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The high-temperature superconducting (HTS) magnetic levitation (maglev) vehicle system is a kind of self-stable
levitation mode, which is benefited from the characteristic of flux pinning of non-ideal type II superconductor.
And this novel prototype has the outstanding advantages of simple structure, reliable principle, friendly envi-
ronment and so on. But in the HTS maglev vehicle system, the damping coefficients of the primary suspension are
very small. The vibration of the YBCO bulks over a permanent magnet guideway (PMG) will be incurred by the
fluctuant external magnetic field, which is easily transmitted to the car body to affect the running comfort. The
primary goal of this paper is to apply active vibration control into two linear electromagnetic actuators on each
bogie. Each electromagnetic actuator is combined with an air spring as a kind of active suspension system in
secondary suspension. Initially, the primary suspension stiffness coefficient and damping coefficient of YBCO
bulks are measured by experiments. And the mathematical model of HTS maglev vehicle with active actuators
was built using the German track spectrum of low interference as PMG irregularity. Then, the dynamic responses
of HTS maglev vehicle system were simulated with PID and Fuzzy-PID controllers used in the active actuator to
verify the feasibility of the control methods, and compared with the uncontrolled system. Finally, the results of
the simulation indicate that both control strategies could improve vehicle comfortable and greatly improve the
stability of the system compared to the passive bogie system.

1. Introduction its dynamic performance on HTS maglev must be understood. In 1996,

Teshima et al. [6] designed a vibration transmissibility measurement

High-temperature superconducting (HTS) maglev is one of the
practical applications of HTS material, which has the characteristics of
self-stabilization [1], low energy consumption [2], electromagnetic
pollution-free and so on. At present, HTS maglev technology is in the
critical stage of commercialization and industrialization, and has high
requirements for its safety, stability, and amenity. However, the mag-
netic inhomogeneity of the permanent magnetic guideway (PMG),
crosswind and other factors make the on-board HTS bulks in an alter-
nating magnetic field in the practical operation, which causes the vi-
bration of the HTS maglev system [3-5]. Therefore, increasing system
damping scientifically and minimizing the adverse effects of vibration
on the system will be essential to improve ride comfort and promote the
development of HTS maglev at a higher speed.

To solve this problem, the characteristic research of HTS bulks and
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apparatus to understand the vibration properties of YBCO bulks, and
found that the HTS suspension system is small. Stephan et al. [7]
measured the levitation force, the stiffness and the vibration damping of
YBCO bulks over two different rail assemblies, and proved that the
damping is actually very low in both rails. These confirmed that the HTS
maglev system is a weakly damped system, and special damping devices
are needed to improve that damping coefficient. Huang et al. [8] studies
the relationship between the electromagnetic characteristics and the
levitation force of HTS bulks under different field cooling heights (FCH)
and working positions based on finite element method, and verified the
characteristics among the magnetic flux density on the bottom surface,
the internal current density, and the levitation force of HTS bulks
through experiments. In order to study the effect of external magnetic
field on the dynamic properties of HTS bulks, Hikihara and Moon [9]
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Fig. 1. Layout of active suspension system.

presented a mathematical model of magnet and superconductor system
considering hysteresis effect, studied the motion stability of HTS YBCO
bulks on a cylindrical rare earth magnet, analyzed the nonlinear vibra-
tion characteristics of HTS bulks, and provide a theoretical basis for the
vibration control of HTS maglev. Based on the Hikihara model
mentioned above, Pei-Jun Zhuo et al. [10] proposed a new dynamic
differential equation of the permanent magnet levitated over a vertically
excited HTS bulk, considering the influence of moving speed on the
maximum suspension force. Yu et al. [11] designed a new type of EMSD
based on the low damping characteristics of HTS maglev and employed
to suppress vertical vibration of HTS bulks, and verified the performance
of this EMSD at different FCHs by experiments. Sasaki et al. [12,13]
proposed a novel electromagnetic shunt damper (EMSD) that is
nonlinear coupled with HTS suspension. The induction of this damper
can be reduced to a quarter of that of the traditional damper.

