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An engineering oriented decoupling control method for the module suspension system is proposed to solve the coupling issues of
the two levitation units of the module in magnetic levitation (maglev) train. According to the format of the system transfer matrix,
a modified adjoint transfer matrix based decoupler is designed. Then, a compensated controller is obtained in the light of a desired
close loop system performance. Optimization between the performance index and robustness index is also carried out to determine
the controller parameters. However, due to the high orders and complexity of the obtained resultant controller, model reduction
method is adopted to get a simplified controller with PID structure. Considering the modeling errors of the module suspension
system as the uncertainties, experiments have been performed to obtain the weighting function of the system uncertainties. By using
this, the robust stability of the decoupled module suspension control system is checked. Finally, the effectiveness of the proposed
decoupling design method is validated by simulations and physical experiments. The results illustrate that the presented decoupling
design can result in a satisfactory decoupling and better dynamic performance, especially promoting the reliability of the suspension

control system in practical engineering application.

1. Introduction

As an urban track transportation vehicle with large appli-
cation prospect, low speed maglev trains have been devel-
oped for almost 30 years [1, 2] and there have already
been several commercial operation lines or test lines [3-
8]. Maglev train utilizes suspension controllers to adjust
the electromagnetic forces between the electromagnets and
the track for stable levitation. Hence, the electromagnetic
suspension control system is the most pivotal component
of the maglev train, which attracts tremendous attention
[9-12]. As of today, the stability problem of the suspension
control system has been basically solved. The major work
on suspension control is excepted be transferred to the
performance promotion and the practical problem existing
in engineering applications. On the basis of the mechanical
decoupling in bogie, levitation modules can be considered
as the foundational elements of the low speed maglev train.
At present, the main existing suspension control methods
decompose the module into two single-suspension-control
units. However, due to the physical stiffness structure of

levitation module, direct coupling between the two single-
suspension-control units will attenuate disturbance rejection
capability of the levitation control system and also becomes
a serious obstacle to the performance promotion. To some
extent, the adjustment of one levitation unit may destabilize
the whole module suspension system. Therefore, it is essential
to develop some decoupling control strategy for the module
suspension control system.

By viewing the module as an integrated object, the
suspension control system is a two-input-two-output (TITO)
control system. The engineering oriented research on the
decoupling control of the module suspension system has
rarely been reported. Fortunately, considerable efforts have
already been devoted to the decoupling control of the
multiple-input-multiple-output (MIMO) system for several
decades. Different control strategies have been developed to
overcome the complicated couplings between control loops,
such as inverse Nyquist array [13], internal model control
[14], inverse based decoupling control [15], and other decou-
pler based methods. Those methods can allow parameter
perturbation and uncertainties in system model with robust



requirement, which benefits the decoupling design of the
module suspension system. Besides, although the differential
geometry technique is also a feasible approach to deal with
the multivariable decoupling control problems [16, 17], their
need for precise mathematical model is an obstacle to apply
it to practical engineering. The general decoupling control
approach is to design the decoupler so that the MIMO control
system can be treated as multiple single-input-single-output
(SISO) loops, which allows us to use well developed single
loop controller design methods. Many decoupling control
design methods are developed based on this view as well [18-
22]. The ideal decoupler is to be designed as the inverse of
the transfer function matrix. However, this kind of decoupler
needs to calculate the inverse of the process transfer function
matrix resulting in too complicated calculation. Shen et al.
considered the adjoint transfer matrix of the original mul-
tivariable system as the decoupler [23], where it can avoid
complicated computation, especially for TITO system.

In this paper, a modified adjoint transfer matrix based
decoupler was presented. First, the existing coupling in
the module suspension control system is analyzed and the
dynamic model is also given. By adopting the modified
adjoint transfer matrix as the decoupler, we divide the module
suspension control system into two independent SISO con-
trol systems. Then, compensated controllers are designed to
meet the desired loop performance and robustness demand
of the module suspension control system. The formulation
of a resultant decoupling controller is obtained by combing
the decoupler and the compensated controller. Multivariable
PID structure controller is the most effective technology in
engineering applications because of adequate performance
with simple structure [18, 19, 24, 25], which is also adopted
in our practical CMS04 low speed maglev train. Hence,
the resultant decoupling controller is transformed to PID
type controller by model reduction. Given the parameters
uncertainties and nonlinear characteristic in the magnetic
suspension system, the modeling errors between the lin-
earized model and practical physical model have been taken
into account. The modeling errors are measured by frequency
sweeping experiments on a real full-scale single bogie of
CMS-04 maglev train, based on which the robust stability of
the decoupled module suspension control system is validated.
Furthermore, simulations and experimental results show that
the proposed decoupling method can be well applied in
the module suspension system and promote the suspension
capability in practical engineering application.

The rest of the paper is organized as follows. The coupling
analysis and dynamic model of the module suspension sys-
tem are given in Section 2. Section 3 describes the decoupling
design procedure in detail. The case study in Section 4 is
to determine the parameters of the designed decoupling
controller. Simulations and experiments are presented in this
section. Finally, Section 5 gives the conclusions of this paper.

