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Abstract—Because both magnets and windings can be mounted
in the mover, the primary permanent-magnet linear motor
(PPMLM) has a low-cost advantage for subway applications. In
this paper, a fault-tolerant control (FTC) with single phase current
sensor is proposed for PPMLM traction system in subway appli-
cations. In the proposed FTC, d- and q-axis currents are estimated
from the reference synchronous currents and the surviving mea-
sured phase current. The estimation is robust since no machine
parameters are required. In steady-state operation, the estimated
current errors are half the actual ones. As a result, the current re-
sponse is slowed but the current command can be achieved. How-
ever, the achievement of control target depends on the current
tracking accuracy, which is enhanced by the voltage decoupler.
Compared with existed FTC schemes, the proposed one is robust
and has better transient-state performances. The effectiveness of
the proposed FTC is verified by theoretical analysis and experi-
mental results.

Index Terms—Current estimation, fault-tolerance, primary
permanent-magnet linear motor (PPMLM), single phase current
sensor.

I. INTRODUCTION

COMPARED with the rotational motor, the linear motor has
several outstanding advantages for subway applications

[1]–[5]. First, the linear motor can directly produce thrust force
without the conversion from rotational motion to linear motion,
and the thrust force does not depend on the friction between
wheel and rail. Second, the linear motor has a smaller turning
radius, a smaller cross-sectional area for the requirement of a
tunnel, larger acceleration, and stronger climbing ability. Third,
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the linear motor has lower noise and needs less maintenance. So
far, the linear induction motor (IM) has been successfully used
in practical subway projects [6], [7]. However, the similar situ-
ation has not happened for the permanent-magnet linear motor
(PMLM) even though it has advantages of high efficiency and
high power density [8], [9]. One of the most important reasons
is the high construction cost. The conventional PMLM is de-
rived from the rotational permanent-magnet synchronous motor
(PMSM), in which magnets or armature windings are mounted
in the stator (rail). As a long stator application, the subway us-
ing conventional PMLM will be very expensive [10]. Recently,
the primary PMLM (PPMLM) has attracted more and more
attentions since both magnets and armature windings can be
mounted in movers (cars) [11]–[15]. There are several different
topologies of PPMLM, such as linear vernier permanent mag-
net motor [11], transverse flux permanent magnet linear motor
[12], linear flux-switching permanent magnet motor [13]–[15],
etc. Obviously, the PPMLM can significantly reduce the con-
struction cost of the corresponding subway, which makes the
practical application of PMLM in subway fields possible.

Usually, at least two phase currents are required for high-
performance controls of linear motors if three-phase windings
are connected together [16]–[19]. Hence, two-phase current sen-
sors are usually employed in the three-phase linear motor drive.
As it is known, the traction system for subway application is
a multi-motor drive system, and a lot of current sensors are
required. Therefore, the fault rate of current sensors will be sig-
nificantly increased. If one phase current sensor fails, the con-
tinuous operation of the linear motor will be broken. As a result,
the thrust force of the faulty linear motor drive may be lost.
Sometimes, however, the surviving thrust force is not enough
for the continuous operation even though the subway train con-
sists of several traction motors [20]. Hence, the fault-tolerant
control (FTC) against phase current sensor faults is necessary
for subway applications.

Nowadays, many efforts have been made to reduce current
sensors of motor drives, which can be considered as the FTC
against current sensor faults. To eliminate all phase current sen-
sors, several current-sensorless control methods have been pro-
posed for the IM [21], the synchronous reluctance motor [22],
PMSM [23], [24], and the double-fed induction generator [25],
respectively. Although the operation requires no current sensors,
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Fig. 1. Structure of the studied PPMLM.

