such large capacity of single-phase railway loads
is a Scott transformer. The Scott transformer is a facility
that supplies electric power from three phases to two
single-phase, M and T phase [6,7]. The combination of the
specificity of the Scott connection and the characteristics
of the railway load of high intermittency and regenerative
power presents very unusual results in terms of watt-hour
metering. This paper proposes a suitable watt-hour metering
configuration for AC railway system by derivation of the
measured watt-hour value for arbitrary railway load(s) and
verification for derived formula using the site-measured
results. This paper is organized as follows. Chapter 2
presents the derivation of the voltage, current, and power
relations at both ends of the Scott transformer. Chapter 3
describes the metering formulas for three types of metering
configuration. Chapter 4 includes the verification of
formulas by comparison with the site-measured data and
case studies to choose suitable metering configuration.

2. V-I Relations between Primary and Secondary
Windings of Scott Transformer

The Scott transformer is a transformer designed to
convert the three-phase power into two single-phase by
forming two connections between phase A and virtual
neutral point, i.e electrical middle point of phase B and C,
and between phase B and phase C as shown in Fig. 1 [8].

1398

Copyright © The Korean Institute of Electrical Engineers
€ This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Hansang Lee, Kyebyung Lee, Kisuk Kim, Yong-Up Park, Young-Soo Jeon,Sung-Kwan Joo, Gilsoo Jang, Chang-Hyun Park

B
L

Catenary

Rail

> secondary

2N, winding
neutral

Catenary

2
Midpoint of 7
C-A phase < . Rail
5
5

Fig. 1. Windings in scott transformer

From the perspective of the primary winding, the first and
second winding appear as the phase voltage on phase A and
the line-to-line voltage between B-C, respectively. In order
to correct the conversion ratio from the phase voltage and
the line voltage, turn ratio of each windings is set as shown
in Fig 1.

When the phase B is set to the reference phase, the phase
voltage and the line-to-line voltage for each phase of the
primary side of the Scott transformer are expressed as Eq.

(1)-(6).

v, =V, £2x/3 (1)
v, = VphZO )

v, =V, L4713 3)
vy =3V, 25716 (4)
v, =3V, 2716 (5)
v, =3V, 2372 (6)

where, V, : nominal RMS voltage of phase voltage
Va,, Vi, Ve : phase voltage RMS of primary side
Vabs Vbes Vea: line-to-line RMS voltage of primary
side

The turn ratio of each winding of the Scott transformer
is as shown in Eq. 7 and 8. Because the magnitude of the
each primary voltage is different, it is designed to have
different turns ratio to make the secondary voltage same
level. Considering turn ratio of each winding, voltage of
phase M and T in secondary winding are derived as Eq. (9)
and (10). In Eq. (10), it should be noted that the voltage
applied to the winding ration, ny, is 3/2v,, since the primary
voltage coupled to the phase T is the voltage between the
midpoint on phase A-C and the phase B.

MEN T (7
1
3 2
”r:Nz/(g'M]:T‘” ®)

Vy =hyV, =n -(\/gl/phé%j

-3 3r 3z ©
= 3anh47_sz47

3 2 3
Vr :nT.(Evbjzﬁn.(E.V/’hloj (10)

=3n¥,,20=V, 20

: turn ratio of each winding

Ny, N, :turn of each winding

vM, vT : phase voltage of secondary side

Vsw : RMS phase voltage of secondary side

where, ny, np

2.1 Load with power factor, cos @y, at phase M

In order to derive the primary side current of the Scott
Transformer, the M phase load current with power factor,
cos @y, 1s assumed as shown in Eq. 11. Then, active and
reactive power of M phase load are shown in Eq. 12.

3

Iy :IM47_¢M (11)
S, =B, +jO, =V, iy
= V.\‘M’IM COS ¢M +jV\‘M’1M Sin ¢M (12)

=3nV,1,, cos,, + j\3nV 1, sing,,

where, iy; : M phase current
Iy : M phase current RMS value
¢p : phase angle difference for M phase load
Swm> Py, Qui apparent, active, and reactive power for
M phase load

Since phase M is coupled only to the phase C and A, the
phase currents on the primary side of Scott transformer are
shown in Eq. (13)-(15).

iy =—N-0y :—n~]M437”—¢M (13)
by =0 (14)
iy =Ny :n~1ML37ﬂ—¢M (15)

where, i, inv, 1oy : primary side phase current induced by
M phase load

2.2 Load with power factor, cos @t, at phase T

In the same way as in the previous section, the T phase
load current with power factor, cos ¢, is assumed as
shown in Eq. 16 and the active and reactive power of T

phase load are shown in Eq. 17.

p=I;Z-¢ (16)
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S, =P +jO, =VT'i;

= VSWIT cos ¢T + jsz]T Sln ¢T (17)

=\3n Voulr cos g, +j\/§anh1T sin ¢,

where, it : T phase current
I : magnitude of T phase current
o1 : phase angle difference for T phase load
St, Pr, Qp: apparent, active, and reactive power for
T phase load

Since phase M is coupled only to the phase B and the
midpoint is in the electrical middle point of phase A and C,
the phase currents on the primary side of Scott transformer
are shown in Eq. (18)-(20).

