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Improved Sliding Mode Traction Control Combined
Sliding Mode Disturbance Observer Strategy for
High-Speed Maglev Train

Xueqian Cao

Abstract—To improve the robustness and dynamic tracking per-
formance of the stator current control for the long stator linear syn-
chronous motor (LSLSM) used in high-speed maglev train traction
system, a composite current control strategy combining a sliding
mode current controller (SMCC) and a sliding mode disturbance
observer (SMDO) is proposed in this article. First, the LSLSM
mathematical model in double feed mode is optimized. Then, an
SMCC is designed based on the model. An improved stability
criterion is proposed and the SMCC switching gain is obtained
quantitatively to meet the current following speed required for
the stator changeover process. As disturbance factors, parameter
perturbation of the LSLSM and the stator changeover will bring
about transient current fluctuations and chattering. Therefore,
an SMDO is designed to estimate the disturbances and perform
feed-forward compensation for the SMCC, thereby improving
the robustness and suppressing the current chattering. Finally,
the hardware-in-the-loop experiments verify the effectiveness of
this strategy and compare it with the traditional current control
strategy.

Index Terms—High-speed maglev, long stator linear
synchronous motor (LSLSM), sliding mode current control
(SMCC), sliding mode disturbance observer (SMDO), stator
changeover.

1. INTRODUCTION

AGLEYV train avoids the loss caused by wheel-rail con-
Mtact and adhesion, thereby improving efficiency and
being more suitable for long-distance transportation [1], [2].
The electromagnetic suspension (EMS) type high-speed maglev
train is driven by two long stator linear synchronous motors
(LSLSMs) on the left and right sides, and one side of the
train with excitation magnetic pole and the track with armature
windings can be regarded as the mover and stator, respectively.
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Fig. 1. Traction system structure with step-by-step segmented method in DF
mode.

As two important parts of high-speed maglev train, traction and
suspension systems share a set of excitation poles [3], [4]. The
traction system studied in this article has the following special
features: a) the long stator adopts a step-by-step segmented
method, which does not require additional converters, and the
process of staggered switching between the left and right stator
segments is called stator changeover, and b) under low-speed
operation, a traction converter with a capacity of 24 MVA at
one end of the line feeds the stator segment where the train is
located through the feeder cable, which operates in single feed
(SF) mode; under high-speed operation, the traction converters
at both ends feed the stator segment at the same time, which
operates in double feed (DF) mode [5], [6]. Fig. 1 shows the
traction system structure with step-by-step segmented method
in DF mode.

To decouple the traction system and suspension system, the
LSLSM adopts the field oriented control (FOC) method with i4
= 0 [5]. For the traction system, the traction force of the train is
indirectly controlled by adjusting the stator current to achieve
smooth and precise operation [7], [8]. Therefore, the stator
current control is the key technology of the traction system.
At present, the traction system mainly adopts a traditional
stator current control strategy of proportional integral combined
with voltage feed-forward decoupling (PI-VFDC). However,
the attenuation and recovery rate of the reference current can
reach thousands of amperes per second during the changeover
process. Due to the lack of robustness and dynamic following
performance of the traditional control strategy, the sharp
current change will make it difficult for the actual current
to follow the reference current in time and produce large
transient fluctuations, which can lead to the failed completion
of the stator switching action. In addition, the parameters
of the motor and feeder cable are prone to perturbation in a
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complex working environment, which leads to uncertainty in
stator current control and affects the stability and accuracy of
train operation. Therefore, a high-performance stator current
control strategy suitable for the special working conditions of
high-speed maglev train needs urgent study.

At present, many methods have been proposed for the stator
current control, such as predictive control [9], [10], [11], [12],
robust control [13], [14], internal model control (IMC) [15],
[16], adaptive control [17], and sliding mode control (SMC)
[18], [19], [20], [21], [22], [23]. Among them, SMC has at-
tracted wide attention due to its insensitivity to disturbances,
fast response, and easy realization. SMC usually adopts a sign
function with high switching gain to ensure its robustness and
response speed [24]. However, since the upper bound of the
disturbance is unpredictable, a higher switching gain must be
selected to provide stronger robustness, which can introduce
strong current chattering. Various methods have been proposed
to suppress chattering, such as improving sign function [20],
sliding surface [21], [22], and reaching law [23]. However,
high-power or large-inertia systems, such as high-speed maglev
trains, are not sensitive enough to these improvements and the
dynamic tracking performance may be compromised.

