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Abstract: The paper presents a refined approach for integrating a solar power system and
supercapacitor energy storage system into the urban railway traction power supply system.
The primary aim is to optimize the use of renewable energy by efficiently utilizing solar
power to meet traction power demands, thereby reducing the dependence on energy from
traction transformers. The proposed solution involves utilizing a combination of Newton’s
method with a dynamic programming algorithm. The dynamic programming algorithm
determines the optimal energy distribution strategy among supercapacitors, solar panels, and
traction transformers to minimize the objective function for each supercapacitor capacity and
solar power rating. Newton’s method estimates the optimal supercapacitor value to achieve
the minimum objective function. The proposed method is validated through a simulation
model developed in MATLAB using data from the Cat Linh-Ha Dong urban railway line.
The results demonstrate a 65.56% reduction in energy supplied from the grid, and further
reductions are achievable in areas with higher radiation levels or expanded solar panel
deployment along the railway line.

Key words: clean energy railway transportation, low carbon emission, optimal algorithm,
photovoltaic energy, supercapacitor energy storage system

1. Introduction

In the current scenario of the Earth experiencing an unpredictable rate of warming, attributed
mainly to global CO; emissions from fossil fuels [1], nations worldwide are increasingly committed
to achieving carbon neutrality by 2050. Mitigating CO, emissions is a pervasive focus across
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various sectors, particularly in energy [2]. The domain of electric railway transportation, which
does not directly produce CO, emissions, relies on a substantial electricity supply from power
plants, indirectly contributing to CO, emissions [3]. However, electric railway transportation
possesses distinctive features, such as the substantial generation of renewable energy during
braking and the potential for seamless integration of other renewable energy sources (such as solar
and wind), offering numerous solutions to reduce reliance on power plant-supplied energy [4,5].

The recuperation of regenerative braking energy in urban railway systems is crucial for
sustainability and efficiency. Research suggests that as much as 53% of the total energy consumed
in urban railways can be traced back to renewable sources during operational transitions. After
factoring in drag and mechanical movement losses, 22% to 40% of the energy consumption is
projected to be reclaimed through electrical regeneration [6]. Substantial research endeavours
are currently focused on improving the efficiency and capability of systems in this domain to
achieve more significant energy conservation [7—19]. One potential approach involves capturing
the energy trains generate during braking phases [8]. Installing energy storage systems (ESSs) to
store surplus braking energy and feed it back into the contact line as needed is an effective solution
for implementing this approach [9]. Regarding the stationary ESSs implementation, a solution
proposed in reference [12] involves analyzing regenerative currents at stations to assess recoverable
energy for a year. This analysis is the basis for determining the appropriate supercapacitor
capacity capable of efficiently recovering regenerative energy. Meanwhile, Wang [13] presents
a methodology for optimizing the location and size of ultra-capacitors to achieve the best energy
savings and voltage profile. This approach is based on an enhanced genetic algorithm and was
demonstrated in a case study involving a Chinese metro line. The study’s outcome revealed an
optimized configuration with an average energy-saving rate of 4.88%, a regeneration cancellation
rate of 5.45%, and an installation cost of 3.50 million dollars. In another study, Ratniyomchai [14]
delved into identifying the most appropriate capacities and locations for storage devices to minimize
the electrical energy consumption of trains and overall line losses. Results confirmed that minimal
capacitances were achieved when supercapacitors were positioned near the substations for each
electrified line section. Additionally, Xia [15] proposed a novel optimization method combining
genetic algorithms and an urban rail power supply system simulation platform, aiming to derive
the best energy management strategy, location, and size for Energy Storage Systems (ESSs)
concurrently. This study focuses on the simultaneous optimization of energy management, location,
and size of stationary super-capacitor ESSs to achieve the best economic efficiency and voltage
profile for metro systems. Calderaro [10, 11] explored the design of stationary ESSs based on
supercapacitors for metro networks, presenting a heuristic method for jointly determining the siting
and sizing of stationary supercapacitors. These studies introduced a new formulation for optimizing
ESS siting and sizing, which was addressed using the particle swarm algorithm. Recent research
has also focused on developing new methods and formulations to enhance accuracy and efficiency
in solving the problem of determining the optimal installation configuration of supercapacitors.
Lamedica [16] designed software using the PSO algorithm, with the objective function based on
the net present value. David [13] also proposed a model that applies nature-inspired optimization
algorithms in combination with a realistic railway simulator.

