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Abstract— This paper proposes the ability to install Photovoltaic (PV) panels onto train rooftops to generate
electric power. The system mainly consists of PV modules, a DC-DC converter with a maximum power point
tracking (MPPT) method, and a three-phase inverter feeding a permanent magnet synchronous motor (PMSM)
as traction motors, besides other components. This article has managed to overcome a common problem for this
application, the partial shading condition (PSC) of PV systems. Particle swarm optimization (PSO) algorithm is
used to overcome this problem. The accuracy of the suggested algorithm was confirmed utilizing MATLAB
SIMULINK. A financial feasibility study of the practical application was also presented, yielding a payback
period of 10.5 years and savings exceeding 837,000 Egyptian pounds over the system's lifetime. According to the
simulation results, the PMSM functioned well across a range of speed scenarios. The P&O can effectively track
MPP of PV modules in conditions of uniform irradiance. However, during PSC, MPPT is switched to the PSO
technique, which performs better than the P&O approach in tracking global MPP while maintaining an efficient
PMSM operation.

Keywords— Electrified railways; Photovoltaic; Partial shading; Permanent magnet synchronous motor; MPPT.

1. INTRODUCTION

Nowadays, the transport field directly affects both the energy and environment fields,
especially electrified railways [1]. A variety of factors, including increased transportation
capacity, time savings, environmental conservation led to the development of electric railways
[2-4]. This progress naturally leads to increased carbon dioxide emissions [5]. According to
the annual report of the World Energy Outlook 2024, this field accounts for around 27% of
overall energy consumption. The growth of this field causes the total amount of energy used
in 2023 to rise by 1.7%. Furthermore, it produces around 21.2% of all CO; emissions brought
on by fuel burning. As illustrated in Fig. 1, Industry and transport contribute most of the total
emissions from final consumption, but transport sees the biggest drop in emissions intensity
thanks to rising electrification [6].

From points of view of the environment, society, and economy, the conventional
transportation system is unsustainable [7]. The limitations of traditional systems in handling
the increased power needed have been demonstrated by the necessity to expand its capacity
[7]. The cost of diesel gasoline is increasing every day. In addition, using conventional power
plants to meet the high demand for electricity may increase hazardous emissions. As a result,
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new technologies have been created to increase railway systems' energy efficiency. Among

these technologies is the use of renewable energy sources [8].
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Fig. 1. CO, emissions by end-use sector and scenario, 2023, 2030 and 2050.

Electrified railway is a crucial component of the global transportation hub, which has
been actively developed and supported by nations worldwide [9]. It is perhaps the safest,
cleanest, and most efficient of all the transportation networks. Many additional benefits have
contributed to the rise in popularity of electric train systems. such are increased power
efficiency, a better power/weight ratio, traffic capacity, lower operating and maintenance
expenses, and less noise. These features make it a crucial part of transportation networks in
the future. So, Photovoltaic (PV) generation is suggested as an extension to supply power in
railway systems [8].

There are several ways to integrate PV into a railway system. Railway stations can use
their roofs and other structures for solar installations to power station operations and lessen
their dependency on the grid. Also, PV panels can be installed along railroad tracks or on train
roofs to produce electricity for auxiliary systems or traction power. [10]. The Byron Bay
Railroad Company, for instance, converted a diesel locomotive into a solar-powered train with
batteries in 2018 [11]. The train is powered solely by solar energy. The train is powered by 23
percent of the energy generated by solar panels on the roof of the train shed, which supply the
onboard batteries, in addition to electricity generated by panels on the train's roof. A green
energy supplier feeds the remaining 77% into the grid to power the neighborhood.
Regenerative braking is another feature of the train that uses braking energy to replenish the
batteries as it slows down [12].

Extracted power from PV significantly improves energy security, national income,
public health, and environmental preservation. It has emerged as the most attracted and, in
certain situations, the least expensive method of producing new power worldwide [13-14].
From Fig. 2, The biggest contributor to the expansion of the overall energy supply was
renewables (38%) [15]. Due to PV's benefits in terms of its great flexibility and expandability,
solar PV technologies and systems have grown rapidly over the past ten years on a global scale
[7]. According to Fig. 3, Global yearly additions to renewable capacity increased by an
expected 25% to around 700 GW in 2024. Moreover three-quarters of renewable capacity
increases came from solar PV [15]. In 2024, solar PV installations increased by over 30% year
over year to reach roughly 550 GW. As a result of this expansion, the estimated installed solar
PV capacity globally reached 2.2 terawatts (TW) [8].