Designing an observer to estimate the disturbances and com-
pensate for SMC is an attractive proposition that allows the
switching gain to be reduced only to meet the required current
following speed without loss of robustness. Researchers have
proposed disturbance observer (DOB) [25], [26], extended state
observer (ESO) [27], [28], [29], and sliding mode disturbance
observer (SMDO) [30], [31], [32], [33], [34], [35], [36]. Among
them, SMDO also has the advantages of simple implementa-
tion, fast response, and strong robustness. In [30], [31], [32],
and [33], an SMDO was combined with predictive control to
improve the robustness of current control. In [34] and [35], a
composite sliding mode control strategy consisting of an SMC
based on a new reaching law and an extended sliding mode
disturbance observer (ESMDO) was proposed, which realized
the high-precision control of the motor speed loop. In [36],
the disturbance and mechanical parameters of the motor were
observed, and a low-pass filter was designed to suppress chat-
tering. These studies show that the SMDO can compensate the
disturbance effectively.

In this article, a composite stator control strategy for the
LSLSM used in high-speed maglev train in DF mode based
on SMCC and SMDO is proposed. The SMCC is designed ac-
cording to the optimized LSLSM mathematical model. To meet
the required current following speed, the Lyapunov stability
criterion is improved. The quantitative switching gain is obtained
by narrowing the stability range of the criterion, which makes the
current state variable reach the sliding surface in finite time. In
addition, the sliding mode reaching law is also improved. Then,
the disturbance estimated by the SMDO is used as feed-forward
compensation for the SMCC to reduce chattering and enhance
robustness.

The remainder of this article is organized as follows. Sec-
tion II optimizes the LSLSM mathematical model in DF mode
and introduces the disturbances. Section III designs the SMCC
and focuses on the proposed method for obtaining appropriate
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Fig. 2. Equivalent circuit of the LSLSM in DF mode.

switching gain. Then, the SMDO is designed in Section IV. In
Section V, the hardware-in-the-loop (HIL) experimental results
verify the effectiveness of the proposed strategy. Finally, Sec-
tion VI concludes this article.

II. MACHINE MATHEMATICAL MODEL

A. Mathematical Model of the LSLSM in DF Mode

DF mode is a particular power feed mode for high-speed
maglev trains, as shown in Fig. 2. The essence of DF mode is
that two sets of traction converters are connected in parallel and
feed the stator segment where the train is running through the
feeder cable. There is a nonnegligible voltage drop on the feeder
cable. Therefore, unlike the conventional linear synchronous
motors, in addition to the stator covered by the train, the feeder
cable also needs to be considered when establishing the LSLSM
mathematical model.

Based on [2], with the output currents of the inverters at both
ends as the state variables and the output voltages of the inverters
as the input variables, the dg-axis mathematical model of the
LSLSM in DF mode is established as (1) shown at the bottom
of the next page where

w = TM}/Ta wm = Msmzm

Uq1, Uq1, iq1,and iy are the dg-axis output voltages and output
currents of the first converter; u g2, Ug2, ig2, and iy are the dg-
axis output voltages and output currents of the second converter;
Lq and L, are the dg-axis stator inductances; R, is the stator
resistance; Ry1, Ry2, L1, and Lo are the parameters of the feeder
cables on both sides; v, is the excitation flux linkage; Mg,
is the mutual inductance between the stator and the excitation
winding; i,, is the excitation current; v is the train speed; 7 is
the pole pitch (7 = 0.258 m); w is the angular velocity of the
mover; and p is the differential operator.

According to Model (1), the stator current is indirectly con-
trolled by controlling the output currents of the two converters.
In addition, there is a circulating current between two converters,
which increases the power loss of the system. To directly control
the stator current and suppress the circulating current, the two
converters can be regarded as an integral power feed system.
The sum of the voltages output by the two converters and the
difference between the voltages are taken as the input variables.
The dg-axis stator currents jointly output by the two converters
and the circulating currents are used as the state variables. The
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optimized mathematical model of the LSLSM is derived as (2)
shown at the bottom of this page, where unnumbered equation
shown at the bottom of this page.

According to Model (2), the current control strategy can be de-
signed as follows. The stator currents and the circulating currents
are calculated from the output currents of the converters. The
stator current controllers and the circulating current controllers
are introduced to obtain the sum and difference of the output
reference voltages of the two converters, so as to realize the
direct control of the stator currents and circulating currents.