Several studies have addressed integrating distributed renewable energy sources into the
traction power supply system [20-36]. Flavio [21] employed a stochastic optimization method
to assess the integration of a solar panel system with a supercapacitor energy storage system
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into the railway power system, affirming its feasibility and economic efficiency. Meanwhile,
Chu and colleagues [22] proposed a small-signal impedance model to analyze issues related
to integrating renewable energy sources into the DC railway power supply network. Another
study [23] made recommendations regarding the optimal space and installation location for solar
panels, emphasizing the effectiveness of utilizing spaces such as station canopies, tunnel canopies,
both sides of road barriers, and the canopies of adjacent works in bolstering the solar power
system’s capacity. In a study outlined in reference [25], researchers explored incorporating PV
and energy storage systems into traction power supply systems. It was demonstrated that this
integration can offset traction voltage and minimize transmission losses on the contact grid,
leading to increased energy savings. Furthermore, the combined energy efficiency surpasses the
sum of the individual efficiencies achieved when the systems are deployed separately. In another
investigation by Binduhewa [28] the potential deployment of solar power systems along urban
railway lines to achieve net zero emissions was discussed. A methodology for determining the
location and capacity of a pilot solar system on the urban railway network of Sri Lanka was
proposed. The findings indicated that the solar power system could meet up to 90% of the energy
demand for the railway electrification system through efficient train scheduling. Addressing the
objective of integrating solar power into the railway traction power supply system in response
to the growing demand for renewable energy sources, the authors constructed a neural network
model in reference [37] to predict the power output from the solar panel system. This prediction
formed the basis for effective control strategies upon integrating the solar panel system with the
railway traction power supply system.

This paper explores integrating solar panels and energy storage systems into the urban railway
traction power supply. The objective is to determine the capacity of the storage device and solar
panel power output and to develop a control strategy for efficient power distribution from the
solar panel, supercapacitor, and traction transformer. The aim is to maximize the utilization of
renewable energy sources, minimize grid energy supply, and indirectly reduce CO, emissions.
The proposed methodology utilizes a combination of dynamic programming algorithm and
Newton method. Dynamic programming determines the optimal energy distribution mode, while
the Newton iteration method identifies the optimal supercapacitor value to achieve the desired
objective function. The effectiveness of the proposed method is validated using a simulation model
developed in MATLAB software based on data from the Cat Linh-Ha Dong railway line.

2. Modelling the power system for an urban railway line with integrated
solar system and supercapacitor system

The DC power supply system comprises substations, contact lines, trainloads, tracks, and
return lines. Traction current originates from the rectified substation and is transmitted through
the contact network to the trains. Subsequently, the current travels through the running track and
return lines, ultimately returning to the substation. In terms of the electrical circuit model, the
substation is represented as a DC supply, while a variable value current source characterizes trains.
The contact line and tracks are depicted as distributed resistors.

Trains are conceptualized as current sources that absorb power during traction and generate
power during regenerative braking. The power at the wheels is computed for a given speed,
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considering the need to overcome vehicle inertia, slopes, curves, aerodynamic friction, and rolling
friction. By factoring in the vehicle components and their associated efficiencies, the power
required from the contact line is determined as follows:

) v
phu

Py (1) = , (M

Nk
—Fp(t) - v(t)  nn+ Pphu

where:

v(t) — train speed is determined according to the speed profile.