2. Coupling Analysis and Modeling of
the Module Suspension System

The low speed electromagnetic suspension (EMS) vehi-
cle consists of cabin body, levitation bogies, secondary
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FIGURE 1: Lateral view of the CMS04 low speed maglev vehicle.
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FIGURE 2: Schematic of the module suspension control system.

suspensions, and levitation and guidance magnets. A lateral
view of the CMS04 low speed maglev vehicle is shown
in Figurel where it can be founded that the car body is
supported by five bogies, with each bogie consisting of two
levitation modules. Each module contains two pairs of adja-
cent electromagnets which are controlled by decentralized
SISO controllers; thus, there are a total of four levitation units
in a bogie.

As the bogie is the pivotal component of the maglev
vehicle, analyzing the coupling issue of the bogie is essential
to design decoupling methods. The coupling issue of the
bogie was investigated through static experiments in the
CMS-04 low speed maglev vehicle in [26], from which it
can be founded that the coupling between the two levitation
units in a module is much stronger ([26], Figure 3). Therefore,
the paper focuses on the coupling between the two levitation
units in one levitation module. The schematic of the module
suspension control system is shown in Figure 2, where it gives
two kinds of controller construction: the decentralized SISO
controller and the centralized MIMO decoupling controller.
The former is the common control methodology in maglev
system. It utilizes only the sensors message of one levitation
unit to realize its stable levitation, which leads to the fact that
adjusting the movement of one levitation control unit affects
the performance of the other one because of the moduleé’s stift
structure. To cope with this problem, a centralized MIMO
decoupling control scheme described in Figure 2 is presented
and will be discussed in detail. This kind of controller can use
both sensors messages of the levitation units in a module to
produce appropriate control laws.
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Generally, in the dynamic modeling of the levitation
module, only that the degrees of freedom in pitch and
in vertical direction are considered. With the purpose of
engineering application, some assumptions can be made
below when developing the dynamic model of the levitation
module [27].

(1) The mass distribution of the levitation module is
homogenous, and the gravity centre of levitation
module coincides with its geometrical centre. The
track is considered to be stiff, so the flexible distortion
of the track can be neglected.

(2) The magnetic leakage and edge effect of the electro-
magnet are neglected. That is to say, the total magnetic
potential during the levitation gap is distributed
evenly in the x direction.

(3) The uniformly distributed electromagnet force can be
equated with two concentrated forces acting on the
centre of levitation units in one levitation module.
Besides, the force transferred from air spring applies
on the measuring point of the gap sensor in the y
direction.

Based on the assumptions above, the force diagram of
the levitation module in lateral is given in Figure 3. F; is
the electromagnet force of the ith levitation unit; z; is the
gap between the track and the module at the electromagnet
force acting spot of the levitation unit i; N; is the force of
the ith levitation unit transferred from air spring; §; is the
measured gap values of the gap sensors; 0 is the pitch angle of
the levitation module; [ is the length of the electromagnet of
one module; ¢ is the gap between the centre of the levitation
module and the track; m is the total mass of one levitation
module.

The geometrical relationship of the levitation module is
given as follows:

_ (6, +9,) _ (6,-9,)
c=—7 - =0
1
(36, +6,) (8, +36,)
Aty o 2Ty

The motions of the levitation module contain the rotation
around the mass centre O in the x—z plane and the movement
in the vertical direction. According to Newton’s law, the
motion equation of the levitation module is described as
follows:

mg — F, — F, + N; + N, = md,

Fzé ‘COSG—Fli -c059+N1£ 'cose—Nzé-cosez JO,
2)

where ] is the rotary inertia of the levitation module in the
pitch direction, F, = k,I/z;, k, = u,N*A/2, I is the coil
current of the electromagnets of the ith levitation unit, N
is the number of turns of electromagnet winding, A is the
pole area, y, is the permeability of vacuum, and g is the
acceleration due to gravity.

FIGURE 3: The force diagram of one levitation module in lateral.

The relationship between the current and the voltage of
the electromagnets is derived as

2k, . 2k
“f - Sz,
i i

u; = RI; +

i=12,
. G)

where u; and R are the voltage and direct current (DC)
resistance of the electromagnet of the ith levitation unit,
respectively.

Equations (1)~(3) describe the dynamic behaviour of the
levitation module. However, the magnetic levitation system
has been pointed to be inherently unstable without active
control. In this paper, the decoupling control methods are
developed on the basis of that the suspension system is
already stable. Hence, an additional controlling force is
commonly used to stabilize the single levitation unit. Here,
the PD controller is adopted and the feedback control law is
given as follows:

Li=ky(8;— 14— 8) + kg0, =12 (4)

where k, and k; are the proportional and derivative control
coefficients, I,; is the desired current, §, is the desired
levitation gap, and r; represents the track disturbances. Here
the desired levitation gaps of the two levitation units in one
module are uniform in steady working condition. Let I,
denote the steady current, and it obtains (when the terms in
the left hand side of (2) are equal to zero)

>

I = (mg + 3N, _Nz)z(z)
10 o N2A

I = (mg + 3N, _Nl)zg
20 — ‘LLONZA

Given the inductance of the electromagnets, the current
loop which adopts a proportional control law to adjust the
control voltage for achieving the desired current quickly is
given [28]:

U = kc (Iei - Ii)’ i=12, (6)
where k. is the forward gain of the current loop.

