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Abstract: In the case of a long-stator linear drive, unlike rotative drives for which speed or position
sensors are a single unit attached to the shaft, these sensors extend along the guideway. The position
signals transmitted from a maglev vehicle cannot meet the need of the real-time propulsion control
in the on-ground inverter power substations. In this paper the design of the propulsion inverter
control system with a position estimator for driving a long-stator synchronous motor in a high-
speed maglev train is proposed. The experiments have been carried out at the 150 m long guideway
at the O-song test track. To investigate the performance of the position estimator, the propulsion
control system with, and without, the position estimator are compared. The result confirms that the
proposed strategy can meet the dynamic property needs of the propulsion inverter control system
for driving long-stator linear synchronous motors.
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1. Introduction

A maglev train system is a new transportation system technology that replaces the mechanical
components by electronic devices and, thus, can help to overcome the technical limitations that
wheels have in railway technology. In comparison with the existing wheel-on-rail systems, the
maglev train system ensures high-speed operation, high safety, low pollution, and low energy loss
for mass transport [1]. A long stator linear synchronous motor (LS-LSM) has the following special
features as compared to a rotary-type synchronous motor: Since the LS-LSM is made through a
combination of levitation magnets and the stator of propulsion motor, the magnetic flux density of
the motor is determined by the weight of the vehicle, and the thrust force is affected by the phase
angle and the magnitude of the stator current. Therefore, the position information of the mover is
essential for the LS-LSM drive inverter [2-5].

In the case of the Transrapid maglev system, as the position signal detection system PRW
(coming from the German word: polradwinkelverfahren) is mounted on the head portion and rear
portion of the train and the position information flag is installed in the guideway, with the absolute
position signals of the vehicle being transmitted to the propulsion system on the ground. The position
information transmission method is to transmit the position signals using radio frequency at intervals
of 20 ms with the use of the RS-485 communication protocol, and the transmission rate is 512 kbps.
However, the vehicle position information obtained through this method does not meet the
requirements of the propulsion inverter control system [6].

This paper seeks to develop a propulsion inverter control system technology for the SUMAS550-
1, a high-speed maglev train system based on an LS-LSM. The test vehicle driven by an LS-LSM was
fabricated with one-half the length of the final target model for this project and a LS-LSM guideway
of 150 m in length was constructed to test and evaluate the developed vehicle. The differences of
propulsion control between a rotating motor and a linear motor are analyzed and the propulsion
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system with the vehicle magnetic flux position estimator is proposed in order to solve the problem
of linear motors. A difference in thrust force control between the rotative motor and linear unit was
analyzed, and the propulsion control system that has the vehicle flux position observer to solve the
problem which may occur in the linear unit is presented.

For performance verification of the propulsion inverter control system of the SUMA550-1, the
response characteristics of the current controller and speed controller, and the stability on the control
system were analyzed through a simulation model to which the system parameters and propulsion
controller gain parameters are applied. The control performance by the maximum torque, the
characteristic of position estimator, and the speed profile was confirmed through a propulsion control
experiment at the test track with 150 m in length.

2. Development of Propulsion Inverter Control System Based on Long Stator Linear
Synchronous Motor

2.1. The Thrust Force Characteristics of Propulsion System for a High-Speed Maglev Train

The final model to be developed through the research and development of high-speed maglev
train system is the SUMAS550, whose configuration consists of three cars/one organization. The
specifications of the SUMAS550-1, which is the first prototype model of the high-speed maglev train
system developed in this research project, are summarized in Table 1.

Table 1. High-speed maglev train specifications. LS-LSM: long stator linear synchronous motor.

