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Abstract 

The modular multilevel converter has the advantages of small harmonic, good power 
quality output waveform, high reliability and no need of input filtering and power 
compensation, so it is suitable for the field of frequency conversion. The traction 
transmission system realizes the speed regulation of the rail vehicle, which is very 
important for the rail vehicle system. The traction drive system adjusts the running 
speed and traction force of the train by controlling the frequency and amplitude of the 
input voltage of the traction motor. In this paper, the modular multi-level high voltage 
vector control is used to find that the input voltage and current harmonic content of 
motor is low, the efficiency is high, the output voltage is close to sine wave, and the 
structure is simple and easy to realize with well motor performance. 
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1. Introduction 

AC speed regulation technology can improve the automation level, improve the process, and improve 

the product quality and labor productivity, and improve the production environment. The technology 

of frequency conversion has excellent speed regulation and braking performance, high efficiency, 

high power factor and good energy saving effect, which makes it have a good development prospect. 

The frequency converter can meet the requirements of motor speed control in rail transit, while 

improving the speed of rail transit vehicles, saving energy and reducing production cost. At present, 

the motor can save about 30% of the electric energy on average if the frequency converter is used. 

Therefore, the input and use of the inverter is a good energy saving measure. The traction drive system 

[1-6] for rail vehicles mainly includes traction converter, traction motor and gear drive system. The 

traction inverter [7-9] controls the power semiconductor element(IGBT) through the gate drive unit, 

converts the intermediate DC into three-phase AC to supply the asynchronous traction motor, controls 

the motor rotation, and then drives the whole train forward. 

Modular multi-level high voltage inverter [10] has low harmonic pollution to the power grid, good 

power quality output waveform, high reliability, no need of input filtering and power compensation, 

and no torque ripple, common mode voltage and other problems caused by harmonics, so it is also 

called perfect harmonic free inverter, which is suitable for ordinary asynchronous motor. Modular 

multi-level high-voltage converter uses several low-voltage power units in series to achieve high-

voltage output. Compared with two-level and three-level converters, it has more output levels and 

better sinusoidal output waveform. In order to reduce the input current harmonics, the phase-shifting 

input transformer of frequency converter adopts multiple structures. The high voltage frequency 
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conversion system has 15 power units, which are powered by 15 secondary windings of the phase-

shifting input transformer, and each of the three windings is a phase group, and each phase group is 

12° different from each other. In theory, the input current waveform is close to sine wave, and the 

total current harmonic distortion rate is less than 1%. 

According to the principle of motor [4,9,11-18] converts the electric energy of the catenary into 

mechanical energy through energy conversion, the key of motor control is the control of 

electromagnetic torque. The reason why DC motor has good control performance is that its torque is 

easy to control. The situation of asynchronous motor is complex. The torque of induction motor is 

not only related to air gap flux and rotor current, but also depends on the power factor of rotor current. 

The complexity of its torque makes it difficult to control induction motor. Vector control is a high 

performance control method of induction motor. The idea is that the stator current is decoupled into 

excitation component and torque component by coordinate transformation. These two components 

are independent of each other. The purpose of controlling the magnetic field and torque can be 

achieved by controlling them separately, which makes the asynchronous motor control have the same 

excellent performance as the DC motor control. 

2. Establishment of modular multi-level high voltage inverter model 

2.1 Circuit model of modular multi-level high voltage inverter 

Each phase of the modular multi-level high voltage inverter is composed of five identical power units 

in series, and the three phases are Y-type connection, which directly outputs the high voltage of 

variable frequency and variable voltage required by the motor. The main components of modular 

multi-level high-voltage converter are phase-shifting input transformer, main circuit of inverter and 

high voltage motor, as shown in Fig. 1. 

 

Fig. 1 Structure diagram of modular multi-level high-voltage inverter. 
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Assuming that the number of power units in series in each phase is N, the number of output phase 

voltage levels is as follows: 

                                       (1) 

H-bridge switching function is as follows: 

                          (2) 

Where H is the switch state, the definition is shown in table 1, where (k = 1, 2, 3, …, N) 

 

Table 1. Switch status of modular multi-level high-voltage inverter. 

