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A B S T R A C T

High-speed Electromagnetic Suspension (EMS) train is continuously impacted by the irregularity of the track, 
which worsens the levitation performance of the train. In this paper, a composite control scheme for the EMS is 
proposed to suppress track irregularities by integrating a Refined Disturbance Observer (RDO) and a Prescribed 
Performance Fixed-Time Controller (PPFTC). The RDO is designed to estimate precisely the track irregularities 
and lumped disturbances with uncertainties and exogenous disturbances in the suspension system, and reduce 
input chattering by applying to the disturbance compensation channel. PPFTC is designed to converge the 
suspension air gap error to equilibrium point with prescribed performance by completing error conversion, and 
solve the fast dynamic issue of EMS. And the boundary of overshoot and steady-state is limited in the ranged 
prescribed. A theoretical analysis is conducted on the stability of the proposed control method. Finally, the 
effectiveness and reasonability of the proposed composite anti-disturbance control scheme is verified by simu-
lation results.

1. Introduction

High-speed Electromagnetic Suspension (EMS) train achieves non-con-
tact suspension and guidance between the train and the track by electro-
magnetic force [1]. The main key to the successful implementation of EMS 
lies in the extensive research and application of suspension systems. The 
EMS is a strongly nonlinear system. Proportional-Integral-Differential (PID) 
and Proportional-Differential (PD) controllers are usually proposed to ef-
fectively control system by adjusting the gain parameters [2]. But these 
controllers cannot be used in more complex industrial scenarios. An adap-
tive fixed-time control algorithm is used to ensure the steady-state perfor-
mance of the suspension system by converging within a fixed time [3]. 
Nonsingular terminal sliding mode control based on adaptive laws can 
ensure the dynamic and steady-state performance of the system by allowing 
the switching gain in sliding mode dynamics to be adaptively adjusted ac-
cording to the system state [4].

The track may be irregular for some reasons such as material pro-
duction, line installation, external environment and so on [5]. Track 
irregularities can affect the stability of the suspension system and re-
duce passenger comfort [6]. Furthermore, many researchers have done 
a lot of work on track irregularities [7,8]. The finite element method is 
used to establish the train-track nonlinear coupled system, which can 

improve the analysis efficiency of the nonlinear coupling system [9]. 
However, the persistent excitation of track irregularities for train brings 
a huge challenge that achieving fast convergence, high accuracy esti-
mation and robustness of the suspension system.

Sliding Mode Control (SMC) technology is used widely in uncertain 
nonlinear systems. For instance, unmanned aerial vehicle [10], ro-
botic manipulators [11] and so on. However, the problem of system 
oscillation caused by the existence of discontinuous high-frequency 
components cannot be ignored. Some methods have been proposed to 
avoid this phenomenon. The design of boundary layer can effectively 
avoid or weaken buffeting [12]. Additionally, too large or too small 
boundary layer will cause a negative effect of the controller. The use 
of high-order SMC technology can effectively solve chattering while 
ensuring system robustness but it is mathematically intensive [13]. 
Terminal SMC (TSMC) [14], fast TSMC [15], non-singular TSMC [16], 
and non-singular fast TSMC [17] have been proposed to overcome the 
shortcomings of SMC, and have advantages such as robustness to 
uncertainties and finite time convergence and so on. However, these 
methods will also produce inevitably buffeting.

Fortunately, the disturbance compensation technology can also ef-
fectively reduce SMC chattering phenomenon. The Disturbance 
Observer (DO) is introduced to estimate uncertain components and 
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compensate the disturbance estimation for the controller. In addition, 
the track irregularities in the suspension system are also compensated 
as mismatched disturbances by using Disturbance Observer-Based 
Control (DOBC) [18]. The Extended State Observer (ESO) has a good 
estimation effect on the lumped disturbances composed of modeling 
dynamics, uncertainty and external disturbances [19]. In Ref. [20], 
constant value disturbance and harmonic disturbance are described as 
exogenous system for designing DOs to suppress and eliminate dis-
turbances. In Ref. [21], the high-order DO is designed for accurate es-
timation of uncertain harmonic disturbance. For systems with multiple 
disturbances, the H theory can be used to construct a hierarchical 
control algorithm that conforms to the hierarchy [22,23]. Some im-
proved higher-order DOs can achieve finite time convergence to ac-
celerate system response [24,25].