Fy (t) — traction force that is determined relative to the operating speed from the speed-traction
force characteristic.

Fy, (1) — braking force is determined relative to the operating speed from the speed-braking
force characteristic.

nx — efficiency in traction mode, which includes the efficiency of the gearbox, the motor, and
the inverter.

ny — efficiency in braking mode.

P, — the power required for accessories services.

After calculating the train’s power requirements for the route, we can determine the traction
load power (Pgypb_1oad) Needed for the traction substations based on the different operating modes of
the railway line. This allows us to calculate the required load current for the traction substations:

Ide — PsubJoad ] (2)
Vsub

Substations are modelled as ideal voltage sources (Eqyp) With a series resistance (Rj,g).

The supercapacitor module is connected to the traction system utilizing a bi-directional DC-DC
converter in the energy storage system. However, a supercapacitor energy storage system can be
simplified and modelled by a capacitor in series with a resistor (Rsc). The model equation of the
supercapacitor module can be expressed as follows:

Rsclsc + Vsc + Vo = 0,

Isc = CSC%s
T T X T 3)
Esc(t) = / Psc(t)dt = / Vsc(t) - Isc(t)dt = ECSC / Ve (t)dt.
0 0 0

The supercapacitor voltage and current are Vgc(f) and Isc(?), respectively.
The solar cell model is composed of a current source (J,v), a shunt resistance (Rsp) and a series
resistance (R;). The characteristic equation of solar cell is given by:

Ipv = -]pv = I,
Vsub = JpvRsh - [pvRs
Ppy
Vsub

“4)

Iy =
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The contact lines and tracks are represented as electrical resistances. As trains travel between
successive stations or substations, the electrical resistance between the train and the initial
substation, and between the train and the next substation, varies with time. Consequently, at each
time interval, the resistance of a particular section between two trains and between the train and
the substation is computed as follows:

Ri-2 = Ro X |x1 —x2|,
Rgt-2 = Rng + Ry X |xsst — x21,

S

where Ry is the resistance of the contact line and track per one km; then x; and x, are the location
of two subsequent trains; x is the location of the substation; R, is the resistance of the feeder.

Figure 1 shows a model of a typical urban train network with integrated stationary ESSs and
a Photovoltaic system.
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Fig. 1. Urban railway line model with the supercapacitor storage system and PV system

3. Optimization method

3.1. Problem formulation

To identify the best supercapacitor current parameter throughout the entire cycle, we can
utilize the dynamic programming algorithm to optimize the energy distribution process at each
time point. The system model for determining the control parameters can be found in Eq. (6), as
inferred from the circuit diagram in Fig. 1.

Ty + Isc + Ipv —Igma =0

dV,
he=C"
I = PPV md = Psub,load . (6)
By Vsub " Vsub
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V.
Veub = Ve + Ry C d
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The objective is to optimize the power supply’s energy usage from the traction transformer-
rectifier by effectively utilizing the energy stored in the supercapacitor and solar cell to fulfil the
load requirements. Simultaneously, the aim is to efficiently capture and store all regenerative
braking energy from the train and the surplus electricity generated by the solar cell to minimize
voltage fluctuations and reduce energy dissipation on the braking resistor. The goal is achieved by
defining the objective function in expression (7):

1=02h45 1=22h45
FC = min E 3, = min / Pgup(¢)dt = min / Visub (£) X T (2)dr. 7
1=4h45 1=4h45

During the evaluation cycle lasting from 4:45 to 22:45, E,;, denotes the traction power supplied
by the transformer-rectifier, Vg, and Iy represent the voltage and current after being rectified.

To achieve the objective above, two selected control variables are the supercapacitor current
(Is) and the PV current Iy (or the current of the DC/DC converter). Psub_load OF Iama i chosen
as input variable. Additionally, the rectified current from the traction transformer (/) and the
voltage across the supercapacitor (Vi) are designated as the state variables of the system.