B. Model Considering Disturbances

The disturbances in Model (2) can be summarized as follows.

a) In a complex environment, the resistance and inductance
parameters of the motor and feeder cables are prone to pertur-
bation.

b) The circulating currents are suppressed to small values by
the controllers. Therefore, the circulating currents in Model (2)
can be regarded as small disturbances.

c) The transient current fluctuations caused by the stator
changeover can be regarded as a kind of disturbance in Model
2).

Therefore, the LSLSM mathematical model considering the
disturbances is as follows:

_WquO Z.dsum
R.o+ quOp Z.qsum

0 fa
Lot * |11

|:udsum:| _ |:Rz0 + LdzOp

Ugsum wlgzo

3)

where

_WAquO idsum
ARZ + Aqup Z.qsum

0 B
+ [mmsmo} * Lﬂ

fa| _ |AR,+ALgp
fol —wAL,,

ARZ Rz - Rz()

ALdz Ldz - LdzO

ALy, | Ly — Lgzo

Awsm wsm - wsmO
5d (Lsubp + Rsub)idsub - WLsubiqsub + fd
5q (Lsubp + Rsub)iqsub - WLsubiqsub + fq

faq and f, are the total disturbance terms in the dg-axis voltage
equation; the subscript “0” represents the ideal value of the
corresponding parameter; AR, ALg,, AL,,, and A1), are the
perturbation values of the total resistance, the total inductance,
and the mutual inductance parameters in dg-axis, respectively;
& gand &, are the disturbance terms from current variations of the
changeover and other uncertainties; d ; and d , are the disturbance
terms including £ 4 and £, and the circulating current terms.

In Model (3), the disturbances are very complex. In addition,
the disturbance caused by inductance perturbation is related to
the train speed, so the influence of this disturbance is greater at
high speed. Since the speed change of the train is relatively
gentle and the value of the circulating current is small, the
speed controller and the circulating current controllers can still
use the PI controllers to meet the expected control effect. The
stator current controllers must have strong robustness and high
dynamic following performance.

Ud1 Liip+ Lap + Ri1 + R, —w(Lp1 + Ly) Lap+ R, —wlg iq1
Ug1 _ w(Lkl + Ld) Lklp + Lqp + Rkl + Rs WLd Lqp + Rs Z'ql
Udz Lap + R —wLq Lop + Lap + Ri2 + R —w(Lgz + Ly) id2
Ugo wLq Lyp + R w(Lg2 + La) Lyap + Lyp + Rp2 + Ry ig2
0
o M
Wi,
Udsum Rz + Ldzp _Wqu Lsubp + Rsub _UJLsub idsum 0
Ugsum | _ wLq. R. + qup wLgup Lgupp + Rsup Z.qsum + 2w, 2)
Udsub 05(R9ub + Lsubp) 70-5WLsub Lsump + Rsum *WLsum Z‘dsub 0
Ugsub 0~5WLsub 05(Rsub + Lsubp) WLsum Lsump + Rsum iqsub 0
Udsum (g1 + uas Udsub Ud1 — Ud2 Lsum Liy + L Ly
Ugsum _ Uqg1 + Uq2 Ugsub _ Uql — Ug2 Lsub _ Lk:l - Lk:2 L i
Z.dsum Z.dl + id2 7:dsub 05(’Ld1 - Z'd2) Rsum Rkl + RkQ ’ qu
Z.qsum L iql + iq2 iqsub O~5(iq1 - iq2) Rsub Rkl - Rk2 *

[0.5(Lyy + Lio) + 2Lg
= O.5(Lk1 + Lkg) + 2Lq
0.5Rsum + 2R,




830

III. DESIGN AND STABILITY ANALYSIS OF THE SMCC

In this section, a sliding mode current controller (SMCC) is
designed to improve the dynamic following performance of the
stator current control. The key parameters of the SMCC should
be designed quantitatively so that multiple adjustments are not
required in engineering implementation.

A. Design of SMCC

To achieve fast and accurate tracking of the reference current,
the tracking errors of the dg-axis stator currents are defined as
the SMCC state variables:

|:$d:| _ |:Z25um - idsum:|
Lq B ZZSum - iqsum
where i* dsum and ix gsum are the dg-axis reference stator
currents; x4 and x, are the state variables of the SMCC, that
is, the dg-axis tracking errors of the stator currents.