In recent years, composite anti-disturbance controllers have been ap-
plied in the research of the suspension system. In Ref. [26], a new control 
strategy is proposed to solve the issue of fast dynamics of the suspension 
system for the high-speed EMS train with track irregularities. The sus-
pension system considers a semi bogie and the designed fixed-time syn-
chronization controller has satisfactory control performance [27]. The 
composite control strategy of adaptive terminal SMC combined with ESO 
reduces the chattering and it is globally uniformly bounded stable [28]. 
Ref. [29] proposed a terminal SMC which can improve the rate of con-
vergence of the system in a finite time. In suspension system affected by 
uncertainties and exogenous disturbances, the integration SMC and ESO 
are combined to improve the rate of convergence and have better steady- 
state performance in the system [30].

Tracking the reference trajectory of the suspension air gap in the 
suspension system under track irregularities is a highly challenging 
task. Therefore, this paper focuses on the tracking problem of the sus-
pension air gap in the suspension system under track irregularities and 
lumped disturbances with uncertainties and external disturbances. As 
shown in Fig. 1, the Refined Disturbance Observer based Prescribed 
Performance Fixed-Time Control (RDO-PPFTC) strategy is proposed. 
The main contributions of this paper are as follows, 

1) Considering the impact of track irregularity, an improved dynamic 
model of high-speed electromagnetic suspension train is proposed. In 
actual operation, track irregularity continuously excites the suspension 
system. This issue needs to be considered in the suspension system.

2) Prescribed Performance Function (PPF) is introduced to convert 
steady-state errors and ensure that the tracking error can converge to 
zero when the conversion error converges to zero. At the same time, 
the relevant performance of the controller is dynamically constrained 
in a given functional domain and the control performance is improved.

3) RDO integrates the advantages of DO and ESO to achieve high- 
precision estimation of track irregularities. The PPFTC designed 
based on RDO can achieve the limitation of error performance upper 
and lower boundaries and ensure the suspension system can con-
verge within a prescribed time and have good effects in tracking 
accuracy, fast convergence, stability, and reducing chattering.

The remaining parts of this paper are as follows. Section 2 provides 
a problem statement and constructs the suspension system model. 
Section 3 introduces the design process of the proposed the refined 
disturbance observer based prescribed performance fixed-time control. 
The effectiveness of the proposed control scheme was verified by si-
mulation results in Section 4. Finally, Section 5 gives a conclusion.

2. Problem statement

The track irregularities and lumped disturbances with uncertainties 
and external disturbances will have adverse effects on train operation. 
Therefore, these two types of disturbances need to be considered when 
establishing the suspension system model. The simplified model of the 
suspension system considering a single electromagnet is shown in 
Fig. 2, where w t( )0 represents the position of the absolute track re-
ference plane. The actual suspension air gap is 

=x t w t w t( ) ( ) ( )2 1 (1) 

where w t( )1 is the actual track height, and w t( )2 is the position of the 
suspension electromagnet.

The dynamic equation of the suspension system can be determined 
by Newton’s second law 

=m w t
t

mg F t F td ( )
d

( ) ( )
2

2
2 e (2) 

where m and g are the mass of suspension electromagnet and gravita-
tional acceleration respectively. F t( )is the electromagnetic levitation 
force which can be expressed as 

Fig. 1. Block diagram of proposed control strategy. 
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=F t
µ N S

m
i t
x t

( )
4

( )
( )

0
2 2

2 (3) 

where µ0, S, N denote the Vacuum permeability, the positive cross- 
sectional area, the number of turns of electromagnetic coil, respec-
tively; F t( )e is an external disturbance. For the convenience of sub-
sequent calculations, Eq. (2) is rewritten as follows 

=mw mg hu F2 e (4) 

where =h µ N S
x4

0 2

2 is a parameter of suspension force, =u i2 is the control 
effort.