their dependence on accurate motor models weakens system ro-
bustness. Therefore, another idea receives more attentions to
adopt the dc-link current. It is known that the dc-link current
can reflect one phase current if the voltage-source-inverter (VSI)
is operated with one active voltage vector. Taking direct torque
control (DTC) using a switching table as an example, only one
phase current can be sensed by the dc-link current sensor in one
switching period. The DTC using single dc-link current sensor
in [26] first predicts the phase currents by an IM model and then
adjusts the predicted phase currents with the measured dc-link
current. However, this scheme requires an accurate IM model
and more motor parameters in addition to the stator resistance of
the IMs, which also degrades reliability. In [27], a fast switching
DTC is proposed, in which two adjacent voltage vectors are syn-
thesized as a new complex voltage vector, and they are outputted
according to the different phase mode. Fortunately, the two ad-
jacent active voltage vectors reflect two different phase currents.
As a result, all phase currents can be reconstructed in two adja-
cent switching periods. This method inherits the advantages of
the conventional DTC. In fact, the idea in [27] is very similar
to the space-vector-pulsewidth-modulation (SVPWM), i.e., the
reference voltage vector of SVPWM-VSI is usually synthesized
by two adjacent active voltage vectors in one switching period.
In other words, three-phase currents can be reconstructed in one
switching period by single dc-link current sensor for SVPWM-
VSI if their summation is zero. According to this idea, many
control schemes using a single dc-link current sensor have been
presented [28]–[33]. However, these methods have the blind
zone for current reconstruction. If the duration of the active volt-
age vector is not long enough to ensure a proper sampling of the
dc-link current, the phase current reconstruction will fail. Hence,
nearly all SVPWM-based methods must overcome the blind
zone and the original reference voltage vector may be modified.

As it is well known, the dc-link current sensor is not always
mounted in motor drive systems. In such a situation, once one
phase current sensor fails, all the FTC methods based on the
dc-link current sensor will be invalid. However, very few papers
have focused on this topic [34]–[36]. In [34], the actual d- and
q-axis currents are estimated from the reference ones and the
only surviving measured phase current. During the estimation,
no additional IM parameters are required. However, only the
steady-state performances are provided. In [35] and [36], two
FTCs are proposed for IM drives against phase current sensor
failures, in which the α- and β-axis currents are estimated by
IM model. Due to the existence of the IM model, the accuracy
of estimated currents will be affected by IM parameters.

Unfortunately, to the best of authors’ knowledge, no existing
literature has discussed the FTC of PPMLM using single-phase

current sensor. The target of this paper is to propose a novel FTC
for PPMLM using single-phase current sensor, which can be
treated as the FTC of the axle-control PPMLM traction system
proposed in [37]. Compared with existed FTCs using single
phase current sensor [34]–[36], the proposed FTC performs
better transient-state response but requires no motor parameters
for current estimation, which is the main contribution of this
paper. This paper is organized as follows. The studied PPMLM
traction system is defined in Section II. The proposed FTC using
single phase current sensor is presented in Section III, and its
performances are analyzed in Section IV. Some experiments are
carried out to verify the effectiveness of the proposed FTC in
Section V. Finally, some conclusions are drawn in Section VI.

II. STUDIED PPMLM TRACTION SYSTEM

A. System Topology

The structure of the studied PPMLM is shown in Fig. 1. Both
magnets and armature windings are mounted in movers. The
secondary is mounted in the rail. The topology of the studied
axle-control PPMLM traction system is illustrated in Fig. 2,
which contains four three-phase movers (Mover 1–Mover 4),
and each three-leg VSI just feeds single three-phase mover. All
VSIs are supplied by the contacting grid. In this paper, VSI 1
and Mover 1 are selected as examples to explain the proposed
FTC. The phase windings of Mover 1 are defined as phase-A,
phase-B, and phase-C, respectively. The corresponding phase
currents are defined as ia , ib , and ic , respectively. Two current
sensors are employed to sense ia and ib .

In this paper, the fault state of the PPMLM drive, Fx (x =
a, b), is defined as follows.

1) Fx = 0: phase-X current sensor is healthy.
2) Fx = 1: phase-X current sensor is faulty.
According to the value combination of Fa and Fb , the sys-

tem operation can be divided into three different situations as
follows.

1) Normal operation: Fa = 0 and Fb = 0.
2) Fault-A operation: Fa = 1 and Fb = 0.
3) Fault-B operation: Fa = 0 and Fb = 1.