The integral sliding surface is selected as (5) to eliminate the

static error and reduce the influence of high-frequency noise
caused by the differential

“

r t
s xrq+ Cd/ Tqdt
[ d} = e )
K Ty +C / Tdt
q q q
The differential of (5) is as follows:
$q | . Tq+ cqxy
[511_ B [iq+cqmq] ©

where 54 and s, are the dg-axis sliding surface functions, and
when x4 and x, converge to 0, the state variables are on the
sliding surface; ¢4 and ¢, are the integral coefficients.

The sliding mode motion goes through two stages in turn:
reaching and stabilizing at the sliding mode surface. To improve
the dynamic performance of the reaching process, the exponen-
tial reaching law is introduced:

$a| _ _ | kiasgn(sa) + keaSa @
$q kigsgn(sy) + kegsq
where
1 s>0
sgn(s) =¢ 0 s=0
-1 s<0

(7) is composed of isokinetic and exponential reaching terms.
kiq and k;, are the isokinetic reaching coefficients, which are
also called the switching gains; k.q and k., are the exponential
reaching coefficients; and sgn(s) is a sign function.

Combining (3), (4), (6), and (7), the SMCC control law
without considering disturbances is obtained as follows:

Udsum | _ [Lazo O kiasgn(sa) + keaSa + caxa
0 quO kingn(Sq) + k’equ + quq

RZO WquO idusm 0
+ |:_WLdzO RZO Z.qsum + 2wws7n0 '

®)

Ugsum,
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B. Traditional Stability Analysis

SMC is a nonlinear control method that can use the Lyapunov
function to judge the stability. That is, if there is a positive
definite and continuous function V related to the sliding mode
surface function s, which satisfies the criterion (9), then the state
variable will be stable on the sliding mode surface

1) lim V(s) =00, 2 V(s) <0,s # 0.

|s|—00

€))

Taking the g-axis sliding mode surface function as an exam-
ple, the Lyapunov function can be defined as follows:
Lo

Vo= 356 (10)

Combining (3), (4), (6), and (8), (10) is differentiated

Vg = 848 = (kiquSgn(sq) - keqsg - iqu) - 3D

qz0

S .
qu() | q)

Combining (9), the stability range of k;, is as follows:

kig > Ja .
quO

Scale (11) is as follows:

fq

V, < (—kiq |sq| + (12)

13)

Similarly, the stability range of k;, is obtained:

o | fa

kiqg >
LdzO

. (14)

However, the above method cannot determine the maximum
time required for the state variable to reach the sliding surface. If
the time is too long, it is meaningless in some situations such as
the rapid change of the current caused by the stator changeover,
and may even cause current divergence.

C. Improved Stability Criterion and Parameter Design

To make the state variables reach the sliding mode surface
within the time of the stator changeover, an improved stability
judgment method is proposed to quantitatively obtain an appro-
priate switching gain.

First, the Lyapunov stability criterion is modified

V< —aV'2 (15)
Transforming and integrating (15) leads to
v 1/2 1/2
/0 Wdt =2(V2(t) - VY2(0)) < —at.  (16)

Assuming that the initial state is known, the sliding mode state
variable can reach the sliding mode surface within a finite time
t,, that is, V(t,.) approaches zero. Then, the reaching time 7, can

be rewritten as follows:
1/2

0}

[e%

A7)

During the stator changeover process of the train, the time
required for the current attenuation or recovery process is ap-
proximately 0.25 s. In addition, the magnitude of the stator
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current in DF mode does not exceed 1900 A. According to (4),
(5), and (10), (17) is rewritten as follows:
2

2\/0.5(xq(0)+cq / Cn0d) s )
. | Vo

@ - @

(18)

Assuming i* gsum is 1900 A, « is selected as 10 748 to meet
the required speed of reaching the sliding surface. That is, the
following speed of stator current required for stator changeover
is satisfied.

