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Abstract: The use an inverter is one of the representative ways to utilize regenerative braking
energy in railway systems. Due to the nature of urban railways that generate a large amount of
regenerative energy, the economic advantages are clear. However, in the case of the existing inverter
operation method, a method of operating the inverter using the threshold voltage is used, which has a
disadvantage in that power cannot be utilized between the no-load voltage and the threshold voltage.
Therefore, in this paper, we propose an optimal location selection method and capacity calculation
method for installing a regenerative inverter in an urban rail system, and a control method according
to the train brake position to increase the regenerative energy utilization rate. First, the inverter
capacity and location were selected by selecting the maximum regenerative energy generation for
each substation section through the train performance simulation (TPS) based DC power simulation
(DCPS). An inverter control method based on train brake position (BP method) is introduced. Finally,
PSCAD/EMTDC, a power analysis program, was used to verify the proposed method. As a result,
the use of regenerative energy by an inverter increased by about 62.6%, and more energy was saved
at nearby substations through the BP method.

Keywords: regenerative braking; regenerative inverter; energy efficiency; traction power network

1. Introduction

Many efforts are being made to reduce carbon emissions in response to climate change
around the world [1–3]. In particular, Korea aims to reduce carbon emissions by 24.4% com-
pared to 2017 levels by 2030. In the railway system field, many studies are being conducted
to utilize the energy generated by regenerative braking using the short distance between
stations of urban railways and frequent accelerating and braking of trains. However, when
a train is braking, a large amount of energy is generated for a short time, so it is necessary
to use the regenerative energy in a timely manner [4–7].

The regenerative energy utilization facilities typically used in DC electric railways are
the energy storage system (ESS), regenerative resistors (ReR), and regenerative inverters.
First, in the case of ESS, energy is supplied through charging and discharging. Although it
has the advantages of reducing peak and power consumption and stabilizing the catenary
voltage, it is uneconomical as the capacity of ESS increases, and charging is impossible
when ESS is fully charged [8–10]. For ReR, surplus regenerative power is consumed as
joule heat, and regenerative energy is usually consumed by installing a resistor inside the
train. It is economical compared to other methods, but it requires management of the heat
generated by the resistor and has the biggest disadvantage in terms of energy efficiency
because regenerative power cannot be used [11].

The regenerative inverter is designed to convert direct current into alternating current
and supply it to the station load. Like ESS, the regenerative inverter can reduce the peak
and power consumption of the station load. Compared to energy storage devices, it
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occupies a smaller space, and the cost is lower due to the development of high-power IGBT
semiconductors. In addition, unlike ESS, it has a low risk of fire and has been evaluated as
a stable system. Additionally, it does not have limitations like ESS capacity, which cannot
be used when it is fully charged [12,13].

With the increasing use of inverters, various studies have been conducted to increase
their regenerative energy utilization rates. Location optimization was derived by simulating
changes in parameters according to the physical location of the inverter [14]. Accordingly,
a method of selecting an inverter installation position using a genetic algorithm has also
been studied. In order to increase the energy efficiency of the inverter, research has also
been conducted to minimize energy loss and arrange the inverter [15]. Most of the previous
studies have increased the utilization rate of the inverter in consideration of the physical
arrangement of the inverter. This paper shows the differences in control over the behavior
of inverters from previous papers.

In the conventional inverter control method, when the catenary voltage is higher than
the threshold voltage (Vth), the inverter performs its operation. In this method, since the
inverter does not operate in the voltage range between the no-load voltage and the Vth,
energy is not utilized even if regenerative energy is generated by the actual train braking.
To increase the energy utilization, this paper proposes a method to select a substation where
the highest regenerative energy is generated through the power-flow of the electric railway
system and combine the inverter operation method with the existing method.

Power-flow analysis and system analysis of DC feed systems must precede the appli-
cation of regenerative inverters to railway traction systems. In order to improve energy
efficiency, various analytical models were derived based on the optimal train control
method using the Pontryagin Maximum Principle [16–20]. However, several interpretation
methods lack an interpretation of the entire traction system, and power-flow analysis is
essential to analyze the improvement of overall system efficiency [21,22]. Power-flow anal-
ysis of the power supply system can find regions where regenerative braking occurs the
most for each substation section. That is, an inverter is installed based on a place where the
maximum regenerative power is generated, and the capacity thereof is calculated according
to the peak power value.