B. Mathematical Model of PPMLM

The d- and q-axis of PPMLM are defined in Fig. 3. The d-
axis is in the center of stator teeth, where the PM flux linkage is
maximum. The q-axis is the primary position with the minimum
(zero) PM flux linkage. The relative displacement between d-
and q-axis is τs/4, where τs is the stator pole pitch. When
the positive PM flux linkage passing through phase-A winding
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Fig. 2. Topology of the studied PPMLM traction system.

Fig. 3. Definition of d- and q-axis for PPMLM.

is maximum, the corresponding primary position is defined as
zero, as shown in Fig. 3.

Based on the above-mentioned definition, the dynamic volt-
age equations can be expressed as{

ud = Rsid + dψd

dt − ωeψq

uq = Rsiq + dψq

dt + ωeψd
(1)

with {
ψd = ψf + Ldid + Ldq iq

ψq = Lq iq + Lqdid
(2)

⎧⎪⎨
⎪⎩
Ld = LDC + Lm cos(3θe)/2

Lq = LDC − Lm cos(3θe)/2

Ldq = Lqd = Lm cos(3θe)/2 = 0

(3)

where θe is electrical degree of the primary position; ωe =
2πνm/τs is the electrical angular speed; νm is the mover speed;
ψf is the peak value of the PM flux linkage;Ld andLq are the d-
and q-axis stator inductances, respectively; id and iq are the d-
and q-axis stator currents, respectively; ud and uq are the d- and
q-axis stator voltages, respectively; ψd and ψq are the d- and q-
axis stator flux linkages, respectively;Rs is the stator resistance;
LDC and Lm are the dc component and the fundamental com-
ponent amplitude of self-inductance, respectively. Because Lm

is very small, it is neglected in this paper, and Ld = Lq = LDC .
In this paper, LDC is redefined as the stator inductance Ls .

Substituting (2) and (3) into (1) gives{
ud = Rsid + Ls

did
dt − ωeLsiq

uq = Rsiq + Ls
diq
dt + ωe(Lsid + ψf ).

(4)

In steady-state operation, (4) can be simplified as{
ud = Rsid − ωeLsiq

uq = Rsiq + ωe(Lsid + ψf ).
(5)

According to (5), the electromagnetic thrust force is
deduced as

Fe =
3πψf iq
τs

. (6)

III. PROPOSED FTC

In this section, the proposed FTC is explained in detail. The
control block diagram of the proposed FTC is illustrated in
Fig. 4, which includes one speed regulator, two current regula-
tors, one voltage decoupler, one SVPWM module, one current
estimator, a-b/α-β transformation module, one fault diagnosis
module, one current optimizer, and one synchronous current
generator. All these modules will be described in this section.
To clarify the analysis, the space distribution of the three-phase
static coordinate system (a-b-c), the two-phase static coordi-
nate system (α-β), and the two-phase synchronous coordinate
system (d-q) is illustrated in Fig. 5. In α-β coordinate system,
α-axis lags 90° behind β-axis but is ahead of phase-A with the
angle γ. The value of γ is varied in different situations: 0 in
normal and Fault-B operation, and 120◦ in Fault-A operation.

A. Speed Regulator and Current Regulators

These three regulators are proportional-integral type. The
speed regulator outputs the reference q-axis current i∗q by
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Fig. 4. Control block diagram of the proposed FTC.

Fig. 5. Space distribution of three different coordinate systems.

comparing the reference v∗m and actual mover speed vm . By
comparing the reference i∗d and actual d-axis current id , the
d-axis voltage increment Δud can be obtained from the d-axis
current regulator. Similarly, the q-axis voltage increment Δuq
can be obtained from the q-axis current regulator by comparing
the reference i∗q and actual q-axis current iq . However, no
matter in Fault-A situation or Fault-B situation, the actual
d-axis current id and the actual q-axis current iq cannot be

directly measured since one phase current sensor has been
invalid, which is the key challenge of the proposed FTC.

