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Abstract—Rail transit plays an important role in the
social and economic life of China and even all countries in
the world, especially some populous countries or regions.
The traction drive system of rail vehicle provides
three-phase AC with adjustable voltage and frequency for
the traction motor, controls the speed and torque of the
traction motor, and then controls the operation of the
vehicle. The modular multilevel converter has the
advantages of low harmonic, good power quality of output
waveform, high reliability, no input filtering and power
compensation, and is suitable in the field of frequency
conversion. In this work, the open-loop scalar control and
vector closed-loop control of modular multi-level
high-voltage inverter were adopted. It was found that
driven by modular multi-level variable frequency vector
control system, asynchronous motor not only has less
harmonic content of voltage and current waveform, but
also its speed regulation characteristics have been
improved.

Keywords—Traction transmission system; Rail vehicle;
High Voltage; Converter

I. INTRODUCTION

HE AC speed regulation technology can improve the

automation level, improve the process flow, enhance
product quality and labor productivity. Variable frequency
speed regulation technology has excellent speed regulation and
braking performance, high efficiency, high power factor and
good energy-saving effect, and has a good development
prospect. The frequency converter can meet the requirements of
motor speed regulation in rail transit, improve the speed of rail
transit vehicles, save energy and reduce production cost. The
motor [1-4] can save about 30% of the electric energy [5] on
average at present, if the frequency converter was applied.
Therefore, the input and use of the inverter is a suitable option
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for energy saving. The traction drive system [6-11] for rail
vehicles mainly includes traction converter, traction motor and
gear drive system. The traction inverter [12-14] 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 has small
harmonic pollution to the power grid, good power quality of
output waveform, high reliability, no input filtering and power
compensation, no torque ripple, no common mode voltage and
other problems caused by harmonics. It is also known as perfect
harmonic free inverter, which is suitable for ordinary
asynchronous motors. Modular multi-level high-voltage
converter [15] uses several low-voltage power units in series to
achieve high-voltage output. Compared with two-level and
three-level converters, it has higher output level and better
sinusoidal output waveform. In order to reduce the harmonic of
input current, the phase-shifting input transformer of frequency
converter adopts a variety of structures. The high voltage
frequency 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.
Theoretically, the input current waveform is close to sine wave,
and the total current harmonic distortion rate is less than 1%.

According to the principle that the electric energy from
catenary is converted into mechanical energy through energy
conversion, the key of motor control [1-4, 9, 14, 16-19] 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 related not only to air gap flux and
rotor current, but also to the power factor of rotor current.
Vector control is a high-performance asynchronous motor
control method. Due to the complexity of its torque, it brings
difficulties to the control of asynchronous motor [20-25]. The
idea is to decouple the stator current into excitation component
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and torque component through coordinate transformation. The
two components are independent of each other. By controlling
the magnetic field and torque respectively, the purpose of
controlling the magnetic field and torque can be achieved, so
that the asynchronous motor control has the same excellent
performance as the DC motor control. In this work, the
open-loop control systems with constant voltage frequency ratio
were studied, and their control performance was examined by
simulations.

II. EsrtaBLisuMENT OF MopuLAR MuLTI-LEVEL HiGH VOLTAGE
INVERTER MODEL

A. Circuit Model of Modular Multi-level High Voltage
Inverter

Modular multi-level high-voltage converter uses several
low-voltage power units in series to realize high-voltage output.
Compared with two-level and three-level converters, it has more
output levels and better sinusoidal output waveform, as shown
in Fig. 1.
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Figure 1. Circuit Structural diagram of the modular multi-level high
voltage inverter.

Assuming that the number of power units in series in each

phase is N, the number of output phase voltage levels is as
follow:

M =2N+1 (1)
H-bridge switching function is as follow:
1S,
H =<0 S,/S,(k=12,3..ND 2)
-1 S,

Where H is the switch state, the definition is shown in Table
1, where (k= 1, 2, 3, ..., N), Vi1 to Vis4 represent the switching
states of VT1 to VT4, respectively, for the kth power unit in Fig.
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1.
Table 1. Switch status of modular multi-level high-voltage inverter.
Via Vie Via Vi
Si On Off Off On
S; On Off On Off
S3 Off On Off On
S4 Off On On Off

When the DC bus voltage of H-bridge unit is VO, the
single-phase output voltage could be expressed as:

N
Vi =D H xV, (X : A/B/C)

k=1

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.

