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Abstract

Traction motor is the equipment for electric energy and mechanical energy conversion
of rail transit vehicles, and its control system is very important. Vector control system
is a high-performance asynchronous motor control mode, which has been widely used
in the traction drive system of rail transit vehicles. Flux estimation is a very important
link in vector control system, and it is necessary to optimize flux observer. In this
work, Three optimization schemes were analyzed, which are low-pass filter instead of
pure integration link, integrator with saturation feedback link and improved voltage
model flux observer with limited compensation. Each scheme could effectively
reduce the influence of the initial value of the integral on the rotor flux observation.
Compared with the three schemes, the improved voltage model flux observer with
limited compensation could be effective in eliminating waveform distortion and
reducing DC component.
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1 Introduction

The traction drive system controls the speed and traction force of rail transit
vehicles by controlling the speed and torque of traction motor, so the control system
of traction motor is one of the cores of rail transit vehicle control [1-3]. The control
system of traction motor of rail transit vehicle mainly adopts vector control system
and direct torque control system. In the 1970s, F. Blaschke of Siemens first proposed
the vector control theory based on magnetic field orientation. The basic idea is to
decouple the stator current into excitation component and torque component through
coordinate transformation. These two components are independent of each other. The
purpose of controlling magnetic field and torque can be realized by controlling them
separately, so that the asynchronous motor control has the same excellent
performance [4-6] as the DC motor control. In the mid-1980s, Professor M.
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Depenbrock of Germany proposed a direct self-control method. Different from the
decoupling method used in vector control [7-9], it directly controls the torque of the
motor by rapidly changing the slip speed of the motor magnetic field to the rotor, so
as to obtain the high-performance state of the torque.

The torque of asynchronous 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 the control of asynchronous motor [10-12] more difficult. In Figure 1,
af3 1s the static two-phase coordinate system of the stator, and MT is the two-phase

coordinate system rotating at the synchronous angular speed «, of the motor, which

call MT coordinate system. If the M-axis of MT coordinate system coincides with the
rotor flux space vector, the stator current i, of asynchronous motor could be

decomposed into excitation current component i,, and torque current component i,
along the M-axis and T-axis, where i, and i, are decoupled from each other. If the
excitation component i,, of stator current is kept unchanged and the torque
component i, is controlled during the speed regulation of the motor [13-15], good
dynamic performance could be obtained.

Figure 1 Space vector diagram of traction asynchronous motor.

If the three-phase asynchronous motor can realize MT synchronous coordinate
system in the system and ensure that the direction of M-axis is consistent with the
direction of rotor magnetic field [16-18]. It can separately control the magnetic field
current iy, and torque current i; to decouple the nonlinear coupling, which is the

basic idea of vector control [19-21]. According to the basic concept of vector control,
the mathematical model of the control system is established in the synchronous
rotating coordinate system based on rotor field orientation. Synchronous rotating
coordinate system changes vector control into scalar control. The orientation
according to the magnetic field direction makes the system nonlinear decoupling,
which is used to improve the dynamic characteristics of the system [22, 23].

In order to obtain the rotor flux accurately, the rotor flux observer is usually
used for estimation. At present, there are two commonly used rotor flux observer
models: voltage model rotor flux observer and current model flux observer. The
current model rotor flux observer could observe the rotor flux in the whole speed
range, but because the input signal used contains rotor time constant. The observation
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accuracy is related to the measurement accuracy of rotor winding parameters, and the
change of temperature and skin effect would lead to a large change range of rotor
resistance, it makes it difficult to accurately measure the rotor flux. In this work, the
problems of voltage model rotor flux observer could be analysed and optimized.

2 Analysis of problems in voltage model flux observer

In the aff coordinate system, the rotor flux of the motor could be obtained by
integrating the back EMF of the motor. The mathematical expression of the voltage
model flux observer is:

Vo= [V -Ri)dt-oL, ]

W = Lim[ Uy -Rig)dt-oLii |

The structure diagram of the voltage model rotor flux observer is shown in
Figure 2. The voltage model rotor flux observer is essentially a pure integrator. Its
algorithm does not contain rotor parameters, so the motor parameters have little effect
on it, and there is no speed signal. It is suitable for vector control technology. Its
disadvantages are also obvious: first, the DC bias error and initial value error of
integration caused by pure integration link. Second, the effect of stator resistance
voltage drop at low speed will reduce the observation accuracy. Therefore, the voltage
model rotor flux observer is not suitable for low-speed field merging. In order to
better control the motor, it needs to be further improved.
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Figure 2 Voltage model of rotor flux linkage in static coordinate system.

Because the voltage model contains pure integration link, and the inherent DC
deviation and initial value of integration in the pure integration link would cause the
error of flux observation, the inherent initial value of integration and DC deviation of
voltage model should be analyzed. If the initial integration time of a sinusoidal signal
is not at the peak point of the sinusoidal signal, the output waveform would contain
DC component.
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Figure 3 Output waveform with different initial value of integration in pure integral
operation of sinusoidal signal.

As can be seen in Figure 3, only when wt = n/2, the waveform is axisymmetric,
otherwise the DC component would be large. In addition, the DC offset input would
also cause the DC component of the output signal.
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Figure 4 Error caused by DC bias in pure integral operation of sinusoidal signal.

In Figure 4, after the input signal with amplitude of + 10V is injected with DC
offset of + 1V, the integral output is divergent. This means that DC bias occurs in the
motor, which is prohibited in actual operation, so it should be improved.

