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ABSTRACT 

The utilization of renewable sources connected to a grid to reduce traction substation installation costs and 

electrified trains' operation energy is a highly promising solution in the electric transportation field. This 

study proposes a DC traction power supply system integrated with a solar energy system using a DC-DC 

boost converter and an active rectifier replacing a diode located at the traction substation. The active 

rectifier not only recovers regenerative braking energy when electric trains operate in braking mode but 

also transfers solar energy from the DC bus to the grid. With the characteristics of urban railway lines 
utilizing high-power traction motors and high-voltage DC bus, this paper presents the structure of the 

Modular Multilevel DC-DC boost converter in the solar energy system employing the Maximum Power 

Point Tracking (MPPT) algorithm, whereas the modular multilevel active rectifier utilizes the Voltage 

Oriented Control (VOC) algorithm with three loop circuits: phase-lock loop, current loop, and voltage 

loop. Simulation results in Matlab/Simulink with parameters collected from the Nhon-Hanoi station urban 

railway line in Vietnam demonstrate that the PV system produces almost 37% of the energy in the 
accelerating phase of electric trains.  

Keywords-modular multilevel DC-DC boost converter; active rectifier; MPPT algorithm; voltage oriented 

control; PV system 

I. INTRODUCTION  

The urban railway system is considered one of the crucial 
solutions to address traffic congestion and reduce 
environmental pollution in densely populated areas due to its 
safety, timeliness, and high transport capacity. However, this 
means of transport is also a significant energy consumer [1]. As 
a result, numerous energy-saving solutions have been proposed 
and implemented for the operation of electrified trains on urban 
railway lines throughout the world. These solutions include 
regenerative brake energy recovery using energy storage 
systems located at traction substations or on trains. In [2-3], 
experimental tests were carried out by installing a wayside 
supercapacitor energy storage system. The onboard 
supercapacitors recuperated almost all the regenerative braking 
energy, saving approximately 12% of the train's energy 
consumption compared to that utilized by a similar train 
equipped with braking resistors. In [4], onboard/stationary 
lithium batteries and supercapacitors were installed on a DC 

high-speed railway system, and the results exhibited that 
braking energy recovery can provide significant energy and 
cost savings. In [5], two 750 VDC prototype reversible 
substations that were built and tested on a dedicated tramway 
test track allowed the regeneration of braking energy back into 
the grid. In [6-7], integrated optimization models on train 
control and timetable formulation were investigated to allow 
two trains to exchange braking energy to minimize net 
consumption rather than dissipate this energy across braking 
resistors. The efficient train driving strategy tracks the optimal 
speed curve by applying optimization algorithms to determine 
optimal speed profiles and the optimal location to place the 
electric traction substation [7-11]. The use of renewable energy 
in the power supply system for operating trains was 
investigated in [12-13]. 

Solar energy systems have been widely applied in various 
fields due to their non-polluting nature, lack of noise, and 
installation ease [14-16]. Several projects have installed PV 
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panels in urban railway systems worldwide [17-22]. For 
example, a solar-powered mass transit system was proposed to 
reduce the total number of vehicles in Pakistan [18]. In [20], a 
PV system was suggested to be integrated into the Istanbul 
AirportM1 light metro line for interior lighting. In [21], PVs 
integrated with supercapacitors in the railway power system 
were recommended to reduce the total installation cost in a real 
tramway electric system operating in the city of Naples. In 
[22], voltage quality and energy saving of PV generation were 
evaluated in the URT power supply system. 

This study proposes a hybrid power supply system and a 
rooftop PV system combined with an active rectifier located at 
the traction substation to recover regenerative braking energy 
and transfer it from the PV system to the grid, as depicted in 
Figure 1. 

 

 
Fig. 1.  Integrated rooftop PV. 

II. MODELING CONVERTERS 

To evaluate the notable advantages of the grid-connected 
PV system in supporting powering energy for electric trains, 
the proposed system includes the following components. The 
electric train operates in accelerating, coasting, and braking 
modes. The traction substation replaces the diode rectifier with 
an MMC rectifier capable of bidirectional energy exchange. 
The PV system connects to the DC bus through a Boost DC-
DC MMC converter. This study focuses on modeling and 
controlling the converters to achieve the stated objectives. In 
the grid-connected rooftop PV system, there are two 
converters: an MMC-boost converter connecting the PV to the 
DC bus and an active rectifier, based on the MMC structure, 
located at the traction substation. This active rectifier is capable 
of bidirectional energy exchange to transfer the regenerative 
braking energy and the PV system energy to the grid. 