For the optimization process, the initial conditions of the state parameters are assumed:
Lup (0) = 0; Vi (0) = 0 + 20%Vise_max-

The constraints for the optimal parameter set are required:

0 < L £ lama
0< Iy £ Ipyp
Isc,min < Isc < Isc,max
Vse_min < Vse < Vie_max

®)

Based on the chosen control and state variables, along with the constraints outlined in
Formula (8), utilizing the dynamic programming algorithm to maximize the objective function (7)
for model (6) will enable the identification of the best control approach for the discharge/charge
state of the supercapacitor, as well as the optimum control strategy for power supply from the PV
module. This will determine the most efficient energy distribution mode in the traction power
station system that integrates supercapacitor storage and solar power sources.

3.2. Optimal algorithm

The proposed optimization method involves the integration of two algorithms: the dynamic
programming algorithm and the Newton method. The Newton method calculates the traction load
of each station at every point during the operational cycle. This is the foundation for determining
the load demand and estimating renewable energy. Additionally, the Newton method is applied to
identify the optimal value of the supercapacitor to maximize the recovery of regenerative energy
and surplus energy generated by the solar cell. The dynamic programming algorithm is then
employed to minimize the objective function corresponding to the supercapacitor values and the
rated power generated by the solar cell.

Figure 2 presents the flow chart of the proposed algorithm.
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the reference current for the supercapacitor charge-discharge control mode, the reference current for
the Solar Panel control mode, and the voltage of the supercapacitor during the entire duty cycle,

Fig. 2. Flow chart of the proposed algorithm
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The procedure of the proposed algorithm is presented as follows:

Step 1. Determine the power of a train at each time point along the route.

This step calculates the power of a train according to the time when moving along the railway
line from the initial station to the final station in one direction. This power is specified according to
Eq. (1). If the traction (braking)-speed characteristics are unavailable, conventional methods can
be used to determine the traction force based on the route profile, train mass, and speed profile.

Step 2. Determine the traction load capacity at the substations.

In this step, the value of headway must be entered, and then an algorithm is implemented to
construct the traction power circuit topology at each point in the operational cycle. This algorithm
determines the position and power of each train along the entire line, as well as the configuration
of the traction power circuit formed by traction substations, overhead contact lines, and the trains
themselves. It also calculates the resistance values of the contact lines and the running rails that
connect the traction substation to the train, or between trains. Next, the Newton-Raphson algorithm
is applied to determine the power requirements of the traction substation at each corresponding
moment according to the traction power circuit topology established by the previous algorithm.
Since the traction circuit operates as a direct current (DC) system, the power equation considers
only real power, excluding reactive power or phase angle. The traction substations are modeled
as slack-bus type. These two algorithms are executed sequentially for each time point within the
headway cycle. By the end of this step, the result achieved will be the power requirements of the
traction substations at every time point throughout the entire operational cycle.

In addition, the required current of the traction load (14,,4) at each time point in the operating
cycle can be calculated from the power and voltage quantities.

Step 3. Determine the solar power capacity that can be supplied.

Based on the information of geographic coordinates, the usable area for solar panels, and the in-
stallation plan, the PVsyst software is then applied to estimate the level of electricity generated from
solar energy to supply the traction power system for each hour of the day of each month of the year.

Step 4. Determine the objective function value for the two initial values of the supercapacitor.

In this step, utilize the dynamic programming algorithm to optimize the power distribution
mode from the traction transformer, supercapacitor, and solar panel to supply the traction load
corresponding to the two initial values for the supercapacitor SC(k, 1) = 10 and SC(%, 2) = 20.
The optimal mode is determined to recover the regenerative braking energy fully, fully utilize the
generated solar energy, and minimize voltage fluctuations. From there, the objective function is
chosen to minimize the electrical energy supplied from the traction power station.