3 Improvement of voltage model rotor flux observer

3.1 Low-pass filter instead of pure integral link

Generally speaking, the first-order low-pass filter can be used to replace the
pure integral link to eliminate the output error caused by the initial value of the
integral, but this method cannot solve the problem of input DC bias, and the
introduction of the filter will produce new amplitude and phase angle errors. The
principal block diagram of the voltage model rotor flux observer using low-pass filter
link instead of pure integration link is shown in Figure 5.
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Figure 5 Principal block diagram of the voltage model rotor flux observer using low-
pass filter link instead of pure integration link.

Figure 6(a) shows the output waveform of the model at different initial
integration values. It can be seen that this method can well reduce the impact of initial
integration values on rotor flux observation. As shown in Figure 6(b), waveform 1 is
the ideal output waveform, waveform 2 is the output waveform when the cut-off
frequency is 20Hz, and waveform 3 is the output waveform when the cut-off
frequency is 50Hz. It can be seen that although the low-pass filter can eliminate the
influence of the initial integral value, the error of amplitude and phase angle between
its output and the ideal output still exists, and the error increases with the increase of
the cut-off frequency. Waveform 4 is the output waveform after adding + 1V DC
offset to the input signal. It can be seen that the low-pass filter has a certain inhibitory
effect on the output divergence caused by DC offset, but its output signal still contains

DC component.
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Figure 6 Simulation results of replacing pure integration with low-pass filter.

3.2 Integrator with saturation feedback link

As shown in Figure 7, an integrator with saturation feedback link could
compensate the amplitude and phase errors caused by the introduction of low-pass
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filter. In the Figure, emf, is the back electromotive force of the motor, and v is the
value of y, after amplitude limiting, o is the cut-off frequency and L is the
saturation threshold. When - =0, the integrator could be regarded as a first-order
low-pass filter, when y =y, the integrator could be regarded as a pure integrator.

The integrator could be regarded as a first-order low-pass filter with adjustable cut-off
frequency, and its performance is between pure integrator and low-pass filter.
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Figure 7 Schematic diagram of integrator with saturation feedback link.

In Figure 8, waveform 1 is the ideal integral output, and waveform 2 is the
integral output with saturation feedback link. It can be seen from the figure that the
amplitude and phase errors caused by the introduction of low-pass filter have been
eliminated. Waveform 3 is the output of the integrator when the DC offset of + 1V is
superimposed on the input signal. It can be seen that the DC component is still
contained in the output signal, and the waveform is distorted.
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Figure 8 Simulation results of integrator with saturation feedback link.

In this scheme, the selection of saturation threshold L is particularly important.
Only when the ideal output amplitude is equal to the saturation threshold could the
correct waveform be output, as shown in Figure 9(b). If the saturation threshold is
greater than the ideal output amplitude, there is a DC component in the output, as
shown in Figure 9(a). The saturation threshold is less than the ideal output amplitude,
the output waveform is obviously distorted, and there are certain amplitude and phase
errors, as shown in Figure 9(c).
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Figure 9 Simulation results of integrator with saturation feedback link when integral
amplitude changes.

3.3 Improved voltage model flux observer with finite compensation

Figure 10 is an improved voltage model flux observer with limited
compensation. The feedback link of the circuit limits the amplitude of the flux linkage
through the transformation and inverse transformation from rectangular coordinates to
polar coordinates. The amplitude angle remains unchanged, and the waveform
distortion caused by the saturation threshold could be greatly improved.
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Figure 10 Principal block diagram of improved voltage model flux observer with
finite compensation.

Figure 11 shows the simulation results. Waveform 1 is the ideal integral output,
and waveform 2 is the output of the improved voltage model with limited
compensation. It can be seen from the Figure that the integrator eliminates the
amplitude and phase angle errors caused by the introduction of low-pass filter.
Waveform 3 is a waveform superimposed with a DC offset of + 1V in the input signal.
The DC component in the output signal still exists, but compared with the integrator
with saturation feedback link, the DC component is much reduced, and the waveform
distortion problem of the integrator with saturation integral feedback link is improved.
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Figure 11 Simulation results of improved voltage model flux observer with finite
compensation.

The correct waveform can be output only when the ideal integral output is
consistent with the saturation threshold, as shown in Figure 12(b). When the
saturation threshold is greater than the ideal integral output value, there is a DC
component in the output waveform, as shown in Figure 12(a). When the saturation
threshold is less than the ideal integral output value, there are certain phase and
amplitude errors in the output waveform, as shown in Figure 12(c). This integrator is
suitable for the situation that the magnetic flux amplitude remains unchanged, that is,

the ideal output amplitude remains unchanged.
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Figure 12 Simulation results of an improved voltage model flux observer with finite
compensation when the integral amplitude changes.

Through the analysis and comparison of the above three improved voltage
model rotor flux observers, it can be seen that the improved voltage model flux
observer with limited compensation has significant effect in eliminating waveform

distortion and reducing DC component.

4

Conclusions

Vector control is a high-performance asynchronous motor control method. The
stator current is decoupled into excitation component and torque component through
coordinate transformation, and the purpose of controlling magnetic field and torque
can be realized by controlling them separately. The voltage model rotor flux observer
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obtains the rotor flux through estimation. The algorithm does not include rotor
parameters, so the motor parameters have little effect on it, and there is no need for
speed signal. In the low-pass filter replaces the pure integral link, the simulation
results show that the influence of the initial integral value on the rotor flux
observation could be reduced. In integrator with saturation feedback link, the
simulation results show that the correct waveform could be output only when the ideal
output amplitude is equal to the saturation threshold. The improved voltage model
flux observer with limited compensation is effective in eliminating waveform
distortion and reducing DC component.
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