Research on high efficiency and life cycle cost has been increasingly important in driving
systems such as railroads in recent years. Specifically, the traction motor determines the drive
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system's performance and has the most impact on the output. As a result, a lot of research is
being done on motor design, and Permanent Magnet Synchronous Motor (PMSM) is
increasingly replacing induction motors [16]. PMSMs have become more popular in high-
speed rail (HSR) applications in recent years [17]. They have good performance and
robustness, low maintenance costs, high efficiency, a high power-to-weight ratio, and
extremely good controllability over the whole speed serving range [18]. Such as, Alstom built
AGYV Italo, and Alstom and Bombardier built SNCF TVG and Eurostar. These are a few of the
European HSR systems that employ PMSM as a traction motor [19]. To feed this load, The PV
system consists of parallel and series arrangements of PV panels to meet the voltage and
current requirements [20]. Often some panels are frequently exposed to shade from nearby
buildings, trees, poles, birds, clouds [21]. This non-uniform irradiance condition is represented
as a partial shading condition (PSC). PSC increases the non- linearity in the characteristic
curves, causes multiple peaks in the characteristics of the PV array and lowers the efficiency
of the system.
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Fig. 2. Global demand growth, 2024.
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Fig. 3. Total renewable capacity additions, 2019-2024.

A bypass diode is linked across each module to offer an alternate path for excess current
to reduce the hot spot effect. The PV characteristic exhibits extremely complicated
behavior [22]. As illustrated in Fig. 4, there is only one absolute peak, known as global
maximum power point (MPP), and several false peaks, known as local MPP. As a result, the
conventional maximum power point tracking (MPPT) techniques are not suitable in PSC as
they are not able to distinguish between global MPP and local MPP. Global MPPT strategies,
which include optimization, intelligent control, and trial-and-error procedures, include
multiple new innovative and easy MPPT concepts [23]. Particle swarm optimization (PSO) is
the most common and reliable technique, and there are a number of papers that go into great



Jordan Journal of Electrical Engineering. Volume 12 | Number 2 | June 2026 327

works on MPPT approaches [20, 22, 24-26]. The technology integrates PV panels on train roofs
to generate power which assist the grid feed train loads. keeping up with Egypt's
advancements in all fields, particularly in the energy and environmental fields. That
accomplishing Egypt's Vision 2030's third strategic aim, "Integrated and Sustainable
Environmental System"[27]. This system can be applied on Talgo 230 train in Cairo Light Rail
Transit which is linking the city of Cairo to Egypt's New Administrative Capital and the 10th
of Ramadan City. Fig. 5 shows that this location has a specific PV power output of
1890.6 kWh/kWp per year, which is good value to utilize a PV system [28]. Installing PV
modules on train roofs has some challenges. These include low efficiency and exposure to
partial and full shading due to various environmental and surrounding factors. So, PSC, full
shading condition (FSC), and low efficiency are the challenges the system faces in this
application and have a negative effect on system performance and reliability. The performance
and reliability of the train in these conditions have not been examined by papers, nor have
they offered solutions for them.

\ oo . Average Hourly Profile - Direct Normal Irradiation [Wh/m?]
.Alexandrlaw .POI't Sald Hour Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0-6
6-7 6 43 51 41 8
7-8 3 56 165 281 310 279 203 181 66 15

§-9 121 228 313 348 457 512 494 431 405 366 290 230
9-10 434 434 472 496 600 664 664 630 573 518 498 470
10-11 558 553 587 610 695 756 760 748 692 613 607 583
11-12 630 615 655 668 739 801 807 803 753 663 645 641
12-13 637 617 667 690 755 815 824 820 768 666 627 646
13-14 603 594 659 684 748 813 822 810 751 641 598 609
14-15 544 553 628 656 717 791 798 780 705 590 538 552
15-16 464 492 579 587 651 738 748 720 627 509 462 461
16-17 359 401 471 484 557 651 662 635 530 394 347 349
17-18 106 242 347 358 441 535 548 513 368 127 70 67

18-19 13 87 105 241 374 386 276 59
19-20 3 57 60 4
Daily totals: 5.2 56 6.0 6.4 6.8 72 76 20-24

| KWh/m?
Vemlytotals: 1893 2045 21e1 2337 2483 2629 2775 Sum 4,456 4,746 5,521 5,858 6,928 7,868 7,892 7,382 6,411 5,153 4,697 4,610

Fig. 5. Solar atlas at new administrative capital, Cairo, Egypt.