The dynamic model of the module suspension control
system with decentralized SISO controllers is determined
by (1)~(6). On the basis of the stable single suspension
control units, the decoupling control scheme will be added
to complete the function of decoupling the two levitation



units of one module. By this way, clear comparisons between
the single levitation unit control method and the decoupling
module suspension control method can be accomplished.
This will be carried out in the following sections.

3. Decoupling Control Design

3.1. Decoupling Methodology. In this paper, an adjoint matrix
based decoupling control scheme is adopted to provide a
simple alternative method for practical control engineers. The
module suspension control system is a TITO system, and we
consider the TITO process as Y(s) = G(s)U(s) or

et P | ] B

where G(s) is strictly proper and stable transfer function and
can quantify the proper input-output pairing with diagonal
domination.

This section is to design a decoupler K;(s) and a diagonal
compensated controller C(s), which guarantees that the resul-
tant closed-loop transfer function is stable and decoupled.
The ideal decoupler is the inverse of the transfer function
matrix G '(s). However, the calculation of G '(s) is too
complicated, especially for the system with high dimensions,
which make it difficult for practical engineering implementa-
tion. In fact, it is clear that the adjoint matrix can be written
out easily without much computation burden. Thus, it is more
preferable to select the adjoint matrix as the decoupler:

K, (s) = adjG (s). (8)

As for the module suspension control system, the lin-
earized model around the equilibrium point can be applied
to obtain the nominal transfer function matrix. Under the
normal working condition, the pitch angle 0 is smaller
than 0.5°, so we can suppose that the cosine of 0 equals 1
approximately in (2). The linearized model is given by

—2(F, + B) =m, (8, +6,),

(leFz — }LF1>12 =7(8,-3,),

; Zoi EZO;‘
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F, = F,z; - FiI;,
u; = kpk, (6 —1q) + kakS;,

where R = R + k,, Fy; = 2k,I,,/8;, and F,; = 2k I}, /5;.

During the operation of the maglev train, the track
disturbances have the most significant effect on the suspen-
sion performance. By omitting the Laplace operator, it gives
the transfer function matrix G(s) from r; to § with SISO
controllers as follows:

G=G,(I+Gy)", (10)

G, = G,G,G5G, + G,G,G, + G,Gs, (1)
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where the meanings of G, ¢ can be seen in the Appendix.
Hence, the adjoint matrix based decoupler can be rewritten
as

Ky(s) = adj (Gy (s) (I +Gy () ). (12)

From (11), it is found that the expression of Gy(s) is so
huge that the calculation of (I + G(,(s))_1 in (12) is still very
complicated. Hence, we modify the decoupler as follows:

K, (s) = (I+Gy(s))adiG, (s) . (13)

In practice, it should be noticed that the format of
decoupler K;(s) in (13) makes its calculation simpler, while
the coupler K,(s) contains pure integral terms in the denom-
inators. The existence of the pure integral terms in decoupler
will demolish the internal stability of the whole system.
Therefore, the problem at hand is to improve the decoupler
K,(s) such that the pure integral terms can be discarded.
Inspired by [29], we make a further modification of the
decoupler K;(s) as follows:

K, (s) = (I+Gy(s))adjG, (s) G, (s). (14)

Here, G,(s) = diag{g,;(s)} is diagonal stable transfer function
matrix, and its elements are designed in the following
expression:
s
)= — i=1,2, 15
9ai ) (Ais/w,; +1)" 1

where 1; is the maximum order number of the integral terms
included in ith column elements of the transfer function
(I + Gy(s))adjGy(s). The choice of (A;s + 1)" is to ensure
that the elements of the decoupler K;(s) are proper and thus
physically realizable. Meanwhile, according to the expression
of g,;(s), it can be found that the poles brought by g,;(s)
will affect the practical dynamic performance of the closed
loop system. And the specification of the parameter A; will be
discussed in the following procedure according to the desired
closed loop performance. When the decoupler K;(s) acts on
the original model, the decoupled apparent transfer function
matrix is diagonal and is obtained as follows:

Q(s) =G (s) Ky (s) = det Gy (s) - G, (s) - (16)

After decoupling, the obtained decoupled transfer func-
tion may not satisfy the desired dynamic performance. Even
worse, the decoupling may destabilize the whole module
suspension control system. Thereby, after the decoupler is
determined, an extra diagonal compensated controller is
expected to be added to ensure an acceptable dynamic
system performance. The block diagram of the proposed
decoupling feedback control system is given in Figure 4,
which consists of a decoupler K;(s) described in (14) and a
diagonal compensated controller C(s).