This paper describes the train brake position-based operation control method (BP
method) to be used together with conventional inverter operation. The BP method should
be additionally considered as the loss increases with distance in terms of track loss even
if there is an accelerating train ahead due to the short headway time. The longer the
headway time, the greater the loss over distance, so it is necessary to consider where the
train is braking. For the verification of this paper, it was modeled on the power supply
system of Incheon Line 2, which is actually operated in Korea, and its authenticity was
verified through PSCAD/EMTDC, a power analysis program. The comparison of the
methodology obtained by adding the operation method according to the existing Vth
and the train braking position-based operation method was shown by comparing the
regenerative energy utilization rate.

2. Selecting Optimal Location and Capacity of Inverter
2.1. Overview of Inverter Installation and DC Power Simulation

Before designing an inverter, an analysis of the system is required. As regenerative
energy generated by the gradient and curve of tracks is different throughout a rail line, it is
possible to find the maximum regenerative energy generation region in the system through
analysis of the power supply system. The power analysis of the DC traction system is
performed in two stages. TPS can be used to derive the speed profile of the train and the
amount of power required for each section required to operate the train, and DCPS can be
used to derive the results of power-flow analysis and regenerative generation for the entire
system. Figure 1 shows the flow chart for the analysis of the entire system.
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2.2. Train Performance Simulation

The TPS outputs driving power and train operation patterns necessary for train
operation on the corresponding track based on various integers of the electric railway
track. As one train moves, the speed and required power are calculated according to each
position of the route and used as the input value of the DCPS. The input value of the TPS
requires operation data including information on tracks, such as gradients and curves, train
specifications, speed width, and dwell time. TPS is derived based on Newton’s law of
motion to calculate driving power.

FETF(t) = mdyna(t) (1)

FETF(t) = FMTF(t)− RT(t) (2)

RT(t) = RR(t) + RC(t) + RG(t) (3)

where FETF is the effective traction force, mdyn is the dynamic mass, FMTF is the motor
traction force, and RT is the total resistance of the train. RT includes a driving resistance RR,
a curve resistance RC, and a gradient resistance RG. For RR, it is defined as Equation (4) by
the Davis Equation. The coefficients A, B, and C of RR are values obtained by experiments
that change depending on the characteristics of the train, road surface, and rail [22–24].

RR = A + Bv + Cv2 (4)

When FETF is calculated, mechanical power can be calculated according to the speed of
the train. Electrical power can be obtained by multiplying or dividing mechanical power by
the total efficiency of inverters, motors, and gears to obtain traction power (Pt) or braking
power (Pb). If the mechanical power is less than zero, it is classified as Pb, and if it is greater
than zero, it is classified as Pt. Here, the traction power efficiency is expressed as Te f f ,
and the braking power efficiency is expressed as Be f f . Since the power required for air
conditioners or lighting in the train itself is constant, it is fixed as a constant value and
defined as auxiliary power (Paux). The power required for a train (Ptrain) considering all of
the Pt, Pb, and Paux is as shown in Equation (7).

Pt(t) = FETF(t)×
v(t)
Te f f

(5)

Pb(t) = FETF(t)× v(t)× Be f f (6)

Ptrain(t) = Pt(t)− Pb(t) + Paux (7)
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If the information on the acceleration is known, the position and speed of the train can
be calculated by the equation of motion.

v(t) = v0 + at (8)

x(t) = x0 + v0t + 0.5at2 (9)

2.3. DC Power Simulation

If the required power is calculated according to the location of the train on the route
derived from the TPS, power-flow will be possible through DCPS when several trains
are operated in line with the headway. Unlike general power systems, an electric railway
power supply system differs in the characteristics of loads, in which the loads always
change in time and space, and operates as a power source during regenerative braking. The
DC traction system can be expressed as a Norton equivalent circuit and interpreted through
nodal analysis. Conductance and voltage for nodal analysis are expressed as follows.

g f i,j : Feeder conductance between node i and j

gri,j : Rail conductance between node i and j

Vi : Voltage at node i

Train load has nonlinearity due to its characteristics that are expressed as a nonlinear
equation when solving the node equation. For this reason, the method of obtaining a
voltage after setting an assumed current for a train load through the repetition method using
iteration is applied, and where a voltage falls within an error, the iteration is completed.
Train load modeling can be divided into the current vector iteration (CVI) method using
ideal current source, and the conductance iteration (CI) method, which is modeled as
conductance. The CI method repeats matrix formation and matrix factorization every
time the conductance of a modeled train is updated during iteration, but the CVI method
simplifies the operation because the train load is represented by the current [21,25]. The
simplified general DC feed system is shown in Figure 2, and the equivalent circuit for
it is shown in Figure 3. Is,i is substation current, and Gs,i is the internal conductance of
each substation.
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As the train moves, the conductance and the amount of power required by the train
are repeatedly derived through the input value, and the nodes of the equivalent circuit
are arranged based on the distance to form a matrix. The node voltage Vi is calculated by
putting an assumption into load current It,i of the train, and if the voltage meets the error
range, the iteration method moves on to the next time step.