A. Modeling MMC-Boost DC/DC Converter 

Instead of directly transferring energy to the DC bus, the 
energy of the PV system will pass through an MMC-Boost 

converter to the DC bus to stabilize the output voltage on the 
DC bus and to maximize the energy transfer from the PV 
panels to the output [23]. The MMC-Boost converter is stacked 
with modules to easily increase the output voltage without 
using voltage balancing algorithms on capacitors. This reduces 
the complexity of the configuration and control design [24-26]. 
The configuration of this converter is essentially the 
development of the Boost-Buck DC-DC (Figure 2(a)) with 
outstanding characteristics. Specifically, in a multi-level 
structure, the current ripple will decrease, enhancing 
conversion quality. This structure has the advantage of easy 
construction with compact size, high energy density, and quick 
response [23]. However, the former still has some drawbacks, 
such as high starting current and difficulty in voltage 
adjustment. The converter's input is additionally equipped with 
an LC filter to limit the continuous current when PV panels 
achieve low efficiency due to weather conditions. 

 

 

Fig. 2.  (a) A modified Buck-Boost DC-DC converter, (b) cascaded 

topology, (c) a modular three-level modified Buck-Boost converter. 

Figure 2(b) portrays the structure of the MMC-Boost 
converter. The voltage ratio of the converter is given by: 

����
��

� �
	�
��
     (1) 

where N is the number of modules and α is the duty cycle. This 
structure can significantly promote the voltage by integrating 
multiple layers of modules. The IGBT switching at each layer 
requires different voltages, for example, the outermost left 
IGBT in Figure 2(a) must withstand Ed+V01+V02, while the 
upper switch is only V03. The MMC-Boost Converter structure 
can also be represented as in Figure 2(c). In this case, the 
voltage conversion ratio is given by: 
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In Figure 2(c), consider the first cell at the bottom including 
a DC source Ed, the voltage V01 on the capacitor connected to 
Ed, an inductor, and two IGBT valves, 1 and 2. Choose α = 0.5 
and V01 = Ed. The second cell includes V01 as the input voltage 
from the source and V02 as the output voltage. Therefore, all 
cells in the converter always have α = 0.5. In summary, only 
the first or last cell needs to be controlled to generate the output 
voltage of the converter, simplifying the control process. To 
reduce the current signal's ripple, the Boost-Buck converter 
topology is improved to a two-phase multilevel MMC-Boost 
converter with an LC filter at the input of the first cell, as 
exhibited in Figure 3 [23]. 

 

 
Fig. 3.  MMC-Boost Converter with two-phase input LC filtered. 

The MMC-Boost converter in Figure 3 operates by cell and 
sets the α value of the other cells to 0.5. When the top cell is 
controlled, the valves SA consist of controlled IGBTs, and the 
valves SC maintain their working state unchanged during half a 
cycle. At this point, the operating state of valve pairs within 
one cycle is such that when S1 and S3 are ON, S2 and S4 must be 
OFF, and vice versa. In this diagram, the valve pairs S1-S2 and 
S3-S4 are phased-shifted by 180° so that the current ripple 
through adjacent coils will mutually cancel out when 
considered as the input source. 

B. Modeling the MMC Rectifier 

Aiming at improving the inverters of the electric railway 
system [27], this converter can provide a stable output voltage 
and good current quality through appropriate control methods. 
Compared to other converters, MMC has prominent features in 
module structure, high efficiency, and low grid current 
distortion [28-31]. The MMC structure applied to electric trains 
is crucial, acting as a rectifier to exchange energy between the 
AC grid and the DC bus of the train [27]. Figure 4 displays an 
MMC applied to power electric trains. The AC side is 
connected to the AC grid through a charger, and the DC side is 
connected to the DC bus. The MMC structure consists of two 
branches in each phase with N identical submodules connected 
in series along with the inductor Lo. The submodules are 
designed as half-bridge converters using IGBT valves to save 
costs, enhance efficiency, and compact the MMC size [29]. 

 

 
Fig. 4.  The circuit structure of the MMC-rectifier. 