Due to the importance of the topic, this paper introduces a complete model of the system
and then makes a study of different MPPT techniques at different operating conditions. The
novelty of this paper lies in:

- Provide a control strategy that uses the system voltage information to distinguish
between the P&O method and the PSO approach depending on the nature of solar
radiation.

- Evaluating the performance level of the dynamic system of the train traction motors
under the operation of the MPPT techniques during partial shading on the surfaces of
the trains during travel and monitoring the effect of this on the parameters of motor
performance in terms of the effect on speed, speed distortion, alternating current, and
power drawn when the mechanical load is constant.

- The MPPT methods used operate in a live manner. Since the trains are constantly
moving, the PV modules on the train roofs are exposed to fast-varying and
asymmetric solar radiation patterns around the clock. enabling the MPPT methods to
extract the maximum possible electrical power from the PV system under all
conditions.
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- Submit a preliminary financial study of the proposed system and explain its practical
feasibility.
- This study operated for the first time in an electrified train application.

This study gives acceptable results for the overall system performance and reliability
by utilizing MATLAB SIMULINK.

2. SYSTEM DESCRIPTION

It is typical and widely accepted that trains are between 200 and 600 kW of power and 3
to 12 carriages [29]. Thus, the suggested train can be operated with 10 cars and an average
motors power of 300 hp. By taking dimensions of The Talgo 230 roof, PV modules can be
counted as they are related to their dimensions and that of the carriage roof. These dimensions
are 40 meters long per carriage and 3 meters wide on average. The PV system is constructed
using the SPR-X20-445-COM module, which has the rating shown in Table 1. Based on the
information provided, that makes the ability to place around 35 modules on a single carriage
roof as demonstrated in Fig. 6, providing a system with 15,575 W of electricity. There are two
traction methods that can be used in an electric train are distributed traction (DT) and
concentrated traction (CT), as seen in Fig. 7. When the DT and CT are compared, the DT uses
less energy per passenger than the CT does. Additionally, the CT has a heavier train weight.
The DT is superior to the CT for per unsprung mass for axle load. DT has recently attracted a

lot of interest due to its benefits [30].
Table 1. SPR-X20-445-COM ratings at STC.

Parameter Value Unit
Nominal Power 445 W
Maximum Power Voltage (Vmrr) 76.5 \%
Maximum Power Current (Impp) 5.82 A
Open Circuit Voltage (Voc) 90.0 \%
Short Circuit Current (Isc) 6.24 A
Dimensions (2067/1046) mm

| - A ... . . .
HEEE N 5 ...
Fig. 6. PV system arrangement on train roof.
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Fig. 7. Concentrated and distributed tractions.
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As two motors are typically utilized in each car, there are around sixteen used motors in
total. With the values listed in Table 2, each motor has about 17.7 horsepower. This proposed
system is represented in Fig. 8 and can be represented in a block diagram as illustrated in
Fig. 9. PV modules make up the system's secondary source. The suggested system focuses on
a DC-DC converter that uses an MPPT approach to extract maximum power from a PV system
under various irradiation situations. A PMSM is fed traction motors through a three-phase
inverter equipped with Field-Oriented Control (FOC).

Table 2. PMSM parameters.

Parameter Value Unit

Power 17.7 hp

Speed 3000 RPM

Stator Resistance 0.0485 Ohm

Armature Inductance 0.000395 H
Pole Pairs 4 Poles
Inertia 0.0027 kg.m2
Damping 0.0004924 N.m.s

q OC
T T T T RTTTT T

Fig. 8. System overview representation.
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Fig. 9. System block diagram.

3. MODELLING OF THE SYSTEM

3.1. PV System

PV cells can be represented by equivalent circuit as illustrated in Fig. 10. Ir, represents
the cell photocurrent. I, represents the cell saturation current. Rp and Rs are intrinsic shunts
and series resistances of the cell respectively. PV module consists of a number of PV cells

connected in parallel and series [31].
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Fig. 10. PV cell equivalent circuit.
The PV module output current (Ipv):

g*(Vpy+Ipy+*Rs) (Vpy+Ipy*Rg)
Ipy = Np * [Ipy — Io  [exp (LRREERERS) — | - (R (1)

where Vpy is the output voltage, N, and N; are the number of PV cells connected in parallel
and series for a given PV module, A is the ideality factor of the p-n junction, k is the
Boltzmann's constant (1.3806503 x 10-23 J /K), T is the cell temperature in Kelvin, q is the charge
of electron (1.6 x 10-19 C) [31].