. 1. 1

Lar :_Ele :_ﬁn'lré_@ (18)

. 2 .2

hr = g =$n'lré_¢r (19)
1 1

g ===y =——=n-1;Z-¢, (20)

) bT \/3

where, 1,7, Iyr, 17 primary side phase current induced by T
phase load

2.3 Total phase current on primary side

From Eq. (13)-(15) and (18)-(20), the total phase current
on primary side induced by M phase load and T phase load
which are not unity power factor are derived as shown in
Eq. (21)-(23).

la = laM + laT

=(—n~IM437”—¢MJ+(—%;1.]T4_¢TJ 21

ca

T

Fig. 2. Vector diagram for voltage and current between
primary and secondary side of Scott transformer
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2
Iy =y +iyy =0+—=n-1,Z-¢, (22)

B

lc = ch + lcT

:(n'[MZ%_¢MJ+(_%n'ITZ_¢TJ

The vector diagram of voltage-current relationship
between the primary and secondary side of the Scott
transformer is illustrated in Fig. 2.

(23)

3. Electrical Energy Metering for AC Electric
Railway Systems

The metering of the consumed energy for the AC
railway system takes place on the primary side of the
Scott transformer. Watt-hour metering for the three-phase
system generally applies 2-CT metering for 3-phase 4-wire
systems or 3-CT metering for 3-phase 3-wire systems.
Although the AC electric railway system consists of 3-
phase 3-wire system, the metering formula for each
metering system is derived as follows based on the formula
derived from Chapter 2 in order to compare with the result
obtained through actual measurement. It is assumed that
the electrical loads on phase M and phase T are as in Eq.
(12) and (17).

3.1 3-CT metering system

Generally, the 3-CT metering is a method of measuring
the amount watt-hour of each phase by using the phase
current and voltage between phase voltage and neutral line
voltage as shown in Fig. 3. For each time step, the amount
of watt-hour accumulated in meter at each phase are
derived by Eq. (24)-(26).

When the unity power factor loads are taken into
consideration for M phase and T phase respectively, it is
well known that the M phase and T phase load are
distributed to the primary side with 1:0:1 and 1:4:1
respectively. However, in the case of non-unity power

Fig. 3. 3-CT watt-hour meter connection
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factor load the results of the watt-hour metering on the
other two phases that are not coupled to the T phase are
affected by the reactive power of each load as shown in Eq.
(24) and (26). Although there is distortion in the metering
results at each watt-hour meter, Eq. (27) shows that the
instantaneous numerical sum is equal to the sum of the
loads at secondary side.

E,=P,-At=Re|v,i, |-At

2 V4 1
|:(V L— 3 ) (—H'IMZE+¢M —EI’IITZ¢TJi|Al

T thIT S
—Re[anhI 4g+¢M]At+Re{ ji L2 +g |

[\BnV

(24
2 ph

[ﬁ

nVv
6

1 .
I1,, cos g, —EanhIM sm¢MJ-At

ph

1 .
1, cos¢,+2anhI s1n¢TJ-At

[;P +éP +[( QM+QT)J

E, =P,-At=Re[v, i, |- At

= Re{(VPhéo)(%n 'Gﬂ%ﬂ'm
{N_nV I cos¢T]-At

(25)
2
:EPT AV

*

E =P -At=Re[v,-i

A7
=Re K VL

: j (n-IMA%+¢M —%n-[,é;ﬁ,ﬂ-m

:Re[thIMA—ZJrqﬁM} At+R[ Vuls 7 +¢T}
2 6 \/§

:(ﬁ

TnV oA or cos¢M+1nV 1, sin¢MJ~At

|-

+[ganth cos @, —%anhIT sin¢T]-At (26)

(1, 1 B
_[EPM +gPT +?(QM _QT)J'At

Bt ser = Re[va z:] + Re[vb zb] + Re[vc l::|

=P, +PF 7)

3.2 2-CT metering system with reference phase
coupled to the T phase

The 2-CT metering system performs watt-hour metering
using the phase currents of phases except for the reference

7 5 2 I
L_t— .
mf .