Step 5. Determine the optimal value of the supercapacitor.

Based on the results obtained in step 4 with two initial values. In step 5, the Newton method is
applied to determine the approximate value of the supercapacitor through iterations to converge
to the minimum objective function value as quickly as possible. Since the objective function in
expression (7) has a nonlinear and implicit relationship with the values of the supercapacitor, as
described by the system equations in expression (6), this study employs a dynamic programming
algorithm to determine the objective function values associated with each supercapacitor value.
The system model, state variables, control variables, and constraint conditions are outlined in
Section 3.1. A single execution of the algorithm will produce the objective function value, as well
as sets of state variable values and control variable values, which include the current and voltage
of the solar module. This process enables the determination of the PV’s capacity.
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At the end of step 5, the optimal capacity of the supercapacitor installed at each substation is
determined to minimize the energy supplied by the traction transformer. Additionally, the current and
voltage of the solar battery are assessed, allowing for an estimation of the required capacity from the
photovoltaic (PV) system. Simultaneously, the best control strategy for energy storage is identified,
which includes the charge and discharge processes for both the supercapacitor and the solar cells.

Step 6. Display the results.

Displays the algorithm execution results, including the optimal value of the supercapacitor, the
supply current from the traction transformer-rectifier, the reference current for the supercapacitor
charge-discharge control mode, the reference current for the Solar Panel control mode, and the
voltage of the supercapacitor during the entire duty cycle.

Step 7. End

4. Simulation results

4.1. Case study

To experiment with the proposed solution, simulations on a model of an urban railway line
were carried out in MATLAB. The information of the simulating model is referred to in [38,39].
This railway line has a total length of 12.6 km, on which there are 12 stations (Cat Linh, La Thanh,
Thai Ha, Lang, Thuong Dinh, Vanh Dai 3, Phung Khoang, Van Quan, Ha Dong, La Khe, Van Khe,
Yen Nghia), and it is powered by 6 substations (Cat Linh, Lang, Vanh Dai 3, Van Quan, La Khe,
Yen Nghia) — see Fig. 3. Table 1 shows the leading electrical and topological characteristics of this
line, as well as the information regarding the rolling stock.

Table 1. The main electrical and topological characteristics

Parameters Value
Line length 12.6 km
Station location 0; 0.93; 1.81; 2.89; 4.14; 5.15; 6.45; 7.75; 9.08; 10.18;
11.62; 12.60
Substation location 0; 2.89; 5.15; 7.75; 10.18; 12.60
Nominal voltage 750 VDC
Train mass 145 ton
Auxiliary power 200 kW
Maximum speed 80 km/h

360 seconds for times from 7:00-8:30 and 17:00-18:30

Headway 600 seconds for the remaining times

Resistance per unit of contact line
and track

Resistance of feeder 0.01 Q

0.065 Q/km

Table 2 describes the travel time of trains between stations and the whole route. Assume that
the departure time from the first station is O seconds, and the rest time at the stations is assumed
to be 30 seconds. The total time for the journey from the first station to the last station is 1 292
seconds (about 21.5 minutes). The journey in the opposite direction took 1 285 seconds.
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Fig. 3. Map of stations in the Cat Linh-Ha Dong railway line

Table 2. The journey time of the train along the railway line

Departure | Arrival Departure Arrival time | Journey time | Rest time
station station time (second) (second) (second) (second)
1 2 0 88 88 30
2 3 118 196 78 30
3 4 226 317 91 30
4 5 347 450 103 30
5 6 480 559 79 30
6 7 589 693 104 30
7 8 723 809 86 30
8 9 839 936 97 30
9 10 966 1050 84 30
10 11 1080 1181 101 30
11 12 1211 1292 81 30
12 11 1292 1372 80 30
11 10 1402 1503 101 30
10 9 1533 1617 84 30
9 8 1647 1744 97 30
8 7 1774 1859 85 30
7 6 1889 1995 106 30
6 5 2025 2103 78 30
5 4 2133 2237 104 30
4 3 2267 2355 88 30
3 2 2385 2464 79 30
2 1 2494 2577 83 30
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The railway line surveyed in this case study is located at the coordinates (Latitude: 20.9923,
Longitude: 105.8044, Altitude: 29 m above sea level, Locality: Thanh Xuan, Country: Vietnam)
as illustrated on the map with an effective area for deploying the Solar Panel system at each station
of about 6377 m”. Based on the PVsyst software tool, the average hourly electricity generation
capacity during the days of the month of the year is estimated in Table 3.