Due to the uncertainty parameters h and external disturbance Fe in the 
suspension system, considering the parameter changes, uncertainties caused 
by external disturbance, the overall suspension system can be rewritten as 

= +mw mg h h u F( )2 e (5) 

where h represents the parameter uncertainty of the system.
By differentiating Eq. (1) and combining Eqs. (4) and (5), the sus-

pension system can be redefined as 

= +
= +

x x d
x g Hu d

,1 2 1

2 2 (6) 

where x1 is the actual suspension air gap, =x w2 2 is the vertical velocity 
of suspension system, =H h

m , and d2 is the lumped disturbance of un-
certainty and external disturbance, which is described as 

=d
m

hu F1 ( )2 e (7) 

In addition, =d w1 1 is the track irregularity disturbance which can 
be described by the following exogenous models [20]

=
=

W
Vd1 (8) 

where 2 is the auxiliary state of model (8), ×W 2 2 and ×V 1 2

are known coefficient matrices. 

Remark 1. The EMS increases the frequency of irregularity signals [26]. 
Therefore, d1 which introduces rapid dynamics into magnetic suspension 
devices has caused obstacles to the stability of the suspension system and 
the design of the controller.

Remark 2. When a high-speed EMS train runs to the track section with 
ramp, the gravitational acceleration direction is shifted, resulting in the 
gravitational acceleration being only the cosine value on the plane track [31]. 

The missing gravitational acceleration at this time is summed up as the 
lumped disturbance d2.

Before designing the controller, we propose some assumptions as 
follow. 

Assumption 1. Track irregularity disturbance has a first derivative, 
resulting in <w t w( )1 1 and w t w( ) ¯1 1 established, where w̄1 and w̄1
are the supremum of w1 and w1, respectively.

Remark 3. In actual track design, the amplitude of track width must 
meet the requirements of line design and the amplitude of track 
irregularity is limited, so w1 is bounded. At the same time, trains 
must use magnets with limited area to pass through the track and the 
rate of change in track position must also be bounded, so the first 
derivative of w1 can be considered bounded.

Assumption 2. The lumped disturbance d1has a supremum, i.e., 
< d d0 ¯2 2, where d̄2 is the supremum of d2.

Remark 4. Due to the influence of machining errors in the actual track 
design process, even when meeting the line design standards, there may 
be slight parameter disturbances in the system; The external 
disturbances force that affect the electromagnetic levitation train in 
operation mainly include the coupling force, secondary suspension 
force, and aerodynamic lift force. Therefore, d2 is bounded.

Next, the necessary definitions and theorems for the control strategy 
will be proved. 

Definition 1. (fixed–time stability) [32] Consider a continuous system

= =z t f z t f z t( ) ( ( )), (0) 0, ( ) n (9) 

where f ( ): n nis a continuous function, z t( ) continuous represent 
the system state, z t( ) is the derivative of z t( ) with respect to time. If 
there exist positive real numbers T z( ) and ( 1) such that for any 
initial state z a( ) n, the system state satisfies the inequality 
z t z a t T z( ) ( ) , ( ) after a time =t T z( ). Then the system 

(9) achieves stability within the fixed time T z( ). 

Lemma 1. [33] for the system (9), if there is a positive definite function 
V x( )0 and it satisfies

V x aV x cV x( ) ( ) ( )m
n

p
q0 (10) 

where a, c  >  0, m, n, p, q are positive odd integers that satisfy m  >  n, 
p  <  q, the system states will converge to the origin in fixed-time given 
by 

+T
a

n
m n c

q
q p

1 1
(11) 

The suspension system is an unstable and highly nonlinear system. It 
is a huge challenge to track the trajectory of suspension air gap. Hence, 
this paper proposes a new control strategy that considers the condition 
that track irregularities and lumped disturbances with uncertainties and 
external disturbance and ensures that the suspension air gap can reach 
and stabilize at the prescribed position within a fixed-time and perform 
different track tracking tasks.