PV photocurrent (Ipn):

Iph = (scc—stc + ki * (T — Tspc)] * )
Gs TC

where Iscc-stc refers to the short-circuit current (SCC) at standard test conditions (STC) in
amperes, Tstc (25°C) is the cell temperature at STC, G (in watts per square meters, W/m?) is
the irradiation on the cell surface, Gsrc (1000W/m?) is the irradiation at STC and k; is the SCC
coefficient in in amperes per degree Celsius (A/°C) [31].

PV saturation current (L,):

Y aBg( 1 1
To = Irs * [TSTC] * €Xp [A*K (TSTC T)] 3)
where E; is the band gap for silicon = 1.1 eV [31].
PV reverse saturation current (Is):
L. = Iscc-stc

= Isce-stc_ 4
[exp( 4%oc )—1] ( )

Ng*k*A*T

where Voc (in volt, V) is the open circuit voltage at STC. The characteristics of the PV module
are indicated in Fig. 11 [31].

3.2. DC-DC Boost Converter

The boost converter in Fig. 12 is used to magnification the PV system output voltage to
a desired value. Where V, is the boost converter output voltage, Vs is the boost converter
voltage The inductance, capacitance and switching frequency values are designed for
continuous current and reduced ripple content in the boost converter [32].

i
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8 Le Current g i i
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A | e & DC
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0 e

V, Voo
Voltage (V) il 05

Fig. 11.I-V and P-V curves under normal condition. Fig. 12. The boost converter.
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3.3. Permanent Magnet Synchronous Motor

PMSM uses a permanent magnet that behaves as a rotor [33]. PMSMs have a good
performance specification [34]. It is possible to convert the dynamic model of synchronous
machines into a rotating dq reference frame. taking into account a few assumptions [35]. The
analogous circuit of the synchronous machine in the synchronous reference frame is displayed
in Fig. 13. The corresponding equations for motion, torque, flux, and voltage are given [29].

Ly lgs R Ly

i R - + -
o — - - + —
AMAA O L) = AN O— O

OmigsLys i
T 937 @il D pm

Vs Vs

(a) d axis (b) q axis
Fig. 13. Equivalent Circuit for the d and q axis of a Synchronous Machine.

Voltage equation:

Vas = Rg *igs + P Wag — 0 * Wy )
Vgs = Rg #ligs + P Wgs — @y, * Wy (6)
Flux equation:

Was = Las * 1gs + ¥ @)
Wgs = Lgs * igs 8)
Torque equation:

Te =20, * [Wr % igs + (Las — Las) * las * igs] )

The formula above may be expressed as follows since L4s and Lgs for the surface
permanent magnet synchronous motor (SPMSM) have the same value:

3 .
T, = 7 0p * W * igs (10)
Motion equation:
Te=]*P<T1—;")+RQ*TI—;"+TL (11)

The aforementioned equations have the following components: pqs and yqs are the d-
and g-axis components of stator flux. Las and Lgs are the d- and g-axis equivalent inductances
of stator windings. igs and igs are the d and q axis components of stator current. v4s and vgs are
the d- and g-axis components of stator voltage. s is the flux of PMSM. R; is the stator winding
resistance. om is the rotor speed. P is the differential operator. n; is the number of pole pairs.
Te a ig. TL stands for load torque, and Rq is the damping coefficient; ] is rotational inertia. The
vector control approach of "igs = 0" is reflected in Eq. (10); that is, the torque is a function of
solely the torque component of current (igs) and reaches it’s maximum when igs = 0 [35].

4. CONTROL STRATEGIES

4.1. Maximum Power Point Tracking

Maximum power is generated by running PV modules at Vmpr. So, MPPT technique
extracts this power by operating at this point. At uniform irradiance conditions the used
technique is Perturb and Observe (P&O). Which is among the least complicated methods. The
train length causes train cars to have varying irradiance levels, resulting in non-uniform
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irradiance conditions. In this situation, A PSO technique is utilized. PSO has been regarded as
one of the most widely employed techniques in the MPPT field in recent years [36]. Since PSO
is conceptually in relation to search optimization, it can find the MPP for any type of P-V curve,
based on the objective function of Eq. (12), regardless of environmental variations.

