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Abstract

With the increase of traffic pressure caused by the increase of urban population in
recent years, rail transit has developed rapidly in major cities because of its
advantages of quickness, safety and convenience. Traction drive system is the key
subsystem of rail transit vehicles. It drives the train to travel and brake through
electromechanical coupling integrated control, which determines the train running
speed, power quality and comfort. In this work, a vehicle electromechanical coupling
dynamic model was established to analyse the influence of voltage fluctuation on
dynamic characteristics of traction drive system. The results show that without
considering the track excitation and 1500V DC power supply voltage, when the
voltage amplitude increases, the vibration of the transmission system increases
significantly. When the voltage amplitude decreases, the longitudinal vibration of the
transmission system decreases significantly, the lateral vibration of the transmission
system decreases slightly, the motor decreases significantly and the gearbox decreases
slightly in the vertical vibration of the transmission system.
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1 Introduction

As the core component to realize train traction and braking operation, metro
traction drive system [1-3] is mainly composed of intermediate DC link, traction
inverter, traction motor, gear drive system, etc. The metro traction drive system
outputs DC to the traction inverter through the intermediate DC link. The traction
inverter outputs three-phase AC with adjustable voltage and frequency to the traction
asynchronous motor. The torque and speed output by the shaft end of the traction
motor are transmitted to the wheel set through the gear system and converted into rim
traction force [4-6] and linear speed.
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During the operation of the subway, the train speed is adjusted by adjusting the
speed of the traction motor, which is adjusted by the voltage output by the traction
inverter and the three-phase AC with controllable frequency. With the rapid
development of power electronic switching devices, VVVF variable frequency speed
regulation system has been widely used. It adopts sinusoidal pulse width modulation
(SPWM) technology, which can effectively adjust voltage and frequency. The Metro
adopts DC power supply and outputs AC power to the traction motor through the
traction inverter. At present, the traction inverter mainly adopts SPWM control
technology to realize the regulation of AC voltage and frequency, and then realize the
regulation of traction motor speed, so as to further realize the regulation of metro train

speed.
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Fig. 1 Brief diagram for electric traction drive system of subway.

Metro traction drive system [7-10] is shown in Fig. 1, which is mainly
composed of intermediate DC link, traction inverter, traction motor, gear drive system,
etc. Under the traction condition of metro train, the traction motor is in the motor state.
The DC obtained from the third rail or catenary is output to the traction inverter
through the intermediate DC link. The inverter adopts SPWM technology to convert
the DC into three-phase AC with controllable voltage and frequency, which is output
to the traction asynchronous motor. The motor converts the obtained electric energy
into mechanical energy to drive the metro train forward. Under the braking condition
of metro train, the traction motor is in the power generation state. The traction inverter
converts the three-phase AC output by the traction motor into DC and returns to the
power grid through the intermediate DC link, that is, regenerative braking can be
realized. DC can also dissipate heat and energy through resistance, that is, resistance
braking can be realized.
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Fig. 2 Mechanical transmission of traction drive system for rail transit.

The traction motor could convert electric energy into mechanical energy and
output electromagnetic torque, shown in Fig. 2, which could be transmitted to the axle
through the gear system to drive the wheel-set to rotate, so as to drive the train
forward. During the operation of metro vehicles, the amplitude of DC power supply
voltage could fluctuate. When 1500V DC power supply voltage is adopted, the
fluctuation range is 1000~1800V. Voltage fluctuation could cause motor torque
fluctuation, and then affect the vibration characteristics of the transmission system
[11-13] for rail transit.

2 Establishment of Electro-mechanical Coupling Simulation Model

The direct torque control model of motor is established by using Simulink
simulation platform, and the dynamic model of Metro motor car is established by
using SIMPACK simulation software. On this basis, the mechanical-electrical
coupling simulation model considering traction transmission systems [14] such as
motor, rotor, big gear and pinion is established by using joint simulation method.

The direct torque control technology uses the space vector analysis method to
calculate and control the motor torque directly in the stator coordinate system. The
stator magnetic field orientation is adopted, and the PWM wave signal is generated
with the help of discrete two-point regulation to directly control the switching state of
the inverter, so as to obtain the high dynamic performance of the torque.

Direct torque control is a direct control of the switching state of the inverter by
comparing the measured values of the flux linkage and torque to the observed values.
Therefore, in order to achieve feedback control in the direct torque control system, the
current stator flux linkage and torque need to be accurately estimated.

The estimation of the stator flux linkage is as follows:
Vs :I(usa B isaRs)dt

1
V= (U —igR )t @
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The electromagnetic torque can be expressed as
Te = npl/7$ x is - (2)
Where: y,—Stator flux linkage space vector of three phase shafting; i,—Stator
current space vector of three phase shafting.

