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Abstract

This paper takes the example of Indian Railways to show efficient utilization of
regenerative braking energy(RBE) in bilateral co-phase systems. Indian Railways
traction supply comes from the public utility grid. With the increase in three-phase
locomotives there is an enhanced feedback of RBE to the grid especially when there
is no available locomotive to absorb this RBE in the same feeding power sector. This
often leads to impact on the utility grid (due to the harmonics in RBE) and presently
there is no provision to account for the energy flowing back to the grid in the energy
bill. Thus it becomes imperative to efficiently utilize this RBE in the railway network
itself. In our work we model 25kV, 1-g, AC traction system of Indian Railways and
demonstrate the energy saving achieved by modifying the existing traction power
system to bilateral co-phase system. We also demonstrate the importance of
immediate switching over to 3-g, regenerating locomotives by showing an energy
saving of 1.93%. We show an additional energy saving of 0.28% by adopting bilateral
co-phase system. We further show the dependence of energy saving on power
angle(difference of voltage angles) between adjacent traction sub-station(TSS).
Trains are power loads and determining voltages and currents drawn by trains is
therefore a non-linear problem. In order to model our approach, we employ
conventional iterative Newton-Raphson(NR) load flow method(due to non-linearity)
to evaluate voltages, currents and energy saving. This approach also takes care of line
losses, due to line impedance, and is accurate. The implementation is complex as
compared to traditional power systems because of the presence of moving train loads.
This leads to time-varying inter-bus impedance at every instant. The TSS crossing



points also dynamically change the inter-bus configuration as TSS is treated as a fixed
slack bus. Further, in the proposed bilateral supply system the two TSS are part of a
single power network and NR algorithm is modified to take care of two distributed
slack buses. The results we obtain show that a net energy saving of at-least 2.21% is
achievable and prove the efficacy of our approach.

Keywords: regenerative braking energy, neutral section, Newton-Raphson load flow,
bilateral co-phase system, power angle, slack bus, Indian Railways

1 Introduction

As a part of the 2015 international Paris Agreement on climate change, India has
pledged a reduction in emissions intensity of 33-35% by 2030 from 2005 levels.
Indian Railways(IR) is expected to play a key role in this aspect. IR is currently the
world’s second largest railway network and is the single largest consumer of
electricity in India, consuming about 2% of the country’s total power generation[1].
Out of this energy consumption, almost 90% energy is utilized as traction energy.

IR has completely switched over to production of energy efficient electric
locomotives with regenerative features[2].With the advent of regenerative
locomotives in IR, there is an increase in regenerative braking energy(RBE) in the
traction network. Often this energy is utilized by trains present in the same feeding
power sector where this RBE is generated. Presently this regenerated energy gets used
up by an accelerating train which is in the same feeding section of a traction sub-
station(TSS) as the regenerating train. The power cannot flow to the adjacent feeding
section of another TSS due to the presence of neutral section(NS) which is an
electrically dead section provided to segregate two supplies having different phases.
Therefore, if multiple trains are regenerating and no trains are present to absorb the
RBE, this energy gets fed back to the utility grid. This may impact safe operation of
the grid. Further, this return flow of energy is not accounted for in the energy bill. By
utilizing this RBE in the traction network itself, maximum power demand at TSS will
reduce and energy will be saved.

Several solutions have been proposed to adequately utilize the RBE of traction
power supply systems. These are mainly categorized into three groups(Figure 1):
timetable optimisation[3], transporting power across the neutral section[4,5] and
elimination of neutral sections[6]. In context of IR, time-table optimisation is not very
relevant because IR runs certain premium rakes at priority over other rakes, also fog
season, spanning three months, disrupts the timetable totally and freight trains are
non-timetabled. Transporting power across the NS involves installation of Railway
Static Power Conditioners(RPCs) which are not viable economically and in view of
space constraints. Elimination of NS involves installation of Static frequency
converters(SFCs) which is again economically not viable for existing TSS.
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Figure 1: RBE utilization along the railway line in context of IR.

2  Methods

We clearly demonstrate by simulation of a case study on IR that energy saving of at-
least 2.21% is possible. The existing and proposed scheme are shown in Figure 2 and
Figure 3 respectively. The advantages are shown in Figure 4.
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Figure 2: IR Power supply installation

network and range of flow of RBE.



Bilateral Traction Supply System
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Figure 3: Bilateral co-phase supply and range of flow of RBE.
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Figure 4: Comparison of Existing traction system and Proposed Bi-lateral co-phase
supply system.

It can be seen that the range of RBE distribution is effectively doubled and 2MW
power is saved(Figure 4). We perform simulations on MATLAB using NR load flow.
Figure 5 shows flowchart depicting the procedure adopted using Dynamic
programming(DP)[7].
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Figure 5: Flowchart for comparing RBE in existing and proposed topology.



Train loads are power loads, so determining currents is a non-linear problem and
we employ NR method for an n-bus system[8], having quadratic convergence to
calculate powers drawn from the TSS(Figure 6). Existing approaches[9,10] linearize
the network and considers trains as current-based loads. We model the trains as
power-based loads. Consider Figure 7 and Figure 8. Trains move from station A(Xa)
to B(x»). We bifurcate A-B into 2 regions Rk, feeding region of TSSk(Xtss k) and Ri+1
for TSSk+1(Xtss k+1). Let Xns_k be the location of intermediate NS.
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Figure 6: Newton Raphson based load flow technique.
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Figure 7: Example case with existing traction power supply system.
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Figure 8: Example case with proposed traction power supply system.



Consider region Rk. Let xi(ti) denote location of train T; at time t;.

