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Abstract: High-speed maglev trains will play an important role in the high-speed transportation system in the near future.
However, under the conditions of strong magnetic fields and continuous operation, the actuators of the high-speed maglev train
suspension system are prone to lose partial effectiveness, which makes the suspension control problem challenging. In addition,
most existing fault-tolerant control (FTC) methods for suspension systems require linearization around the equilibrium points
during the controller design or stability analysis. Therefore, from a practical perspective, this study presents a novel nonlinear
FTC strategy with adaptive compensation for high-speed maglev train suspension systems. First, a nonlinear dynamic model of the
suspension system based on join-structure is established and the actuator failures are described. Then, a nonlinear fault-tolerant
suspension control law with an adaptive update law is designed to achieve stable suspension against partial actuator failure. The
Lyapunov theory and extended Barbalat lemma are utilized to rigorously prove the closed-loop asymptotic stability even if there
is partial actuator failure, without any approximation to the original nonlinear dynamics. Finally, hardware experimental results
are included to demonstrate the effectiveness of the proposed approach.

Key words: High-speed maglev transportation; Suspension control system; Adaptive fault-tolerant control (FTC); Partial actuator

failure; Mechatronics

1 Introduction

High-speed maglev transport relies on its high-
speed domain, fast acceleration and deceleration, strong
climbing capacity, and economical operation and main-
tenance, to fill the speed gap between traditional wheel-
track high speed rail and air transport (Lee et al., 2006;
Fang and Yao, 2007; Boldea et al., 2018). In 2021,
China’s “National Comprehensive Three-Dimensional
Transportation Network Planning Outline” pointed out
that 600-km/h high-speed maglev transportation should
be included in the national strategic layout. High-speed
maglev trains rely on electromagnetic force to achieve
non-contact operation on the track. The suspension
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system is one of the core components of the maglev
vehicle. The faults of suspension systems are inevitable
in long-term operation. The types of failure of suspen-
sion systems include not only the complete failure of
each component, but also partial failure or minor failure
caused by performance degradation from extended
operation. The occurrence of any kind of failure may
affect the stability of the maglev train suspension sys-
tem, and pose a potential safety hazard during high-
speed operation, so it is important to conduct fault-
tolerant control (FTC) research on that system.

FTC is a technology that ensures the normal oper-
ation of equipment under failures. It was developed in
parallel with resolution redundancy-based fault diag-
nosis techniques (Stoustrup and Blondel, 2004; Benos-
man and Lum, 2010; Hamayun et al., 2013; Allerhand
and Shaked, 2015). There are two categories of FTC.
One is passive fault tolerance, which mainly uses the
theory of robust control (Ali et al., 2015; Stefanovski,
2018, 2019; Li et al., 2019). This method makes the
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redundancy of the system increase with the increasing
number of possible failures leading to more conserva-
tive control. The other is active fault tolerance (Jin and
Yang, 2009; Yetendje et al., 2010; Yang et al., 2012;
Gao et al., 2018; Shen et al., 2019; Guo et al., 2020;
Li and Wang, 2020; Han et al., 2021a, 2021b), where
the fault detection and diagnosis (FDD) module recon-
figures the controller or changes the controller struc-
ture online when a fault occurs. This method can select
the appropriate controller according to the actual situa-
tion. However, it is very dependent on the accuracy of
fault diagnosis and the effectiveness of the controller
switching strategy.

In recent years, many efforts to improve the reli-
ability of suspension systems have been achieved mainly
through engineering methods such as increasing sys-
tem redundancy. For example, to prevent the failures
of air gap sensors and sudden changes in gaps at track
joints, redundant sets of air gap sensors are used at each
suspension point (Wang, 2019). For the join-structure
of high-speed maglev, when a suspension point fails,
the adjacent suspension point is used to share the effect
of suspension (Luo, 2020). At present, scholars at home
and abroad are conducting research on FTC methods
for maglev trains. This research can be summarized as
passive and active fault tolerance methods.

For passive fault tolerance, Sung et al. (2004) pro-
posed a passive FTC method suitable for electromag-
netic levitation systems for actuator and sensor faults.
Li et al. (2008) designed a passive FTC controller for a
typical open-loop unstable linear system using a ratio-
nal function stable factorization method for a join-
structure suspension system.