At the input, additional Lj filters (j = A, B, C), charging 
circuit Rj, and valves Sj are equipped to ensure technical 
requirements or circuit disconnection when necessary [27]. The 
input voltage and current are denoted as vj, ij. The upper and 
lower branch voltages are represented by vHj and vLj, while the 
upper and lower branch currents are iHj and iLj. In each phase, 
there is a circulating current idiff_j. The voltage across each 
capacitor is VC, where CH and CL are the upper and lower 
branch capacitors connected to the DC bus. The output of the 
rectifier (VDC-bus) supplies the DC bus to power the electric train 
[31]. The relationship between current and voltage in the MMC 
is described in (3-8): 

�� � ��� � ���     (3) 

��� � �����_� � �
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From (8), the output voltage on the DC bus is controlled by 
the voltage difference between the upper and lower branches of 
the MMC, and the current idiff_j is controlled by the total voltage 
across the upper and lower branches of the MMC. 

III. DESIGNING THE CONTROL OF THE 
CONVERTERS 

A. Control MMC-Boost Converter 

Assuming the input voltage source is constant and there is 
no current ripple, capacitors are considered ideal. Thus, the 
output parameters depend on the selected inductance, switching 
frequency, duty cycle, and input current [23-24]. The output 
voltage of the proposed converter in Figure 2 is described by: 

&$*%,�
34"43+ � 5� � &$� � &$��. . . �&$�   (9) 
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where the output voltage of each cell is represented as in (8) 
with the assumption that the value of Ri is 0 for cells other than 
the first cell. 

&$,4789
8433 � ���
�
� � �:�

�
� � &' � ;���
	�
��< =>�?� � >� �

            >@ ? �     >' 	1 − ?�A   (10) 

As the input voltage of the subsequent cell is taken from the 
output voltage of the previous cell, the output voltage of each 
cell can be calculated by (8). The output voltage of the MMC-
Boost converter with 3 levels, depicted in Figure 2, can be 
expressed by: 

&$*%,B
34"43+ = 5� + &$� + &$� + &$B  (11) 

Adjusting the duty cycle of the first cell will result in a 
wider voltage conversion ratio compared to adjusting the last 
cell [23]. Therefore, the control of the duty cycle in the first 
cell will be utilized. Controlling the first cell means that the 
duty cycle of the first cell changes, while the duty cycle of the 
other cells is maintained at 0.5. The voltage increment equation 
for V01 is given by: 

&$� = ���
�
� − �:�

�
� − &' − ;���
	�
��< =>�?� + >� + >@? +

          >'	1 − ?�A     (12) 

Substituting α by 0.5 and Ri = 0 into (12), the output voltage 
of the second cell can be obtained by: 

&$� � &$� � &@ � &' � CD$*%,�   (13) 

where: 

C = E! F.GE: F.GEH
F,�G     (14) 

For the third cell, the output voltage is given in (15-16). By 
substituting (13) and (12) into (11), the output voltage of the 3-
level converter is given in (18): 

&$B = &$� − &@ − &' − CD$*%,B    (15) 

&$B = &$� − 2(&@ + &') − CD$*%,� − CD$*%,B (16) 

&$*%,B
34"43+ = 5� + &$� + &$� − &@ − &' −  

    CD$*%,� + &$� − 20&@ + &'1 − CD$*%,� − CD$*%,B(17) 

&$*%,B
34"43+ = 5� + 3&$� − 30&@ + &'1 −  

    2CD$*%,� − CD$*%,B    (18) 

By using the same method as the 3-level scheme, the output 
voltage of the 4-level and 5-level schemes can be obtained as 
follows: 

&$*%,J
34"43+ = 5� + 4&$� − 60&@ + &'1 −  

    3CD$*%,� − 2CD$*%,B − CD$*%,J   (19) 

&$*%,G
34"43+ = 5� + 5&$� − 100&@ + &'1 −  

    4CD$*%,� − 3CD$*%,B − 2CD$*%,J − CD$*%,G (20) 

where: 

D$*%,�*O%�3� = D$*% ;   D$*%,� = �
�
� D$*%  (21) 