Most of the above solutions are aimed at vibration suppression of the
primary suspension system of HTS maglev. These methods have a great
improvement on the guidance and curve-negotiation behaviors, but it
cannot isolate the excitation effectively, so the vibration reduction of the
secondary suspension is very important. HTS maglev secondary sus-
pension is mainly used to attenuate the vibration of track irregularities
and the static and quasi-static loads transferred from the bogie to the
vehicle body. However, the vibration attenuation on HTS maglev sec-
ondary suspension has rarely been studied directly. We mostly draw on
the active vibration control methods on railway vehicle here. The active
control technologies used mainly include Karnoop damping control,
linear optimal control, classical PID control, robust control, fuzzy logic
control and so on [14]. Fuzzy logic control is especially suitable for
nonlinear time-varying and hysteretic systems due to its strong robust-
ness, and has been widely used in active suspension. Sezer and Atalay
[15] analyzed the dynamics of a full railway vehicle model with 54
degrees-of-freedom (DOF), and applied fuzzy logic and self-tuning fuzzy
control algorithms on control the active controllers placed between
vehicle body and bogie to achieve better running performance. Cheng
and Li [16] proposed the fuzzy logic control method suitable for a seven
DOF full-car model in order to improve the ride comfort, and used the
evolutionary programming (EP) method to determine the optimal
design parameters of the fuzzy controller. Metin and Guclu [17] used
fuzzy logic control and PID control in the secondary suspension of a
2-DOF railway vehicle model to reduce the vibration of body under
different track irregularities, and compared time history and frequency
response of accelerations and displacements through passive and active
controlled system.

This paper builds a 4-DOF HTS maglev vehicle suspension system
with a secondary suspension active controller through Simulink. The
layout of this active suspension is shown in Fig. 1. The German track
spectrum is used as the excitation input of the model [18], and the dy-
namic response signals of the HTS maglev vehicle are measured by
sensors. These monitoring signals will be analyzed by a PID controller or
Fuzzy-PID controller to get the desired command signals. Then,
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Fig. 3. High-temperature superconducting maglev vehicle model with
active actuator.

commands are transmitted to the electromagnetic actuators to obtain
the desired control forces, and finally improve the overall performance
of the vehicle system.

2. Modelling of the suspension system
2.1. Mathematical model

Linear electromagnetic actuators are introduced between the vehicle
body and bogie frames as force-generating devices in the active sus-
pension model in addition to traditional air springs, which can receive
body vibration signals through sensors. The controller controls the force
generator to change the stiffness and damping of the suspension system
to reduce vibration according to the changes of vehicle driving state and
external excitation, therefore obtain good comfort and driving stability.
The HTS maglev vehicle model we used here has six Dewars on each
bogie and 24 YBCO bulks in each Dewar, as shown in Fig. 2. The bogie is
composed of one top bogie and two bottom bogies.

Based on this HTS maglev vehicle, a simplified HTS maglev vehicle
model with 4-DOF is shown in Fig. 3. The moments of inertia of m;, and
myy are small, which are not considered here. mj is the body mass, my, is
the masses of front bogie and Dewar, my, is the masses of rear bogie and
Dewar, K1, and Kj,, are stiffness coefficients of suspension force, C1, and
C1, are damping coefficients of suspension force, K5, and Ky, are stiff-
ness coefficients of air spring, C», and Cy, are damping coefficients of air
spring, fo, and fa, are active control forces, x, and x; are track irregu-
larity excitation, x;, and X3, are front and rear bogie displacement, x; is
body centroid displacement, 6, is angular displacement of the body, L,
and L, are distances between bogie and middle of the body, I is the
Moment of inertia of the body.

By applying the vehicle vibration model and Newton’s second law of
motion, the dynamic equations of the suspension system can be written
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Fig. 5. Free vibration curve with two exponential decay fittings under natural
frequency (7.2 Hz).

as follows:

myXy + Feog + Fioa + Fop + Fiop — fea — foo = (€)]
Ly + Lo(Foa + Foa —fua) — Lo(Feap + Fiop — fir) = 0 (2
MigX1a — Fooa — Fioa + Feia + Fug + fa =0 3
mupX1p — Feop — Fiop + Fep + Fup +for =0 @

where Fy;, and Fyp, indicate suspension stiffness forces; F.1, and Fejy
refer to suspension damping forces; Fyo, and Fyj, represent air spring
stiffness forces; F.o, and F g, are air spring damping forces.