For active fault tolerance, Wang et al. (2021) pro-
posed an FTC strategy to cope with two fault condi-
tions for permanent magnet-electromagnetic suspen-
sion (PEMS)-type high-speed maglev trains with join-
structure. Fault tolerance strategies based on signal
reconstruction and controller switching are adopted
respectively. Zhai et al. (2019) analyzed the problem
of performance degradation due to sensor failure for
join-structures using a modular redundancy strategy
and offered an FTC system based on a state observer.
Wang et al. (2014) proposed an active FTC strategy
based on feedback gain reconstruction for current sen-
sor faults in maglev trains. A fault diagnosis unit based
on a state observer is designed to estimate the output
of the current sensor and the diagnosis results are then
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used to switch the control strategy. Long et al. (2010)
studied the electromagnet fault diagnosis and FTC strate-
gies in suspension systems, proposing a method for
equating the effect of actuator faults on the change of
system parameters to control inputs. Wang (2019) pro-
posed a dynamic compensation method and distur-
bance suppression based on disturbance estimation and
feedback linearization for FTC of a single suspension
unit in the join-structure of a PEMS-type high-speed
maglev train. Chen et al. (2006) designed a reconfigu-
ration controller and a state estimator to solve the prob-
lem of FTC of current and acceleration sensor failures
in suspension systems. However, that study used a sim-
plified suspension model and a hardware redundancy
approach for gap sensor failures without further re-
search on FTC of gap sensor failure. Long et al. (2007)
proposed a new modular suspension system and an
active FTC method, based on control law reconstruc-
tion, to establish mathematical models under different
faults and to design the corresponding optimal control-
lers. The FTC methods described above often require
accurate mathematical models for state estimation or
controller reconfiguration and, if the mathematical
model of the system is not accurate enough, the fault-
tolerance performance will be greatly degraded.

Generally, the sensor fault of the suspension sys-
tem of the high-speed maglev train can be compensated
by designing a state observer (Yan and Edwards, 2008;
Li et al., 2013; Chen et al., 2022). When the actuator
fails completely, the suspension system uses its adja-
cent actuators to share the suspension effect through
the join-structure. Although it is simple, it will increase
the cost and energy consumption, reduce the payload
of the maglev train, and have low tolerance to faults.
In order to solve these problems, this paper will study
the adaptive FTC method for the suspension system of
a high-speed maglev train in the case of partial loss of
actuator effectiveness. The contributions of this paper
can be summarized as follows:

(1) The proposed method does not need to know
the fault information of the actuator. In the process of
FTC, the adaptive compensation control law changes
with the occurrence of a system fault and can be reor-
ganized adaptively, which reduces the conservatism of
the system.

(2) The proposed nonlinear controller can theo-
retically ensure the error approaches zero even in the
case of partial loss of actuator effectiveness. The design
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and stability of the controller are proved without any
linearization approximation.

(3) As verified by the experimental results, the
proposed method shows superior control performance
against partial actuator failure.

The rest of this paper is organized as follows: in
Section 2, the dynamic model of a suspension system
based on join-structure is established. In Section 3, the
types of actuator failures are described. The controller
design and the closed-loop stability analysis are de-
scribed in Section 4. Section 5 gives the experimental
results to verify the effect of FTC. The study is con-
cluded in Section 6 with some summarizing remarks.

2 Suspension system modeling based on
join-structure

2.1 Analysis of high-speed maglev train structure

The topology of the high-speed maglev train is
shown in Fig. 1, in which the suspension system con-
sists of four suspension frames. Each involves four
hover frames and eight controllable suspension units.
Each hover frame is provided with a support point utiliz-
ing air springs. In the high-speed maglev train, the sus-
pension electromagnet is connected end to end through
the hover frame to form a flexible suspension structure.
The adjacent electromagnets are supported together
by the hover frame and form a join-structure with the
controller, sensor, and track. The join-structure is de-
coupled by the mechanical structure; hence, the sus-
pension system can be decomposed into the control
problem of the single join-structure. The single join-
structure suspension system is the basic unit of the
suspension system. Analyzing the dynamic model and
dynamic characteristics of the single join-structure is
more general than analyzing the multi-module system,
therefore in this study, the high-speed maglev train sus-
pension system is simplified into a suspension model
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Fig. 1 Schematic diagram of the end carriage of high-
speed maglev train

based on the join-structure shown in Fig. 2 to study
the FTC problem of the system under partial actuator
failure.
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Fig. 2 Schematic diagram of the suspension system based
on join-structure