Table 3. The average hourly electrical power for each month generated from the solar system on the 377 m?
area of the substation roof [kW]

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Oh 0 0 0 0 0 0 0 0 0 0 0 0
1h 0 0 0 0 0 0 0 0 0 0 0 0
2h 0 0 0 0 0 0 0 0 0 0 0 0
3h 0 0 0 0 0 0 0 0 0 0 0 0
4h 0 0 0 0 0 0 0 0 0 0 0 0
5h 0 0 0 0 0 0 0 0 0 0 0 0
6h 0 0 4 48 74 81 74 41 51 38 1 0

7h 27 37 94 160 222 244 | 242 178 193 | 145 40 34
8h 81 102 243 282 354 380 | 395 | 304 | 339 | 262 94 84
9h 125 | 171 346 391 454 494 | 510 | 423 | 437 | 354 | 147 131
10h | 154 | 231 388 483 510 571 | 584 | 496 | 512 | 417 187 163
ITh | 174 | 264 | 440 529 533 570 | 579 | 531 528 | 449 186 177
12h | 163 | 264 | 409 518 519 565 | 592 | 527 | 538 | 431 172 161
13h | 153 | 282 361 509 505 542 | 554 | 470 | 511 | 382 145 193
14h | 115 | 245 304 393 423 484 | 476 | 393 | 424 | 304 | 115 146
15h 69 175 207 280 318 363 | 364 | 313 | 301 190 64 92
16 h 28 82 113 151 179 220 | 231 186 157 74 23 33
17h 0
18h 0
19h 0
20h 0

0

0

0

21h
22h
23h
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oS |lo|loc|o|o O
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4.2. Numerical results

Based on the main electrical and topological characteristics described in Table 1 and the
journey time of the train moving along the railway line, as shown in Table 2, the train power at
each time is estimated. To calculate the power according to Formula (1), the traction force and
speed values are calculated according to the empirical method mentioned in the reference [40].
Figure 4 illustrates the power-time graph of the train travelling along the route. Power is positive
and increases with acceleration. This value decreases slightly when the train operates at a constant

speed. In the braking phases, the power will be negative. And the time when trains stop at the
stations, the power will be zero.
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Fig. 4. The power of the train at each time point along the railway line

In the case study, the headway value is selected to be 360 (s) during the operating time from
7:00 to 8:30 and from 17:00 to 18:30, and in the remaining time periods, it is equal to 600. Apply
the power flow algorithm as developed in the reference [32] to determine the power value of

substations at various times in the headway duration. Figure 5 illustrates the power-time graph of
the substations.
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Fig. 5. Power of the substations at each time point
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The solar power capacity that can be supplied to the selected station is the average value for 12
months in a year, calculated from the data in Table 3.