Then, combining (10), (11), and (15), the switching gain can
be analyzed as follows:

. fqs S
V, = —kigSosen(sy) — kegs? — 2120 < —q L, (19)
q 454581(84) aSq Lo = /2
The discussion based on sgn(s,) is as follows:
(o3 fq
kiq27ﬁ+keq5q+mv 5q<0
f (20)
kiqz\ﬁ—]f@qsq—?{io, Sq>0

Assuming that the disturbance is bounded, scaling (20) and
combining (18), k;, can be obtained as follows:

S%
1,s f
sum
kiq =1 + 4

. 21
025 ' |Lge0 b

Similarly, to obtain the dynamic tracking performance of
the d-axis current synchronized with the g-axis current, k;q is
expressed as (22). Moreover, the values of k;, and k;q will be
held until the changeover process is completed

i:;sum fd
0.25 Lg-0

kia = : (22)

According to the above analysis, the quantitative and real-time
selection method of the SMCC switching gain is obtained. In
addition, the effect of the exponential reaching term is ignored
when analyzing the switching gain. To further improve the
quality of the reaching sliding surface, the exponential reaching
term is improved as follows:
|:$d:| [kidsgn(sd) + ked|3d75d‘| @)
Kl kigsgn(sq) + keqlsq|” 84

Among them, 0<y< 1. By analyzing the exponential reaching
term in (23), it can be seen that when the state variable does not
reach the sliding mode surface and is far away from the surface,
that is, |s|>1, the reaching speed of the state variable will be
increased with the new reaching law. When the state variable
is close to the surface, that is, |s|<1, the speed of reaching
the surface will be appropriately slowed down. Therefore, the
resulting chattering can be attenuated as the state variable crosses
the sliding surface and the sign of s is changed.

The schematic diagram of the SMCC is shown in Fig. 3.

Lk
Lgsum

Formula(22)

Lk
Ldsum

Ldsum _ Y+

Udsum

20y, Control Law

uq.s‘mnO

i gsum
—
Reaching
i qsum A g Formul a(2 1 ) Law
Fig. 3.  Schematic diagram of the SMCC.

IV. DESIGN AND STABILITY ANALYSIS OF THE SMDO

The existence of disturbances makes of the SMCC switching
gain large enough to obtain the corresponding robustness, which
will bring undesirable chattering. Therefore, to further improve
the robustness and reduce the chattering, an SMDO is designed
to estimate the disturbance and compensate for the SMCC.

A. Design of the SMDO

When designing the SMDO, the premise of accurately esti-
mating the disturbance is that the observed current converges to
the actual current. Therefore, to clarify the input and observation
variables of the SMDO, Model (3) is rewritten as follows:

i _ R.o wlgzo .
[ d‘djtum :| o Laizo  Lazo dsum

Qlgsum | wLg-o R.o 7
— ==dz0 __ 220 sum

dt qz0 quO 4

+

1
Lazo 0 |:udsu'rn :|
0 quz() Ugsum
1
0 oo U
| s |~ | Hd] 4
Lgz0 0 Lq-0 q

The sliding surface function of the SMDO is defined as

€dsum | __ zdsum - idsum

€qsum B /zqsum - Z.qsurn

where e g4y and e sy, are also the current observation errors.

(25)
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The observation equation is as follows:

dige _ R.g whlgzo 4
[f‘ij{‘m B La-o Lazo Tdsum
d":qmmn - 7WLdz0 _ Rzo /Z
dt Lqz0 Lq-0 gsum
1
Lazo 0 Udsum
+ 1
0 Tumo Ugsum
0 U,
dsmo
| 29t | T |y (26)
Lqz0 gsmo

where

Udsmo _ gdsgn(edsum)

qumo gqsgn(eqsum)
%dsum and %qsum are the estimated values of iggym and igsym.
respectively; Ugsmo and Ugsmo are the sliding mode func-
tions of the SMDO, which contain the estimated values of
the disturbances; and g4 and g, are the sliding mode gains of

the SMDO.
From (24) and (26), the error equation can be obtained as

follows:
degsum ) WquO
dt — Lg-o Lg.o €dsum
deqsu'm - _ whgzo _ 1trzo

dt Lyzo0 Lgzo Cqsum
fa
— sgnile
+ L?;o 9dsg ( dsum) . (27)
Lyz0 - qugn(eqsum)

Decoupling the dg-axis error equation allows the errors to
converge without interference from the coupling terms. The new
observation equation and error equation are obtained as (28) and

(29), respectively.
_ R.o WquO o
La-o Lg.o |:7:dsum:|
_ Whdzo _ fz0 ;

didsu?n
St | —
diqsum
dt

Lyzo  Lgeo | Ltasum
M1
+ La-o (1) I:udsum:|
| 0 Lq-0 Ugsum
9 1/()) |:Udsmo:|
- WP smo -
Lq-0 qumo
L
0 —%za=0 e
La-o0 dsum
+ WLdz(J O €. an (28)
220 qsum
dedsum Reo
dt _ La-o 0 Cdsum
degsum | — __ R.o e
dt quO gsum
fa_ _
+ L?z(] gdsgn(edsum) . (29)
q
Ly-0 - qugn(eqsum)