2.4. DCPS Based Inverter Location and Capacity Selection

The conventional inverter control method is closely related to voltage because it
operates depending on Vth. Since the DC traction system in Korea uses a parallel power
supply, a change in catenary voltage will occur similarly at all substations. Figure 4a shows
700 s out of the DCPS results for 1 h. In fact, data on Incheon Line 2 operated in Korea
were used, and the voltage profile of the 12 substations was shown. Nominal voltage of the
system is 750 V DC. Comparing the maximum voltage generated by each substation, each
has a different maximum voltage as shown in Figure 4b. Substations 1 and 12 located at
both ends have a relatively low maximum voltage compared to other substations.
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However, apart from the inverter operation method, it is necessary to review the
amount of regenerative energy generated for each substation. Depending on the rail
route, the speed limit of the train is formed by the total length, slope, and curve for each
substation section, and the amount of regenerative power generated is different. The
amount of regenerative power generated in each substation section is calculated as in
Equation (10).

Preg,n =
∫ T

0

{
Vsub,nt(dt)× Ireg,nt(dt)

}
(10)

where Vsub is substation feeder voltage and Ireg is current flowing into the substation.
During the simulation time T, it is possible to derive the amount of regenerative power
generated for each section using Equation (10). During the one-hour period represented
using the DCPS results, the amount of regenerative energy generated by substations is as
shown in Figure 5. The x-axis of the graph represents the location of each substation.
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The correlation between the amount of regenerative power generated for each sub-
station and the maximum voltage was represented by the Pearson correlation coefficient,
and it was confirmed that there was no correlation at about 0.057. In other words, in order
to increase the utilization rate of regenerative energy, the most reasonable approach is to
install it in the substation where the most regenerative energy occurs. If multiple inverters
are installed, the optimal capacity can be calculated by considering the loss rate for the
capacity of each inverter, which is the ratio of regenerative energy generated by the actual
train and regenerative energy consumed by the inverter [26]. This paper calculated the
capacity with a margin of 10% based on the peak power at the point where the maximum
regenerative energy is generated.

3. Train Braking Time Based Inverter Control and Operation Method

The conventional inverter operation method using Vth can be defined as in Equation (11).

Vnoload < Vth < Vmax (11)

where Vmax is system maximum allowable voltage. For the regenerative inverter to operate,
it should be determined whether regenerative energy is generated, which is why Vth is
set higher than the no-load voltage. If other regenerative energy utilization facilities are
already installed in the system where the inverter is installed, it is operated by maximizing
energy utilization by setting Vth according to each facility. Therefore, Vth of the regenerative
inverter is usually set to a value much higher than the no-load voltage. However, there is a
possibility that all of the regenerative braking energy of the train cannot be accommodated.
Except for the case where the headway is short, considering the impedance of the track, the
method in which the regenerative inverter of the substation directly accommodates is the
least loss compared to the accelerating train ahead.

The line loss (Rcat) generated on the catenary voltage according to the distance is
calculated as shown in Equation (12). Where r0 is the resistance per unit length, Ls is
the distance from the braking train to the substation, and Ls−t is the distance from the
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substation to the leading accelerating train. Figure 6 shows the resistance between braking
train and accelerating train according to headway time using the TPS result.

Rcat = r0·(Ls + Ls−t) (12)
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It can be seen that as the headway interval increases, the distance and resistance
between trains increase. If the preceding train is stopped at the station, the remaining
surplus power except for the auxiliary power supply is more likely to be used for other
trains at a longer distance or consumed as heat through the regenerative resistor. Therefore,
it is advantageous to utilize regenerative energy as much as possible in an inverter that is
relatively close to the distance.

Figure 7a shows the limitations of conventional inverter control methods. When the
inverter is operated based on the Vth, energy can be used only in the red area. When
operating based on the vehicle braking position, the energy in the blue area can be utilized
as shown in Figure 7b, thus increasing the regenerative energy utilization rate.
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It is also necessary to analyze the current flow between two substations when a train
brakes. Figure 8 shows the current distribution where the train is moving from substation 1
to substation 2. The train load can be modeled as a current source when it brakes, and the
current flow calculated by the current distribution law. As a result, it can be seen that the
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current flows almost equally to both substations at the start of braking, and then most of
the current flows to the nearest substation 2 from the point when braking is finished. When
the inverter is operated from the position where the train starts to brake, the regenerative
current generated from the vehicle can be used with a small loss.
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Figure 8. Simulation results for current distribution during train operation.