2.2. Measurement of primary suspension stiffness and damping

The primary suspension stiffness and damping of HTS maglev mainly
come from the Dewars mounted on the bogie frame. They are affected by
sizes and materials of bulks, suspension height, and FCH. The YBCO
bucks are provided by the ATZ Company, which are 64 mm in length, 32
mm in width, 13 mm in height. We built an experimental platform to
obtain the vertical stiffness and damping coefficients of this kind of
bulks, as shown in Fig. 4. This platform is 30 mm FCH and consists of an
HTS bulk container with 4 YBCO bulks, a segment of Halbach PMG, an
acceleration sensor, and a vertical vibrator. The vibrator gives a slight
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vertical disturbance to the HTS maglev model and allows it to vibrate
freely. Then, the natural frequency and the amplitude attenuation
curves of this model are obtained from the signal measured by the ac-
celeration sensor, as shown in Fig. 5. The actual frequency of this system
is f = 7.2 Hz, and the stiffness coefficient can be considered as k =
47%f>m = 6150N /m, and the damping coefficient can be obtained from
the amplitude attenuation factor Ae“®‘, which is 4.2 Ns/m. These
inherent parameters further prove that the HTS maglev is a low damping
system.

2.3. Creation of track excitation signal

Track irregularity is an important external excitation in the opera-
tion of HTS maglev. Some defects such as mechanical misalignment,
clearance, and exfoliation will produce during the installation of the
PMG due to the installation precision, machining error, and other fac-
tors, which are the root causes of system vibration. The statistical
characteristics of track irregularity can only be obtained by field line
measurement and there is no public report to describe the irregularity of
PMG surface. The German track spectrum of low interference is used to
simulate the permanent magnet track irregularity of the HTS maglev
here considering the operation speed of the vehicle (500 km/h) in the
simulative calculation.

Vertical profile irregularity of German track spectrum in the spatial
domain is:

5,(Q) =402 /(@ +Q7) (@ +Q7) m’/(rad/m) 5)
where Q is the spatial angular frequency of track irregularity (rad/m),
Q. = 0.8246 rad/m and Q, = 0.0206 rad/m are the cut-off frequencies,
A, =4.032 x 107"m?rad /mis the roughness coefficient.

The equation of the German track irregularity spectrum Sy () is
related to the spatial angular frequency ©, and the unit is m2/(rad/m).
For the convenience of subsequent calculation, it is converted into the
track irregularity spectrum Sy, (f) varying with the spatial frequency f by
unit conversion. The unit of S¢ (f) is mm? m, and the unit of fis m™!. The
specific transformation processes are as follows:

S, (f) = 10°-27-S,(Q) (6)

AQ7

5,(Q) = - 21(A, /27)(21f,)’

(@ +Q°)(Q+Q7)  [@nf) + 2] [2nf) + (2xf.)°]
(A2 -
22 (2 +£7) (F + 1)
Combining Egs. (6) and (7),
6. 2
S(f) 10°(A, /27)f, ®

G RIEE

In order to obtain the time-domain sample of track irregularity, the
track irregularity spectrum in the spatial frequency domain needs to be
transformed into the time-frequency domain through the trigonometric
series method [19]. Because the mean square values of these two track
spectra are equal in the corresponding bandwidth, so we can get:

Si(f)dfe = S.(f)df ©)

where S; (f) is track irregularity spectrum in time-frequency domain
(mmz-s), ft is the time frequency (Hz).

When HTS Maglev vehicle passes through a wave with a spatial
frequency of f at a running speed v, an excitation with a frequency of f;
will be generated, that is, fy = v-f, and we can get:

Si(f) = S,(f)-df | df, = S, (’3) df | dvf =S5, (J%) /v (10)

v

Incorporating Eq. (8) into Eq. (10), the equation of track irregularity
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Fig. 6. Time domain sampling of the permanent magnet track guideway.
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in the time domain is:

_10%(A, /2m)f
GRIRIGETS)

The time-domain samples are numerically calculated by the
Blackman-Turkey method [20], and then the Inverse Fast Fourier
Transform (IFFT) is performed to create the time domain samples of
track irregularity, as shown in Fig. 6. This track spectrum in time domain
is used to predict the response of the vehicle system to the track
disturbance and control the suspension system accurately.