B. Control MMC-Rectifier 

A robust control strategy is necessary to achieve conversion 
efficiency. In this context, parameters, such as current, voltage 
on the DC bus, and voltage across the capacitors of each 
submodule are measured and fed into the control system [27-
31]. The appropriate operating states of the MMC are 
generated through modulation. A simple yet accurate 
evaluation algorithm for obtaining the DC-bus output voltage 
was developed: 

&7"4_Q = ∑ &(_Q(R)/2T��
R��     (22) 

&7"4_U = ∑ &(_U(R)/2T��
R��     (23) 

&7"4_( = ∑ &(_((R)/2T��
R��     (24) 
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<

]^_
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In which, the capacitor voltage of the k
th

 submodule in 
phase j is represented by VC_j(k), N is the number of 
submodules for each branch, Vave_j is the average value of the 
capacitor voltage for phase j, and Veva is the assessed value of 
the DC-bus output voltage. The oscillatory components of the 
capacitor voltage are minimized employing this algorithm. 
Therefore, voltage sensors at the output are no longer 
necessary. The noise filtering algorithm for the voltage due to 
the switching process is presented as: 

&4"7_��3%4a = ∑ &ba4(O)/cdO��    (26) 

Veva_filter is the final value of Bus-VDC to eliminate high-
frequency noise components. Veva(n) is the assessed value of 
Bus-VDC at the n

th
 constant, and M represents the number of 

samples taken within a long period. Figure 3 shows the 
structure of the rectifier based on MMC, comprising the 
evaluation algorithm, closed-loop control of the output voltage, 
closed-loop control of reactive current splitting, and MMC 
branch voltage control. The evaluation algorithm is 
implemented to replace the feedback signal from the high-
voltage sensor at the DC output based on (22-26). The control 
design is carried out in the dq coordinate system with two 
closed-loop control circuits and a PI controller. The dq-axis 
components of the grid voltage are considered in the control 
loop, corresponding to vd and vq. vd.ref and vq.ref represent the 
references for the d and q axes, determined by: 

,�.a4� = ,� + =eb + f�
+ A 0��.a4� − ��1 + g#��h (27) 

,h.a4� = ,h + =eb + f�
+ A 0�h.a4� − �h1 − g#��� (28) 

where Lf is the inductance of the filter, and ω is the angular 
frequency of the grid. The active power and reactive power of 
the rectifier based on MMC can be calculated by: 

i � �
B 0,��� � ,h�h1 � �

B ,���   (29) 

j � �
B 0,h�� � ,��h1 � � �

B ,��h   (30) 
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Fig. 5.  The control structure of the MMC rectifier. 

IV. SIMULATION RESULTS 

The train parameters and track alignment data were 
collected from the urban railway line Nhon-Hanoi Station in 
Vietnam. The maximum train speed reaches 60 Km/h. This is a 
12.5 Km metro line consisting of 12 stations with 8.5 Km 
elevated with 8 stations and 4 Km underground with 4 stations. 

TABLE I.  PARAMETERS OF THE ELECTRIC TRAIN 

Parameters of electric train Unit Value 

Train mass (M)  [kg] 192000 

Numbers of traction motor (N)  
 

12 

Acceleration  [m/s
2
] 1 

Deceleration   [m/s
2
] 1.1 

Maximum deceleration during emergency braking [m/s
2
] 1.25 

Drag coefficient a  [KN] 0.0115070 

Drag coefficient b  [kg/s] 0.0003494 

Drag coefficient c  [kg/m] 0.00005497 

Wheel diameter (Dwh)  [m] 0.84 

Transmission ratio (i)  
 