Parameter Description SUMAS550 SUMAS550-1
Train configuration 3 cars Y2 cars
Seats 156 25
Vehicles (.}ross mass (t01.1) 150 . 27
Primary suspension Magnetic Suspension
Secondary suspension Passive Suspension
Air gap (mm) 10 (landing gap: 20)
Motor type LS-LSM
Propulsion System Max. speed 550 km/h 8 m/s@150 m
Max. acceleration 1.1 m/s?
Gauge 2600
Guideway Static deflection L (=15)/5600

At-grad
Dynamic deflection L (=15)/4000 grade

The entire vehicle running resistance F of the SUMAS550 is expressed by the sum of all resistances
to vehicle movement. Equation (1) represents the entire vehicle running resistances of high speed
maglev system:

F=F +F +F, (1)
where F is aerodynamic train running resistance; Fn is eddy current running resistance; and Fs is

running resistance caused by linear generator.
Each of equations for running resistance are described in Equation (2):

F, =2.8xv’x(0.265x N +0.3)[N]
F, = Nx(0.1xv"* +0.02xv*")x107°[N]

O[N] (BOkes® < ) @)
F, ={ Nx7.3x10°[N] (for 20 < v& 70km/h)
Nx(146 /v—0.2)x10°[N] (for 70 <P< 500km/h)

where N is the number of vehicles and v is the velocity of the vehicle.
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Figure 1. Required thrust force curve and electromagnet arrangement of the SUMAS550, and the
electromagnet arrangement of the SUMA550-1. (a) Running resistance curve according to the gradient
slope of the maglev train; (b) arrangement of electromagnets in the final design model of the
SUMADB550; and (c) the arrangement of electromagnets for the developed SUMAS550-1 model.

2.2. Linear Synchronous Motor Propulsion Control System Configuration

2.1.1. Positioning System Configuration

For a propulsion system based on an LS-LSM, the phase angle error with respect to the magnetic
flux angle of the vehicle levitation electromagnet (secondary side of the motor) should be maintained
at less than 15° in order to maintain a high thrust force, and if it exceeds this range, the thrust force is
sharply reduced to less than 80%. Since the pole pitch of LS-LSM is 240 mm, the position error
between the levitation magnet on the vehicle and the LS-LSM on the guideway should be maintained
within 10 mm.

The positioning system of the SUMAS550-1 uses a combination of the absolute positioning system
and relative positioning system to detect the absolute information of the vehicle through the absolute
positioning system and the relative positioning system installed on both sides along the guideway.
The absolute position information of the vehicle is detected by the position reader of the vehicle. The
absolute position information detected from vehicle is transmitted to the propulsion control system
on the ground via a radio communication system.

2.1.2. Design of the Propulsion Control System

The rotator flux orientated vector control has widely been used for the thrust force of propulsion
systems in trains. The synchronous rotating axis in the rotator flux orientated vector control should
be aligned to the flux angle of the rotator. Therefore, detecting precise position signals of the mover
flux is important to the thrust force control of the synchronous motor. To this end, a resolver or an
encoder is mainly utilized as a train speed and rotor position detection device, and the rotor position
information with high resolution is provided to the propulsion control system [7]. However, in the
propulsion system on the ground, such as high speed maglev train systems, the current position is
measured in the moving vehicle, and the absolute position information of the vehicle is transmitted
to the inverter on the ground in real-time. This method has three problems, as follows: First, it cannot
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provide the absolute position information of the 50 us cycle required by the propulsion inverter due
to the limits of the radio communication speed. Second, a failure in the radio communication makes
the absolute position information update cycle variable. Third, a delay in the communication time
for the absolute position information occurs when the vehicle runs at high speed.

In this paper, rotor flux oriented vector control was performed as a basic algorithm to control
the thrust force of the vehicle and the flux position observer of the vehicle was utilized to align the
flux of the vehicle with the moving magnetic flux of the LS-LSM. Since the propulsion inverter of the
SUMADB50-1 has the current control loop of a 500 ps cycle, it needs the precise magnetic flux position
information of the 500 ps cycle to perform accurate phase current control in real-time. This system
receives the position signal delayed by approximately 5 ms from the vehicle in a 2 ms cycle and,
therefore, it requires the magnetic flux position observer that compensates the delay of the position
signal [8,11]. In this paper, the closed loop full-order position observer based on the DC motor
numerical model that has the position information from the vehicle as an input is proposed in order
to serve the high-resolution position information required in the propulsion inverter in real-time. The
detail on the design of the position observer are shown in reference [12].