3 gwoa_ M phase coupled

Fig. 4. 2-CT watt-hour meter connection with reference
phase coupled to the T phase

I|H—

phase and the line-to-line voltage from the reference
phase as shown in Fig. 4. For each time step, the amount
of accumulated watt-hour in each meter is derived by Eq.
(28)-(29).

=P, Az_Re[ v, |- At

{ (—n'le%wM —%n.qz@ﬂ-m

—Re[ v, 1,2 Tt }At+Re[anhlrl—%+¢T]At

( 5 nV I, cosg, - anth sinqﬁMj-At

28
3 1 . %)
+ Tanthcos@ +Eanthsm¢T At

(;P +;P +£( -30,, +QT)]

E,=P,-At=Re|v ]At

4 1
—Re{ [ -IMLE+¢M —ﬁn-ITL@H-At

=Re[ nV, 0L, L——+4¢, }At+Re|:anhl L%+¢T}.At

29
(5 s | (29)
5 —nV,1, cosg, +Eanthsm¢M <At
-{gnlf I, cosg, ——nV I, smngJ
1P +1P +I(3QM -0,) |-At
2 2
Bota/72CTb :Re[vab i::|+Re|:vcb.i::| (30)
:PM+})T

Assuming unity power factor loads as phase M and T, Eq.
(28) and (29) show that each watt-hour meter measures and
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Fig. 5. 2-CT watt-hour meter connection with reference
phase coupled to the M phase

accumulates half of the active power of each phase.
However, as with the 3-CT method, when considering the
load rather than the unit power factor, each watt-hour meter
derives distorted results according to the reactive power of
the two loads. In addition, since the railway load during
braking has regenerative load as large as the consuming
operation, the regenerative operation of one load might
cause a large metering error.

3.3 2-CT metering system with reference phase
coupled to the M phase

Unlike in Section 3.2, the 2-CT metering system is
applied by setting the phase coupled with M phase as a
reference phase. Then, Eq. (31) and (32) shows the amount
of accumulated watt-hour in each meter.

E, =B, -At=Re[v, i, |-At

= ReK\/? Vphé—%)(%n -1T4¢Tﬂ At

= (x/gnV oIr cosgp +nV I sin ¢T)-At

p
1
=| P +—=0, |- At
(5o
E,=P, -At=Re|v, i |-At
:ReK«/nghé%j.[nlMZ%Jrng _Lnlrl(brﬂ'm

NG}
- Re[ﬁnV

il Ly | A+ Re[anhITA%JrqﬁT]At

(€2))

1
:[PM _EQTJ.At (32)
Rata172CTa = Re|:vba .i;]-i_Rel:vca l::| = PM +I)T (33)

Assuming unity power factor loads as phase M and T, Eq.
(31) and (32) show that each watt-hour meter measures and
accumulates active power of each phase. It should be noted
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that the metering interference due to the regenerative
operation of one load has been eliminated. However, any
portion of the reactive power of the Q phase load still
affects the metering.

4. Measured Data Verification and Case Studies

In order to verify whether the watt-hour metering result
at the metering point is distorted when the railway vehicle
is operating on the secondary side of the Scott transformer,
real site measurement had been performed for the Scott
transformer installed in the railway substation. Using
measurement equipment which can measure with five time-

Real-time Synchronization

)
Py Qp I X
- L
P 0 %d -
¢
q Py Qu
P, Q, 5
= -
-----
Fig. 6. Measurement for primary and secondary side of
Scott Tr
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Fig. 7. Site measured active and reactive power for phase
M load
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synchronized channels, voltage and current measurement at
the 5 measuring points in Fig. 6 had been performed.

4.1 Measured data in AC railway substation

The power measuring results are shown in Fig. 7 and 8.
The M-phase load consumes a maximum of 17.34 MW and
has a maximum regenerative power of 22.06 MW during
the regenerative operating. The T-phase load has a peak of
29.98 MW and a maximum regenerative power of 9.06
MW. Especially at the beginning of the measurement, it is
necessary to pay attention to the high reactive power in
both phases and how this affects the watt-hour metering.

Measurements were made on the A, B, and C phase on
the primary side of Scott transformer. Figs. 9, 10, and 11
compare the simultaneously measured results of 3 phases
on the primary side and the calculation results using Eq.
(24)-(26) based on the measured results of Fig. 8 and 9.

