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Modeling and Comparison of Traction Transformers
Based on the Utilization Factor Definitions

Mohsen Kalantari, Mohammad Javad Sadeghi, Siamak Farshad, Seyed Saeed Fazel

Abstract — Electric railways inject undesirable harmonics and large negative sequence
component to the utility grid due to their essential characteristics (i.e. non-linear, non-sinusoidal,
non-symmetrical, and non-continuity). Traction transformers with a special connection (i.e.
Single-phase, V/V, Wye-Delta, Scott, and Le-Blanc) are one of the best solutions to limit the above
drawbacks and also improve the efficiency and power factor of the utility grid. They have been
selected on the basis of electrical performance, physical profile of the network, and economics
issues. Traction load variation, negative sequence component, load harmonic currents, power
factor, and efficiency as effective electrical parameters were investigated for aforementioned
traction transformers. However, there are other influential and important parameters in the
electrical railway systems which are not considered in the research works. Therefore, this paper
defines these factors (utilization factors of the traction transformer and transmission line) as
mathematical equations and then investigates the impacts of harmonic components and unbalance
loading on these factors. Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved.
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Utilization Factor

Nomenclature
TDD Total demand distortion
PCC Point of common coupling
Sk Maximum Capacity Utilization
St Transformer Capacity
S Line Capacity
I, V, Primary currents and voltages
(x=A, B, C)
l,, Vy (y=R, L) Secondary currents and voltages
TUF Transformer Utilization Factor
LUF Line Utilization Factor
Sa; Sgand Sc Three phases of the utility grid
BD Balance degree

l. Introduction

An electric feeding power substation feed the non-
linear and time-varying single phase traction load which
serves large negative sequence component, undesirable
harmonic currents and unacceptable total demand
distortion (TDD) to the utility grid [1]. To balance the
traction load, traction substations are fed at equal section
(i.e. RS phases, ST phases, TR phases respectively).
However, the large voltage and current unbalanced may
be seen in the utility grid, if the traction loads are running
only in a particular section. Therefore, the large
unbalanced traction loads may significantly affect the
operation of the utility grid and other connected loads to
it.

Manuscript received and revised January 2011, accepted February 2011
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These problems may be also caused additional system
losses, overheat rotating machine, and malfunction of the
protection relays and measuring instruments. These
problems reduce the transportation capacity of the
traction transformers and electrical transmission lines.

The traction transformers with special connections
(i.e. Single-phase, V/V, Wye-Delta, Scott, and Le-Blanc)
are employed to limit aforementioned effects and also
improve the efficiency and power factor at the point of
common coupling (PCC) [2], [3]. For example, the
Single-phase connection is used in Italian railways,
French TGV, and New Zealand railways [4]. The V/V
connection is used in French TGV, British railways, and
Finnish railways [4]. The Wye-Delta connection is used
in China railways and finally the Scott and Le-Blanc
connections are used in Japanese and Taiwan railways
respectively [4]. The Scott transformer was first applied
for the power conversion of two phase generators at a
hydro generation plant located at Niagara Falls, NY, in
1896 [5], [6]. The Le-Blanc transformer has been applied
to electric power engineering since the end of the 19th
century, but is not as popular as the Scott connection [7].

Recent studies concerning the specially connected
transformers have been emphasized on several topics,
such as modeling for particular studies, evaluating
voltage unbalance, discussing the effect of harmonics,
and revising the differential protection methods. For
example, simplified models of specially connected
transformers have been applied in three phase power
flow studies [8]. A network model was proposed to study
unbalanced effects [9]. Specially connected transformers

Copyright © 2011 Praise Worthy Prize S.r.I. - All rights reserved
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based on the physical three phase circuits and the
symmetrical component equivalent circuits have been
modeled in detail [4]. A rigorous method to evaluate the
voltage unbalance due to specially connected
transformers has been proposed [10]. The harmonic
problems of Le-Blanc transformers for the Taiwan
Railway electrification system were studied in [11]. The
effects of the harmonic and negative sequence
components of voltage and current and also power factor
at the PCC have been evaluated in [11]-[15], [2]
respectively. However, the utilization factors of the
transformer and transmission line have not been analyzed
sufficiently in the electric railway systems. This paper
initially introduces the definitions of the utilization
factors and then, evaluates the impacts of several
important and influential parameters on these factors.