 Vk1 Vk2 Vk3 Vk4 

S1 On Off Off On 

S2 On Off On Off 

S3 Off On Off On 

S4 Off On On Off 

 

When the DC bus voltage of H-bridge unit is V0, the single-phase output voltage is as follows: 

                           (3) 

The circuit structure of the power unit is shown in Fig. 2. Its working principle is as follows: after the 

three-phase AC is rectified by the diode uncontrolled full bridge rectifier circuit, the DC bus voltage 

is formed by the filter capacitor. The output side is the H-bridge single-phase inverter circuit 

composed of four IGBT modules, and the output voltage of variable voltage and frequency conversion 

is obtained by PWM modulation. Because the rectifier part of power unit is diode without control 

rectifier structure, it cannot achieve energy feedback, so it cannot operate in four quadrants. The filter 

capacitor provides the required reactive power for the motor, so the input power factor of the power 

unit can reach above 0.95 without power factor compensation. 

 

 

Fig. 2 Structure diagram of circuit for the power unit [10]. 

 

2.2 Modulation algorithm of modular multi-level high voltage inverter 

When five power units are connected in series, SPWM modulation is completed by five triangular 

carriers and a pair of inverted sinusoidal modulated wave signals. The shape of the five triangular 

carriers is the same, but the phase angle is Ts/5 in turn, Ts is the carrier period. The phase of the left 

arm modulation wave is the same as that of the output voltage, but the phase of the right arm 

modulation wave is the opposite, as shown in Fig. 3. 
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Fig. 3 Schematic diagram of the working principle for phase modulation. 

 

By Fourier decomposition of the output voltage of the left leg of A-phase single power unit, the output 

voltage relationship of the left leg of the power unit can be obtained 

      (4) 

Where: E—DC bus voltage of power unit, M—Modulation ratio, ω—frequency of output 

fundamental voltage, —frequency of triangular carrier. 

Because the phase difference between the left and right arms of the same power unit is 180°, the 

expression of the output voltage of a single power unit in phase A is as follows: 

       (5) 

When N power units are in series, the expression of output phase voltage is: 

       (6) 

For a single power unit, the output voltage harmonic is concentrated near the frequency of 2 times of 

carrier, while when the five power units are in series, the output voltage harmonic is concentrated 

near the carrier frequency of 10 times. So even if the triangular carrier frequency of each power unit 

is not high, the whole system has a higher equivalent carrier frequency, which can reduce the loss of 

power switch tube. 

The two modulated waves of the power unit are provided by the two phases respectively. Different 

from the in-phase modulation, the modulation wave of the left and right arms of the power unit 

changes: the phase of the modulation wave of the left arm is the same as that of the output voltage, 

while the phase angle of the modulation wave of the right arm lags 120 degrees, as ahown in Fig. 4. 

Taking the modulation wave of left and right bridge arms of phase a power unit as an example, the 

expression is as follows: 

                                 (7) 
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Fig. 4 Schematic diagram of out-phase modulation principle. 

 

Then the output voltage of single power unit and phase a meets the following requirements: 

                          (8) 

2.3 Realization of vector control method 

In the two phase arbitrary rotating coordinate system (dq coordinate system), the mathematical model 

of asynchronous motor can be expressed as the following matrix equation: 

Torque equation 

                             (9) 

Equation of motion 

                               (10) 

Where: —d axis component of stator current; —q axis component of stator current; —d 

axis component of rotor current; —q axis component of rotor current; —Mutual inductance of 

two phase winding; —Polar logarithm; —Moment of inertia; —Angular velocity of motor 

rotor. 

The mathematical model of vector control is established in the synchronous rotating coordinate 

system based on rotor field orientation. The vector control is changed into scalar control in the 

synchronous rotating coordinate system, and the nonlinear decoupling in the magnetic field 

orientation is used to improve the dynamic characteristics of the system. In the case of rotor magnetic 

field orientation, the basic equation of voltage in MT coordinate system is as follows: 

                          (11) 

The flux linkage equation is as follows 

                               (12) 
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3. Results and discussion 

The main circuit of the simulation model does not consider the phase-shifting transformer, the power 

unit is powered by DC power supply, each phase is composed of five power units in series, and the 

third harmonic is injected into the input. 

