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Abstract

This study aims to explore the characteristics of the Roof-Delta
connection traction transformer in Japan high-speed railway
system. From its winding connection relationship, it presents the
voltage and current phasor equations and diagram. The proposed
SPICE-Python hybrid simulation method offers the voltage and
current waveforms in an open-source software tool. The derived
circuit model in SPICE and Python is capable of simulation and
analysis in traction power systems.

Keywords: railway system, traction, Roof-Delta transformer,
Python, SPICE

1. INTRODUCTION

Railway traction power system is a classic topic since
1908[1]. In between, the traction purpose AC transformers
serve to convert the three-phase power source into two
single-phase power source for trains operation.

Popular types are Scott connection[2], Le Blanc
connection[3, 4], Wood-bridge connection, modified
Wood-bridge connection[5] and latest Roof-Delta
connection.

Japan replaces the transformers of their high-speed
railway system ( ¥ 5t 4% /Shinkansen) from modified
Woodbridge connection (since 1972 March) to Roof-Delta
connection (since 2010 End )[6-8] in the newly built
traction stations. This new transformer type has various
features, such as less winding numbers, smaller installation
location space, light net weight, less volume of cooling oil,
more efficient radiators, and diminished loss[9].

This study involves the Roof-Delta transformer
connection, characteristic, and SPICE (Simulation Program
with Integrated Circuit Emphasis) simulation in the
following session.

II. ROOF-DELTA CONNECTION TRACTION
TRANSFORMER

A Roof-Delta multi-winding connection system diagram
[10-12]is in Fig. 1. The transformer consists of three major
winding sets in Primary, Secondary A-set, and B-set side.
The Secondary A-set is in open-wye connection with 0.577
(1/y/3) turning number ratio in compare with B-set. The B-
set is the typical Delta connection transformer. The Primary
-side connection is the wye-connection format. Converted
power sources (DB and CA) serve two independent trains
operation in AT (Auto Transformer) feeding method.

The significant difference between the modified Wood-
bridge connection is no external step-up transformer. A
comparison with clear illustration from Iketo study is in Fig
2[12]. The new transformer saves the facility space and
operation cost. Kamio[13] study exhibits the numbers of
winding in the Modified Woodbridge connection is 16. In
contrast, Roof-Delta connection only requires in 8.
Furthermore, it can execute a “ground connection” process
rather than the Scott connection.
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Fig. 1 Connection in the roof-delta traction transformer
and AT feeding for two-train service operation Railway
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Fig. 2 Comparison with the modified Wood-bridge
connection transformer (Top) and Roof-Delta connection
transformer (Bottom) from Iketo[12]

II1. CIRCUIT MODEL DERIVATION

This session explores the voltage and current input and
output side equations for its behavior investigation. The
transformer’s current flow is in below Fig. 3[10].
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Fig. 3 Roof-Delta transformer current flow chart

The input three-phase powerV,, V, and V, line-to-line
voltage represent[11] in
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v, =V,2(4m/3) M
v, =v,2(0) @)
v, =V,Z(2m/3) @)

Where, V, is the Primary side line-to-line rms voltage.
Each winding voltage in the Secondary side A-set are

Vi {%"z/ﬂl)(%/ﬁ)éwﬁ) @
Var (jgnz/nlj(vp/\/g)z(mﬁ) 5)

Hence, converted power sources in B-set (V) and A-set
(V) voltage vector are

v, =(n/n)(v,/V3)<(0) ®)
V=V ~V,) = (n/n)(V, [N3) £(]2) )

From (6-7), the dual-source is in the 90-degree phase shift
characteristic. Fig. 4 illustrates the phasor diagram.
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Fig. 4 Voltage phasor diagram in Primary and two
Secondary sides

In B-set [11], current flow relation is in
I =i-I (8)
i =i, 9)

Regarding turn ratio between Primary and Secondary B-set,
the current flow relation is in

i, =(112/111)(1'u +(1/J§)1A) (10)
i = (m/m) (1, (17 43) 1) 11)
Substitute (10-11) by (8-9) and derive in
1'U=(n2/n1)(iy—1'5+(1/\/§)1'A) (12)
I'W:(nz/nl)(iv—ig—(llx/g)i/,) (13)
Add (12) and (13) into (14)

iy +i, =(n,/n)(2i,-2i,) (14)



Given a balanced wye-connection power system, it satisfies

(15).

Iy +1i,=—1I, (15)
Replaces (14) by (15) and derives as
i, =(n,/n)(213)i, (16)

Substitute (12-13) by (16), the current are in below.
1'”:(nz/nl)(—(u3)1H+(1/J§)iA) 17)
1'W:(nz/nl)(—(1/3)1'5—(1/\/§)1'A) (18)

Eqgs. (16-18) are the transformer current flow equations
between the Primary side and the dual Secondary sides.

Current /, and 7, are in the 90-degree phase from (4-
5). Assume |1' A| = |1'B| condition, the Primary side input

current summarizes in below.

i, =(n,[n)(213)i,2(4m/3) (19)
i, = (n,/n,)(213)1,2(0) (20)
i,=(n,/n)(213)i,2(2r/3) (21)
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IV. SIMULATION AND DISCUSSION

This study adopts the “SPICE+Python” hybrid method
from a previous study[12]. It advantages in the open-source
software, GPU (Graphics Processor Unit) parallel
computation capability and time base node data for the
transient state, steady state, and harmonics component
analysis features. The single-phase transformer SPICE
model, AT (auto-transformer) element and the Scott
connection transformer application, is in the previous
study[13]. Fig. 5 illustrates the Roof-Delta connection
hybrid model in the simulation. The n, and n,
transformer turn ratio factor is the same.

Fig.6 and Fig. 7 are the simulation result. The secondary
side induces a half-voltage in 19.044 kVrms with a 90°
phase shift. The Primary side supplies 66 kVrms—50 Hz
three-phase power. The waveform is identical to Fig. 14 of
[14]. This voltage value is in half of Eqs. (6-7). It is because
of utilizing the AT feeding in the traction system.

Each single-phase loading consumes 211.6 A current,
thereby resulting in a Primary-side phase current of 141.0
A in balance load scenario. It satisfies with Egs. (19-21).

The overall three-phase conversion power values on the
Primary and Secondary sides are 16.123292 MW and
16.1232164 MW, respectively, for prove correction.
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Fig. 5 “SPICE+Python” model with dual 180€2 loading
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Fig. 6 Primary (top) and dual Secondary (bottom) half-voltage waveform comparison in Roof-Delta connection

transformer.
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Fig. 7 Primary (top) and dual Secondary (bottom) current waveform comparison in Roof-Delta connection transformer

strength. Both voltage and current phasor equations of the
IV. CONCLUSIONS transformer were derived. The “SPICE+Python” hybrid
method simulated the proposed model and plotted
waveforms. In simulation result, a 66kVrms-50Hz system
converted into two 19.044kVrms with a 90-degree shift.

This study introduced the latest multi-phase traction
transformer in Japan high-speed railway system. The
comparison commented in its connection topology and



Dual single-phase loading consumes 211.6 A current,
thereby resulting in a Primary-side phase current of 141.0
A. All these results meet the proposed equation in (6-7) and
(19-21). This ideal transformer conversion efficiency is
almost 100%.
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