D1 D3 D5 VT1 VT3
U N N %@z %@z - .
W
N N A J F}X 1 K}X L 12
D2 D4 D6

VT2 VT4

| 2

Figure 2. Structure diagram of circuit for the power unit [20].

B. 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. The left arm is the bridge arm composed of
VT1 and VT2 in Fig. 2, and VT3 and VT4 constitute the right
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arm. They complete SPWM modulation by triangular carrier
and a pair of inverted sinusoidal modulation wave signals
respectively.
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Figure 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 as

= —cos(a)t)+—z z

mln4>o

“4)

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

@, —frequency of triangular carrier, m and n—Harmonic

number, J,—Bessel function of order n of the first kind.

As 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 folloW'

=ME cos(a)t)+—z Z

m=1 n=

Ua1 :Ua11 U

-cos[2ma,t+(2n—1)et]}
(5)

When N power units are in series, the expression of output
phase Voltage is:
u, Zum =NME cos(wt)+—z > %

z cos[2m(a,t + iz

i=1

—y 4+ (2n —l)a)t]}
(6)

For a single power unit, the output voltage harmonics are
concentrated near 2 times the carrier frequency, while when five
power units are connected in series, the output voltage
harmonics are concentrated near 10 times the carrier frequency.
Thus, 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.

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
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angle of the modulation wave of the right arm lags 120 degrees,
as shown 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:

f,, = M sin(at)

7
f,=M sin(a)t—2”3) @

0 i (i
Wi R
QAR AR AAAIAAAANY
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L

Figure 4. Schematic diagram of out phase modulation principle.

Then the output voltage of single power unit and phase A

{Sm [(m+n) ] 3 (m M) cos(met +Wc&‘)l}d meet the following requirements:

3
u,, =§ME sin(et +7/)

5
= > U, MEsin(at +7/7)
n=l1

C. 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

=n Lm(lsq d sd rq) (9)
Equation of motion
T =T 42 A (10)
= + — —r
R T

p

Where: | 4 —d axis component of stator current; I —q axis
sq

component of stator current; |, —d axis component of rotor

current; irq —q axis component of rotor current; Lm —Mutual

inductance of two phases winding; n, —Pole pair;

J —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:
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UsM LS P+ Rs —0 Li I‘m P —0 Lm isM
U | | Lo ReLP el LR |
0 L,P 0 R+LP 0 iy
0 wlem 0 wler Rr irT
The flux linkage equation is as follows
WSM Ls O Lm O isM
0 L O L_Ji
l//ST — S m .sT (12)
l//rM Lm O Lr O IrM
0 0L, O LJis

III. RESULTS AND DISCUSSION

The main circuit did not consider the phase-shifting
transformer, and the power unit was powered by DC power
supply. Each phase was composed of 5 power units in series.
The modeling and simulations were illustrated as in Fig. 5.

Subsysem

is_abe
=
:

Scopel

sina

i

]

Discrete,
= 1e-005

sinb

s

M

powergui Subsystem3 C series

Figure 5. Simulations of open loop control system with constant
voltage frequency ratio.

The third-harmonic injection was added to the pulse
generation module, the illustration for modulation signal
generation module is shown in Fig. 6. The parameters [20] used
in modeling and simulations were as follow. DC power supply
Us= 930V, line voltage U= 6kV, frequency f= 50Hz, stator
resistance Ry= 2}, stator leakage inductance Lg=22.3mH, rotor
resistance R= 1.9Q, rotor leakage inductance Ly= 15.9mH,
excitation inductance L= 748mH, moment of inertia J= 48kg
m2, pole pair n,= 2, given speed 1450 r/min, given load
T=1000N m.
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Figure 6. Schematic diagram of modulation signal generation module
injected with 3rd harmonic [20].

As mentioned, 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
nput.
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Figure 7. Modulation wave (a), and its amplified waveform (b) for
motor control model.

The modulation waveform is shown in Fig. 7, it showed the
non-sinusoidal state, as to waveform injected 3 harmonics.
When the system started, the amplitude increased continuously,
and the amplitude remains unchanged after 3 seconds.
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Figure 8. Phase voltage waveform (a) and its amplified waveform (b)
of inverter output for motor control model.

As can be seen from Fig. 8, with the increase of time, the
phase voltage amplitude of inverter output increases gradually,
and remained unchanged after 2.8 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
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number of cascades is N.

(b)

Ty M 3 3 s 33l 33 ] 35 356
Figure 9. Three phase stator current waveform (a) and its amplified
waveform (b) for motor control model.