3. Design of the RDO-PPFTC

In this section, RDO is designed to estimate disturbances d1 and d2. 
The prescribed performance method performs error conversion and 
performance limitation on state errors. Then, fixed-time feedback 
compensation is applied to design PPFTC control law. It ensures high 
accuracy tracking control of the suspension air gap in the suspension 

Fig. 2. A simplified diagram of suspension system considering track irregula-
rities and external disturbance.
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system under track irregularities and lumped disturbances with un-
certainly and exogenous disturbance.

3.1. Design of Refined Disturbance Observer (RDO)

Due to the presence of unmatched disturbance d1 and matched 
disturbance d2 in system (6), RDO is designed as an integration of DO 
and ESO, estimating disturbance d1 and d2 respectively, and then 
sending the estimated disturbance values as output feedforward com-
pensation to the controller to suppress and attenuate most of the dis-
turbance.

The DO for d1 is presented as follows 

=
= +
=

d V
Lx

W LV Lx

ˆ ˆ
ˆ

( ) ˆ

1

1

2 (12) 

where ˆ and d̂1 are the estimates of and d1, respectively. L is the ob-
server gain to be designed, and is auxiliary variable.

Additionally, use the following ESO to estimate augmented state d2

= + +

=

x g Hu d x

d x

ˆ ˆ ˜
ˆ ˜
2 2 1 2

2 2 2 (13) 

where =x x x˜ ˆ2 2 2 is the observation error value of x2. x̂2 and d̂2 are the 
estimates of vertical velocity x2 and lumped disturbance d2, respec-
tively. These variables > 01 and > 02 are the gains of ESO to be 
determined.

In the following Sections, d̂1 and d̂2 will be used to design the control 
law.

3.2. Selection of observer gains

Based on (8) and (12), the dynamics estimation error is described as 

= W LV˜ ( ) ˜ (14) 

where =˜ ˆ is the estimate error of the DO (12).
Similarly, based on (6) and (13), the dynamics of the estimation 

error can be described as follows 

=

=

x d x

d x

˜ ˜ ˜
˜ ˜
2 2 1 2

2 2 2 (15) 

where =x x x˜ ˆ2 2 2 and =d d d˜ ˆ2 2 2 denote the estimates errors of ESO.
Rewrite Eq. (15) as follows 

=
x
d

x
d

˜
˜

1
0

˜
˜

2

2

1

2

2

2 (16) 

Then, according to the pole assignment principle [34], the observer 
gains of RDO are selected as 

= +sI W LV s( ) ( )k0 (17)  

= +
=

+
sI s

1
0 ( )

p

r
p

1

2 1

1
1

1

(18) 

where k0 and p1 are positive constants. Then, system (14) and (15)
are asymptotically stable and Bounded-Input Bounded-Output (BIBO) 
stable, respectively [35]. 

Remark 5. It can be seen from Section 2 that it is difficult to achieve the 
suspension air gap tracking control the task of the suspension system 
because of the existence of unmatched disturbance d1 and the lumped 
disturbance d2. In this paper, the RDO in (12) and (13) integrates DO 
and ESO is designed to estimate different types of disturbances, and the 
gains are determined by pole assignment method. Compared with the 

single ESO, this treatment can fully utilize prior known disturbance 
information and improve disturbance estimation performance.

3.3. Error transformation based on prescribed performance function

In this section, a prescribed performance function is introduced to 
convert the tracking error for the goal of improving the stability and 
convergence accuracy of the suspension system. Defining tracking error 
of suspension air gap x1 as =e x x1 1 r, xr is the reference suspension air 
gap value. Selecting the following error performance indicator function 

= +t( ) ( )e t
0 (19) 

where > 0 is the index of rate of convergence, representing the lower 
bound of the rate of tracking error convergence. 1 and are rea-
sonably selected positive real numbers. <e (0)1 0, < 0 is the 
steady-state error indicator.