I1. Utilization Factor Definitions

Unbalance loading is one of the significant problems
in electric railway systems, which causes a part of the
network capacity unusable. So, to feed the traction loads
in unbalanced mode, the installed capacity should be
considered more than estimated ones. It is remarkable
that the required investment costs for network
construction significantly enhance when increasing the
ratio of the installed capacity to the load. Therefore, to
reduce the investment costs, this ratio should be
controlled in unbalanced condition. Traction transformers
and three phase transmission line are two affecting
parameter on the construction and investment costs.
Hence, the transformer and transmission line utilization
factors are defined as indices to evaluate the actual
required capacity.

To calculate the utilization factor for different special
transformers, the simplified circuit diagram of an
electrified railway is considered (see Figs. 1) and the
following definition are also used:

I1.1. Maximum Capacity Utilization (Sg)

This parameter represents the maximum capacity
utilization of the utility grid including the traction
transformer and transmission line. It is influenced by the
load harmonics as well as the unbalance loading and can
be calculated by the following equation:

Sgp =S, +Sg +S¢

1)

where Sy, Sg, Sc are the phase apparent powers.

1.2.

The transformer capacity is calculated considering
maximum load balance condition. This parameter can be
computed as follows:

Transformer Capacity (St)

)

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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where, S; is the transformer winding capacity.

11.3.

This parameter is computed as follows assuming
maximum load balance demand, where lyax is the
maximum calculated current between three phase
currents (A, B, C):

Line Capacity (S,)

SL= 3VIMAX* 3)

According to the above definitions, the Transformer
Utilization Factor (TUF) and the Line Utilization Factor
(LUF) can be defined as follows:

TUF = 3R @)
5,
5

LUF =R 5
5 ®)

L

The effects of unbalance loading and harmonic
distortions on the utilization factors also investigated
based on equations ((6)-(10)) [16]:

V(t)=Vo+«/§th sin(hwt + ) (6)
h=0
I(t):lo+x/§ilhsin(hwt+ﬂh) )
h=0
S =VI (8)
el =1L
9
BDlzm,OSBDl_l ©
1|
[1L|= [1g]
10

where, V and | denote the effective phase voltage and
phase current, respectively. BD,, BD, are balance degrees
at the both secondary sides of substation and S is the
apparent power at the single phase system.

All investigations in the following sections only done
based on the BD; due to identical simulation results for
both balance degrees.

The calculation results are summarized in Table I.

International Review on Modelling and Simulations, Vol. 4, N. 1
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Voltage Source pPCC

=~y

Specially

Connected

=Y

Transformer

= (@)

®

Figs. 1. (a) Block diagram of electrified railway network (b) Vector diagram of network voltages I, Vx (x=A, B, C): Primary currents and voltages; l,
V, (y=R, L): Secondary currents and voltages

Il1l. Traction Transformer

I11.1. Single-phase Connection

Fig. 2 shows the configuration of this connection. The
output voltage, primary and secondary currents can be
calculated using the following equations ((11)-(15))
respectively:

V| =Vg _&VBC = ﬁNZVe'O Ee? (1)
Nl Nl

l,=0 (12)

IB=—IC:IH+IF_—2(1+BD)I e’ (13)
Nl

I, =le™? (14)

lp =BDIle™ (15)

The apparent powers of the three phases of the utility
grid (Sa, Sg and S¢), the maximum capacity utilization
(Sr), and the transformer winding capacity (S;= S,), the
transformer capacity (Sy), and the line capacity (S.) can
be computed respectively as follows:

Sp=0 (16)
(1+BD)EI i(e-%)
Sg=————e€ O 17
B \/é ( )
(1+BD)EI i(o+%)
Sc=——r—e 6 18
C \/5 ( )
Sg =|Sa+Sg +Sc|=(1+BD)EI (19)
S, =S, =Ele" (20)
Sp =[Sy +|S,| = 2EI (21)

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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S_=[3s !y | = 2V3El (22)

The line capacity (S.) computes based on the Iz or I
which is equal to the maximum current of the utility grid.

