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Section S1 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 electromagnet coil is &V, , effective polar area of an electromagnet is

A4,, air permeability is g, the current in the solenoid coil and the voltage at both ends are
respectively 7 and u , the resistance of electromagnet coil is R, the magnetic flux within the polar

area is @, (7,0) and the air gap flux linkage is ¥, (i,0) .

According to Maxwell equation and Biot-Savart theorem it follows that
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From Kirchhoff's law for magnetic circuits, it follows that
v (i) =N (s2)
R
R=-20 (S3)
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Substituting Egs. (S2) and (S3) into Eq. (S1), the electromagnetic force equation for the
suspension system can be obtained as
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The relationship between the voltage and current of the solenoid coil and the magnetic flux is

that
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u=Ri+N®, (S5)
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Substituting L, into Eq. (S6) and deriving it with respect to time gives

where L, =

. N,A, . N,Aj .
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Substituting equation Eq. (S7) into Eq. (S5) yields the electrical equation of the

electromagnet as
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The resulting electrical equations for the left and right electromagnets are
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u, = R,i, + 25, " 257 3 (S10)
Section S2 Dynamic equations for suspension system based on join-structure
From 2.3 the electromagnetic force on the electromagnet is given by the formula below
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The force on the electromagnet by the spring dampers is given by
FslzKl(H_Zl)"'gl(H_Z.l) (S13)
F, :Kz(H_Zz)'i"gz(H_Z.z) (S14)

Thus, for the electromagnets the kinetic equations for the left and right electromagnets can be

obtained as
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Mz, =M,g————"F+K,(H -2,)+&,(H - 2,) (S16)
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For the hover frame, it 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

MI1H:th_Fsl_FS2+MCg (S17)

Section S3 Fault tolerant controller design

Control object

The desired airgap can be denoted by x,. The control object of the suspension system of

high-speed maglev train is to make the air gap J, maintain at target regardless of partial actuator

failure in the process of running. In order to quantitatively describe the control objective, the error

signals are defined as follows:
{el “h X {’fl ij‘.l -3 , {‘?1 ij.‘ﬁ — (S18)
e,=x,—X,  |&=X,—Xx, ’ |&, =X, —X,
Assumption 1: x,, x, and X, satisfy these conditions: x,, x,, X, €L, |jc'd| <g. geR’
denotes the gravity constant.

Based on Eq. (S18), the error systems of left and right electromagnets can be derived as

follows:

Left:
Mlél=M1g+%(x3—xl)+wg—al—xd (S19)

Right:
M =M2g+%(xl—x3)+mh—;]w")g—1i2—jéd (S20)
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where ,

the actual output of actuator. 7,i, are the fault-tolerant suspension controllers of left and right

suspension electromagnets that need to be designed, respectively. Consider the above second

failure mode of actuator, i.e.:

F,=woF, (S21)



Fe2 =a,F,

ce2
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F, are the actual outputs of the left and right actuators, respectively. F,,F, , are the

cel?” c

where, F

el?
ideal control input of left and right actuators. @,,@, €(0,1] denote the failure degree of the left

and right actuators, respectively.
First, the suspension controller of the left electromagnet module is designed. The sliding

surface of the left electromagnet is designed as follows:
s, =ce +¢ (S23)
where, ¢, >0.
Set ¢, =%, & =i. The fault-tolerant control law of the left electromagnet module is
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designed as follows:
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where , K =% , 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:
Ks(x3 _xl) + (Mh +M(:)
2M, 2M,

& =As (ks + 6+ g+ g—¥,)sgn(g,) (S25)

where 4, >0 denotes adaptive gain.

Easy to know sgn(¢,) = sgn(ML) .
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Meanwhile, the sliding surface of the right electromagnet is designed as follows:
s, =C,e, +é, (S26)
where, ¢, >0.
Set @, = Z: , & = 1 , The fault-tolerant control law of the right electromagnet module is

M, ?,

designed as follows:

1 .- . K (x — M +M) .
i ()= \/—522§Z(kt2s2+cze2+g+ (=) (M + ‘)g—xd) (S27)
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where , «, =% , k, >0 are the fault tolerance control coefficients. &, is an adaptive

estimate value containing fault information for the right module, which can be determined by the

following adaptive update law:

2 ) K (x,—x) (M,+M))
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where A, >0 denotes adaptive gain.