2.2 Suspension model based on join-structure

The operating principle of the maglev train sus-
pension system is that the suspension current is applied
to the electromagnet winding coil through the suspen-
sion chopper, so that the electromagnet can obtain
upward electromagnetic attraction. In the join-structure,
the vehicle body is supported by two electromagnets
through the hover frame, which is a complex system
with multiple inputs and multiple outputs. At the same
time, the system has the characteristics of open-loop
instability: a strong nonlinear relationship between elec-
tromagnetic force and suspension current and a high
coupling degree of dynamic equations of the join-
structure under two electromagnetic forces. These pres-
ent a great challenge for the design of an FTC control-
ler. To facilitate the design of an FTC controller, the
following reasonable assumptions are made (Li et al.,
2017; Zhou et al., 2017; Ding et al., 2019; Sun et al.,
2022):

(1) All magnetic flux passes through the air gap
between the external poles of the electromagnet (flux
leakage is ignored).

(2) Magnetic flux is evenly distributed in the air
gap (edge effect is ignored).

(3) The electromagnetic force is assumed to be
concentrated at the center point of the electromagnet
and its center point coincides with the center of mass.

As shown in Fig. 2, the suspension system based
on join-structure is composed of a hover frame, a track,
and two suspension electromagnets on the left and
right, where two electromagnets are connected to the



hover frame through the Belleville springs that can be
regarded as the spring dampers. In the following, sub-
scripts 1 and 2 refer to the physical quantities on the
left and right sides, respectively. The vertical down-
ward direction is selected as the positive direction and
the lower surface of the track as the reference plane.
The irregularity of the track is considered. H is set as
the displacement of the hover frame; g as the accelera-
tion of gravity; M, as the mass of the hover frame; M,
as the mass of the carriage; M|, M, as the masses of
the electromagnet on the left and right sides, respec-
tively; F,,, F., as the electromagnetic forces received
by the left and right electromagnets, respectively; K,
K, as the stiffness of the left and right springs, respec-
tively; &, &, as the damping coefficients on the left

and right sides, respectively; F,, F, as the spring forces

sly
on the left and right electromagnets, respectively; z,,
z, as the displacements of the left and right electro-
magnets relative to the reference plane, respectively;
d,, 0, as the gaps between the electromagnet and the
a» Z as the
displacements of the track under the irregularity of

track under the irregularity of the track; z

the track. The relationship for each displacement can
be obtained as

5]:Z]_Zg]7 1
0,=2,—Zp.

2.3 Electrical and electromagnetic force equations
of the suspension system

It is assumed that the electromagnetic attraction
between the electromagnet and the track is F,, the
number of turns of the electromagnet coil is N,, the
effective polar area of an electromagnet is 4., the air
permeability is x,, the current in the solenoid coil and
the voltage at both ends are respectively i and u, and
the resistance of the electromagnet coil is R. The de-
tailed derivation procedure is provided in the elec-
tronic supplementary materials (ESM). The electro-
magnetic force equation and voltage equation can be
obtained as

N2A, (i)
e &
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N2A, . u,N’A. .
lu0 25 i— :u0 252 5 (3)

u=Ri+
The resulting electrical equation for the left elec-

tromagnet is

NezlAell: _ IUONezlA
20, ! 257

u,=R,i+ 2l ()

The voltage equation of the right electromagnet
is similar, and is not specifically written here. The fol-
lowing equations are introduced with the left electro-
magnet as an example, and all the derivation can be
found in the ESM.

2.4 Dynamic equations for suspension system based
on join-structure

The force on the electromagnet by the spring
dampers is given by

Fo=K,(H-z,) +§1(H_Z'1)' (%)

Thus, the kinetic equation for the electromagnet
can be obtained as

Mz =M, g-—F,+F,. (6)

The hover frame is subject to the spring forces
on both sides, its own gravity, and the downward force
generated by the body of the vehicle through the air
springs, so that the kinetic equation is

MH=M,g-F,~F,+M.g. (7

2.5 Non-linear model for suspension system based
on join-structure

We define the system state variables X, output
variables ¥, and control variables u:

X=[x, x, X3 Xy X5 X5 X; xs]T=
.T

z, z, &, z, z, i, H H|,

Y=z

u=[u, u,].