Pov = Vpy * Iy (12)
The PSO method's broader formulation:

Xkl = xk 4 vkt (13)
In which v; stands for the velocity factor, which is determined by:

Vik+1 =w * Vik + Iy (Pbesti - Xi() + CZrZ(Gbesti - X}() (14)

where w=0.4 as the inertia weight, c1 =1.2 and c2 =2 as the acceleration constants, and Ppest
and Grest as the global and personal best positions, respectively. The method sends the
computed duty cycles to the power converter after initializing a solution vector of voltage
samples. In the initial iteration, these voltage samples (shown by x; in Eq. (13)) behave as the
starting particles. All of the particles thus move in the direction of their local best position,
Prest. One of these particles is the best Gpest in the globe. It offers the finest value for fitness. A
new voltage location is obtained following the computation of the velocity, which acts as a
displacement to the voltage. All particles go in the direction of the global optimal location
through consecutive iteration. The particles approach the Gyest position as they approach the
MPP. The velocity term's Prest and Gpest components correspondingly approach zero.
Eventually, the voltage position stays almost constant, and a point of zero velocity is achieved.
The PV system hits MPP in this instance.

4.2. Field-Oriented Control

FOC approach is utilized to adjust PMSM speed in order to make the train run at various
speeds. Fig. 14 shows the structural diagram of the FOC system in PMSM [35]. FOC regulates
the gate control signals of IGBTs to achieve the desired voltage magnitude and frequency at
the inverter's output in the flowchart depicted in Fig. 15 [37].

et + “ + ig n g d-q B

, Inverter
r
wt o | @ SVPWM Circuit

id:'}_r

PMSﬁgﬁ

ya

NI

I Speed Sensor

Fig. 14. PMSM FOC system block diagram.

5. SIMULATION RESULTS AND DISCUSSION

The system has been simulated using MATLAB/SIMULINK program. The system is
tested under a variety of train operating settings. the various parameters such as PMSM
functioning, PV output power, and DC grid power were observed how performed under these
conditions. Fig. 16. Provide a control strategy that uses the system voltage information to
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distinguish between the P&O method and the PSO approach depending on the nature of solar

radiation. Further placing a cheap voltage sensor on a random panel to measure the voltage it

generates. In order to determine if the solar radiation is uniform or whether the system is

partially shaded, multiply this voltage by the number of panels linked in series, which is five.

Then, compare the resulting voltage with the voltage of the complete system.

A 4

Currnt Sensors
Ia,lb,lc

28%

DC Bus Inverter
| SVPWM ¥ \oitage H (PMSM)

Speed Sensor

Fig. 15. PMSM FOC flowchart.
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Fig. 16. Switching Control Strategy Between P&O Method and PSO Approach.

Case study (1): The train moves under uniform irradiance conditions: In this case a
random irradiance pattern is made which covers different uniform irradiance conditions
with zero irradiance case as a simulation for train run through tunnel as indicated in
Fig. 17 with a constant temperature of 25°C. At all conditions, DC bus voltage is constant
at 800 V, and DC load, which covers different services inside the train, is assumed to be
6400 W (100 ). Despite irradiance has different values but still represent a uniform
irradiance condition as these different values applied to whole PV modules in the
system. So, P&O approach is used.

1500 i : i -

1000 W/m? 0 W/m? i 500 W/m?
"E 1000 ,
~—
2
(1
E
8
E soof
0 1 L 1
0 1 2 3 a 5 6
Time [S]

Fig. 17. Irradiance pattern.
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Fig. 20 displays the reference speed and the motor speed simulation results. Two
different events for speed change are described in Table 3. Fig. 21 shows the phase (A) motor
current, which has a peak fundamental value of 56.2 A with Total Harmonic Distortion (THD)

= 9.31% as shown in Fig. 18 in the first indicated event and a peak fundamental value of 56.17

A with THD =7.92% as shown in Fig. 19 in the second indicated event.
IT'undam‘entaI (1‘66Hz) ‘= 56.2 ,‘THD= ?.31% :

100 .
90
80
70
80
50
40

30

Mag (% of Fundamental)

0 83 166 249 332 415 498 581 664 747 830 913 996
Frequency (Hz)

Fig. 18. THD of PMSM current at 2500 RPM.
Fundamental (227Hz) = 56.17 , THD= 7.92%
T T T T

100 . ‘

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 19. THD of PMSM Current at 3400 RPM.
Table 3. Motor speed results analysis.