The three-phase stator current gradually decreases with the
increase of time, which is stable after 3.5 seconds, as shown in
Fig. 9. It could be found that when the system starts up, the peak
current was about 100A, and the effective value is 71 A, 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.

T =, (®)

T B

Figure 10. Speed waveform (a) and torque waveform (b) for motor
control model.

It can be seen (Fig. 10) 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 N -m, about
1.05 times of the rated torque. After the motor starts, the torque
gradually tends to be stable, about 1000 N - m . 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.
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Figure 11. Time domain diagram (a) and frequency domain diagram
(b) of line voltage.

When the inverter operates at 50 Hz, the harmonic
distribution of the output line voltage is shown in Fig. 11. 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 3.3%. The THD of the output line voltage is 8.6%, which
meets the power supply requirements of ordinary motors.
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Figure 12. Time domain diagram (a) and frequency domain diagram
(b) of output current.

Fig. 12 showed the spectrum distribution of the output current
when the system operated at 50 Hz. It can be seen from Fig. 12
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 1.8%. 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.
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Figure 13. Simulation model diagram of vector closed loop control
system.

Fig. 13 shows the simulation model of vector control
closed-loop system. It consisted of vector control module, series
power unit module, SPWM pulse generation module and motor
module.
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Figure 14.Core algorithm module of vector control.

As shown in Fig. 14, it is the core algorithm module of vector
control, which is an asynchronous motor vector control system
with double closed loops of flux and speed.
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Figure 15. Speed waveform (a) and torque waveform (b) for motor
vector control model.

As shown in Fig. 15, with the change of time, the motor speed
gradually increases, and the speed is basically stable at 1450
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r/min in about 3s. In the process of increasing and decreasing
load, the fluctuation of speed is small, the speed almost
unchanged, and always maintained at the given command value,
and the torque also has fast response.
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Figure 16. Enlarged diagram of stator three-phase current waveform

(a) and frequency converter line voltage waveform (b) for motor vector
control model.

It can be seen from Fig. 16a that the waveform of stator
three-phase current after stabilization could be a perfect sine
wave. As shown in Fig. 16b, the line voltage output waveform of
high-voltage inverter is 21 levels, which meets the relationship
between the number of levels and the number of cascaded units,
1.e., 4N+1, and its waveform is closer to sine wave.
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Figure 17. Time domain diagram (a) and frequency domain
diagram (b) of Line voltage for vector control.

It can be seen from the Fig. 17 that the voltage distortion
rate is 7.75%.
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Figure 18. Time domain diagram (a) and frequency domain
diagram (b) of Line current for vector control.

Fig. 18 shows that the total current distortion rate is 1.3%.
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Compared with the open-loop control system, the voltage and
current harmonics of the vector closed-loop control system are
smaller.

It can be seen from the simulation results that during no-load
start-up, the output voltage of the frequency converter gradually
increases and the speed shows an upward trend. During the
starting process, the three-phase current passes through the
stator winding to establish a rotating magnetic field in the
asynchronous motor. The amplitude of the three-phase current
in the stator of the motor is large and has not reached the stable
value. When the flux linkage reaches the steady-state value, the
motor outputs a large torque to increase the motor speed. In
about 35, the speed reaches the given value, stabilizes at 1450r /
min, and the torque is zero. When the motor increases or
decreases the load, the electromagnetic torque can respond
quickly, and finally keep consistent with the load torque. The
speed drop is very small, almost unchanged, and is always
maintained at the given command value, which proves that the
system has strong anti-load disturbance ability. After
stabilization, the three-phase stator current waveform is almost
perfect sine wave. It can be seen that under the vector control
system, the motor speed regulation performance is excellent,
which is greatly improved compared with the open-loop control.

IV. CONCLUSIONS

Compared with other transportation modes such as highway,
aviation and sea transportation, rail vehicle transportation has
the advantages of long distance, low cost, high safety rate, large
traffic volume and low environmental pollution. 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 work, the
open-loop scalar control and vector closed-loop control of
modular multi-level high-voltage inverter were studied. The
constant voltage frequency ratio open-loop control of modular
multi-level high-voltage converter has the advantages of less
harmonic pollution on the input side, high efficiency, output
voltage close to sine wave, simple structure and easy
implementation. Compared with the constant voltage frequency
ratio open-loop control, the vector closed-loop control system
has less harmonic content of voltage and current, and the speed
regulation performance of motor is also improved.
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