The state space expression of the suspension sys-
tem based on join-structure can be obtained as
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X;=Xg,
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Xg M, g+ﬁh[K1x1+Qz]x2+K2x4+§2x5_

(K, +K,) x,— (& +§2)x8]'

<

]‘42 (x8_x5)9

Xs=g (x,—x,) +

(u,—x),

O

2.6 Model simplification for suspension system based
on join-structure

The model represented by Eq. (20), while more
closely approximating the actual suspension system,
has to consider a number of factors that make the
study very difficult, so the model first needs to be sim-
plified. Suppose N,,=N,=N,, A, =4,=A4,, K,=K,=
K. Because of the low damping of the Belleville
springs, a damping of zero is assumed here. Two elec-
tromagnets influence the movement of the hover frame,
but the movement of the hover frame and the lack of
relevant sensors to measure its displacement add to
the complexity of the controller design. Therefore, the
displacement of the hover frame can be considered as
the average of the displacements of the electromag-
nets on both sides, based on the initial deformation due
to the self-weight M, g and load M_g of the frame.

1 1
H= 5 (z42) + 5 (Mt Mg (10)
In addition, because the chopper can be used to
directly control the magnitude of the current during the
actual control process, the control variable is reset to
current so as to omit the current loop. Also, we rede-
fine the system state variables, i.e.,
u=[i, L],

T
X=[x x, x; x,]

Loan

AP

[z, 2z z

Then, the simplified state space expression can
be obtained as

X =X,
o /’lONeerﬁ Ks _ Mh+Mc
xz—g 4M1 5% + 2M1 (X3 xl) + 2M1 g7
x3_x47
[N /’tON:Aeé Ks _ Mh+Mc
TV T VA G R T V2
(12)

3 Analysis of partial failures

The various parts of the suspension system includ-
ing actuators, sensors, and controlled objects may fail.
In the actual system, because the actuator works in a
strong electromagnetic environment, it is the most vul-
nerable part of the suspension control system. General
types of actuator faults include partial or complete
failure, current value jamming faults, saturation faults,
and floating faults.

The definitions of the actuator faults for the sys-
tem are described below.

The suspension system can be written in the fol-
lowing affine nonlinear form:

x=f(x) +g(x)u, (13)
where x is the state of the suspension system, f(x)
and g (x) are the continuous functions, and u=[u,, u,,
-+, u, -+, u,]" denotes the control inputs. The form of
faults of the jth actuator can be expressed as
u,=wu,;+u, (14)
where u; is the actual output of the jth actuator, u,; is
the ideal control input for the jth actuator, 0 <@, <1
represents the degree of a partial or total actuator fail-
ure, and #; is the control quantity of the stuck fault of
the jth actuator. In Eq. (14), this study focuses on the
case of partial failure of the actuator with the modeled
parameters shown below:
O<w,<1, u,=0. (15)

This study mainly studies the adaptive fault toler-
ance for partial actuator failure, designs the adap-
tive compensation control law, and uses the effective



actuator to track the target suspension trajectory when
the actuator has partial failure, while maintaining good
dynamic and steady-state performance.

4 Fault tolerant controller design
4.1 Control object

The control plant can be described in Eq. (12)
with partial actuator failure in Eq. (14). The desired
air gap is denoted by x,. The control object of the sus-
pension system of the high-speed maglev train is to
maintain the air gap J; at the target regardless of par-
tial actuator failure while running. In order to quanti-
tatively describe the control objective, the error signals
e are defined as follows:

{el =X, —Xg {é] =X, —Xg (16)

€, =X;— Xy,
€, =X3— Xy,

€,=X;— Xy, [€,=X;—X,.
Assumption 1: x,, x,, and x, satisfy these condi-
tions: x,, Xy, X, € L, 1.€., X4, X4 and X, are bounded.
| %] <g(Sunetal, 2017).
Based on Egs. (12) and (16), the error systems of
the left electromagnet can be derived as follows:

Ks(x3_xl) + (Mh+Mc)g _

M1é1=M1g+ P B

Fo—X,.
a7)

These are controllable electromagnetic forces, i.e.,
the actual outputs of the actuator. i,, i, are the fault-
tolerant suspension control currents of the left and right
suspension electromagnets, respectively. Consider the
above second failure mode of actuator, i.e.,

Fo=oF,, Fo=0,F, (18)

cel?
where F,,, F, are the actual outputs of the left and right
actuators, respectively. F,, F, are the ideal control
inputs of the left and right actuators, respectively. @,
@, €(0, 1] denote the failure degrees of the left and
right actuators, respectively.

