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ABSTRACT. This paper attempts to solve the current impact at the switch point of traction 

inverters at a low switching frequency. For this purpose, the traditional over-modulation 

algorithm was improved to ensure the smooth transition of the output frequency. Based on the 

improved algorithm, the author set up a mathematical model, which is easy to implement due 

to the removal of nonlinear calculation, and verified its rationality and feasibility through off-

line simulation and experiment on dSPACE semi physical platform. The simulation and 

experimental results show that the voltage and current waveforms in the transition region were 

continuous and smooth, and the harmonic content of the output current was very low. Therefore, 

the proposed algorithm is a feasible way for signal modulation of traction inverters. 

RÉSUMÉ. Cet article tente de résoudre l’impact actuel au point de commutation des inverseurs 

de traction à une fréquence de commutation faible. À cette fin, l'algorithme traditionnel de 

surmodulation a été amélioré pour garantir une transition sans heurt de la fréquence de sortie. 

Sur la base de l'algorithme amélioré, l'auteur a mis en place un modèle mathématique, facile à 

mettre en œuvre grâce à la suppression du calcul non linéaire, et en a vérifié la rationalité et 

la faisabilité par le biais d'une simulation et d'une expérience hors ligne sur une plateforme 

semi-physique dSPACE. La simulation et les résultats expérimentaux montrent que les formes 

d'onde de tension et de courant dans la région de transition étaient continues et lisses et que le 

contenu harmonique du courant de sortie était très faible. Par conséquent, l'algorithme proposé 

est un moyen réalisable de moduler le signal des inverseurs de traction. 
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1. Introduction  

The existing modulation algorithms for traction inverters either adopt 

asynchronous modulation or synchronous modulation. The asynchronous modulation 

can realize the full-range speed control at a high switching frequency of the inverter. 

When the switching frequency is low, the two modulation modes are often combined, 

with the asynchronous modulation in the low-speed region and the synchronous 

modulation in the high-speed region. The mixed modulation is very likely to cause 

current and torque impacts at the switch point of the two modes and at the frequency 

switch point, reducing the comfort of passengers in the vehicle. If the impacts are 

severe, the converter might shut down and even suffer from damages.  

The traditional solution to the impacts is to implement over-modulation, which 

ensures the natural transition between asynchronous modulation and square wave 

modulation. However, the over-modulation strategy faces high harmonic content and 

torque ripple, especially in the transition between over-modulation region to square 

wave modulation region. This is because the transition period has a few modulated 

wave pulses, uncertain output waveform and high waveform symmetry. 

Some research has been done on the single and double modulation modes of the 

over-modulation strategy. For example, References (Dantzing and Ramser, 1959; 

Yang et al., 2017) describe a single modulation mode and apply it to the weak 

magnetic control of permanent magnet synchronous motor (PMSM). The application 

results show that the single modulation mode is simpler than the double modulation 

mode, solving issues like operational complexity, but output more harmonic contents 

than the latter. References (Sarasola et al., 2016; Guo et al., 2016) compare the two 

modulation modes in details, without giving a better solution. 

This paper optimizes the traditional over-modulation algorithm to reduce the 

harmonic content in the output current and reduce the output torque ripple of traction 

inverters. The remainder of this paper is organized as follows: Section 2 describes the 

improvement of the over-modulation algorithm and establishes a model based on the 

improved algorithm; Section 3 verifies the proposed model through experiments; 

Section 4 wraps up this paper with some meaningful conclusions. 

2. Methodology 

2.1. Improvement of over-modulation algorithm 

In the transition between over-modulation region to square wave region, the 

number of output pulses is uncertain due to the randomness of the output waveform, 

despite the lack of current impact in this period. In addition, the output current is rich 

in harmonic contents and subjected to oscillation. If the vehicle runs for a long time 

in this period, the protective measure may fail to work (Zufferey et al., 2016; Liu et 

al., 2017). Therefore, this paper improves the over-modulation algorithm based on 

synchronous modulation (Zhao et al., 2017): 
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where ua, ub and uc are the three-phase voltage outputs; 𝜃 is the position angle of stator 

flux linkage; k is the three-phase voltage amplitude. The value of the three-phase 

voltage can be derived as: 
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where 𝑢𝑢𝑣𝑤
∗  is the per-unit value set of three-phase voltage. The relationship between 

the three-phase voltage value and the sector is shown in Figure 1 below. 
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Figure 1. The relationship between the three-phase output voltage and the sector. 