Performance index t( ) will converge exponentially to the final 
value in (19). Then, the boundary function is constructed from the 
performance indicator function to limit the tracking error of the system 

< <
< <

R t e t t e
t e t R t e

( ) ( ) ( ), (0) 0
( ) ( ) ( ), (0) 0
L 1 1

1 U 1 (20) 

where e (0)1 is the initial value of the tracking error e t( )1 , RL and 
R (0, 1]U are constraints on the overshoot of the system response.

Next, normalizing Eq. (20) as follows 

< <

< <

R e

R e

1, (0) 0

1 , (0) 0

e t
t

e t
t

L
( )
( ) 1

( )
( ) U 1

1

1
(21) 

Constructing a smooth and strictly monotonically increasing error 
transformation bijection ( ): ( 1, 1) ( , ). This paper adopts 
the hyperbolic tangent form of the error conversion function 

= +

+

( )
, 0

, 0

e e
e e
e e

e e (22) 

According to =e t t( ) ( ) ( )1 and the properties of hyperbolic tan-
gent functions, the error conversion function can be transformed into 

= + =
+

= + e e1
2

ln 1
1

1
2

ln
1
1

1
2

(ln( ) ln( ))
e

e 1 1

1

1
(23) 

In order to facilitate the controller design later, some dynamic 
equations of the converted error function are calculated respectively as 
follows 

= +
+

e
e

e
e

1
2

1

1

1

1 (24)  

= + + +
+

=

+ +
+

+ +
+

+

=

+ +
+

+

+
+

+

e e e
e

e e e
e

e e
e

e e
e

e e
e

e e
e
e e

e
e e

e
e
e

e
e

e

1
2

( )( ) ( )
( )

( )( ) ( )
( )

( ) ( )
2( )

( )
2( )

( ) ( )
2( )

( )
2( )

( ) ( )
2( )

( ) ( )
2( )

2( ) 2( )

1 1 1
2

1
2

1 1 1
2

1
2

1 1
2

1
2

1 1

1
2

1 1
2

1
2

1 1

1
2

1 1
2

1
2

1 1
2

1
2

1

1
2

1

1
2 1

(25) 

By deforming Eq. (25) for ease of calculation, it can be obtained that 

= +N Me1 (26) 
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where = ++
+

M e
e

e
e2( ) 2( )

1
1 2

1
1 2 , = + +

+
N e e

e
e e

e
( ) ( )

2( )
( ) ( )

2( )
1 1 2

1 2
1 1 2

1 2 . 

Remark 6. Obviously, R t( )L and R t( )U limit the maximum 
overshoot of e1 and the descent speed of t( ) affects the convergence 
speed of e1. and determine the steady-state error range of e1. 
Moreover, it can be verified that if converges, the error e1 converges. 
And the range of values for is within the entire real space, then e1 is 
bounded in (−1, 1).

3.4. Composite controller design

The converted error can limit the dynamic performance of the 
system to a prescribed range. This section will design a new fixed-time 
controller based on prescribed performance which can improve the 
robustness of the system by compensating as well as suppressing output 
of RDO through feedforward.

The tracking error of the original system (6) is =e x x1 1 r and first 
order and second order dynamics of e1 are calculated as 

= = +
= + = + +

e x x x d x
e x d x g Hu d d x

1 1 r 2 1 r

1 2 1 r 2 1 r (27) 

For the suspension system (6), use the transformed position error 
and velocity error to design the sliding surface 

= + +s t µ µ µ( ) sign( ( )) sign( ( )) d
t

m
n

q
p

0 1 1

1
1

1
1

(28) 

where > > < < > >m n q p0, 0, 0 , 01 1 1 1 1 1 .
Take the first derivative of the sliding surface 

= +s A (29) 

where = +A | | sign( ) | | sign( )
m
n

q
p1

1
1 1

1
1 .