First, the suspension controller of the left electro-
magnet module is designed. The sliding surface of the
left electromagnet s, is as follows:

s,=c,e +e,

(19)
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where ¢, is the parameter of sliding mode control to
regulate the speed, at which the state converges to
zero, and ¢, >0.

Setting p = @ ,/M |, £ =1/¢p,. The FTC law of the left

electromagnet module is designed as follows:
. 1 2 . K.(x;—x,)
ll(t) = |\K15%51(/€[1S1 +ce +g+ Wll +
i (20)

]

N A./A, k,>0 are the fault tolerance
control coefficients. &, is an adaptive estimate value
containing fault information for the left module, which
can be determined by the following adaptive update law:

(Mh+Mc)
oM,

where x, = g,

A

K, —
51:/1131(k1151+01é1+g+ M +

2M,
(21)

(My+M,) .
2M g_xd Sgn(¢l)v
1

where 4, >0 denotes adaptive gain.
Thus, sgn(¢,) = sgn( /M, )
The sliding mode surface and control law of the

right electromagnet can be obtained similarly, see the
ESM for details.

4.2 Closed-loop stability analysis

Before proceeding to the stability analysis, the
extended Barbalat lemma is first presented, and will
be used in the following analysis.

Extended Barbalat lemma: x:[0, ©)— R is square
integrable and R is the domain of real numbers, i.e.,

t

lim | x*(7)dr<oo. If x(¢) is uniformly continuous,

to®J g
then }g’g x(t) =0.

The closed-loop stability analysis of the proposed
control law under partial actuator failure is carried
out below. For the suspension system based on join-
structure with two suspension electromagnets, we obtain:

Theorem 1: The designed adaptive suspension
controller Eq. (20), together with the proposed up-
date mechanism Eq. (21), can also achieve the con-
trol objective even if the left actuator has a partial
failure in Eq. (18) in the sense that
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lime,(¢) =0, limé,(7) =0,
[ —> 0 >0 (22)

lim e,(£) =0, lim ¢,() =0.

The non-negative scalar Lyapunov function V is
constructed as follows:

1 2 |¢1|~

1
_ 2, T 2
V= 231+ 2, i+ 2s2+

|¢2 | z2
G @)
where s,=ce +e, gl :él =&, 4>0, s,=c,e,+e,,
fzzfz_ézs and /12>0-

Taking the derivative of both sides of Eq. (23)
with respect to time, and setting

. K(x,—x,) (M, +M) .
V1:k11s1+clel+g+ 2;”1 = ;Ml g X
. K(x,—x;) (M,+M,)
v, =koS,+c6,+ g+ 2]1‘/[2 4 ;Mz g—Xg.
(24)

The following equation can be obtained through
simplification (the specific derivation process is in-
cluded in the ESM):

V:sl(yl_ktlsl_golélyl) +(p1§1s1y1+

Sz(Vz_kxzsz_(”zéQsz) +¢25252V2= (25)
s1(p—kysi—9,&7) +5.(0—kos, =0, &y)) =
—k,s1—k,s5<0.

Because />0 and V<0 are based on the Lyapu-
nov method, we can conclude that 7 is bounded.
It can be obtained from V'=—k, s> —k,s that:

t

| var=—k, [ sidi-k,[ sia (26)
0 0 0

ie., V()= V(O0)=—k, | sidt—k,

0
While ¢— oo, because V() is bounded, then

t
s3de.
0

o0 t
f s3dt and f s;dt are bounded, respectively, i.e., s,
0 0

and s, are square integrable, respectively. Thus, it is
easy to know that s, and s, are uniformly continuous.
Based on the above extended Barbalat lemma, while
t—> 0, }Lrg s,=0 and }EE s,=0. Since s,=c,e,+¢,,

S,=C,e,+¢€,, ¢,#0, and ¢,#0, we have lim e, ()=0,
t—>w©

}Lrg e, (=0, }Lrg e,(t)=0, and }Lrg e, (t)=0. Thus, the
closed-loop system with the proposed control law is
asymptotically stable.