B. Stability Analysis of the SMDO

To verify the convergence of the observation errors, taking
the d-axis error as an example, combining (29), the following
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Formula(32)

Ldsum

i [Sum —
®

Ldsum

Lgsum

qum o

Lgsum Formula(33

Fig. 4. Schematic diagram of the SMDO.

inequality needs to be satisfied:

Vdsmo - edsumédsum

—R.0¢2  + edsumfa
- z dswgl il - gdedsumsgn(edsum) < 0.
dz0
(30)
The discussion is based on sgn(e gsm,) as follows:
g > 7Rzoid;;m+fd  €dsum > 0 an
ga > HeeumJd oy, <0,
It can be combined as follows:
ga > _RZO ‘edsum‘ + Sgn(edsum)fd ) (32)

Lao

In practice, the switching gain of the SMDO should be as
small as possible within the range of (32) to avoid excessive
observation error and chattering.

Similarly, the range of g, can be obtained as follows:

_RzO ‘eqsum‘ + Sgn(eqsum)fq

33
Lo (33)

9q >

The schematic diagram of the SMDO is shown in Fig. 4.
After the estimated disturbance is used as the compensation,
(21) and (22) are rewritten as follows:

i f,—U,
ki _ _gsum q gsmo 34
1= 025 T Lgz0 34)
Z'*sum fd - Udsmo
kig = & 35
‘=025 | Luw (33)

Since the disturbance is compensated by the SMDO, the
switching gain of the SMCC does not need to be larger to
enhance robustness thus further reducing the current chattering.

In summary, the closed-loop control diagram of the LSLSM
based on the SMCC combined with the SMDO is shown in Fig. 5.
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* oe - Y u | +
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&r Q) @ SMCC, X I ¥ )+ —>{0s ) -
; B v e fmefsvrn)
9 d ; Ugdre Dabe2l,
) 't i =| Stator | gy, X q2ref
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qsum q V
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Fig. 5. Closed-loop control diagram of the LSLSM based on the SMCC combined with the SMDO.

V. EXPERIMENTAL RESULTS
A. HIL Experimental Platform

To verify the control performance of the high-speed maglev
train traction system in the laboratory, an HIL experimental
platform for high-speed maglev transportation system is built,
as shown in Fig. 6. The HIL experimental platform is mainly
composed of a traction control system, an HIL test system, and
a signal conditioning unit, as shown in Fig. 6(a). The physical
platform is shown in Fig. 6(b).

The traction control system includes a motor control unit
(MCU) and four converter control units (CCUs). The MCU
mainly controls the speed and currents of the LSLSM, processes
position signals, and interacts with other subsystems. The CCUs
mainly accept the control instructions from the MCU and then
output the corresponding voltage vectors by controlling the
converter modules.

TABLE 1
PARAMETERS OF THE CONVERTER IN DF MODE

Parameters Value
Capacity (MVA) 24
Bus voltage (V) 5000
Maximum amplitude of output line current (A) 950
Maximum amplitude of output phase voltage (V) 16132
Ratio of the output transformer 2.6

TABLE I
PARAMETERS OF THE LSLSM

Four RT-LAB FPGA emulators are used as four sets of traction

converter test subsystems, and two of the emulators are used as

two sets of LSLSM test subsystems simultaneously. The above
two subsystems together constitute the HIL test system. Finally,
the host computer is connected with the Dolphin chassis of
RT-LAB to realize the functions of model development and
configuration, data acquisition, condition monitoring, and so
on.

