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Abstract. In electric railway trains two main power systems can be distin-

guished: the system of the power propulsion and the system of the auxiliary 

power services. Consequently, since the train is supplied from the catenary in 

AC, the use of an AC to DC power converter is indispensable. This paper pro-

poses the application of a modular multilevel converter (MMC) as main power 

converter (i.e., interfacing the AC catenary and the DC link inside the train). The 

operation of the MMC is ensured by a model predictive current controller, which 

controls its input AC current according to specific power requirements. The 

MMC and the model predictive current control are validated recurring to com-

puter simulations. Based on the developed simulation models, the presented re-

sults permit to verify the advantages associated with the modularity of the con-

verter and with the performance of the model predictive current control. 
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1 Introduction 

Power electronics systems have always been extremely important in a modern society, 

but the fact is that they have increasingly become indispensable for a very wide range 

of applications [1][2]. Consequently, more and more, new technologies for power elec-

tronics are emerging for several purposes, which is easily verifiable from electrical en-

ergy production systems, transport and distribution systems, and also in railway sys-

tems [3][4]. In fact, power electronics is pivotal in any kind of modern railway system, 

allowing several tasks, including the interface of the catenary and the motor drivers, 

managing key electrical variables like voltages and currents [5][6]. Obviously, despite 

power electronics systems starting from the same principle of converting voltage and 

current levels into other voltage and current levels, it is easy to see that the power elec-

tronics converters that perform the various operations are not all based on same topol-

ogy [7]. The main power converter of a railway train is a critical component in modern 

railway systems [8], since it is responsible for connecting the catenary to the electrical 

system inside the railway [9]. This paper proposes the application of a modular multi-

level converter (MMC) as main power converter for interfacing the AC catenary and 
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the DC-link inside the train. The operation of the MMC is ensured by a model predictive 

current control, operating, in real-time, to guarantee that its input AC current in accord-

ance to the specific power requirements of the diverse appliances inside the train. 

The MMC under study in the scope of this paper is based on submodules with 

half-bridge structure, which one permitting the operation with two distinct voltage lev-

els [10][11]. As main contributions, it can be identified the following points: (i) MMC 

utilization for interfacing the AC catenary and the internal power system of the train; 

(ii) application of the model predictive current control for the MMC in railway systems; 

(iii) computer simulation, both with stable and unstable input AC voltages to fully val-

idate the MMC and the control technique. Fig. 1 contextualizes the application of power 

electronics in a railway system, specifically highlighting the framework of the main 

converter (in this case, where is applied the MMC). 

 

Fig. 1. Contextualization about the application of power electronics in an electric railway system. 

2 Modular Multilevel Converter: Application and Topology 

The MMC has appeared as a radical topology in power electronics since it is very ver-

satile for several applications, and it a prominent actor in high-voltage and high-power 

applications such as railway systems [4]. The MMC stands out from usual power con-

verters since it has a modular and scalable design, containing various sub-modules. 

With the objective of creating a multilevel structure, multiple sub-modules are con-

nected in series, providing a wide range of voltage levels [6]. With a precise control by 

selectively switching the state of each submodule, it is possible to synthesize an output 

voltage with high-quality waveform, making it ideal for various applications, such as 

railway applications. The structure of the MMC under the scope of this paper is pre-

sented in Fig. 2. A shown, inductive filter are considered in the interface with the cate-

nary, ensuring the possibility of controlling the waveform of the current. By increasing 

the number of sub-modules, it is possible to increase the operating voltage levels and 

the value of the DC-link voltage and reducing the voltage rating of the power semicon-

ductors (cheaper and better in terms of reduced switching losses) and lower stress. Alt-

hough the application requires the control in unidirectional mode, if properly con-

trolled, the MMC permits the bidirectional power operation. 
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Fig. 2. Structure of the MMC used as main power converter of the electric railway train. 