Utilizing the proposed algorithm by the aforementioned data, the outcomes are articulated in
Fig. 6 and Table 4.
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Fig. 6. Optimal value of function cost (Eq. 7) according to supercapacitor value

Table 4. Proposed algorithm execution results for substations

i Csc | Vscmax | Escmax Epy Equp
Location F) (Volt) Pty W o
Substation1
4 4.1 24314 | 4944,
(Cat Linh) 8 787 3 3 944.6
Substation2 50 507 45 2663 003
(Lang)
Substation3
(Vanh Dai3) 38 817 3.52 2661.8 | 5780.6
Substation4
(Van Quan) | &2 793 542 | 25572 | 59992
Substation5
(La Khe) 46 810 42 22592 | 5680.9
Substation6
(Yen Nghia) 46 802 4.1 1023 2075.6

This includes the determination of the optimal supercapacitor values for each traction power
station, as well as the maximum operational voltage of the supercapacitor. Consequently, this aids
in establishing the requisite capacity of the supercapacitor energy storage system for the substation.
Additionally, the algorithm’s implementation results unambiguously identify the power supplied
by the Solar Panel system at each instance, thereby facilitating the determination of the solar panel
system’s capacity rating and the compatible energy conversion equipment within the system.
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The algorithmic results are instrumental in determining the reference current for the optimal
control mode of the supercapacitor energy storage and charge-discharge process and the solar cell
module. Figure 7 illustrates the currents of the supercapacitor and the photovoltaic cell, in addition
to the currents from the traction power station and the current required from the traction load.
A relatively small-time frame of approximately 700 seconds is chosen for ease of observation.
Upon observing the correlation values of the current quantities, it becomes apparent that the
current from the traction transformer only supplies the load when the energy from the solar cell
and the supercapacitor is insufficient to meet the load’s requirements. Instances, where the load
current displays a negative value, signify substantial regenerative energy produced by the train
braking, which is then absorbed and stored in the supercapacitor to minimize energy wastage
and prevent an increase in the contact grid voltage. Furthermore, when the traction load exhibits
a small or negative value, the energy generated from the solar panel can supply excess power to
the traction load, which is likewise absorbed and stored in the supercapacitor. The determined /.
and Iy currents will serve as reference currents for executing the optimal control algorithm for the
corresponding power converters in the system.
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Fig. 7. Currents of the Cat Linh Substations at each time point from 8 300 to 9 000

The diagram in Fig. 8 provides a detailed depiction of the supercapacitor’s charging and
discharging processes throughout a typical daily working cycle, spanning from 4:45 to 22:40.
During the initial phase of the day, from 4:45 to approximately 8:00, before the solar panel
generating electricity, the supercapacitor’s energy fluctuates under the storing and subsequent
discharging of regenerative energy, combined with the transformer’s energy to meet the load
demand. From 8:00 until around 15:00, as solar energy production gradually increases, the
supercapacitor also accumulates surplus energy from the solar panel, resulting in a corresponding
uptick in stored energy levels. Subsequently, post 15:00, as solar energy production diminishes,
the supercapacitor’s energy levels also tend to decrease. Analysis of the energy curve for station
number 3 (Escsub3 — VD3 Substation) reveals a peak value of approximately 3.52 kWh, the lowest
among the stations, signifying comparatively limited renewable energy recoverable at this location.
Additionally, the energy stored in the supercapacitor declines to near the early-day levels around
17:00, indicating substantial capacity to absorb additional solar energy. In contrast, station number
6 (Escsub6 — Yen Nghia Substation) displays a gradual increase in the supercapacitor energy
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curve, reaching its peak around 17:00, indicative of relatively abundant renewable energy at this
location. The energy stored in the supercapacitor from the solar panels and renewable energy
is then released throughout the latter part of the day, extending beyond 22:00, highlighting the
approaching of the solar panel’s energy absorption limit at this location.

6 ' —Escsub1
we Escsub?2
5t Escsub3
----- Escsub4
== Escsubb5
4r —----Escsub6

il

i

Encrgy of SC in Substations (kWh)

it [HET
8:45 10:45 12:45 14:45 16:45
Time point in a day's operating cycle

18:45 20:45

Fig. 8. Energy of supercapacitor in substations

Figure 9 compares the power supply from the traction transformer of the stations with and with-
out the integration of the solar panel system and the supercapacitor energy storage system. Among
the stations, station No. 1 (CatLinh Substation) showed the least reduction, with the power supplied
by the traction transformer decreasing to 59.93% after the integration. On the other hand, station
No. 6 (Yen Nghia Substation) exhibited the most significant reduction, with the power consumption
from the traction transformer dropping to only 39.4% after implementing the solar panel and
supercapacitor system. The remaining stations saw an average reduction in energy of about 56—58%.