The observational value of the electromagnetic torque could be obtained by the
formula (2):

Te = np (l/;saisﬁ - l/}sBisa) (3)
Where: v, , y,,—Estimated value; i, , i, —Measured value.

sa ! ISB

When establishing the model of metro motor car system [15-17], the stator and
body of traction motor are considered as a whole, which are connected with the frame
through three rubber nodes. The motor rotor is an individual and rotates relative to the
motor stator. The large and small gears of gearbox have an independent degree of
freedom relative to the box, and the pinion and pinion shaft are considered as a whole.
The large gear is consolidated with the axle by constraints, and the torque
transmission between the large and small gears is simulated by constraints. One end
of the gearbox adopts a rotary hinge, which has an independent degree of freedom
relative to the axle, and the other end uses force element to simulate the elastic
connection between the suspender and the frame. Metro power vehicle system as
shown in Fig. 3 consists of 4 wheel-sets, 8 axle boxes, 4 gear boxes, 4 pairs of gears,
4 motors, 4 motor rotors, 2 frames and 1 vehicle body.

Fig. 3 Vehicle model with traction drive system for rail transit.

During simulation for electromechanical coupling [18, 19], as shown in Fig. 4,
given a desired motor rotor speed, the output current motor rotor speed could be
compared with it. If the expected value is larger, the positive electromagnetic torque
will be output, and the SIMPACK motor rotor speed will become larger. If the
expected value is smaller, the negative electromagnetic torque will be output, and the
SIMPACK motor rotor speed will become smaller. If the two values are equal, then
the output electromagnetic torque is the motor load torque, and the running resistance
of the train changes with the change of speed.
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Fig. 4 Block diagram of electromechanical coupling model for rail transit.
3 Results and Discussions

In order to study the influence of voltage fluctuation on the transmission system,
the DC power supply voltage was set to 1500V, 1200V and 1800V, respectively, the
running speed was 60km/h, and the vibration acceleration of motor and gearbox in
longitudinal, lateral and vertical directions was simulated respectively. In SIMPACK
Metro model, the track was a straight track without track spectrum, The simulation
step of Simulink model was 0.0001s, and the simulation frequency range was
0~2000Hz. The 5S data was intercepted for Fourier transform to obtain the spectrum
results, and the results were analysed.
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Fig. 5 Motor longitudinal vibration acceleration.

It can be found from Fig. 5 that when the DC supply voltage is reduced, the
longitudinal vibration amplitude of the motor decreases correspondingly, while the
vibration amplitude increases with the increase of voltage. It can be seen from the
frequency domain diagram that the frequency domain distribution of the longitudinal
vibration of the motor under different voltages is the same. But the larger the
amplitude of the DC supply voltage, the greater the longitudinal vibration amplitude
of the motor. In particular, the amplitude of the 12 times frequency of the rotor
fundamental wave increases obviously when the supply voltage is increased.
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Fig. 6 Gear box longitudinal vibration acceleration.

Fig. 6 shows that the larger the amplitude of the DC supply voltage, the greater
the longitudinal vibration amplitude of the gear box. In particular, the amplitude of
the 12 times frequency of the rotor fundamental wave increases obviously when the
supply voltage is increased. It is indicated that the longitudinal vibration of the gear
box will also increase when the supply voltage is increased under 1500V DC power
supply. When the supply voltage is reduced, the longitudinal vibration of the gear box
will decrease.
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Fig. 7 Motor lateral vibration acceleration.

It can be seen from the frequency domain diagram from Fig. 7 that the
frequency domain distribution of the lateral vibration of the motor under different
voltages is the same. When 1500V power supply is applied, the lateral vibration of the
motor will also increase when the supply voltage is increased. When the supply
voltage is reduced, the lateral vibration of the motor will not change much.
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Fig. 8 Gear box lateral vibration acceleration.

As can be seen from Fig. 8, the higher the voltage, the greater the vibration
acceleration amplitude of the gearbox. As can be seen from the frequency domain
diagram, the vibration frequency is mainly below 100Hz.
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Fig. 9 Motor vertical vibration acceleration.

Fig. 9 shows that the vertical vibration amplitude effect of voltage increase on
the motor is larger than that of the voltage reduction. It can be seen from the
frequency domain diagram that the larger the amplitude of the DC supply voltage, the
greater the vertical vibration amplitude of the motor.
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Fig. 10 Gear box vertical vibration acceleration.

The time domain diagram and frequency domain diagram of the vertical
vibration acceleration for the gear box are shown in shown in Fig. 10 at three voltages.
It can be seen in time-domain diagram that the vertical vibration amplitude of gearbox
is very small. With the change of voltage, the vibration amplitude changes
accordingly.

4 Conclusions

As an important component of train speed regulation, traction transmission
system is the power source and the main transmission component of traction force. Its
dynamic characteristics could affect the dynamic performance of vehicle system to a
certain extent. With the rapid development of high-speed railway, the running speed
of the train continues to improve, the dynamic characteristic of the vehicle is more
complex, and the influence of the electrical part of the traction transmission system
gradually appears. The motor and gearbox are the important components of the train
power bogie to complete the conversion and transmission of electric energy to
mechanical energy, and their dynamic characteristics are most directly and obviously
affected by the electrical characteristics of the traction system. The simulation results
show that under the DC 1500V power supply voltage, when the voltage amplitude
increases, the longitudinal, lateral and vertical vibration of the transmission system
increases significantly. When the voltage amplitude decreases, the longitudinal
vibration of the transmission system decreases significantly, the lateral vibration of
the transmission system decreases slightly, the motor decreases significantly and the
gearbox decreases slightly in the vertical vibration of the transmission system.
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