This scheme is equivalent to a centralized multivariable
controller K(s). Once the decoupler K,(s) and the diagonal
elements of the compensated controller C(s) are designed,
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FIGURE 4: The block diagram of decoupling feedback control system.

the resultant decoupling controller K(s) is obtained by the
following equations:

K(s) =K (s)C(s),
. (17)
kij (s) = G; () Ky, (s) 4,j=1,2.

According to Figure 4, the closed loop transfer function
matrix of the decoupled module suspension system is deter-
mined as

H(s)=G(s)K;(s)C(s) [I+G(s)Ky(s) C(s)]71
= det G, (s) G, (s) - C(s) [I + det G, (s) G, (s) - C (s)] "

= diag {hy; (s),hy, (5)} .
(18)

Note that H(s) and C(s) are diagonal. By modifying the
expression of (18), the compensated controller C(s) is written
as follows:

Cs) = (H(s) =1) " - detG, (5) G, (s)

hy; (s) hy, (s) } .

(1 —hy (5)) “q (5)) (1 —hy, (5)) g ()
(19)

= diag {

From (19), once the desired diagonal elements of the
closed loop transfer function matrix H(s) are determined, the
elements of the controller C(s) can be ascertained. Without
loss of generality, the ith decoupled closed loop transfer
function with the undetermined parameters can take the
form of [30]

h.. (S) _ (‘-)72,,‘ Hkm;1 (S +Ek)
! (s? +2w,;&s + “’fu) ((Aifw,;) s + l)li ?;1 (5 + pj>)
i=1,2,
(20)

where A;, £;, and w,; are the adjustable parameters. Here the
explanation of the parts of (20) is given. Usually, the concep-
tion of dominant poles is used to specify the parameters of
high-order control system. The standard 2nd order transfer
function locating a pair of conjugation dominant poles in
the left half of the complex plane represents the dynamic
performance requirement.

The term (A;s/w,; + 1) emerges here since it guarantees
the properness and stability of the decoupler K;(s). To make

sure that the elements of resultant centralized controller
K(s) are strictly proper and physical realizable, denoting that
rd(G(s)) is the relative degree of the transfer function G(s),
the parameter /; should satisfy the following relationship:

I; = max {0, rd (det (G, (s)))
~min {rd (G} (5)),7d (Gy (5))}  (21)
+ r,-+m,»—q,-—1}, i=12

The parameter A; has an effect on the bandwidth and
the stability margin of the ith loop transfer function and
also decides the cut-off frequency in high frequency domain.
Though we can specify the parameter A; to be arbitrarily small
such that the pole brought by (A;s/w,; + 1) can be far away
from the dominant poles, it will result in a bigger overshot in
dynamic performance as well.

At last, the residual part of h;;(s) represents the inherent
characteristic of the original process obtained by stable
pole-zero cancellation. According to the analysis procedure
above, the decoupler K;(s) can be obtained by (14), and
the compensated controller C(s) is determined based on
(19) when the desired diagonal elements of the closed loop
transfer function matrix H(s) are given. Then, the resultant
controller K(s) is obtained by (17). Though the proposed
decoupling design is based on TITO system, it also provides
an alternative solution to unstable MIMO system with high
dimensions.

3.2. Practical Considerations on Controllers and Robust Sta-
bility Analysis. Following the procedure given above, the
decoupler K,(s) is obtained to decouple the module sus-
pension system to two SISO loops, and the compensated
controller C(s) is to guarantee the stability and performance
of each loop. However, we adopted the linearized model as the
nominal system in the procedure of the decoupling analysis.
Various sources of disturbances and unmodeled dynamics
and nonlinearities may cause parametric uncertainties in
the practical control system. Hence, the specifications of
the controller parameters should take the robustness to
parametric uncertainties and set-point tracking capacity into
consideration. The common criterion to measure the robust-
ness to process uncertainties is the maximum sensitivity. The
output sensitivity function and the complementary sensitivity
function are defined as follows:

S(s)=U+GE)K(G6) ™,
(22)
T(s)=G(s)K(s)(I+G(s) K(s))‘1 .

It is obvious that S(s) is diagonal, and for the ith loop, we
can use

My, = max (|S; (jw)|, |T;; (jw)]), i=1,2VYweR (23)
as the robustness index [31]. The reasonable values of M, are

in the range between 1.2 and 2.0. A smaller value of M, is
preferred to guarantee the robustness. Actually, robustness is



usually achieved at the expense of system performance in the
normal working condition, which implies that compromise
between robustness and system performance has to be found
in practical application.

For the magnetic suspension system, rapid response to
track disturbance is crucial for good dynamic performance,
which means that smaller overshoot and setting time are
demanded. In this paper, the system performance of the
control system is evaluated by calculating the integrated
absolute error (IAE) due to a unit step load disturbance. The
IAE index for the ith loop is defined as

IAE = ” r; (1) —y;, ()| dt, i=1,2. (24)
[NACESG!

The controller with smaller IAE is considered to have a better
control performance here.