111.2. V/V Connection

Fig. 3 shows the configuration of this connection. The
output voltage, primary and secondary currents can be
calculated using the following equations (23-29)
respectively:

Ve :%VBC = “/ilNz Ve'® = Ee' (23)
1

Vv, = NZvAC = [NZVe I_Fes (24)

Nl Nl

N, 5)

ly=—21le 25
AT, (25)
|B=&|R=&BDle49 (26)

Nl Nl

i[Z-0

I =le (3 ) (28)
lp =BDIle™" (29)

Three phase apparent powers of the utility grid (Sa, Sg
and S¢), the maximum capacity utilization (Sg), and the
transformer winding capacity (S;= S;), the maximum
transformer capacity (St), respectively as follows:

5, ~E ol%)

7 (30)

International Review on Modelling and Simulations, Vol. 4, N. 1
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Sg :%BD Ie( 6)

\E@ | 119(6%j +BD ei((ﬂ%)

Sg =[Sa+Sg +Sc|=(1+BD)EI
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(31)

(32)

(33)

(34)

Figs. 4 show the configuration of this connection. The
output voltage, primary and secondary currents can be
calculated using the following equations ((37)-(43))

respectively:

According to Figs. 3, the computation of the
maximum transformer capacity (St) in this connection is
similar to the Single-phase transformer. It calculates
using algebraic summation of the both transformer
winding capacity under balance load conditions at the
both secondary sides of the power substation. The line
capacity (S.) computes based on the Ic which is equal to
the maximum current of the utility grid:

Sp =[Sy +|S,|=2EI (35)
S_=[avel1c"| = 31 (36)

111.3.  Wye-Delta Connection

The presented equations in this section are related
only to the three phase transformer with vector group of
one (ydl). These relations can be generalized for other
vector group.

L,=0
Ip”
Ic
1 -
H s, Ir ] s,
N;:N,
I N >
Vi Vr
N ‘ i NP

Nj:N,
.
!/ N ]
Vi Vi
N2 l N2

Vg =V, = et 37)

V. ZV, ~Ee? (38)

I = % 2ei[g_€) +BD ei(%ﬂ_gj (39)
1

Iy = % 1ei(_%_€) +2BD ei(_%_gj (40)
1

Ie :% 1ei[_%_9] +BD ei(%ﬁ_ej (41)
1

L=l —lea= Iei[%iej (42)

Ig = la — Iy = BD |ei(%”_gJ (43)

® Nk

Figs. 3. The configuration of the \V//V traction transformer (a) Structure, (b) Phasor diagram

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved

International Review on Modelling and Simulations, Vol. 4, N. 1



E-PRITNT

M. Kalantari, M. J. Sadeghi, S. Farshad, S. S. Fazel

A1y
B 1
c— e

(b)

Figs. 4.The configuration of the Wye-Delta traction transformer (a) Structure, (b) Phasor diagram

Three phase apparent powers of the utility grid (Sa, Sg
and S¢), the maximum capacity utilization (Sg)
respectively as follows:

S, :% 2¢'? + BD ei(g_EJ (44)
S, = % 1ei{9+5j +2BDE" (45)
S =% 1ei(97Ej +BD ei[g+§j (46)
Sg =|Sa+Sg +Sc|=(1+BD)EI (47)

The amplitude of the A and B phase currents are the
same and also equal with the maximum network current
in balance conditions. The maximum capacities of
transformer (St) and line (S,) are too similar according to
Figs. 4:

Vi

S =S¢ =[av;1 /7| = 2em+lei[ ) El = 2.64El (48)

where j=A or B

111.4. Scott Connection

Figs. 5 shows the configuration of this connection.
The output voltage, primary and secondary currents can

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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be calculated using the following equations ((49)-(58))
respectively:

J3 iz 3 i
Vao :%|VBC|ei° :%v&f’ (50)
1 iz \/5 iz
VCO:E|VBC|e' :7Ve' (51)
A :%vgC = Ee'” (52)
1
N i
V, =——=2-V,,=Ee?2 53
L EN AO ( )
2 1
i|Z-0
Iy = 2N, |e(2 ) (54)
V3N,
i[-Z-0
|B=&| BDe"9+£e( 2 j (55)
N, 3
il -7
I :&| BDe'(" ) +£e( ) (56)
N, 3
i[Z-0
I, = |e(2 ) (57)

International Review on Modelling and Simulations, Vol. 4, N. 1
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lp =BDIle™ (58)

Three phase apparent powers of the utility grid (Sa, Se,
and Sc), the maximum capacity utilization (Sg)
respectively as follows:

2

S\ =§Elei9 (59)

—E[BD 1ei(‘g_%j +§ei(g+ng (60)

S =£1 [BDlei[9+ZJ+§ei(€§]J (61)

Sg =[Sa+Sg +Sc|=(1+BD, )El (62)

The summation of primary windings capacities (Sao,
Sgo, and Sco) is about 8 percent larger than the
summation of secondary windings capacities (Sg, S.) and
therefore, it is considered as the base to evaluate the
transformer capacity:

Spo =Vaola =Ele” (63)

. . il 0+
Seo =Vaols _E BDe'9+£e[ 2] (64)

2 3

. . ifo-Z
Sco =Veolc :% BDe" +§e( 2) (65)
Sg =Vglg =El(BDe") (66)
S, =V, I~ =Ele" (67)

3+243

Due to balanced structure of this connection, all three
phase current amplitudes are equal in load balance
condition and then, the maximum line capacity can be
estimated as follows:

S_=j3v;1 | = 281 (69)

where j=A or B or C

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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111.5. Le-Blanc Connection

Figs. 6 show the configuration of this connection. The
output voltage, primary and secondary currents can be
calculated using the following equations ((70)-(76))
respectively:

V. =3 %Vefl? —Ee 2 (70)
1
Vg = N2y _ gei0 (71)
Nl
2N i(i ]
=1y 1, =—21le'\? (72)
A ab ca \/§N1
i| -Z-0
lg = loe — lp _%I ge( 2 j+BDe"‘9 (73)
1
il ——0
le =l |bc_&| ?Se( 2 )—BDe"‘g (74)
1
] -
I, = Ie[ 2 j (75)
I, =BDle™" (76)

Three phase apparent powers of the utility grid (Sa, Sg,
and SC), the maximum capacity utilization (Sg)
respectively as follows:

Sa %Elei" @7
S, :% BD e (0_6j+§e|[0+3] (78)
S :% BD 1e'(g_76[j+§ei(g_;fj (79)
Sg =[S +Sg +Sc|=(1+BD, )El (80)

The summation of secondary windings capacities (Sq,
Sy, S3, S4, and Ss) is about 25 percent larger than the
summation of primary windings capacities (Sag, Sgc, and
Sca) and therefore, it is considered as the base to evaluate
the transformer capacity:

International Review on Modelling and Simulations, Vol. 4, N. 1
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V3 5] By (o5
3

Spg =Vaglas =El ?e

Sec =Veclac =El ?ei(gg+%ei(mgj

(81)

(82)

(83)

(84)

(85)

(86)

(87)

ik Elei(e_%ﬁ)

85:

(88)

4*:*@ El (89)

St =Sy|+[Sa|+ S| +|S4| +[Ss| =

Due to the balanced structure of this connection, all
three phase current amplitudes are equal and then, the
maximum line capacity can be estimated as follows:

S_=[3v;1/"|=2E]

(90)

where j=A or B or C

IV. Simulation and Analysis Results

The effects of the harmonic distortions and also
unbalance loading on the transformer and line utilization
factors need to be carefully considered. The following
operating conditions are assumed throughout this paper:
1) The traction load is modeled by an electrical

resistive-inductive (RL) load. It is accepted that both

side of the traction transformer feeds equivalently this
load (Pr=P,.=6MW, Qr=Q,=3.6MVA).
2) The input data of the selected network is summarized

in Table I.

Vi

Figs. 6. The configuration of the Le-Blanc traction transformer (a) Structure, (b) Phasor diagram

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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TABLE |
THE NECESSARY INPUT DATA
Symmetrical VVoltage Source 69 kv
Short-Circuit Capacity on the primary (three 2736 MVA
phase) side
Transformer Capacity 15 MVA
Turn ratio no load (N1:N2) 69:27.5

Two following different cases are discussed in the
following sections.

IV.1. The Effects of Harmonic Distortion on the TUF
and LUF

The effects of the harmonic distortions including
variable third, fifth, seventh harmonic orders from zero to
40% on the TUF and LUF are shown in Figs. 7. This
figure shows that the harmonic components are not
affected on the TUF for all investigated transformer
connections (Fig. 7(a)).

Furthermore, the behavior and also the amount of the
TUF for both Single-phase and V/V connections are the
same in the entire harmonic components range. However,
the harmonic components would be caused a little
variation on the LUF as depicted in Fig. 7(b).

IV.2. The Effects of Unbalance Loading on the TUF
and LUF

In this step, the load is varied from complete balance
condition (considering the same load in both side of the
traction transformer) to complete unbalance condition.
Figs. 8 shows the behavior of the TUF and LUF as a
function of the unbalance degree (1-BD).

The simulation results show that the TUF and LUF are
decreased by reducing the balance degree (BD) from
unity to zero for all investigated transformer connections.

Therefore, the impact of the unbalance degree (1-BD)
on the TUF (especially for Single-phase and V/V
connections) and LUF (especially for Scott and Le-Blanc
connections) are the same for all considered transformer
connections (Fig. 8(a) and Fig. 8(b)).