Combining Eqs. (21) and (22) into Eq. (25), it can be obtained that 

= + + =
+ + + +

s N Me A
M g Hu d d x N A( )

1

2 1 r (30) 

To ensure that the sliding mode can keep on the sliding mode sur-
face =s 0, a fixed-time controller is as follows 

= + +U
H

u u u1 ( )eq ob r (31) 

in which the terms of ueq, uob and ur are designed as 

= + +

= +

= +

u g x M N M A

u d d

u M s s s s

ˆ ˆ

( sign( ) sign( )
m
n

q
p

eq r
1 1

ob 2 1

r
1

2

2
2

2

2
2

(32) 

where > > < < > >m n q p0, 0, 0 , 02 2 2 2 2 2 .

3.5. Stability analysis

Theorem 1. For the suspension system presented in (6), if it chooses Eq. 
(28) as sliding mode surface and fixed-time control law is selected as 
Eq. (31), then the suspension system (6) is fixed-time stable. The 
steady-state performances of the suspension system such as overshoot 
and response time are guaranteed by prescribed tracking error 
performance.

PROOF OF THEOREM 1. Based on (30)–(32), the sliding mode state 
can be lead to 

= +s s s s s d tsign( ) sign( ) ˜ ( )
m
n

q
p

2 2

2
2

2
2

(33) 

where = +d M d d d d˜ (( ˆ ) ( ˆ ))2 2 1 1 is system disturbance.
Next, we will analyze the stability of the sliding mode state under 

the assumption d D˜ with a positive constant D.
The next step is a two-step stability proof.
Step 1: To prove that sliding mode state (28) is always in the fol-

lowing region 

= s D Dmin ,s

n
m

p
q

2 2

2
2

2
2

(34) 

Choose the Lyapunov function 

=V s1
21

2
(35) 

Based on (33), one can obtain 

= = + =

+

+

+ +

+ +

V s s s s s s s d t

s s sd t

s s D s

sign( ) sign( ) ˜ ( )

˜ ( )

m
n

q
p

m
n

q
p

m
n

q
p

1 2 2

2

1

2

1

2

1

2

1

2
2

2
2

2
2

2
2

2
2

2
2

(36) 

Clearly, the equation contains positive sign terms. To ensure that all 
the right terms of the inequality are less than 0, change the inequality 
(36) into the following form 

+
V s s D s

m
n

q
p

1 2
2

2

12
2

2
2

(37) 

As long as the sliding mode state is ensured to satisfy ( )s| | D
n
m

2
2

2
, 

then 

V 01 (38) 

Using the same method, Eq. (30) can also be transformed into 

+

V s s D s

q
p

m
n

1 2
2

2

12
2

2
2

(39) 

if the sliding mode state satisfy ( )s| | D
p
q

2
2

2
, then V 01 .

Hence, the tracking error will gradually converge to the region s if 
the sliding mode state is selected as (28). Moreover, if the sliding sur-
face is outside the region (34), then V 01 .

Step 2: To prove the sliding mode state (28) will converge to the 
region within a fixed-time.

Based on step 1, the next step is to prove that fixed time convergence 
does not consider disturbance d t˜ ( ) and Eq. (36) can be transformed into 

+ +
V s s

m
n

q
p

1 2

1

2

12
2

2
2

(40) 

Substituting =s V(2 )
1
2 into (34) leads to 

+ +
V V V(2 ) (2 )

m n
n

q p
p1 2 1 2 2 1 2

2 2
2

2 2
2 (41) 

According to Definition 1 and Lemma 1, it can be calculated that the 
suspension system can converge the domain (34) no longer than a fixed- 
time ts
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+t t ts s s1 2 (42) 

where = =t t2 , 2s
n

n m s
p

q p( ) ( )

m n
n

q p
p

1
2 2
2 2 2

2 2 2 2
2 2
2 2 2

2 2 2
.

Therefore, the sliding mode can stably converge within a finite time. 
Finally, the position tracking error converges to the equilibrium point 
within a fixed-time and ensures the given control performance.

Asymptotically, this completes the proof.