Remark 1: The proposed adaptive FTC controller
makes use, in part, of adaptive techniques, which can
use the state feedback information with partial actua-
tor failure to readjust the controller parameters after
the fault occurs so as to stabilize the system again.
Moreover, different from the traditional linear matrix
inequality (LMI)-based suspension FTC controller,
there is no linearization approximation in the process
of controller design and stability analysis.

5 Experimental results

To show the effectiveness of the proposed adap-
tive FTC method, a series of experiments are carried
out on a high-speed maglev vehicle-rail magnetic cou-
pling experiment platform exhibiting join-structure
of two electromagnets, as shown in Fig. 3. The spe-
cific composition of each part of the experiment plat-
form is shown in the ESM. The experiment platform
is connected with dSPACE, which can be controlled
by MATLAB/Simulink in real-time (Xu et al., 2021).
The experiment platform includes a hydraulic excita-
tion device, join-structure with Belleville springs, left
and right electromagnet modules, suspension sensors,
suspension control boxes, dSPACE, air springs, and a
rail bracket. The suspension control algorithm can be
overlapped on the dSPACE simulation platform.

Fig. 3 High-speed maglev vehicle-rail magnetic coupling
experiment platform

Throughout the experiments, the physical parame-
ters for the experiment platform are set to be: M, =
M,=350kg, M,+M,=2100kg, K,=1236x 10" N/m,
K, =x,=0.004, and g=9.8 m/s>. The control gains for



the proposed adaptive FTC controller Egs. (19) and
(20) are selected as k,=k,=200, ¢,=c,=500, and
A,=24,=4000. The initial value of the suspension air
gap is x,,=x5,=0.02 m. To demonstrate the effects of
the proposed controller dealing with partial actuator
failure in Case 2 of the following two experiments,
we also compared the proposed control method with a
passive FTC controller, for which control gains are
calculated by the LMI method (Long et al., 2008). The
passive FTC controller can be expressed as follows
(Zhang and Gong, 2018):

kp]xl

27
kple )

UF:KfI: kmxzi"

kg x,

where U, is the control quantity of actuator; K, is the
state feedback coefficient of fault-tolerant control; &,
and k, are both control gains.

Through offline calculation based on LMI, we
select K;=[1233.1 897].

Next, two sets of experiments are implemented.
5.1 Experiment 1: static levitation

In this group of experiments the target air gap
x4=0.012 m. To facilitate the observation, we only
target partial failure of the left electromagnet in the
experiments.

5.1.1 Case 1: without actuator failure (normal condition)

When there is no actuator failure in the system,
the electromagnet is suspended from the initial posi-
tion to the target position starting from 2 s. The exper-
imental results of the air gap response and control cur-
rent response of the left electromagnet with the pro-
posed FTC are shown in Figs. 4 and 5.

0.025 . : . . . . : . .
P — Airga
£ 0.020 —-- Refse;repnce T
§ 0.015} .
Z 0010 .
0.005 , . \ \ " \ \ , \

Time (s)

Fig. 4 Air gap tracking response in normal condition (static
levitation without actuator failure)

5.1.2 Case 2: with partial actuator failure

In the normal suspension state, a partial failure
of the left actuator is introduced at 5 s, i.e., @w,=0.5.
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The experimental results with the traditional passive
FTC of the left electromagnet are shown in Figs. 6
and 7. The experimental results with the proposed FTC
are shown in Figs. 8 and 9. The adaptation gain & is
shown in Fig. 10.

w
o
T T T T
PR T 1

Time (s)

Fig. 5 Control current response in normal condition (static
levitation without actuator failure)
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Fig. 6 Passive FTC: air gap response with partial actuator
failure (=, =0.5)
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Fig. 7 Passive FTC: current response with partial actuator
failure (=, =0.5)
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Fig. 8 Proposed FTC: air gap response with partial actuator
failure (=, =0.5)
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Fig. 9 Proposed FTC: current response with partial actuator
failure (,=0.5)
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Fig. 10 Proposed FTC: adaptation gain él (t7,=0.5)

5.2 Experiment 2: trajectory tracking

Most of the maglev track is not absolutely smooth,
so it is very important to investigate the tracking per-
formance of the proposed suspension controller. Here
it is assumed that the target air gap to be tracked is
x4=0.012 +0.002sin(2¢) (m).