From the decoupling design procedure, the controller
K(s) is determined by three parameters A;, §;, and w,,;. The
determination of those parameters is based on the trade-off
between robustness and system performance. In this work,
plots are introduced to show the relationship between system
performance and robustness in regard to the controller
parameters, which will be illustrated in Section 4.1.

The decoupling design for the module suspension system
is given in Section 3.1, and it is obvious that the orders of
the elements of the resultant controller K(s) are so high.
Hence, it is difficult to implement the controller in physics.
In engineering practice, it is an advisable way to solve this
problem by approximating their elements with a reduced-
order model. However, it is difficult to obtain a perfect
reduced-order controller which matches the original one well
in the whole frequency domain. In practice, we can require
that the reduced controller matches the original one in a
desired domainof s € D; £ {s € C | s = jw,wy; < w < w,,,;}.
The value of w,,,; should be well chosen to be large enough
such that it is well beyond the system bandwidth [31]. In this
paper, the frequency domain is chosen as the values between
Wy = Wg;/10 and w,,,; = 10w,;, and wy; is the 0 db crossover
frequency of the ith loop transfer function g;. The elements
of the resultant decoupled controller K(s) have the following
format:

Ky (s) = A(s) = b,s" +-+-+bs+ A(0) (25)

= - )
a,s"+a, S+ +as+1

Assume that the frequency response A(jw,) can be
approximated by a reduced-order model A,(s) with orders
y and k in the numerator and denominator, respectively. The
approximation rational transfer function is described by (26)
with identical stationary gain:

N(s)  Bs +--+pis+A(0)
D(s) ogsf+og K tags+1

A, (s) = (26)

Denoting that 8 = (ay,...,%. fB,...,5,) is the undeter-
mined parameters vector, the proposed model approximation
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method is to search the optimal parameters to satisfy the
following objective function J [32, 33]:

BN . . .
J = mino 3 [[W ()l |4 () - 4, (jwp 0[]

D(jwk,oci)

WU B )

>

(27)

where W(jw,) is a weighting function. From the above,
when the order of the approximation model is chosen,
the parameterization for the reduced-order model A, (s) is
determined if the mean squared error is under preestablished
tolerance.

After the model reduction, the resultant controller K(s)
may have any physically realizable structure. PID structure
is one of the first developed control strategies with simple
structure and well-known tuning rules, which makes it
maintain dominance in practicing engineering applications
for several decades. Though more advance control algorithms
have been developed, the PID controllers are always preferred
unless they do not give satisfactory performance [33]. Hence,
in this work, the resultant controller K(s) is approximated by
PID controllers. A pure differential term in PID controller
will cause infinite high frequency gain. Also, it is undesirable
and impossible to realize such a controller. In view of that,
a second order low-pass filter is introduced to replace the
common procedure of the pure differential terms in the
PID controller. The second order low-pass filter is shown as
follows:

1
1+5T + s> (TJ%/N)‘

Ky (s) = (28)

Then, the PID controller structure used in this paper is
written as

T
Kpip (s) = K¢ (s) <Kp + < + Tds>

T,s + K,s+T; (29)

B s(l +5Tp + 52 (T}/N)))

where K is the proportional gain, T; is the integration
constant, K ; is the derivative constant, and T}, is the derivative
filter constant. The PID controller is obtained based on the
model reduction method mentioned above. Basically, the
elements of the resultant controller K(s) contain integrator to
eliminate the stationary error due to setpoint or load changes.
For simplicity, this paper denotes K(s) = P(s)/s by removing
the integrator. Applying the approximation method to the
inverse of P(s), the approximation model can be obtained as
follows:

Bos” + Bis+P(0)

P(s) =
© st +as+1

(30)
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According to (29) and (30), the PID controller parameters
are given as follows:

szﬁl’ T1=P(0)’

T; = ﬁz’

2 (31)
Tf = 0(1 5

Since an approximation is adopted to transform the ideal
decoupling to the PID structure, the robust stability needs
to be checked when uncertainties exist in the model of
the controlled levitation module. Assume that the practical
module suspension control system has an multiplicative
uncertainty compared with the linearized model G(s); then,
it is presented as

G, (s) =G(s) (I +A(s). (32)

A rational weighting function which represents the
uncertainties of the module suspension control system is
given as follows:

[Wa (je)] = max3 (67 (jo) [G, (j) - G (jw)]). - (33)

where A is a set containing all possible real model G, (s).
Hence, the robust stability criterion for the close loop system
is obtained as [34]

7 (M (jw)) <1, VYwe€[0,00), (34)

M (s) = =W, (s) Kpp (8) [T + Kppp ()G (s)] . (35)

In this work, the weighting function of the system
uncertainties is obtained by frequency sweeping experiments
on the full-scale single bogie of CMS-04 maglev train. The
expression of the weighting function is given in Section 4.2.
By this way, we can calculate and plot the left hand side of
(34) and then compare it with the unity to see whether robust
stability is satisfied.