S,(f) an

3. Controller design
3.1. PID Controller

The PID controller consists of three parts: P (Proportion), I (Integral),
and D (Differential). These three parts are constantly adjusted in the
process of control to optimize the vertical acceleration of the body [21].
In this study, PID controller was used to controlling the vertical accel-
eration of the HTS maglev vehicle body directly by taking the difference
between the preset value and the real value of the controlled object as
signal input, then adjusting three coefficients of the controller to get
desired force and reduce the effect of track disturbance on the vehicle
body.

The transfer function of the PID controller is described in .Eq. (12)

de(1)
dt

u(t) = Kyelt) + K, / (1)t + Kq a2
0

where e(t)indicates the difference value between the preset value and
the real value of the HTS maglev vehicle body acceleration, u(t)refers to
the desired output force by PID controller, K, K; and Kq4 are proportion
coefficient, integral coefficient, and differential coefficient respectively.

The PID control model is built in Simulink and combined with the
active suspension model as shown in Fig. 7.
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Table 1.

The fuzzy rule table of AK,, AK; and AK,.
ec e

NH NM NS Z0 PS PM PH

NH H/Z/S H/Z/S H/Z/S H/Z/S H/Z/S Z/7/8 Z/7/8
NM H/S/M M/S/M M/Z/H S/Z/H S/Z/H Z/S/M Z/S/M
NS M/M/Z M/H/S S/M/S Z/H/S S/H/S S/M/S S/M/Z
Z0 M/H/Z S/H/Z Z/H/S Z/H/Z Z/H/S S/H/Z M/H/Z
PS S/M/Z S/H/S S/M/S Z/H/S S/H/S M/M/S M/M/Z
PM S/S/M M/S/M S/Z/H S/Z/H M/Z/H M/S/M H/S/M
PH Z/7/S Z/7/S H/Z/S H/Z/S H/Z/S H/Z/S H/Z/S

The abbreviations used correspond to: NH: negative high; NM: negative me-
dium; NS: negative small; ZO: zero; PS: positive small; PM: positive medium; PH:
positive high; H: high; M: medium; S: small.; Z: zero.
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Fig. 9. Simulink simulation model of fuzzy-PID controller.

3.2. Fuzzy PID Controller

The principle of Fuzzy-PID control is shown in Fig. 8. The controller
selects the deviation signal e of body vertical velocity and the deviation
signal ec of body vertical acceleration as the inputs to the PID controller
and fuzzy controller at the same time. The fuzzy controller obtains
correction factors AK,, AK; and AK, after fuzzification, approximate
reasoning and defuzzification of the input signals, and combined with
PID control parameters to get the desired control force [22].

The adjustment of fuzzy-PID control strategy can reduce the influ-
ence of parameter changes in the process of train operation, achieve
better control effect and ensure the stableness and security of the train.
Based on continuous data processing and theoretical analysis, the rela-
tionship among HTS maglev vehicle body vertical velocity deviation e,
deviating rate ec and the control parameters of the regulation AK;, AK;
and AKj is as shown in Table 1. based on following rules:

(1) If the absolute value of HTS maglev vehicle body vertical velocity
is relatively large, then K, and K should be relatively larger, and
K; should be relatively smaller or 0, in order to accelerate the
response of the system and avoid excessive overshoot;

(2) If the absolute value of HTS maglev vehicle body vertical velocity
and acceleration is relatively medium, then K, should take a
relatively smaller value, K; and Ky should be median, in order to
reduce the overshoot;



Q. Lietal

Physica C: Superconductivity and its applications 585 (2021) 1353872

Xb

HTS maglev model (uncontrolled)

PID Controller

=

A,I
A’I'cm

i

al aceeler

HTS maglev model (PID)

tion

< IR
m!mg angata accleration

Pitching

HTS maglev model (FuzzyPID)

Fig. 10. Simulink simulation structure (a) High-temperature superconducting maglev model; (b) Overall control scheme with PID and fuzzy-PID controller.

Table 2
Simulation parameters of the high-temperature superconducting maglev
vehicle.