B. Voltage Decoupler

In this module, the d- and q-axis are decoupled by compen-
sating the voltage drop of the stator resistance and the back
electromotive force to fasten the current response, which will
be deeply analyzed in next section. The working principles are
derived from (4) as follows:

{
u∗d = Rsid + Δud − 2πvmLsiq /τs
u∗q = Rsiq + Δuq + 2πvm (Lsid + ψf )/τs

(7)

where u∗d and u∗q are reference d- and q-axis stator voltages,
respectively.

C. Space-Vector-Pulsewidth-Modulation

The SVPWM module is employed to generate switching sig-
nals according to the SVPWM theory, which has been reported
in a lot of papers [38] and will not be discussed in this paper.
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D. Current Estimator

In the proposed FTC, it is assumed that the reference currents
can be well followed. At least, the errors between the reference
and actual currents should be small. Based on this pre-condition,
α- and β- axis currents can be estimated by[

ixα est

ixβ est

]
=

[
cos(θe − γ) − sin(θe − γ)

sin(θe − γ) cos(θe − γ)

][
i∗d
i∗q

]
, x = a, b

(8)
where iaα est and iaβ est are estimated α- and β-axis currents in
normal or Fault-B operation, respectively; ibα est and ibβ est are
estimated α- and β-axis currents in Fault-A operation, respec-
tively.

E. a-b/α-β Coordinate Transformation

According to Fig. 5, this module converts measured phase
currents into measured α- and β-axis currents as follows:[
ixα mea

ixβ mea

]
=

2
√

3
3

[
cos(30◦ − γ) sin γ

sin(30◦ − γ) cos γ

][
ia mea

ib mea

]
, x = a, b

(9)
where iaα mea and iaβ mea are measured α- and β-axis currents
in normal or Fault-B operation; ibα mea and ibβ mea are measured
α- and β-axis currents in Fault-A operation.

F. Fault Diagnosis

In this module, the current sensor faults can be detected by
determining the value of the fault state. In normal operation,
the differences between ixα mea and ixα est are very small. Once
one current sensor fails, the corresponding α-axis current dif-
ference will become large immediately. According to this fact,
the current sensor fault can be detected. The fault state Fx can
be determined by

Fx =

{
1, |ixα est − ixα mea | ≥ Ith

0, |ixα est − ixα mea | < Ith
, x = a, b (10)

where Ith is the threshold value of the fault diagnosis mod-
ule. It is a positive constant. As is known, the current tracking
error between the estimated and measured α-axis current ex-
ists. Therefore, twice of the maximum current tracking error in
steady-state operation is set as the value of Ith in this paper,
which may be not appropriate. In such situation, the imple-
mentation of the proposed FTC may be delayed. In the worst
situation, the post-fault operation of the PPMLM may be bro-
ken. However, the key point of this paper is to propose a FTC
instead of fault diagnosis, and this module just provides a simple
fault diagnosis method as an example. A better fault diagnosis
method will be investigated in future.

G. Current Optimizer

In normal operation, iaα mea and iaβ mea can be directly mea-
sured by two healthy current sensors. Hence, the final α- and

β-axis (iα , iβ ) can be determined by{
iα = iaα mea

iβ = iaβ mea .
(11a)

In Fault-A operation, only phase-B current can be directly
measured. In this situation, the estimated β-axis current ibβ est is
treated as the actual current to maintain the continuous operation
of the PPMLM. Hence, the final α- and β-axis (iα , iβ ) can be
determined by {

iα = ibα mea

iβ = ibβ est .
(11b)

In Fault-B operation, only phase-A current can be directly
measured. Similarly, the final α- and β-axis (iα , iβ ) can be
determined by {

iα = iaα mea

iβ = iaβ est .
(11c)

Considering (11a)–(11c) and the fault states (Fa , Fb ), the
final α- and β-axis (iα , iβ ) can be determined by a common
expression as follows{

iα = (1 − Fa)iaα mea + Fai
b
α mea

iβ = (1 − Fa)(1 − Fb)iaβ mea + Fai
b
β est + Fbi

a
β est .