An active neutral point clamped (ANPC) three-level traction
converter with a back-to-back structure provides variable fre-
quency three-phase voltages for high-speed maglev train. The
converter adopts a common dc bus structure with dual rectifiers
and inverters, as shown in Fig. 7. In SF mode, the converter
adopts direct mode (DM), that is, two sets of inverters are output

Experimental Parameters Value
Stator resistance Rs (m€Q) 436.176
Motor d-axis inductance Ls(mH) 3.9153
Motor g-axis inductance L, (mH) 3.4653
Mutual inductance M, (mH) 165
Stator pole pitch 7 (m) 0.258
Gross weight of train M (t) 306.9
Control frequency f; (kHz) 7.2
Stator segment length /s (m) 1200
Feeder cable resistance Ry (mC¥/km) 58.33
Feeder cable inductance Ly (mH/km)  0.0713

in parallel to generate sufficient feed current when the train
starts. In DF mode, transformer mode (TM) is adopted, that is,
inverters are connected in series through a step-up transformer
to overcome the back electromotive force when the train runs at
high speed. The key parameters of the converter in DF mode are
shown in Table 1. The parameters of the LSLSM are shown in
Table II.
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Fig. 7. Traction converter structure of high-speed maglev train in DF mode.

B. Experimental Results of dq-Axis Stator Currents

The LSLSM on the left side of the track serves as the research
object. According to the operating target of the high-speed
maglev train, the maximum target speed in the experiments is
600 km/h, and the target mileage is 56 km, which is also the total
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Fig. 8. Experimental results of the speed and mileage. (a) Speed. (b) Mileage.
TABLE III
CONTROLLER PARAMETERS
Controller Parameters ~ value
kp 10
PI ki 20
c 20
kia Formula(35)
SMCC kig Formula(34)
kea 100
keg 100
gd Formula(32)
SMDO 2 Formula(33)

distance of the feed cable. The speed and mileage curves in the
experiments are shown in Fig. 8.

In the experiments, the stator current loop in DF mode adopts
three control strategies of PI-VFDC, SMCC, and SMCC com-
bined with SMDO, denoted as Strategy I, I, and III, respectively.
The main stator current controller parameters of the three strate-
gies are shown in Table III.

Since the disturbance caused by inductance perturbation is
more obvious at high speed, the total inductance parameter com-
posed of the motor inductance and the feeder cable inductance
jumps to 1.5 times the initial value at the mileage of 7.57 km,
and recovers at 7.95 km, so as to verify the robustness of the
control strategies. The total inductance L, is expressed as

L,=Lg+ Lya+ Lg+ Ly. (36)

The dg-axis stator currents of Strategy I are shown in Fig. 9.
Fig. 9(a) shows that due to the dg-axis current coupling effect
in DF mode, i 45, produces large transient fluctuations when
igsum varies rapidly during the changeover process, and this is
more obvious at high speed. When the inductance parameter
is perturbed, the fluctuations are particularly obvious. Fig. 9(b)
shows that taking the stator changeover position at 14.94 km
as an example, the fluctuation of igs,., reaches 121.5 A. At
the same time, iy, has an obvious tracking lag less than 0.1 s
during the stator changeover process. In Fig. 9(c), at the moment
of inductance parameter perturbation, the fluctuations of i gy,
and i g,m reach 460 A and 260 A, respectively. In the process of
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Fig. 9. Experimental results of Strategy 1. (a) dg-axis currents in DF mode.
(b) dg-axis currents during the changeover process without parameter perturba-
tion. (¢) dg-axis currents with inductance perturbation.

parameter perturbation, the fluctuation of i 4, reaches 470 A
during the changeover process. The above current fluctuations all
require a long recovery time. The experimental results indicate
that the dynamic tracking performance and robustness of the
traditional PI-VFDC current control strategy are insufficient.
The dg-axis currents of strategy II are shown in Fig. 10.
Fig. 10(a) shows that the fluctuations of i 45, at each changeover
position are suppressed by approximately half. Fig. 10(b) shows
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Fig. 10.  Experimental results of Strategy II. (a) dg-axis currents in DF mode.
(b) dg-axis currents during the changeover process without parameter perturba-
tion. (¢) dg-axis currents with inductance perturbation.

that at the same changeover position as in Fig. 9(b), the fluc-
tuation of i g, reaches 57.9 A. Importantly, i, has almost
no delay in tracking the reference current during the changeover
process. In Fig. 10(c), at the moment of inductance perturbation,
the current fluctuations of igsy:m and igsum reach 86.5 A and
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TABLE IV
COMPARISON OF EXPERIMENTAL RESULTS

. .. Results Comparison
Experiment Conditions P

I I il
Changeover position Adgsum (&) 121.5 379 24.7
at 14.94 km delay of igsum (s) 0.1 <0.01  <0.01
Moment of L Addsum (A) 460 86.3 228
perturbation Adgsum (A) 260 102 27.1
Changeover in L. Adgsum (A) 470 36.1 18.8

perturbation

102 A, respectively. In the process of parameter perturbation,
the current fluctuation of 44, reaches 36.1 A during the
changeover process. According to the design of the SMCC and
the selection of switching gain, the dynamic tracking perfor-
mance of the current loop of Strategy II is greatly improved
compared with Strategy I. Furthermore, the recovery time of
the current fluctuations is shortened. However, the robustness of
the current loop still needs to be further improved, and there is
current chattering during the recovery of current fluctuations.