4. Case Study

4.1. Parameters Specification. This section gives parameters
specification procedure of the resultant decoupling controller
K(s). The related calculation is based on the actual parameters
of the CMS04 low speed maglev train which are shown in
Table 1.

According to the design procedure of the decoupler
K,(s), it is not necessary to calculate the transfer func-
tion matrix of the module suspension control system G(s).
Instead, the transfer function matrix G,(s) is obtained by
using the parameters listed in Table 1:

68271.3 (s + 40.15)

s2 (s +1135)
553.29 (s — 3285)

s2 (s +1135)

553.29 (s — 3285)

s2 (s +1135)
68271.3 (s + 40.15)

s2 (s +1135)

Gy(s) =

(36)

7
TABLE 1: Parameters of the module suspension control system.
Property Value
m 1020 kg
N, N, 10KN
A 0.0186 m’
I 2.65m
J 910 kg-m”
N 320
k. 300
Ho 47 x 107 H/m
k‘p 4000
k, 33
I 9mm
R 1.0 Q)

From the expression of G, (s), it is seen that the nondiago-
nal elements have one nonminimum phase zero. So the ideal
inverted decoupling method may lead to RHP poles in the
decoupler. This can be avoided by using the decoupler given
in (14). The decoupler is calculated as follows:

K, (s) = (I+Gy(s))adiG, (s) G, (s)

— kdll kdlZ
" kdy kdy, |

kd,,

68271.3s" (s + 1074) (s + 15.24) (5* + 86.04s + 3768)
- st (s + 1135)% (A, s/w,, +1)"

>

~553.205" (s — 3285)
s (s + 1135) (A,5/w,, + 1)

kd,,

~553.295" (s — 3285)
s% (s +1135) (A, s/w,, + 1)

kd,,

kd,,

68271.3s" (s + 1074) (s + 15.24) (5* + 86.04s + 3768)
- st (s +1135)% (A,s/w,, + 1)

(37)

Since the maximum order numbers of the integral terms
included in the column elements of the transfer function (I +
Gy (s))adjG(s) are both 4, we choose r; = r, = 4. After the
decoupler K ;(s) is determined, the apparent transfer function
matrix of the module suspension control system is decoupled
to be two SISO loops, and its elements g;(s) can be given as
follows:

4.66 x 10° (s2 +80.72s + 902.6)

, i=1,2. (38)
(s +1135)> (A;s/w,; +1)*

q; (s) =

It shows that the zeros and poles of g;(s) are in the left
side of the complex plane. To simplify the structure of



0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) Plots of robustness index (M)