There are points at each station where braking must be started (xbrk) independently of
the driving method. When the train reaches the corresponding position, catenary voltage
(Vcat) is checked to operate the inverter when the voltage is higher than Vnoload. If Vcat is
lower than Vnoload, the inverter does not operate because it is determined that energy is
required for the system. When the train arrives at the station, compare Vcat with Vth. If
Vcat is greater than Vth, operate the inverter until Vcat is less than inverter stopping voltage
(Vstop). If Vcat is less than Vth, terminate inverter operation. Figure 9 shows the flow chart
of the described BP method of inverter operation.
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4. Simulation Analysis

The simulation target system was Korea’s Incheon Line 2, with a total of 12 substations
and 27 stations. Regenerative energy utilization facilities consist of eight facilities including
ESS and ReR. The simulation parameters used in TPS and DCPS are shown in Table 1. The
maximum voltage and regenerative energy generated for each substation shown using the
parameters were derived as shown in Figures 4 and 5. The highest regenerative energy
was generated in substation 11. Therefore, power analysis on substation 11 including the
substations on both sides was performed through PSCAD.

Table 1. Simulation parameters for TPS and DCPS.

Simulation Parameters Values

Headway [s] 360
Dwell time [s] 20

Train mass [ton] 75.78
Auxiliary power of train [kW] 96

No-load voltage [V] 804
Motion resistance [kN] 18.2966 + 1.2666v + 0.09462v2

Maximum train speed [km/h] 80
Train speed width [km/s] 5

Simulation time [s] 3600

Using the results for the TPS, the power required and speed according to the location
of the trains were derived as shown in Figure 10. Trains 1 and 2 are running on the up line
and 3 and 4 on the down line. Trains 1 and 3 are moving between substations 10 and 11,
and trains 2 and 4 are moving between substations 11 and 12. As explained earlier, the
change in the amount of power of the train is largely divided into three stages and shows
a repeating pattern. In addition, the reason why the power consumption during coasting is
not zero is that power is consumed by auxiliary power of the train. Simulation for 200 s was
performed using the corresponding load data and the power analysis parameters of Table 2.
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Table 2. Simulation parameters for power analysis.

Simulation Parameters Values

Inverter threshold voltage [V] 850
Inverter stopping voltage [V] 820

Power supply side resistance [mΩ] 1.841
Rectifier resistance [mΩ] 13.5

Catenary resistance per unit length [mΩ]/km 6.8
Rail resistance per unit length [mΩ]/km 7.65

Simulation time [s] 200
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Figure 11 shows the change in inverter regenerative energy usage before and after
applying the BL method as a result of simulation.
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method application.

As a result of applying the BL method, approx. 62.6% more regenerative energy was
used compared to the conventional method. Since the inverter is operated directly at the
braking position, the regenerative energy is used for a longer time, and as a result, a larger
amount of energy is used. Therefore, compared to the conventional method, power transfer
to the inverter occurred for a longer time back and forth than before. As shown in Table 3,
while about 1800 MW of power was used using the conventional method, about 2900 MW
of power could be further utilized by applying the BL method. The power changes in the
up and down lines of each substation are shown in Figure 12. Checking the amount of
power at substation 11 where the inverter is installed, one can confirm that more power
moves than when using the existing method at the time of recovery.

Table 3. Comparison of energy used by inverter before and after BL method application for 200 s.

Power Used by Inverter before BL
Application [MW]

Power Used by Inverter after BL
Application [MW]

1808.038 2940.129
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5. Conclusions

This paper proposed a method to increase regenerative energy utilization with the
BL method to operate an inverter from the position where a train brakes to use unused
regenerative energy in a voltage range between the no-load voltage and threshold voltage.
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As a result, the use of regenerative energy by the inverter increased by about 62.6%. The
main content of this paper is summarized as follows.

• Optimal installation location and capacity calculation method of regenerative inverter
using TPS and DCPS.

• Explanation of limitations of conventional inverter control method according to thresh-
old voltage.

• Proposal of a plan to increase the utilization rate of regenerative energy using the
braking position-based inverter operation method.

Future research will be conducted on how to increase the regenerative energy utiliza-
tion rate by flexibly changing the inverter’s threshold voltage considering the voltage drop
between each substation when multiple inverters are installed.
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