The action time of space voltage vectors can be further simplified as: 
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where 𝑡0, 𝑡1 and 𝑡2 are the action time of the zero vector and its adjacent vectors; Ts 

is the action time of space voltage vector. 

In this way, the traditional over-modulation algorithm (double modulation mode) 

is simplified, cutting down the computing complexity and the harmonic content in 

over-modulation region. The simplification makes it easier to modify the 

mathematical model of action time, and smooths the modulation wave. Compared 

with the single and double modulation mode, the simplified over-modulation strategy 

achieves a very low harmonic content. 

2.2. Optimization of the transition between over-modulation region to square wave 

region 

When the traditional over-modulation algorithm is adopted for traction inverters, 

the current in the transition between over-modulation region to square wave region 

will oscillate due to the uncertain number of output pulses and the asymmetry of the 

waveform. If the vehicle runs for a long time in this period, the passengers will feel 
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uncomfortable under the severe vibrations of the wagon. To reduce the current 

oscillation, it is necessary to optimize the number of pulses and the asymmetrical 

waveform in the transition period. By contrast, there is almost no current impact at 

the switch point between the three-frequency region and square wave region of the 

synchronous modulation. 

Here, the transition period is optimized by the three-frequency Fourier 

decomposition of the synchronous modulation below: 
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Let β be the pulse width. Then, the relationship between b1 and β can be expressed 

as: 
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Through the above optimization, the output current will oscillate less violently 

when the inverter enters the transition period after the output frequency reaches the 

set threshold. 

2.3. Simulation model based on the improved over-modulation algorithm 

Based on the above optimized algorithm, an over-modulation simulation model 

(Figure 2) was compiled in M language on Matlab/Simulink, and verified through 

simulation experiment (Masrom et al., 2015). 

To facilitate the observation and debugging of the waveform, the control algorithm 

was divided into three parts, namely, the module based on the improved algorithm, 

the module of the action time and PWM generation, and the module of the inverter 

and the asynchronous motor. 
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Figure 2. The established simulation model 

 

Figure 3. The module of the action time and pulse-wave modulation (PWM) 

generation 
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3. Experimental analysis

3.1. Matlab simulation 

(1) The transition from linear modulation region to over-modulation region

The simulation results on the transition from linear region to over-modulation 

region are as follows: the output frequency f= 0~100Hz, the modulation coefficient 

m=0~1, and the waveform simulated by the improved over-modulation algorithm is 

shown in Figures 4 and 5 below. 

Figure 4. Simulation waveform of three-phase modulation and sector 

Figure 5. Simulation waveform of output voltages 𝑢𝛼 and 𝑢𝛽

Figures 4 and 5 are respectively the simulation waveforms of three-phase 

modulation and output voltages 𝑢𝛼and 𝑢𝛽. It can be seen that the improved algorithm

eliminated the sector determination and the regional division of the traditional 

algorithm, thereby reducing the computing load and smoothing the waveform 

transition. 
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Figure 6. Simulation action time of space voltage vectors 

Figure 6 presents the space voltage vector action time of the improved algorithm. 

Obviously, the time waveform was continuous and smooth from linear modulation 

region to over-modulation region. 

 

Figure 7. Simulation waveform of Ia and its harmonic content 

As shown in Figure 7, the simulation waveform of Ia was continuous and smooth 

from linear modulation region to over-modulation region, and the output current 

oscillated slightly. However, there was an oscillation in the transition to square wave 

region. In addition to the improved algorithm, the excellent simulation results in the 
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transition from linear modulation region to over-modulation region is attributable to 

the many number of pulses, symmetric waveform and fixed pulse width in this 

transition period. The output waveform in this transition remains stable despite the 

increase or decrease in the number of pulses.  