Mathematical Problems in Engineering

— 1=001
-—- 1=005
~~~~~~ A=0.1

(b) Plots of performance index (IEA)

FIGURE 5: Robustness index (M) and performance index as functions of the parameters & and A.

closed loop transfer function H(s), those dynamics can be
discarded by stable pole-zero cancellation. According to (21),
the parameter /; is chosen to be 1. Hence, the compensated
controller C(s) is given as follows:

2

ni

w

Gi ()

- (2 +2w,&s + w?) (Ais/w,; + 1) — w2,
(39)
(s +1135)* (Ass/aw, + 1)

©4.66 x 10° (s + 80.72s + 902.6)

i=1,2.

Then, the resultant controller K(s) is obtained through
(17). However, the three controller parameters A;, ;, and
w,; are still not determined. So, the work at hand is to
analyze the relationship among the controller parameters and
the indexes of robustness and system performance, which
helps us to specify the controller parameters. Normally, the
levitated units of one module are supposed to have the
same performance, so the two diagonal elements of the
compensated controller C(s) are equal. Here, the subscript
of the parameters is discarded in the following parameters
specification procedure. In Section 3.2, we choose M, and
IAE as the evaluation indexes of robustness and system
performance, respectively. The situation of three controller
parameters is more complicated because it needs three
dimensions plots to express the relationships. Through the
multiple plots, we find that the variation of w, does not affect
the robustness index M, described in (23), so we give the
plots of robustness index (M) and performance index (IAE)
as functions of the parameters & and A by setting w, as a
constant firstly.

Figure 5(a) shows the plots of robustness index (M)
as function of the parameters { and A, and Figure 5(b)
shows the plots of performance index (IAE) as function of

the parameters & and A. Figure 5(a) shows that the robustness
index M, decreases when the parameter & increases. When
& is bigger than almost 0.3, M will be in the reasonable
range between 1.2 and 2.0. Besides, Figure 5(b) indicates that
the minimization of IAE will be obtained when & is 0.66,
which also gives acceptable robustness. For the correlation
among IAE, M, and A, IAE and M, both decrease when the
parameter A decreases. Once we choose & as 0.66, a smaller
value of A means a promotion of both the performance and
the robustness.

Next, we give the plots of robustness index (M) and
performance index (IAE) as functions of the parameters w,
and A in Figures 6(a) and 6(b) when & is 0.66. The plots in
Figure 6(a) show that the level curve of M, is horizontal,
which means that robustness index will not be influenced
by the variation of the parameter w,. Figure 6(b) gives the
conclusion that the performance index (IAE) decreases when
the parameter w, increases. Just like Figure 5, though the
influence caused by the parameter A is much smaller, the
plots also indicate that robustness index M, and performance
index (IAE) will be smaller by setting A on a lower value
when the parameters £ and w,, are fixed. Actually, the peak
time is also important for the suspension control system.
The mentioned current loop method above is to shorten
the response time of the electromagnets. It is not expected
that the decoupling design destroys the original intention
of the current loop. So the specification of the parameters
must satisfy the demand of the peak time. Besides, it is
obvious that a smaller A and a bigger w, can both benefit
the robustness and performance, while it also give a higher
control gain. For the measurement noise, high gain means too
large control actions. So a natural way to solve this problem
is to choose acceptable values of A and w,, by considering the
measurement noise.
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FIGURE 6: Robustness index (M,,) and performance index (IAE) as functions of the parameters w,, and A.

In brief, from the plots which present the relationship
among the robustness index, performance index, and the
three controller parameters, we determine the parameters A,
¢, and w, as follows.

(1) The parameter £ = 0.66 gives an acceptable robust-
ness as well as minimization of IAE.

(2) The parameter w,, does not affect the robustness index
M. It is only determined by the trade-off between
the peak time and acceptable control gain for the
measurement noise. In practical physical controller,
the filter circuit is already designed to make the
measurement noise in an acceptable degree. Denote
that the peak time t, < 0.1s; then, we get w,, > 40.
Though a much bigger value of w, can make the peak
time even smaller, the induced high control gain will
amplify actuator actions caused by the measurement
noise. So we choose the parameter w, as 40.

(3) Once the parameters of the standard 2nd order
system are specified, the parameter A; can serve as
a monotonously tuning parameter to affect dynamic
performance and robustness. In this paper, we choose
the desired robustness value M = 1.33, and then A
will be 0.05.

According to the parameters specified above, the robust-
ness index is M = 1.33, and the minimization of IAE is
0.046. The resultant centralized controller Kpp(s) is given in
Table 2.

4.2. Simulations and Experimental Results. To verify the
decoupling effect and the performance, the closed loop
responses of the nominal control system subject to a 1mm
square wave are shown in Figure 7. The initial condition is

9
0.3
0.25
0.2
[sa)
=
0.15
0.1
0.05
0 ; ; ; ; ; ; ; ; ;
0 5 10 15 20 25 30 35 40 45 50
wn
— A=0.01
--- A=0.05
~~~~~~ A=o01
(b) Plots of performance index (IEA)
TABLE 2: PID parameters of the controller Kpp,(s).
Location PID parameters
K, T, T, N T,
1-1/2-2 391 43.8 0.0743 4.927 0.1024
1-2/2-1 429x10°° 0 0.0215 4.927 0.1024

that the module levitates at a gap of 9 mm and the square wave
disturbance is added at t = O's in the first loop and at# = 1s
in the second loop. In the ideal case, the dynamics of the two
levitated units is decoupled perfectly with the designed high
order centralized controller K(s). Compared with the system
responses generated by traditional decentralized controllers,
the approximated centralized controller with PID formula
can provide a better decoupling performance. Meanwhile,
the peak time is smaller than the desired value of 0.1s and
a lower overshoot is also obtained. Besides, a gap disturbance
with a magnitude of I mm is added in the first loop to show
the disturbance rejection performance at ¢t = 2.5s. And the
system responses are also shown in Figure 7. It can be seen
that the disturbance rejection performance is dramatically
improved with the approximated centralized PID controller.

In practice, the carrying mass changes apparently when
passengers get on/off. Hence, simulations are also made when
the mass of the maglev train changes. Here, it is assumed that
the steady current of electromagnets can response to the load
change rapidly, which is already realized in CMS04 maglev
train. And the results show that it affects the decoupling of the
levitation units of the module in a very low degree. Besides,
under the ideal working condition, the mass of the carriage
is transferred to each levitation unit through air spring on
average. However, more or less difference will exist due to
the installation error in practice, which causes directly that
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FIGURE 7: Closed loop responses of the nominal linearized control
system.

the steady currents of the two levitation units in one module
are different. So we give simulations by assuming that the
transformed force on the levitation unit one is 1 KN less than
that of the others, and the simulation results are shown in
Figure 8. The results demonstrate that a good decoupling
performance can still be obtained. Meanwhile, the system
responses and disturbance rejection performance can also be
guaranteed.

To evaluate the robust stability of the proposed con-
trollers, experiments have been performed on the full-scale
single bogie of CMS-04 maglev train to obtain the weighting
function of the system uncertainties in this work. The picture
of the full-scale single bogie of CMS-04 maglev train is shown
in Figure 9.