Closed-loop stability analysis

Before proceeding to the stability analysis, the extended Barbalat lemma is presented firstly,

which will be utilized in the following analysis.

Extended Barbalat lemma: x:[0,00) — R is square integrable , i.e.: lim j;xz (t)Ydr <. If
t—©
x(¢) is uniform continuous, then limx(¢)=0.
t—

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 Egs. (S24) and (S27), together with
the proposed update mechanism Egs. (S25) and (S28), can also achieve the control objective even
if the left actuator has a partial failure in Egs. (S21) and (S22) in the sense that

lime (1)=0, limé (f)=0, lime,(r)=0 and limeé,(r) =0 (S29)
Proof: The nonnegative scalar Lyapunov function is constructed as follows:
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where s, =ce, +¢, 621 =56 /?7 >0, 5, =ce, +é2, 52 =5,-6, ﬂ’z >0.

By taking the time derivative of Eq. (S23), inserting Eq. (S19) into the resulting equation,

and by taking the time derivative of Eq. (S26), inserting Eq. (S20) into the resulting equation, one

has



K (x-x) (M, +Mc)g i’

S, =cé+é =cé+g+ oM, oM, —(01K15—12—5éd (S31)
L K.(x,—x) (M,+M,) L
S, =C,6, +6, =c6, + g+ — + : g -0k, -X, (S32)
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Taking the derivative of both sides of Eq. (S30) with respect to time, and inserting Egs. (S31)

and (S32) into the resulting equation, we can obtain:
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To facilitate subsequent analysis, set y, =k,s, +¢é +g+ 2]3‘/[1 L+ ’12 m g-X,
. K —x) (M,+M,) .
and y, =k,s, +c,e, + g+ 2]“/[2 2+ EMZ g-x,.
V= k ilz |¢1| £ izz
=5 — k8, — oK F)’F_é}qsl?ﬁ sgn(@,) +5,(7, —k,,5, _%sz
| C A 2 (S34)
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Since sgn(ML) =sgn(g,) , substituting the proposed controllers Eqs. (S24) and (S25) into Eq.

1

(S34) at the same time, and canceling out the common terms, and making some arrangements, the

following results are obtained:

V =5 (71 - k;1S1 - Q)lg:]?/l) + Q’]?lslyl +5, (72 _ktZSZ - (03527/2) + (132525272
=5 (7/1 - ktlsl + ¢1§171 - (p1é:171) +5, (72 - kt2s2 + (pzé:ﬁ/z - (pzé:ﬂ/z) (S35)
=s5,(1 —kus, + @67 +5,(1y — ks, +0.87,)
= _ktlS12 - kt2S22 <0

Dueto ¥ >0, V<0, based on Lyapunov method, we can conclude that V' is bounded.

It can be obtained from V =k, s> —k,,s,” that:
[Var=—k,[ std—k,[ s ar (S36)
iie., V(o) =V (0) =k, ["s’dt - k,zjo’ s,2dt .
While 7—>o , because V() is bounded, then J? s’dt and Lt s,°dt are bounded
respectively , i.e., s, and s, are square integrable respectively. And it is easy to know that s, and

s, are uniform continuous. Based on the above extended Barbalat lemma , while t > o



lims, =0 and lims, =0 . And since s, =ce +¢ , s,=ce, +¢,, ¢#0 and ¢, #0, thus:
t—©

t—0

lime (#)=0 , lime(1)=0, lime,(1)=0, lime,(#)=0. So, the closed-loop system with the
t—o0 t—© t—o0 t—>o0

proposed control law is asymptotic asymptotically stable. QED.
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Fig. S1 High-speed maglev vehicle-rail magnetic coupling experiment platform