As shown in Fig. 9, 10, and 11, the site-measured results
and the numerical results are quite consistent. Especially,
as proven in Eq. (25) that the accumulated energy at the B
phase is independent of the reactive power of the M and T
phase load(s), Fig. 10 shows that the active power
measurement result on phase B is not affected for the high

— Active Power at Phase A (Calculated) —Active Power at Phase A (Site measured)

h)
]
J

e
3
E

1065;1‘// 2:17:00 226159 2:37:00 2:46:59 W yst00

Active Power [MW]

-30

Fig. 9. Measured and calculated active power for phase A
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2:17:00 2:26:59 2:37:00 2:46:59 wzﬂm

30

Fig. 10. Measured and calculated active power for phase B
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[ "y

A
MT 1:57:00 zwsivv 2:17:00 2:26:59 2:37:00 2:46:59 ¥ st

Active Power [MW]
g

30

Fig. 11. Measured and calculated active power for phase C

reactive power at the beginning of the measurement. This
also coincides with the numerical result.

Although the effective power of the two loads was close
to zero at the beginning of the measurement, the actual
power measurement results on A and C phase were
measured to have significant values. As proven in Eq. (24)
and (26), this is a result of the reactive power difference of
the two loads and this might cause significant errors in the
watt-hour metering.

4.2 2-CT metering system with reference phase
coupled to the T phase

Based on the Eq. (28) and (29), the numerical results of
the active power at each meter for the 2-CT metering
system with setting phase coupled T phase as a reference
phase are illustrated in Fig. 12 and 13. They show that the
each numerical result does not reflect actual measured
values at all. That is, even if the 2-CT method should be
applied due to the three-phase three-wire feeding structure,
all of these results show that to set the phase coupled to the
T phase as a reference phase might result in a significantly
distorted metering results.

4.3 2-CT metering system with reference phase
coupled to the M phase

Using the Eq. (31) and (32), the numerical results of the

—Active Power at Phase M Active Power at Phase T

“ ~WHM at Phase A-B (2-CT)
7

J\‘[ s JENES S Y i
’ T A .4 2300 |

v |
f |
d }\
-20 v

0

Fig. 12. Measurement at phase AB with M and T phase
loads

Active Power [MW]

—WHM at Phase C-B (2-CT) —Active Power at Phase M —Active Power at Phase T
P

30

Active Power [MW]

30

Fig. 13. Measurement at phase CB with M and T phase
loads
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Fig. 15. Watt-hour metering results at phase CA and active
power comparison with M phase load

active power at each meter for the 2-CT metering system
with setting phase coupled M phase as a reference phase
are illustrated in Fig. 14 and 15. These show that the
numerical results are considerably in agreement with the
measured active power at each of the secondary sides of
the Scott transformer.

5. Conclusion

This paper presents a numerical analysis of watt-hour
metering characteristics at both ends of a Scott transformer
by highly-varying operation of an AC railway load. In
order to choose the appropriate watt-hour metering
configuration, the analysis steps and the conclusions at
each step are as follows:

1) Derivation of voltage, current, and power relations across
the Scott transformer: Considering the characteristics
of the Scott winding, the magnitude and phase of the
secondary voltage under the balanced primary voltage
condition are derived. Assuming an arbitrary power
factor, the phase angle of the secondary current is defined
and the primary side phase currents induced by the load
current of each secondary phase are derived. Based on
this, the power relations at both ends of the Scott

1404 | J Electr Eng Technol.2018; 13(3): 1398-1406

transformer are derived.

2) Derivation of metering formulas for each watt-hour
metering configuration: For 3-CT, and two 2-CT
metering configuration, the metering formulas that each
meter will experience at each time step are derived.
These formulas proved that the amount of accumulated
energy is related to not only the active power but also
the reactive power of the railway load at secondary side.

3) Verification of formulas for 3-CT configuration based
on site-measured data: Based on the simultaneously
measured data for the primary and secondary phases,
the validity of the derived formulas was verified by
comparing the numerical results with the site-measured
results. It is proved that the reactive power of the load
can be reflected as the active power to the each meter.

4) Choosing the suitable 2-CT configuration for railway
system with Scott transformer: By comparing the
numerical results based on the derived formulas with
the measured results for each phase load, suitable
metering configuration that better reflects the power
characteristics of highly-varying railway loads has been
chosen. Since each meter can measure and accumulate
the M phase and T phase loads separately, the 2-CT
method, which sets the phase coupled to the M phase as
a reference phase, presents small metering distortion.

Based on this study on the energy metering in the AC
railway system, rational diagnosis for electrical energy
consumed by AC railway system is possible through
accurate watt-hour metering and peak power calculation
without metering distortion. Also in consideration of
additional facilities or operational strategies for improving
energy efficiency and energy sustainability, this precise
metering can be an essential basis.
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