) =e+2n{VXTd}

cone 1000
B v 0,004100,,,-8)
dt
3)
v 1, 1 s .
—=——1,+—F +wm (20+1)®,, —6
dt M d M t 11( C )( comp )
a4,

\ R
7~ 20,0
where v represents the vehicle speed, Vv represents a state estimate of V, Ti represents the
communication delay time constant, 6 represents the phase angle measured in the vehicle, Ocomp
represents the communication delay compensation phase angle, § represents an state estimate of 6,
M represents vehicle mass, F: represents the propulsion torque of the vehicle, ts represents the
disturbance torque, 1, represents a state estimate of T4, wn represents the observer natural

frequency, and C represents the observer damping ratio.

2.3. Experiments and Results Analysis

For the propulsion controller experiment of the SUMA550-1, a 150 m long guideway was
constructed. An LS-LSM was installed under the both sides of the guideway, and barcodes and
markers were also installed in combination with the LS-LSM. The vehicle is levitated up to 10 mm by
the mover of the LS-LSM and propulsion force is generated in accordance with the phase angle and
coil current of the ground LS-LSM.

The outward appearance of the SUMAB50-1 is shown in Figure 2. The empty vehicle weight is
24 tons, the gross weight is 27 tons, the maximum acceleration is 1.1 m/s?, the maximum jerk is 0.5
m/s?, the maximum speed at a short-distance test line is 8 m/s, and there is no gradient of the 150 m-
long guideway. The key parameters of the LS-LSM are summarized in Table 2.

Table 2. The key parameters of LS-LSM.

Symbol  Value Parameters
M 27,000 kg Gross mass
Rw 0.36 ohm Phase resistance
La 441 mH d-axis stator self-inductance
L, 1.85mH  g-axis stator self-inductance

T 0.24 m Magnet pole pitch
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Figure 2. High-speed maglev based on the LSM.

2.4. Experiment Results and Analysis

For the performance verification of the propulsion control system of SUMAS550-1, the maximum
thrust force experiment, performance test of the position estimator, and automatic operation test by
the speed profile were conducted in the test track. As described in Section 2.1, since the maximum
thrust force of the SUMAS50 generated by 46 magnet modules is 180 kN, the maximum design thrust
force of the SUMAS550-1 equipped with six magnet modules is 23.49 kN.

Figure 3 shows the maximum thrust force by applying the rated current ;_ =s00[a] to the LS-

LSM, and it is 24.88 kN, which is slightly more than the design value. This is because as the mover
magnetic flux of the LS-LSM increases, the thrust force slightly exceeds the maximum design value
under the full weight condition of the vehicle.
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Figure 3. The thrust force experiment and the result waveforms of the SUMA550-1. (a) Complete view
of the maximum thrust force experiment; and (b) the thrust force experiment result waveforms (the

maximum thrust force of 24.88 kN).

Figures 4 and 5 show the experimental result waveforms when the vehicle is operated manually
at speeds of up to 7 m/s. Figure 4a shows the results of the experiment performed by applying the
absolute position signals received from the vehicle, and each waveform represents the speed, vehicle
flux phase angle and estimated phase angle, and phase-U current of the LS-LSM from the top. In
order to analyze the distortion of the current by the discontinuous signals of the absolute position
signal and the subsequent current distortion, the expansion results of the 18.5-19.5 s section are
represented in Figure 4b. Figure 4 shows that there is no problem in the overall operation of the
propulsion control system to which the absolute position signal is applied, but the distortion of the
phase-U current of the LS-LSM stands out due to the discontinuous signal of the absolute position
signal as shown in Figure 4b. This current distortion can lead to the decrease in the thrust force of the
propulsion control system, instability of the communication system by the harmonic current, and
increased loss of the power converter system.
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Figure 4. Waveforms of the propulsion control system in the application of the absolute position
signal. (a) Speed, phase angle, and estimated phase angle phase-U current; and (b) the expanded
waveforms of the 18.5-19.5 s section

Figure 5a shows the results of experiment performed by applying the vehicle position estimator
of the propulsion control system, and each waveform represents the speed, vehicle flux phase angle
and estimated phase angle, and phase-U current of the LS-LSM from the top. In order to analyze the
discontinuous signal of the absolute position and the subsequent performance of the position
estimator, the expansion results of the 18.5-19.5 s section were represented in Figure 5b.