(11d)

H. Synchronous Current Generator

This module is employed to convert (iα , iβ ) into synchronous
currents (id , iq ) by[

id

iq

]
=

[
cos(γ − θe) − sin(γ − θe)

sin(γ − θe) cos(γ − θe)

][
iα

iβ

]
. (12)

IV. PERFORMANCE ANALYSIS

The performances of the proposed FTC is analyzed in this
section. In normal operation, the reference currents can be well
followed since the optimal control commands can be generated
by comparing the reference and measured currents. However,
the actual d- and q-axis currents cannot be obtained in post-fault
operation. To maintain the continuous operation of the PPMLM,
the d- and q-axis currents are estimated from the reference syn-
chronous currents and the surviving measured phase currents.
It is wondered why the actual synchronous currents can be con-
trolled by the estimated ones. The reasons will be provided in
this section. In fact, the errors between the estimated and actual
synchronous currents cannot be totally eliminated, especially in
transient-state operation. If the errors are not strictly limited, the
performances of the two current regulators will be affected. One
challenge of the proposed FTC is to restrain the current tracking
errors, especially in the transient-state situation.

A. Effectiveness in Steady-State Operation

It is assumed that the PPMLM has come into Fault-B oper-
ation. According to the current optimizer, the measured α-axis
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current and the estimated β-axis current are adopted as follows:{
iα = iaα mea

iβ = iaβ est .
(13)

According to (8), iaα mea and iaβ est can be represented as{
ibα mea = id act cos θe − iq act sin θe
ibβ est = i∗d sin θe + i∗q cos θe

(14)

where id act and iq act are actual d- and q-axis currents, respec-
tively.

Substituting (13) and (14) into (12) gives{
Δid est = 1

2 Δid act(1 + cos 2θe) − 1
2 Δiq act sin 2θe

Δiq est = 1
2 Δiq act(1 − cos 2θe) − 1

2 Δid act sin 2θe
(15)

with {
Δid est = i∗d − id est ,Δiq est = i∗q − iq est

Δid act = i∗d − id act ,Δiq act = i∗q − iq act

where id est and iq est are the estimated d- and q-axis currents,
respectively; Δid est is the error between the reference and esti-
mated d-axis currents; Δiq est is the error between the reference
and estimated q-axis currents; Δid act is the error between the
reference and actual d-axis current; Δiq act is the error between
the reference and actual q-axis current.

In high-speed steady-state operation, the current period is
significantly shorter than the mechanical time constant of the
studied PPMLM. Therefore, the periodic influences of the syn-
chronous currents to the mover speed can be ignored. As a result,
(15) can be simplified as{

Δid est = 1
2 Δid act

Δiq est = 1
2 Δiq act .

(16)

As it is found in (16), the estimated current errors are half
the actual ones in steady-state post-fault operation. Hence, the
response of the current command will be slowed. However, the
control targets can be achieved since the direction of the current
change is not affected.

When the speed is so low that the current period is close
the mechanical time constant of the studied PPMLM, the pe-
riodic influences of the synchronous currents to the mover
speed cannot be ignored. However, the average mover speed can
remain.

B. Limit the Current Tracking Errors

Because the reference currents are treated as the actual
currents in post-fault operation, the current tracking accuracy
is very important for the proposed FTC. As it is well known,
the current tracking error can be very small during steady-state
operation. However, the current tracking error may be signifi-
cantly increased in the transient-state operation. If the increased
current tracking error cannot be reduced as soon as possible, the
proposed FTC may fail. According to (4), d- and q-axis currents
are coupled together. Once the q-axis current iq is changed, the
d-axis current id will be affected if the d-axis voltage cannot

Fig. 6. Experiment platform.

be quickly regulated. The q-axis current also can be affected by
d-axis current if the voltage decoupler is not employed.
According to (7), the resistance voltage drops and the back
electromotive forces are compensated. The outputs of two
current regulators directly focus on the corresponding stator
inductances. As a result, the d- and q-axis coupling effects can
be significantly weakened. It seems that the connection between
d- and q-axis currents has been broken, and they can be indepen-
dently controlled by their own regulators. Hence, the current re-
sponse can be fastened, which will increase the current tracking
accuracy.