The dg-axis currents of strategy III are shown in Fig. 11.
Fig. 11(a) shows that the fluctuations of i 4., at each changeover
position are further suppressed by using the SMDO to com-
pensate the disturbances. Fig. 11(b) shows that at the same
changeover position as in Fig. 9(b), the fluctuation of i z,,5.,, only
reaches 24.7 A, and the tracking performance of i y,,, still main-
tains almost no delay effect during the changeover process. In
Fig. 11(c), at the moment of inductance perturbation, the current
fluctuations of iggym and igsym, only reach 22.8 A and 27.1 A,
respectively. In the process of parameter perturbation, the current
fluctuation of i 45, only reaches 18.8 A during the changeover
process. Compared with Strategy II, the current fluctuations
caused by the stator changeover and parameter perturbation are
further suppressed, and the chattering in the recovery process of
current fluctuations is also significantly suppressed. Strategy III
greatly improves the control performance of the stator current
under complex operating conditions.

The important results of the three control strategies are com-
pared in Table IV.

To further verify the effectiveness of the proposed method
to obtain the quantitative SMCC switching gain suitable for
the changeover process, further experiments are carried out
as follows. Since the current changes only 0.25 s during the
changeover process, the current change rate is the largest when
i gsum 18 the maximum limit value of 1900 A. To meet the require-
ment of the current following speed, according to (34), k;, should
be selected as 7600. The stator current control adopts Strategy
III. At the same changeover position of 6.42 km, the values of k;,
are taken as 4000, 7600, and 12000 for three sets of experiments,
and the remaining parameters of Strategy III remain unchanged.
The experimental results are shown in Fig. 12. The results
shows that k;, of 4000 and 12000 cause obvious deficiencies
of current following speed and current chattering, respectively.
Therefore, the proposed method to obtain the SMCC switching
gain reconciles the contradiction between the current chattering
and insufficient following speed.
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Fig. 11. Experimental results of Strategy III. (a) dg-axis currents in DF
mode. (b) dg-axis currents during the changeover process without parameter
perturbation. (c) dg-axis currents with inductance perturbation.

In summary, the traditional current control strategy of the
LSLSM in DF mode has the shortcomings of poor current
following performance, large current fluctuations, and slow
recovery speed of the current fluctuations. The current control
strategy based on the SMCC has satisfactory dynamic tracking



CAO et al.: IMPROVED SLIDING MODE TRACTION CONTROL COMBINED SMDO STRATEGY 837

2000
2 1500
<1000
£ 500 e
0 L gsum
131.0 1315 132.0 1325 133.0 1335
Time (s)
()
2000
2 1500
< 1000
= 500 Iy
0 Lgsum
131.0 1315 132.0 132.5 133.0 1335
Time (s)
(b)
5500 A~ g
0 W e
131.0 131.5 132.0 132.5 133.0 133.5
Time (s)

©)

Fig. 12. Experimental results of current follow performance during the
changeover process with Strategy III. (a) k;; = 4000. (b) ki = 7600. (c) kig =
12 000.

performance. The strategy based on the SMCC and SMDO
further improves the robustness and suppresses the chattering.

VI. CONCLUSION

The mathematical model of the LSLSM used in high-speed
maglev train in DF mode has been optimized. The SMCC and
SMDO are designed based on this model. To meet the current
following speed required for the stator changeover, a method
to quantitatively obtain a suitable SMCC switching gain is
proposed by improving the Lyapunov stability criterion. Then,
the SMDO is designed to compensate the disturbance, thereby
improving the robustness of the stator current control and sup-
pressing the chattering. As verified by experimental results, the
proposed strategy provides satisfactory robustness and dynamic
tracking performance.

The proposed strategy not only reduces the complexity of
the algorithm but also pays more attention to quantitatively
obtaining the key parameters of the controller to avoid multiple
debugging. This strategy is also applicable to other large inertia
or high-power motion systems.
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