3.52:1 

Inertial momentum of the train (Jeq)  [kg.m2] 227.78 

TABLE II.  PARAMETERS OF THE TRACTION MOTORS  

Parameters of IM Unit Value 

Rated power (Pnom) [kW] 180 

Rated voltage (Unom) [V] 415 

Pairs of pole (Zp)  2 

Power factor (cosφ)  0.865 

Rated speed (nnom) [rpm] 1485 

Inertial momentum of the motor(J)  [kg.m
2
] 11.2 

Inductance of stator (Ls) [mH] 0.0064 

Inductance of rotor (Lr) [mH] 0.0064 

Stator resistance (Rs) [Ω] 0.008 

 Rotor resistance (Rr) [Ω] 0.008 

TABLE III.  PARAMETERS OF THE MMC- RECTIFIER 

Parameters of the MMC rectifier Unit  Value  

Power of rectifier (Pn) [kW] 2300 

Rated voltage (Un) [VAC] 585 

Grid frequency (fn) [Hz] 50 

Switching frequency of the MMC rectifier 

(fswAC/DC) 
[Hz] 5000 

Output voltage after rectifier (UDC) [VDC] 825 

TABLE IV.  PARAMETERS OF PV SYSTEM AND MMC BOOST 
CONVERTER OF CAU DIEN STATION 

Parameters of PV system  Unit  Value  

Maximum power output of a solar panel (Ppv)  [W] 480 

Open-circuit voltage of a solar panel (UOC) [V] 42.71 

Short-circuit current of a solar panel (ISC)  [A] 14.31 

Open-circuit voltage of a solar panel (Ump)  [V] 35.38 

Current at the maximum power point of a solar 

panel (Imp)  
[A] 13.57 

PV panels connected in series   9 

PV  panels connected in parallel  79 

The total number of solar panels  Panel 711 

Parameters of MMC boost converter    

The number of cells Cell 3 

Switching frequency (fs) kHz 20 

Input voltage [V] 528 

Output voltage [V] 825 

 
The PV system is installed at Cau Dien Station, so the 

train's speed curve is built between the Le Duc Tho and Cau 
Dien stations, with a train consisting of 12 traction motors in 3 
carriages, a distance of 1125m, and a running time within the 
section of 76s, as observed in Figure 6, including three phases: 
Accelerating, holding, and decelerating. 

 

 
Fig. 6.  Operating speed of the electric train in three phases. 

The voltage response in Figure 7 demonstrates the voltage 
control loop circuit controlling the exchange of energy from the 
source to the load and vice versa in the three phases. The 
voltage fluctuates at transition points higher than 825 VDC, for 
example, from 825 VDC to 860 VDC or from 825 VDC to 900 
VDC, but then stabilizes at a fixed value of 825V DC. 

 

 
Fig. 7.  Voltage on DC bus in 3 phases: accelerating, coasting, and 

braking. 

Figure 8 illustrates the power consumption of the traction 
motor (PIM), the power obtained from the PV system (Ppv), and 
the power supplied from the grid (Pt). When the grid source is 
integrated with the PV system, the total energy supplied to the 
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motors during the accelerating phase (phase A) is additionally 
supported by the PV system, as the power supplied to the 
motors is 918 kW from which the grid provides 580 kW and 
the PV system contributes 338 kW. During the coasting phase 
(phase BC), the motors obtain power from the PV system only, 
amounting to 338 kW. During the braking phase (phase CD), 
the motors operate as generators, returning energy to the grid 
through the MMC rectifier, including regenerative braking 
energy and energy from the PV system. Therefore, the energy 
from the PV system has supported approximately 37% of the 
total energy in the accelerating phase. 

 

 
Fig. 8.  Power obtained on the transformer (Pt), the motor (PIM), and the 

PV system (Ppv). 

Figure 9 presents the responses of the measured current and 
voltage after the transformer. From the 62nd second, when the 
braking phase starts, current and voltage are in opposite 
directions, indicating that the MMC rectifier returns energy to 
the grid. 

 

 
Fig. 9.  Current and voltage measured after transformer. 

Figure 10 showcases the maximum amplitude of the current 
measured after the transformer is integrated into the 22kVA 
power system with a total harmonic distortion of 1.44%, which 
meets the grid connection standards. These findings reveal that 
the quality of the controllers achieves good results, responding 
well to the standards for the system to return energy to the grid. 

 

 
Fig. 10.  Total harmonic distortion evaluation at second 62. 

V. CONCLUSION AND FUTURE WORK 

The current study proposes a promising solution to enhance 
the advantages of electric railway transportation using hybrid 
sources: integrating a rooftop PV system at the stations 
connected to the grid and recovering regenerative braking 
energy when trains are in the braking phase. This approach 
deploys the electrical circuit structures of the MMC-Boost 
converter and MMC-rectifiers suitable for electrified trains that 
utilize high-power and voltage traction motors. Furthermore, 
these controllers were designed to support the PV system, 
while the regenerative braking energy for the grid is up to 37%. 
This solution not only makes it easier to apply the introduced 
system to urban electric railways in Nhon-Ha Noi station, but is 
also feasible for metro lines, both in Vietnam and worldwide. 
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