Based on the above-mentioned analysis, the proposed FTC is
effective in no matter steady-state or transient-state operations.

V. EXPERIMENTAL VALIDATION

To validate the effectiveness of the proposed FTC, two same
PPMLMs are manufactured and an experiment platform is de-
veloped, as shown in Fig. 6. The two PPMLMs with a linear
encoder are connected together and their parameters are listed
in Table I. One PPMLM plays the role of the studied traction
motor and the other one is treated as the load motor. The load
is realized by the close-loop thrust force control of the load
PPMLM. Due to the expensive cost, the power level of the stud-
ied PPMLM is small. The dc-link voltage is 150 V. The control
program is implemented in a dSPACE DS1103 controller. The
inputs for the dSPACE DS1103 controller are the measured
phase currents and dc-link voltage, and the feedback signal of
the linear encoder. The switch states for the VSIs are gener-
ated by the dSPACE DS1103 controller. A personal computer
is employed for editing the control program and command-
ing the dSPACE DS1103 controller. The sampling frequency
is 25 kHz. To emphasize the effect of the voltage decoupler,
the proposed FTC is compared with an existing one, which
does not contain the voltage decoupler [34]. To simplify the
description, the proposed FTC is defined as FTC-I whereas
the existing one proposed in [34] is defined as FTC-II. Several
experiments are carried out and the experimental results are
compared.
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TABLE I
PARAMETERS OF PPMLM

Fig. 7. Steady-state waveforms of FTC-I with 50 N load. (a) Speed.
(b) Measured current of phase-A. (c) Estimated and actual d-axis currents.
(d) Estimated and actual q-axis currents.

A. Experiment 1: Steady-State Performances With 50 N Load

This experiment is to test the performances of both FTCs in
the steady-state operation with 50 N load. The speed command
is 0.3 m/s and the studied PPMLM works in Fault-B operation.
The experimental results are illustrated in Figs. 7 and 8. It can
be found that the studied PPMLM can well follow the speed
command by using FTC-I or FTC-II. Besides, the d- and q-axis
current commands also can be well followed.

B. Experiment 2: Steady-State Performances With 100 N Load

This experiment is to test the performances of both FTC
schemes in steady-state operation with 100 N·m. The other ex-
perimental conditions are as same as those in Experiment 1.

Fig. 8. Steady-state waveforms of FTC-II with 50 N load. (a) Speed.
(b) Measured current of phase-A. (c) Estimated and actual d-axis currents.
(d) Estimated and actual q-axis currents.

Fig. 9. Steady-state waveforms of FTC-I with 100 N load. (a) Speed. (b) Ac-
tual current of phase-A. (c) Estimated and actual d-axis currents. (d) Estimated
and actual q-axis currents.

The experimental results are illustrated in Figs. 9 and 10. It can
be found that both FTC-I and FTC-II have similar steady-state
performances. Compared with Experiment 1, the current ripples
become larger in Experiment 2.

C. Experiment 3: Thrust Response

This experiment is to test the thrust response of both FTC
schemes. In this experiment, the thrust force is commanded to
change from 200 N to −200 N, and then return to 200 N. Dur-
ing this transient-state procedure, the speed command remains
0.3 m/s unchanged. The experimental results are illustrated in
Fig. 11. It can be found that the thrust response ability of FTC-I
is significantly better than that of FTC-II.

D. Experiment 4: Speed Response

In this experiment, the speed is increased from 0.3 to 0.6 m/s,
and then decreased to 0.3 m/s. The experimental results of FTC-I
and FTC-II are illustrated in Figs. 12 and 13, respectively. It also
can be found that FTC-I has better speed response performances
than those of FTC-II.
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Fig. 10. Steady-state waveforms of FTC-II with 100 N load. (a) Speed.
(b) Measured current of phase-A. (c) Estimated and actual d-axis currents.
(d) Estimated and actual q-axis currents.

Fig. 11. Thrust response. (a) FTC-I. (b) FTC-II.

Fig. 12. Speed transient performances of FTC-I. (a) Speed. (b) Measured
current of phase-A. (c) Estimated and actual d-axis currents. (d) Estimated and
actual q-axis currents.