(2) The transition from over-modulation region to square wave region 

Compared with that from linear modulation region to over-modulation region, the 

transition from over-modulation region to square wave region has a few pulses and 

fluctuation on both sides of each pulse, which affects the stability of the output 

waveform. Without proper improvement, the vehicle operation may not be stable in 

this period. 

The simulation results on this transition are as follows: the output frequency f= 

50~100Hz, the modulation coefficient m=0.9069~1, and the waveform simulated by 

the improved over-modulation algorithm is shown in Figures 8 and 9 below. 

 

Figure 8. Transition from over-modulation region to three-frequency division region 

 

Figure 9. Transition from three-frequency division region to square wave region 

In Figures 8 and 9, the three waves respectively depict the output voltage, the root-
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mean-square (RMS) of the output voltage, and the instantaneous value of U-phase 

output current. It is clear that the output current waveform was smooth without 

oscillation. The results show that the optimization ensures the proportional growth of 

the output frequency and the carrier frequency, guarantees the symmetry of the output 

waveform, and suppresses the harmonic content. 

Through the above analysis of the simulation results, it can be seen that the 

improved over-modulation algorithm outperforms the traditional algorithm in 

transition smoothness, the harmonic content of output current and the current 

oscillation. 

3.2. Experiment on dSPACE semi-physical platform  

The proposed method was further verified through an experiment on the dSPACE 

semi-physical platform. The hardware of the experiment includes a metro control 

cabinet, a loop test bench in-built with dSPACE hardware, a DL850 oscilloscope, and 

a laptop. The popular TMS320F28335 series chip was adopted for chassis control. In 

terms of software, the dSPACE metro 1C4M control cabinet and motor model was 

selected for the semi-physical platform, the communication software for RS485 serial 

communication interface was employed and the process variable parameters and 

waveform were monitored in real time by self-designed software. The software flow 

chart is shown below. 

Begin

Per-unit value calculation of 

three-phase voltage  

 Current inhibition model  

 Calculation of ki  

t0、t1、t2

Duration calculation

End  

Tcm1、Tcm2、Tcm3 

Comparison value calculation  

PWM generating  

 

Figure 10. The flow chart of the improved algorithm 
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Before the experiment, the voltage and rated power of the platform were set to 

1,500V and 180kW, respectively, while the rated voltage and rated frequency of the 

asynchronous motor were set to 1,100V and 50Hz, respectively. The motor has two 

poles and adopts vector control. The test motor and the auxiliary motor mutually back 

up each other. The test motor frequency changed from 0~60Hz. The experimental 

waveforms are shown in Figures 11 and 12, where 40Hz and 60Hz respectively mark 

the entry to the over-modulation region and the square wave region. 

 

Figure 11. Transition from over-modulation region to three-frequency division 

region 

 

Figure 12. Transition from three-frequency division region to square wave region 

Figures 11 and 12 display the voltage and current waveforms the transition from 

over-modulation region to three-frequency division region and that from three-

frequency division region to square wave region, respectively. It can be seen that the 
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improved algorithm achieved smooth waveforms and low harmonic content, which 

agree well with the simulation results. Thus, the experiment further validates the 

feasibility of the proposed method. 

4. Conclusions 

This paper puts forward an improved over-modulation algorithm for traction 

inverters, with the aim to overcome current oscillation in the transition region. The 

improved algorithm simplifies the computation of the original algorithm. Based on 

the improved algorithm, the author set up a mathematical model, which is easy to 

implement due to the removal of nonlinear calculation, and verified its rationality and 

feasibility through off-line simulation and experiment on dSPACE semi physical 

platform. The simulation and experimental results show that the voltage and current 

waveforms in the transition region were continuous and smooth, and the harmonic 

content of the output current was very low. Therefore, the proposed algorithm is a 

feasible way for signal modulation of traction inverters. 
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