3 Modular Multilevel Converter: Control and Operation 

The key point of the MMC control lies on the control of the individual sub-modules, 

which is critical for synthesizing the desired output voltage. Regarding the voltage bal-

ancing across the sub-modules, several voltage balancing algorithms can be imple-

mented, but such analysis is out of the scope of this paper. Typically, each sub-module 

is controlled using pulse-width modulation (PWM), where control techniques based on 

phase-shifted PWM strategies are used. The establishment of a precise control of the 

phase shift for each sub-module is crucial for ensuring that the MMC produce the mul-

tiple voltage levels. In the AC side, it synthesizes a nearly sinusoidal waveform with 

minimal harmonic distortion. In terms of control, several strategies can be considered 

to regulate the power flow between the MMC and the power grid. In railway power 

systems, the MMC must be synchronize with the frequency of the power grid voltage, 

enabling to match its output voltage with the power grid voltage, preventing the opera-

tion with undesired reactive power. Due to its fast-switching capability, the MMC ex-

hibits excellent dynamic response, establishing a quick response to changes in the 
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operating conditions, making it suitable for applications where prompt modifications 

are required. The block diagram of the control is presented in Fig. 3. 

 

Fig. 3. Principle of the predictive current control applied to the MMC. 

4 Modular Multilevel Converter: Computer Validation 

This section exhibits the main results that permit verifying the applicability of the pre-

dictive current control to the MMC converter and in railway applications. The results 

that allow to evaluate the current waveform obtained on the catenary side, as well as 

the respective voltage, are shown in Fig. 4. It is noted that the current assumes a wave-

form that corresponds to the voltage waveform, i.e., without harmonic content. The 

operation only happens with active power (i.e., voltage and current in phase). 

 

Fig. 4. Validation of the MMC: voltage (vgrid) and current (igrid) on the power grid side. 

Fig. 5 shows the currents in the main DC-link and on the DC-link of two of the sub-

modules (the behavior being the same for the remaining). Each of the currents in the 

main DC link presents a sinusoidal waveform, and they are in phase opposition due to 

the positioning of the current sensor. Each current in the DC-link presents a waveform 

due to the high switching frequency (10 kHz) of the power semiconductors. 

After the previous validations, Fig. 6 shows, again, the voltage and current signals 

in the catenary, however, verifying a more realistic situation from the point of view of 

voltage operation. Thus, the voltage has harmonic content, but the current remains as 

before. This situation is only feasible due to the use of a PLL algorithm, in which the 

output signal is used as input for the algorithm that allows taking the reference signal. 

Furthermore, it can also be seen that the current is correctly controlled even under these 

voltage controlling conditions, which proves the correct application of predictive con-

trol in this converter. In this situation, it was reflected a power quality problem that 

affects the RMS value of the voltage. However, the current stays to be properly con-

trolled, always presenting the same amplitude and the same waveform, not being 
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interfered by voltage fluctuations. It is important to note that the objective was just to 

control the current and not adjust the operating power. 

 

Fig. 5. Validation of the MMC: currents in the DC-link of the two exemplificative sub-modules 

(idcMa1 and idcMa2) and currents in the main DC-link (idc1 and idc2). 

 

Fig. 6. Validation of the MMC under operation with a voltage sag on the power grid side: voltage 

(vgrid) and current (igrid) on the power grid side. 

 

Fig. 7. Validation of the MMC under operation with a sudden variation of the current on the 

power grid side: voltage (vgrid) and current (igrid) on the power grid side. 

Fig. 7 presents a result that validates the behavior of a variation in operating power, 

due to the increase in current. Specifically, this result was obtained for a condition in 

which the current changes abruptly by double, i.e., resulting in an increase in operating 

power by double. Once again, the correct application of this control to this converter 

and this specific application is verified. 
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5 Conclusions 

In the context of electric railway trains, it can be distinguished two main power systems, 

namely for the power propulsion and for the auxiliary power services. This paper pro-

poses the application of a modular multilevel converter (MMC) for the railway train 

main power converter, where the application of model predictive current control is a 

key distinguished feature. The application of the model predictive current control for 

the MMC in railway systems is presented, highlighting the main principle of operation 

and functionalities. The validation was carried out with simulations, both with stable 

and unstable input AC voltages, and with sudden variations of operating power. 
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