4. Simulation results

In this section, there will be a simulation for the single electro-
magnet suspension system to verify the effectiveness of the control 
strategy in high-speed EMS trains with track irregularities. Some main 
system parameters considered are listed in Table 1. Then, some units 
are defined by x1 cm, x2 cm/s and u A2. The initial conditions of the 
suspension system are =x (0) 121 mm and =x (0) 02 cm/s. In reality, 
the standard of suspension air gap is around 8–12 mm. Therefore, the 
reference suspension air gap is selected as =x 10r mm in this paper.

The periodic track irregularity disturbance influenced by long waves 
is described to be = ( )d f t( )sin v

1
2 , where and v are the wavelength 

of the irregularity and the velocity of the train, respectively. f ( )is the 
amplitude of the irregularity corresponding to [26]. The disturbance 
d1 can be modeled as (8), where the coefficient matrices are 

= =W V
0

0
[1 0]

v

v

2

2
(43) 

Simulating the actual maglev train operation and setting the speed v
to 430 km/h and the parameters is chosen as 475 m.

In addition, d2 containing uncertainty h and exogenous dis-
turbance Fe which are selected as 0.1h and +t tsin(2.52 ) sin(0.2 ).

For obtaining satisfactory control results, the controller parameters 
are presented in Table 2. The following contents are the details of the 
simulation results.

Fig. 3 and Fig. 4 respectively show actual track irregularities dis-
turbance d1 and the lumped disturbances d2 with uncertainty and exo-
genous disturbances, as well as the estimation of two types of dis-
turbances (the output of RDO) and the estimation error. It can be seen 

that the designed RDO can accurately estimate disturbances and has 
satisfactory estimation performance. Hence, these two figures demon-
strate the effectiveness of RDO in disturbance estimation.

Through the proposed RDO-PPFTC strategy, the suspension air gap and 
vertical velocity trajectory response of the suspension system are displayed 
in Fig. 5. From it, it can be seen that under the RDO-PPFTC algorithm, the 
suspension air gap x1 can converge to the expected fixed value in about 
0.2 s. The system has fast response speed and good stability performance. 
Similarly, the vertical speed x2 also converges to the reference value around 
0.2 s, ensuring that the train can run smoothly even under high-speed 
conditions, even under irregular tracks and external disturbances.

Fig. 6 shows the tracking error of the suspension air gap x1 and the 
prescribed-performance function t( ). From the Fig. 6, it can be seen 
that the preset performance function t( ) has a good effect of limiting 
the upper and lower bounds of tracking error. In order to convert 
tracking errors from a constrained space to an unconstrained space 
effectively, the algorithm should be utilized.

Table 2 
Controller parameters of the proposed strategy. 

Parameter Value Parameter Value Parameter Value

L [100 100]T 1 5000 2 40

1 400 1 5000 2 40
2 ×4 1004 m1 9 m2 9
0 4 n1 10 n2 10

1 q1 0.111 q2 0.111
2 p1 0.1 p2 0.1

Table 1 
Main parameters of suspension system. 

System parameter Value Unit

g 980 cm/s2

m 0.75 ton
µ0 ×4 10 7 NA 2

S 230 cm2

N 300

Fig. 3. The performance of RDO in estimating d1 and the estimate error of d1. 

Fig. 4. The performance of RDO in estimating d2 and the estimating error of d2. 
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5. Conclusion

In this paper, a fixed-time controller with prescribed-performance 
based on refined disturbance observer is proposed to handle the fast 
dynamics and rapid change of irregularities problem of the high-speed 
electromagnetic suspension train under the continuous excitation of 
track irregularities at high speed. The refined disturbance observer can 
accurately estimate track irregularities and lumped disturbances with 
uncertainties and exogenous disturbances, and the fixed-time controller 
based on prescribed performance can quickly compensate for dis-
turbances within a fixed time. The simulation results on the suspension 
system indicate that proposed control scheme improves the suspension 
air gap response and enhances the stability of train operation. In the 
future, the impact of high-speed compressed air flow between the ve-
hicle body and track on the suspension system can be considered, and 
the control algorithm can be extended to the semi bogies or full bogies 
of the trains and verified on the testing lines.
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