Fig. 13. Speed transient performances of FTC-II. (a) Speed. (b) Measured
current of phase-A. (c) Estimated and actual d-axis currents. (d) Estimated and
actual q-axis currents.

Fig. 14. Fault switching performances of FTC-I. (a) Speed. (b) Actual current
of phase-A. (c) Estimated and actual d-axis currents. (d) Estimated and actual
q-axis currents.

E. Experiment 5: Fault Switching

In this experiment, the studied PPMLM is switched from
normal operation to Fault-B operation at t = 0.5 s. The experi-
mental results of the switching procedure are illustrated in Figs.
14 and 15. The copper losses in normal operation using FTC-I
and FTC-II are 2.98 W and 3.00 W, respectively. Those values
in fault-tolerant operation are 3.70 W and 3.73 W, respectively.
It can be found that FTC-I and FTC-II have similar steady-
state performances no matter in normal or post-fault operations.
However, the copper loss in fault-tolerant operation is increased
by 24%, compared with that in normal operation. The reason
is that the current tracking error cannot be reduced as soon as
possible in fault-tolerant operation since one phase current in-
formation has been lost. As a result, the efficiency and power
density in fault-tolerant operation are also lower than those in
normal operation, as listed in Table II.

F. Experiment 6: Full-Speed Operation

In this experiment, the studied PPMLM works in Fault-
B operation. The speed is increased from 0 to 0.3 m/s.
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Fig. 15. Fault switching performances of FTC-II. (a) Speed. (b) Actual current
of phase-A. (c) Estimated and actual d-axis currents. (d) Estimated and actual
q-axis currents.

TABLE II
PERFORMANCE COMPARISONS

Fig. 16. Full-speed operation performances of FTC-I. (a) Speed. (b) Measured
current of phase-A. (c) Estimated and actual d-axis currents. (d) Estimated and
actual q-axis currents.

This control target can be realized by using FTC-I, and the
experimental results are illustrated in Fig. 16. It can be found in
Fig. 16(a) that the speed overshoot is significant. The reason is
that q-axis current error is large at the start-up phase, as shown
in Fig. 16(d). However, the studied PPMLM cannot be started
by using FTC-II. Therefore, the experimental results are not
provided here.

VI. CONCLUSION

In this paper, an FTC is proposed for the PPMLM traction
system with single phase current sensor in subway applications.
In the proposed FTC, synchronous currents are estimated from
the reference ones and the surviving measured phase current.
The estimation is robustness since no machine parameters are re-
quired. The effectiveness of the estimation is analyzed in theory.

The voltage decoupler module is first introduced in such FTCs
with single phase current sensor, which can fasten the current
response. Compared with existed FTC schemes, the proposed
one is robustness and has better transient-state performances.
Even though the proposed FTC is proposed for PPMLM, it can
be extended to the other three-phase electrical machines.

APPENDIX

The derivation process of (9) is provided in this section. Ac-
cording to Fig. 5, α- and β-axis currents can be determined by
three phase currents as follows:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ixα = (2/3)[ia cos γ + ib cos(γ − 120◦)

+ic cos(γ + 120◦)]

ixβ = −(2/3)[ia sin γ + ib sin(γ − 120◦)

+ic sin(γ + 120◦)]

, x = a, b. (A-1)

Because the summation of three-phase currents is zero, (A-1)
can be rewritten by replacing ic with –(ia + ib) as follows:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ixα = (2/3)[ia cos γ + ib cos(γ − 120◦)

−(ia + ib) cos(γ + 120◦)]

ixβ = −(2/3)[ia sin γ + ib sin(γ − 120◦)

−(ia + ib) sin(γ + 120◦)]

, x = a, b. (A-2)

(A-2) can be simplified as[
ixα

ixβ

]
=

2
√

3
3

[
cos(30◦ − γ) sin γ

sin(30◦ − γ) cos γ

][
ia

ib

]
, x = a, b. (A-3)

Since the currents of phase-A and phase-B can be measured
by current sensors, (A-3) can be rewritten as (9).
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