12000 p—
1 J ! I Without SC and PV
I With SC and PV
10000
8000 — _
6000
4000 — _
2000
0

Cat Linh Sub Lang Sub VD3 Sub Van Quan Sub La Khe Sub Yen Nghia Sub

Energy of Substations
in a day's operating cycle (kWh)

Substation Index

Fig. 9. Energy consumption of substations with and without SC, PV
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If the economic considerations are disregarded, it is possible to sufficiently increase the
capacity of the supercapacitor to fully recover the renewable energy generated from regenerative
braking and solar power. In this case, the optimal outcome is achieved, as presented in Table 5,
with the energy savings associated with each substation outlined in Figure 10.

Table 5. Proposed algorithm execution results for maximum recovery and utilization of renewable energy

Csc VSCmax EsCmax EpV Esup

Location (F) (Volt) (KWh) (kWh) | (kWh)

Substation 1

142 46. 2. 278. 2 713.
(Cat Linh) 7 746.6 552.98 32789 713.6

Substation 2 3334 671.2 208.55 3677 5 006.2

(Lang)
Substation 3
Nt ot | 3556 | 7023 380.63 | 3613.1 | 38063
Substation 4 | o400 | 754 02114 36382 39189
(Van Quan)

Substation 5

(La Khe) 6 250 746.2 483.42 35288 | 33102

Substation 6

(Yen Nghia) 7 500 622.4 403.52 2 541.6 473.6

12000 _———
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o
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41.92%
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2000

8.98%
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Substation Index

Fig. 10. Energy consumption of substations with and without SC, PV

Among the substations under consideration, Substation No. 2 (Lang Substation) demonstrated
the smallest reduction, with the power supplied by the traction transformer decreasing to 41.92%
following the integration. In contrast, Substation No. 6 (Yen Nghia Substation) exhibited the most
significant reduction, with the power consumption from the traction transformer dropping to only
8.98% after the implementation of the solar panel and supercapacitor system. The remaining
substations saw an average reduction in energy of about 34.44%. Under these conditions, the energy
consumption could be reduced by up to 65.56%. Notably, except for station No. 6, the other stations
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can receive additional energy from the solar panel. Expanding the solar panel installation area,
including along the road barrier and between the rails, could significantly increase energy production
from the solar panels, further reducing energy consumption from the traction transformer.

The data above presents the outcomes of testing the proposed approach for the Cat Linh-Ha
Dong railway model. The route is situated in an area with moderate solar radiation, averaging
about 1 000 hours of sunshine annually. By comparing the energy consumption of the traction
power supply system before and after integrating the solar energy system and the supercapacitor
energy storage system, we can evaluate the solution’s potential and effectiveness in urban railway
electric transport. This evaluation is essential as we strive to achieve the goal of achieving zero
CO; emissions by 2050.

5. Conclusions

The paper outlines a method for optimizing the capacity of supercapacitors and the peak power
of solar panels while also determining the best energy distribution strategy between supercapacitors,
solar panels, and traction transformers for supplying traction loads. The goal is to integrate solar
and supercapacitor energy storage systems into the traction power supply system to minimize
grid energy usage and indirectly reduce CO, emissions. The proposed optimization method has
been tested on the Cat Linh-Ha Dong line data model, resulting in a 43.61% reduction in energy
consumption. Furthermore, the energy consumption could be reduced by up to 65.56% with
the maximization of the supercapacitor’s capacity. This outcome serves as a basis for potential
implementation on specific railway lines.
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