Firstly, we adopted the traditional decentralized con-
trollers to make the module levitate steadily. Then a sine
external excitation is introduced into one of the levitation
points in variable frequencies. The outputs under variable
frequencies represent the frequency response of the real
suspension control system model G, (s). In the experiments,
the frequency domain is chosen from 0.1Hz to 50 Hz.
Many repetitive experiments have been finished under the
considerations such as different steady operation points and
different tracks. Through those experimental results, the
possible set of real model A is obtained. Because the two
levitation units are symmetrical, here the weighting function
from multiple experiments is given as follows:

0.0318s + 0.4

Wal®) = Go318/08) s+ 1

(40)
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FIGURE 8: Closed loop responses of the nominal linearized control
system when the transformed forces is different.

FIGURE 9: Full-scale single bogie of CMS-04 maglev train.

The weighting function W,(s) can be loosely inter-
preted as the input of each levitation unit has almost 40%
uncertainty in the low frequency domain and up to 60%
uncertainty at the high frequencies. The magnitude plot of
the maximum singular value of M(s) is shown in Figure 10.
It can be seen that the peak value of 0(M(jw)) is much less
than the unity, which indicates that the proposed controller
design indeed provides good robust stability.

To validate the practice effect of the proposed decoupling
method, some experiments are also executed on the full-scale
single bogie of CMS-04 maglev train. Firstly, we still test
the decoupling capacity when Imm square wave disturbance
is added. In the first stage, the module is levitated steadily
around the operation point §, = 9mm with the designed
decoupling controller. Then, a 1 mm square wave disturbance
lasting 2 s is added to the levitation gap of levitation unit
one. The curves of the levitation gap and the current are
shown in Figure 11. For comparison, the same experiments
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FIGURE 11: The response of the levitation gaps and the current when
decoupling design is adopted.

with traditional SISO controllers are also carried out, and the
responses of the levitation gap and the current are shown in
Figure 12.

When the module suspension system is controlled with
the traditional SISO controllers, it is seen that the gap curve of
the levitation unit two fluctuates to almost 0.2 mm when the
square wave disturbance is added into the levitation unit one.
From the experiment curve with the proposed decoupling
design, the gap of the levitation unit two just varies less than
0.05 mm, which shows that the decoupling design reduces the
coupling between the two levitation units by 75%. Because

1
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FIGURE 12: The response of the levitation gaps and the current when
traditional SISO controllers are adopted.

the decoupling controller can receive the sensor message of
both levitation units, the current of levitation unit two can be
adjusted accordingly so that the fluctuation of the levitation
unit two is suppressed. From the experimental results shown
in Figure 11, it can be concluded that the proposed decoupling
control design can provide a good decoupling performance.

Besides, experiments assuming that one levitation unit
of the module breaks down are also carried out. In the
experiments, we give a huge disturbance to make the levita-
tion unit one collapse artificially and simultaneously record
the dynamic response of the levitation gap of the levitation
unit two. The curves of the levitation gap are shown in
Figures 13 and 14. In Figure 13, when the levitation unit one
breaks down, the large gravity action will also destabilize the
levitation unit two because of the coupling between the two
levitation units. Meanwhile, the violent collision against the
tracks will last a long time until the module starts to levitate
again. However, when the decoupling design in this paper is
used in the suspension control of the module, the levitation
unit two can be still stable after a short adjustment though the
levitation unit one is destabilized artificially. In Figure 14, the
levitation unit one can start to levitate in a short time. And the
long time of the levitation procedure turns up because a slow
levitation technology is adopted in the controller to make the
levitation procedure more comfortable.

5. Conclusions

In the paper, an engineering oriented decoupling controller
design has been proposed for the module suspension control
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system. A modified adjoint transfer matrix based decoupler
is used to make the system transfer matrix be diagonal and
then the compensated controller is designed individually
according to the desired close loop system performance.
The resultant controller parameters have been determined by
the trade-offs between the performance index and robust-
ness index. To avoid high order of the resultant controller,
model reduction method is adopted to simplify it to be a
multivariable PID controller. Simulations are accomplished
to show that the designed controller has a good decoupling
performance and system response. Due to the fact that the
linear model cannot include the uncertainties caused by
nonlinearities and other reasons, an experimental method

Mathematical Problems in Engineering

is used to calculate the weighting function of the system
uncertainties, based on which the robust stability of the
proposed controllers has been checked. Finally, experiments
on the full-scale single bogie of CMS-04 maglev train have
been executed to verify the effectiveness of the proposed
approach in practical physical model. Compared with the
experiment results using the traditional SISO controllers,
the presented decoupling design can provide satisfactory
decoupling and set-point tracking performance.

Appendix

The meanings of G;, i = 1 ~ 6 are shown as follows:

G = >

' 1 B2 1 P

—_—— + JE— —_—— o ——

m, 8] m; 8]

— -F, 0
&[0 k)
3le le
G, = 4 4 ’
Fn 3Fn
4 4
G = ke (k, +kgs) 0 ’
0 ke (k, +kgs)
3k,I,ys k.I,os
| 280 (R+K,) 8y +2k,s) 28, ((R+ k)&, + 2k,s)
- k,Lyys 3k,I,ys ’
28, ((R+k,) 8 + 2k,s) 28, ((R+k.)8, + 2k,s)
S 0
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