Parameters Values

Body mass my 8500 kg

Bogie and Dewar mass mj,, Mip 4032 kg
Stiffness coefficient of air spring Ka,, Kap 730,000 N/m
Damping coefficient of air spring Csa, Cap 50,000 Ns/m
Stiffness coefficient of suspension force Kia, Kip 3,542,400 N/m
Damping coefficient of suspension force Cia, C1p 2419.2 Ns/m
Relative displacement of bogie and body L,, Ly, 3.8m

Moment of inertia of body I, 192,500 kg-m?

(3) If the absolute value of HTS maglev vehicle body vertical velocity
and acceleration is relatively small, then K, and K; should be
relatively larger, and K, should be medium or 0, in order to have
a good steady-state performance and avoid vibration near the
equilibrium point.

The control model is also built in Simulink and combined with the
HTS Maglev vehicle model as shown in Fig. 9.

4. Simulation

The HTS Maglev vehicle model is established in Simulink according
to the mathematical model represented by Eq. (1)-(4), and taking the
German track spectrum as the vertical excitation of the track, as shown
in Fig. 10.

The passive bogie, PID control semi-active bogie and fuzzy-PID
control semi-active bogie are simulated under the same speed and the
same track conditions, and the acceleration and pitch angular acceler-
ation of the body are observed. The stiffness and damping coefficient of
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the suspension system can be derived from the results of previous ex-
periments, which are 3,542,400 N/m and 2419.2 Ns/m respectively.
Other parameters used in the half-vehicle simulation are based on the
data of the research group’s early dynamics simulation [23]. Each
parameter used in the simulation is listed in Table. 2, and the results are
shown in Fig. 11.

The root mean square (RMS) values obtained from the simulation
data are shown in Table 3.

It can be seen from the results that the RMS values of body acceler-
ation and pitch angular acceleration are optimized by 16.88% and
15.58% respectively under PID control compared with the uncontrolled
state, and are optimized by32.40% and 24.68% respectively under
fuzzy-PID control. From the results shown above, both two control
methods can improve the performance of the HTS maglev vehicle system
effectively, and the improvement effects of fuzzy-PID control are higher
than that of PID control obviously.

Synthesizing the studies above, a linear electromagnetic actuator
mounted on the HTS maglev second suspension is proposed as a special
damping device to make up for the low damping coefficient of the sys-
tem. PID and fuzzy-PID controllers are introduced as the control
methods of the actuator. Combined with Simulink, we investigated the
dynamic response of the HTS maglev vehicle system at 500 km/h, and
proved the effectiveness of these two methods by simulation. Due to the
real-time adjustment of parameters, the fuzzy-PID controller has higher
fault tolerance to the system and its dynamic responses are also

Table 3.

Root mean square values of the body.
Parameters Uncontrolled PID Fuzzy-PID
Vertical acceleration 0.5260 0.4372 0.3556
Pitch angular acceleration 0.0231 0.0195 0.0174
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Fig. 11. Vibration response of the vehicle body (a) vertical acceleration; (b) pitch angular acceleration.
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significantly higher than the PID controller. Through the vibration
control of the secondary suspension, the running safety and riding
comfort of the HTS maglev vehicle system are improved obviously.

This work has provided a new idea for the vibration suppression of
HTS maglev system, and the practicability was verified preliminarily by
simulation.

5. Conclusion

In this paper, an active controller used on HTS maglev is designed in
order to increase the damping of the system and enhanced the anti-
interference ability of the system. This controller adopted PID and
Fuzzy-PID methods respectively, and both achieved the goal of mini-
mizing the track interference of the HTS maglev vehicle model suc-
cessfully. It can be seen from the results of the study, combining fuzzy
control theory and PID control theory is a suitable control method for an
active suspension system, which can solve the problem that the single
control method is easily affected by uncertain factors, weaken the
interference of track irregularity on the system, and improve the ride
comfort and operation stability of the HTS maglev system effectively.

This is a very key component in future attempts to increase the sta-
bility of the HTS maglev vehicle running at a higher speed. Future
research might apply this Fuzzy-PID controller to achieve better ride
quality under different speed levels, and this controller can also suppress
the lateral disturbance of the vehicle if being used properly.
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