5.2.1 Case 1: without actuator failure (normal condition)

When there is no actuator failure in the system,
the electromagnet tracks the uneven trajectory from its
initial position starting at 2 s. The experimental results
of the air gap response and control current response of
the left electromagnet with proposed FTC are shown in
Figs. 11 and 12.
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Fig. 11 Air gap tracking response in normal condition (track
tracking without actuator failure)

o
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Fig. 12 Control current response in normal condition (track
tracking without actuator failure)

5.2.2 Case 2: with partial actuator failure

In normal suspension tracking state, the partial
failure of the left actuator is introduced in 5 s, i.e.,
w,=0.5. The tracking experimental results with the
traditional passive FTC of the left electromagnet are
shown in Figs. 13 and 14. The tracking experimental
results with the proposed FTC are shown in Figs. 15

and 16. The adaptation gain &, in this case is shown in
Fig. 17.
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Fig. 13 Passive FTC: air gap tracking response with partial
actuator failure (=, =0.5)
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Fig. 14 Passive FTC: tracking current response with partial
actuator failure (=, =0.5)
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Fig. 15 Proposed FTC: air gap tracking response with
partial actuator failure (=, =0.5)

€40 T T T T T
§.30_\r\—/\/
£
S 20t .
c
S e

4 5 6 7 8 9 10

Time (s)

Fig. 16 Proposed FTC: tracking current response with
partial actuator failure (=, =0.5)
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Fig. 17 Proposed FTC: adaptation gain é, in Experiment 2
(7,=0.5)

As can be seen from Figs. 4 and 5, the proposed
suspension controller can reach the target air gap posi-
tion within 0.5 s without overshooting and the error of
the air gap tends to 0. The control current is smooth



and there is no phenomenon of chattering. Also, when
a partial failure occurs in the left actuator during the
stable suspension, the traditional passive FTC can still
maintain the suspension state, but the air gap error is
about 9.0% at 5 s in Fig. 6 and cannot eliminate the
steady-state error. The proposed controller can quickly
eliminate the effect of the failure and generate only a
5.5% error of the suspension air gap at 5 s in Fig. §,
followed by a gradual convergence of the error tend-
ing to 0. As can be seen from Figs. 11 and 12, when
there is no actuator failure, the proposed suspension
controller can track the irregular trajectory well, and
the error of the air gap tends to 0 within 1.1 s after the
suspension instruction is issued. The control current is
relatively smooth without the phenomenon of chatter-
ing. Also, when a partial failure occurs in the left actu-
ator during the stable suspension, the traditional pas-
sive FTC can track the target trajectory roughly, but
the air gap error is about 7.8% at 5 s in Fig. 13 and
cannot eliminate the tracking error obviously. The pro-
posed controller generates a 7.1% error of the suspen-
sion air gap at 5 s in Fig. 15. The proposed controller
can quickly eliminate the effect of the actuator failure,
and the error of the suspension air gap basically tends
to 0 at 9 s. It can be seen that the proposed controller
can compensate for the effect of partial actuator failure
effectively while suspending and tracking faster than
the traditional passive FTC.

6 Conclusions

This study proposes a non-linear FTC strategy with
adaptive compensation which achieves superior per-
formance in suspension control under partial actuator
failure without fault diagnosis and isolation. To our
knowledge, this is the first FTC method that can both
asymptotically and stably regulate and track the target
trajectory subject to partial actuator failure with the
least assumptions (e.g., linearization approximation).
The contribution is both theoretically and practically
important. Theoretically, the derived FTC law is sim-
ple in structure and the control law can change adap-
tively with the occurrence of faults, thus improving the
reliability and transient performance of the suspension
system. Through rigorous mathematical analysis, we
demonstrate that the entire closed-loop system is glob-
ally asymptotically stable, i.e., the error of the air gap
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is theoretically shown to converge to zero without the
approximation/linearization of the original non-linear
dynamic whereas the existing methods of tolerant con-
trol of suspension systems assume that the system state
is sufficiently close to the equilibrium point. The experi-
mental results show that the method can indeed com-
pensate for partial actuator failure in practice, while
achieving regular suspension control or tracking sus-
pension control, and which has good robustness. Our
future research will be devoted to the application of
the full-scale high-speed maglev train suspension sys-
tem in the National Maglev Transportation Engineer-
ing R&D Center.
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