 

 

Fig. 5 Modulation wave (a), and its amplified waveform (b) for motor control model. 

 

The modulation waveform is shown in Fig. 5, it is showed non sinusoidal state, as to waveform 

injected 3 harmonics. When the system starts, the amplitude increases continuously, and the 

amplitude remains unchanged after 3 seconds. 

 

 

Fig. 6 Phase voltage waveform (a) and its amplified waveform (b) of inverter output for motor 

control model. 

 

 

Fig. 7 Three phase stator current waveform (a) and its amplified waveform (b) for motor control 

model. 
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As can be seen from Fig. 6, with the increase of time, the phase voltage amplitude of inverter output 

increases gradually, and remains unchanged after 2.75 seconds. At the same time, it can be found that 

the level number of output phase voltage is eleven, which satisfies the relationship of 2N + 1 when 

the number of cascades is N. 

The three-phase stator current gradually decreases with the increase of time, which is stable after 3.5 

seconds, as shown in Fig. 7. It is found that when the system starts up, the peak current is about 100A, 

and the effective value is 71A, which is about 1.3 times of the rated current. The starting current is 

small, which can reduce the impact on the power grid. According to the enlarged three-phase current 

waveform, the stable current waveform is a perfect sine wave with a phase difference of 120 degrees. 

 

 

Fig. 8 Speed waveform (a) and torque waveform (b) for motor control model. 

 

It can be seen from the speed waveform that the motor speed increases gradually after the system 

starts, and the motor starts after 2.5 seconds, and then the motor speed basically reaches a stable speed, 

which is about 1450 r/min. It can be seen from the output torque waveform of the motor that in the 

process of motor speed-up, except for 0.5 seconds of starting, the motor torque fluctuates greatly, and 

the other time torque basically remains constant, about 3100 , about 1.05 times of the rated 

torque. After the motor starts, the torque gradually tends to be stable, about 1000 . Therefore, in 

the process of variable frequency starting, the motor starting torque is small, the fluctuation is small, 

the starting torque is stable, and the impact on the motor and its load is small. 

 

 

Fig. 9 Time domain diagram (a) and frequency domain diagram (b) of line voltage. 
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When the inverter operates at 50 Hz, the harmonic distribution of the output line voltage is shown in 

Figure 9. It can be seen from the figure that the amplitude of line voltage is about 10000 V, and its 

low order harmonic content is very small, harmonic is mainly concentrated around 6000 Hz 

corresponding to the output equivalent switching frequency, ranging from 5000 Hz to 7000 Hz, the 

highest harmonic content is 3.25%. The THD of the output line voltage is 8.58%, which meets the 

power supply requirements of ordinary motors. 

 

 

Fig. 10 Time domain diagram (a) and frequency domain diagram (b) of output current. 

 

Fig. 10 shows the spectrum distribution of the output current when the system operates at 50 Hz. It 

can be seen from the figure that the current of the motor in steady state has good sinusoidal degree, 

and the waveform is relatively smooth. Its amplitude is about 20A, and the total current THD is only 

1.80%. The current harmonics are mainly concentrated around 6000Hz corresponding to the output 

equivalent switching frequency and below 1000Hz, and the other harmonic current content is very 

small. 

4. Conclusions 

As one of the most important members in the area of transportations, rail train has been the core of 

national economic development. Compared with other transportation ways, such as highway, aviation 

or sea transportation, rail vehicle transportation has the advantages of long distance, low costing, high 

safety rate, large volume and low environmental pollution. Rail vehicle transportation plays a 

significant role in the social and economic life in China and all around the world, especially some high-

population countries or areas. Motor control system based on modular multi-level high voltage has the 

advantages of less harmonic pollution on the input side, high efficiency, output voltage close to sine 

wave, simple structure and easy implementation. 
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