Steady state speed 3000 2700 RPM
Settling time 0.012 0.018 Sec
Peak transient speed 31185 2710 RPM
Min. transient speed 29925 2539 RPM
Max. Overshoot +395 596 %

Figs. (22-25) display generated power from the PV system, shared power by the DC grid

and consumed power in loads. Power analysis at different operating events is summarized in
Table 4.

Table 4. System power analysis.

Conditions Irradiance [W/m?2] 1000 0 500
[25°C] Motor speed [RPM] 3000 2700 2800
= Inverter z | 132 134 161 | 85 123 125|124 146 132
5 Power 5
Loads g DC Load g 6.4 6.4 6.4
[Kw] g Power c
5 5 | Total System 5 E
E‘E =3 19.6 19.8 225 | 149 187 189 | 188 19 196
5 g Avg. Power |§ &
g‘ PV Power % 14.78 15.1 15.3 0 6.9 7.5 7.3 14.7 151
Sources I} . 2
5]
[Kw] g DCGrid g 442 4.65 767 | 185 187 189 | 116 136 121
Avg. Power
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Fig. 20. Motor reference and actual speed.
800 . . .
&
40
6001
L]
E 20
= 400 «
c
e 50
5 | S S S (N NN SR |
o 02 0.2 021 4,-!).'115 0.2 03 0B 02 0M 024 0B ;j-" 2208 21 2218 2m 22X 1B 12% 1M 128 1
- . .
£
=
.zm 1 1 Il L 1
0 1 2 3 a 5 6
Time [S]
Fig. 21. Motor current (phase A).
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Fig. 23. Total system avg. power.
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Case study (2): The train moves under non-uniform irradiance conditions:

In order to accomplish PSC, Varying irradiance values are applied to each set of PV
modules. This results in both local and global MPP, as demonstrated in Fig. 27. As a result,
when P&O approach is used in this situation, Output power is trapped at a local MPP, as
indicated in Fig. 26. It isn't valid here to operate with this low efficiency, therefore, PSO
strategy is employed in this case to extract global MPP, with global voltage as indicated in
Figs. (26-28). Fig. 32 displays reference speed and the motor speed simulation results. The same
events mentioned in case study (1) are described in Table 5. As shown in Fig. 32 and Table 5,
the change in speed using the FOC method works effectively during speed changes at a
constant load, regardless of the light radiation received on the PV. Furthermore, it is
characterized by its rapid response time; even under the worst conditions, it takes only 0.19
seconds to stabilize at the required speed with a dispersion level not exceeding 6%.
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Fig. 26. Power vs voltage curve under PSC.
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Fig. 31 shows the phase (A) motor current, it is studied at the same events mentioned in
case study (1), which has a peak fundamental value of 55.87 A with THD = 3.21% as shown in
Fig. 30 in the first indicated event and a peak fundamental value of 56.01 A with THD = 2.55%
as shown in Fig. 31 in the second indicated event. Figs. (26, 34-36) display generated power
from the PV system, shared power by the DC grid and consumed power in loads. Power
analysis at different operating events is summarized in Table 6.
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Fig. 27. PV output power by using P&O approach under PSC.
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Table 5. Motor speed results analysis.
Steady state speed 3000 2700 RPM
Settling time 0.019 0.018  Sec
Peak transient speed 3117 2709.5 RPM
Min. transient speed 2993 2538.6 RPM
Overshoot +39 -5.98 %
450
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Fig. 29. PV voltage under different irradiance values.
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Table 6. System power analysis.
COE‘;{,E’“S Motor speed [RPM] 2700 2800
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Fig. 32. Motor reference and actual speed.
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Table 7. Comparison of different MPPT techniques [23].

Tracking . . Periodic Suitabl'e
Methods Complexity Cost Response  Stability Tuning For 'Tra%n
Application
Sugge?ted Medium Affordable Medium Stable Yes Yes
Technique
Neural
Network High Expensive Medium Stable No No
Technique
Cuckoo ?earch Low Very. Fast Stable No No
Technique Expensive
Grey Wolf
Optimization Medium Affordable Medium Stable Yes Yes
Technique
Fuzzy Logic
Controller High Affordable Medium Stable Yes Yes
Technique

Based on the comparison, we consider the suggested approach is one of the promising
ways to extract global MPP from an existing PV system in railway applications.