Xi € Rk1 <> Xa< Xj < Xitss_k (1)

Xi € Rk2 > Xiss_k < Xi < Xns_k 2)

di = [Xtss k — Xi| V Tie Rk (3)

Let Kminz1 = index(minimum(dri)) V Tie Rk1 4)
Kmax11 = index(maximum(dTi)) V Tie Rk1 5)

Where index denotes initial train index.

Let there be my buses in Rk1 and m buses in Rk2. TSSk is labelled as slack bus(1).
Train(dr kmin11) is bus(2), next is bus(3) and so on, Train(dt kmaxi1) is bus(mi+1).

Let Kmint2 = index(minimum(dri)) V Tie Rk.2
index(dr_kmin12) = (M1+1)+1. (6)

Z7i=Zc X |Xtss k — Xi | V Tie Rk 1 (7)
Where z. is the complex characteristic catenary impedance.

Zi = {Zxi}, sorted in ascending order (8)

Inter-bus impedance is,

Bus, — Bus: : Z1
Busj.1 — Busj : Zj — Zj1V je(3,m1+1) 9)

The above is repeated for Rk 2.We compute [V,3] at each bus using Equation 10

AX=J1M (10)
Where, AX =[AS AV]" and M = [AP AQ]", J is the Jacobian matrix.

For proposed system we have two slack buses(2 TSS). The approach is similar as
above. Table 1 shows the re-indexing for example in Figure 7 and Figure 8.



Existing/Proposed
Initial_index | Final_index linedata Voltage

TSSk+1 1/5 25.00/25.00

1 37 1-3/5-7 24.83/24.83

2 216 1-2/5-6 24.80/24.99
TSSk 1/1 14-6 25.00/25.00

3 4/4 3-4/3-4 25.52/25.24

4 3/3 1-3/1-3 25.06/25.01

5 212 1-2/1-2 24.86/24.86

Table 1: Busdata and linedata(existing/proposed system)

3 Results

We consider 20 trains running from A-B with headway of 10 minutes(Figure 9).
Figure 10 shows an improvement in voltage profile for the Mail Express I train | using
proposed topology. Figure 11 and Figure 12 shows the power profiles of TSSk and
TSSk+1 with power angle(d = dk+1— k), 8 = 0 and & = -5 . Initially there are no trains
in feeding section of TSSk+1, S0 there is no power drawn. We can see the impact on
power demand reduction by having energy regenerating locomotives. Further, as most
of the regenerative braking occurs in feeding region of TSSk+1, therefore clearly
maximum power demand is reduced as evident from Figure 11. The results show a
saving of 1.93% if all electric locomotives in IR are equipped with regenerative
braking feature and further saving of 0.28%(total 2.21%) by adopting bilateral
traction supply system as proposed in our work. This work considers an ideal scenario
with no gradients and energy-saving driving to determine minimum energy savings
possible. Practically, savings from RBE will be much more. The dependence of
energy saving on power angle can be seen in Figure 13. Further, Figure 11 and Figure
12 also show that when & # 0, there are circulating currents which offset any saving
by RBE. When & = 0, there is energy saving(Table 2).

There is energy saving for TSSk+1 in voltage leading because most trains start in
feeding section of TSSk and therefore there is no power flow from TSSk towards
TSSk+1 at leading TSSk+1 voltage. Infact some initial power requirement is met by
TSSk+1. However, if this power angle exceeds certain value, again circulating currents
become dominant and offset any saving by RBE. Techniques exist in literature to
reduce the power angle[11]. However, these are beyond the scope of this paper.



TSS

Energy(kwh)

TSSk TSSk+1 Total 0.75x(RBE

savings)

Proposed
Scheme
savings

Without RBE

24994.19 | 15538.44 40532.63

Existing
system with
RBE

24319.10 | 15194.38 39513.48 764.36 111.21

Proposed
system with
RBE(6=0)

(1.93%) (0.28%)

24992.99 | 14409.27 39402.27

Proposed
system with
RBE(6=-5°)

33627.94 | 11044.24 44672.18 764.36

(1.93%)

-5158.69
(-13.06%)

Table 2: Energy saving results.
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Conclusions and Contributions

10

A novel scheme is described to attain maximal utilization of RBE along the railway
line by converting the existing traction network to bilateral co-phase network. The
scheme is economical as there is no addition of any new equipment compared to
existing techniques. Further, conventional NR power-based method is applied to
solve for voltages and currents by means of a novel algorithm. The proposed approach
IS more accurate as it models the trains as power loads as opposed to current loads
adopted in existing literature. The scheme presented here is generic and can be applied
to any number of trains and any type of section(with gradients and speed limits). The
energy dependency on power angle is crucial and techniques to minimize it using
existing system shall be discussed in future works. Further, in future, the authors plan



to extend the above scheme for 1-g, 25kV AC double line sections and 2x25kV AC
traction power network of high-speed railways.

Some important contributions of this paper are modelling of bilateral power supply
system for Indian Railways using the existing infrastructure and demonstrating the
relationship between effective RBE utilization and power angle. It is clearly shown
that the power angle, 6 =~ 0 for energy saving otherwise any saving is offset by
circulating currents.

The impact of running all locomotives with regenerative braking feature on energy
saving is clearly brought out. We have assumed in our energy calculations that 75%
locomotives are yet to be converted to regenerative type. Further, additional saving
achieved by adopting bilateral supply system is demonstrated.

The trains are analyzed as moving PQ bus systems and the TSS are modelled as
slack bus systems analogous to conventional power systems and NR load flow
technique is applied to determine [V,8] at each bus. A new algorithm is written for
comparing the existing and modified bilateral supply configurations. Further,
conventional Newton-Raphson method does not deal with multiple slack bus system
and is modified to accommodate the same for bilateral supply system. In the
knowledge of the authors, such application of NR on traction supply system is novel.
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