The calculation results of the TUF and LUF based on
balance degree (BD) are summarized in Table Il for the
aforementioned transformer connections.

It is obvious that Single-phase and V/V connections
enable the maximum TUF (100 percent) at the complete
balance loading while the Wey-Delta connection realizes
the minimum TUF compared to other connections.
However, the Wey-Delta connection is the common
connection which uses in power system networks and
therefore, it features fewer cost in comparison to the
other transformer connections.

It is interesting to note that the Scott and Le-Blanc
connections generate more utilization factor respectively
compared to Wey-Delta connection due to better
balanced structure. However, these types of connections
are more complicated and also expensive in respect to
other connections.

It is interesting to note that the LUF was computed for
Single-phase  connection  assuming  three  wire
transmission lines.

It is evident that the result can be similar for Single-
phase and V/V connections considering two wire
transmission line. The results show that the Le-Blanc,
Scott, Wye-Delta, V/V, and Single-phase connections
enable higher LUF respectively achieving in complete
balance loading. The LUF decreases when the length of
the transmission line increased which affects on the
required investment costs for transmission line
construction.

In conclusion, the low TUF and LUF and also other
cost-causing in Wey-Delta transformer connection limits
its application in electrical railway system compared to
other types of the traction transformers.

In cases where a long transmission line is needed and
its cost is significant comparable to the traction
transformer cost, the Scott and Le-Blanc traction
transformers are recommended to reduce the overall
costs and also negative sequence currents.

Otherwise, the use of V/V and Single-phase
connections would be decreased the total costs compared
to other types of the traction transformers.

TABLEII
THE UTILIZATION FACTORS OF TRANSFORMER AND TRANSMISSION LINE FOR FIVE TYPES OF TRACTION TRANSFORMERS

Traction

Transformers Single-phase VIV Wey-Delta Scott Le-Blanc
1+BD 1+BD 1+BD 3(1+BD) 3(1+BD)
TUF 3(1+BD)
2 2 2.64 3+24/3 4+243
LUF (1+8D) 14 BD 14 BD 148D 14BD
13 3 264 2 2

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved
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V.

Electric railways inject undesirable harmonics and
large negative sequence component to the utility grid due
to their essential characteristics. Traction transformers
with a special connection are one of the best solutions to
limit their effects and also improve the efficiency and
power factor of the utility grid. The impacts of harmonics
components and unbalance loading have been
investigated on the utilization factor which is the
influential parameter in the electrical railway system.

To evaluate the performance of the electrical railway
networks, the effect of harmonic distortion and unbalance
loading on the TUF and LUF have been studied in detail
and the simulation results have been compared regarding
different traction transformer connections.

In the first comparison, the effects of harmonic
distortions on the TUF and LUF have been examined
considering the same load in both side of the traction
transformer. The simulation results show that the
harmonic components are not affected on the TUF for all
investigated transformer connections. Furthermore, the
behavior and also the amount of the TUF for both Single-
phase and V/V connections are the same in the entire
harmonic components range. However, the harmonic
components would be caused a little variation on the
TUF and LUF.

In the second comparison, the effects of the unbalance
loading on the TUF and LUF have been investigated
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assuming load variation from complete balance condition
to complete unbalance condition. The simulation results
illustrate that the Single-phase and V/V connections
could enable the maximum TUF (100 %) at the complete
balance loading while the Wey-Delta connection realized
the minimum ones (75 %) compared to other
connections. The Le-Blanc, Scott, Wey-Delta, V/V, and
Single-phase  connections featured higher LUF
respectively achieving in complete balance loading.

The low TUF and LUF and also other cost-causing in
Wey-Delta transformer connection limited its application
in electrical railway system compared to other types of
traction transformer. In cases where a long transmission
line is needed and its cost is significant comparable to the
traction transformer cost, the Scott and Le-Blanc traction
transformers provided the minimum overall costs and
also negative sequence currents. Otherwise, the use of
V/V and Single-phase connections decreased the total
costs compared to other types of the traction
transformers.

It is interesting to note that the unbalance loading
increased with increasing the headway of trains in a
certain track. In this case, the Single-phase connection
would be economical type of the traction transformers
due to its acceptable LUF and high TUF even in long
transmission lines.

In conclusion, the TUF and LUF could be decreased
about 50% by reducing the unbalance index from unity to
zero for all investigated transformer connections.
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