Figure 5 shows that the propulsion control system to which the vehicle position estimator is
applied is generally stable, and the phase angle of the vehicle position estimator is linearly estimated
with respect to the discontinuous signal of the absolute position as shown in Figure 5b.
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Figure 5. Waveforms of the propulsion control system in the application of the vehicle position
estimator. (a) Speed, phase angle, and estimated angle, phase-U current; and (b) the expanded
waveforms of the 18.5-19.5 s section.

The deviating behavior is shown in Figures 4 and 5 when the ground false position packets are
received. This is because the position estimator cannot distinguish whether the absolute position
information received from the vehicle is right or not. Thus, the position estimator tries to follow the
wrong information.

Nevertheless, this suggests that the phase-U current of the LS-LSM maintains a sine wave with
the output current controlled by the linear phase angle.

Figure 6 shows the FFT analysis results of the current distortion depending on the presence of
the vehicle position estimator in the entire running section. Figure 6a shows the FFT analysis results
on the phase-U current in the case where the vehicle position estimator is not applied, and Figure 6b
shows the FFT analysis results on the phase-U current of the LS-LSM in case the vehicle position
estimator is applied. The comparison of the results revealed that the application of the vehicle
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position estimator contributed to improving the running current harmonic wave, as well as the
running current fundamental wave, and the improvement rate was particularly high in the 100-200
Hz sections among running current harmonic components.
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Figure 6. Phase-U current FFT analysis results of the LSM. (a) LSM current FFT analysis results
(without the estimator); and (b) the LSM current FFT analysis results (with the estimator).

Figure 7 represents the vehicle position estimation capability in the position information update
cycle of 30 ms, which is 15 times later than the current position information update cycle of 2 ms. In
order to identify the characteristics of the vehicle position estimator in case the absolute position
information is transmitted from the vehicle in a 30 ms cycle, which is the same as that of the
Transrapid. The results of Figure 10 confirmed that the phase angle of the vehicle position estimator
is linearly estimated even in the position information update information of two to three times per
cycle within the propulsion current and, therefore, the output current appears sinusoidal.
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Figure 7. The experimental results of the position estimator with the position information update

cycle of 30 ms.

The operation parameters for generation of the speed profile were entered to analyze the
performance of the automatic operation. The set operation parameters include the constant operation
time of 2 s, maximum jerk limit of 0.5 m/s3, maximum acceleration of 0.5 m/s?, deceleration of 0.5 m/s?,
and maximum speed of 4.2 m/s, and the generated speed profile and automatic operation test results
are shown in Figure 8.

The experimental results showed that the speed tracking according to the speed profile is made
smoothly when the g-axis components of stator current igs is tracked without error with respect to the
g-axis components of the stator reference current igs*. In addition, the command value of the actual
travel distance and the actual travel distance were calculated by integrating the command velocity
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and vehicle speed, respectively, in order to obtain the error rate of the automatic operation. According
to the calculation results, the travel distance by the speed command profile is 84.75 m, the actual
travel distance is 85.22 m and, therefore, the error rate of the travel distance is about 0.52%, if
converted into the error rate of the automatic operation.
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Figure 8. Automatic operation results according to the speed profile (top subplot: speed command
and vehicle speed; middle subplot: ig* and igs; bottom subplot: ius).

3. Conclusions

This paper aims to develop the propulsion control system technology for a high-speed maglev
train system based on an LS-LSM. To this end, a test vehicle was fabricated with one-half the length
of the final model, and a 150 m long LSM guideway was constructed to conduct the test and
evaluation of the developed vehicle. The vehicle flux position observer was designed to analyze the
difference in thrust force control between the rotating machine and the linear machine and, thus, to
solve the problem that may occur in the liner machine. In addition, the characteristics of the current
controller and speed controller were analyzed to design the propulsion controller of the LS-LSM.

For verification of the propulsion control performance, experiments on the automatic operation
according to the speed profile and manual operation, and a comparison of the propulsion power
quality enhancement on the position observer and torque required by the vehicle were performed,
and the results confirmed that the design objectives were archived. For future work, a system for
position detection within 5 mm, even at the maximum speed of 550 km/h, is planned to be developed
for high-speed operation.
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