Financial Analysis and The Yearly Energy Production Calculations: Since the proposed
system capacity is approximately 15.5 KW, taking into account a performance ratio of 0.8,
which represents the losses caused by inverter, temperature, soiling, wiring, and mismatch
losses. Based on solar atlas data average peak sun hours (PSH) along the train's route between
the beginning and end of the trip is 6.2 h/day. With average Operation 345 days/year,
considering that train maintenance takes around 20 days/year. The net energy extracted from
the proposed system during the year equals 26,651.94 KWh/year. With a cost per kilowatt-
hour of about 215 Egyptian piasters [38], the suggested system saves about 57,301.67 Egyptian
pounds annually when operating a single train car.

Several vendors were interviewed to calculate the average cost of the suggested system.
The average cost of the inverter was 250,000 Egyptian pounds, while the solar panels were
245,000 Egyptian pounds. in addition to the average cost of 100,000 Egyptian pounds for the
metering device, protection system, mounting equipment, wiring, installation, and post-
installation system testing. Consequently, the proposed system will cost an average of 595,000
Egyptian pounds. As a result, the suggested system's payback period was determined to be
no more than 10.5 years. Taking into account the system's 25-year lifespan, this leaves around
14.5 years to make 837,741 Egyptian pounds savings from a single train car as indicated in
Fig. 37. Additionally, an evaluation of the proposed system's environmental effect revealed
lower CO, emissions. Since generating one kilowatt-hour from conventional sources produces
approximately 997.6 grams of CO, [39], the proposed system would save approximately 26.5
tons of CO, annually when running a single train car.

Also, among the challenges and obstacles facing the proposed system, which are the
main effects resulting from vibrations, can be summarized as follows: Microcracks, separation
of layers, Mechanical failures in terms of installation and deviation from the specified
mounting location, and deterioration of PV panel performance by up to 30%. One of the
proposed solutions to address and avoid this problem is the use of specialized panels made of
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thin or flexible photovoltaic cells, installed using flexible connectors and fasteners such as
rubber to absorb vibrations caused by train movement.
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Fig. 37. Cash flow for the coming years.
6. CONCLUSIONS

This study focuses on installing photovoltaic systems directly on train roofs to contribute to
system load supply. The system's performance was negatively impacted by the PSC problem. According
to the simulation outcomes, the PMSM functioned well across a range of speed scenarios, and the P&O
can effectively track MPP of PV modules in conditions of uniform irradiance. However, P&O is unable
to follow the global MPP through PSC, which decreases the advantage of the PV system as it is trapped
in a local MPP. For this reason, the control technique is switched to the PSO technique, which performs
better than the P&O approach in tracking global MPP of and providing current with improved THD as
indicated before, which gives a more efficient PMSM operation. The PSO strategy uses a live interaction
with any irradiance variation. It operates to find the new global point and utilize power at this point to
make the system more reliable and efficient.

According to the system financial Analysis. With a payback period of no more than 10.5 years
which represent 42% of system lifetime and a total cost of 595,000 Egyptian pounds, the suggested
system will also save 837,741 Egyptian pounds over the course of its lifespan which represent 1.40 times
of the system cost. From an economic and financial standpoint, the system is appealing and promising
because of all of this.

Additionally, reduced CO, emissions were found in an assessment of the proposed system's
environmental impact. When operating a single train car, the suggested solution would save around 26
tons of CO; each year. Compared with other MPPT methods, the suggested approach is one of the
successful ways to extract global MPP from an existing PV system in railway applications.

As a result, the project is appealing from a technical, financial, and environmental standpoint. It
also offers a chance to fulfill regional and worldwide goals for sustainable growth and energy supply
while protecting the environment.

For future work, the following is recommended:

The usage of modern MPPT techniques to investigate the electrical system performance on the
trains. investigating the system's performance and economic viability when energy storage components
like supercapacitors or upgraded batteries are present. examine the system's performance using a PV
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module based on the two-and three-diode model, assess the performance, and contrast the outcomes
with those from the one-diode PV model. examining the suggested system's actual implementation,
detailing predicted challenges, and identifying suitable ways to get around them.
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