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Coupled Fault-Tolerant Control of Primary
Permanent-Magnet Linear Motor Traction
Systems for Subway Applications

Wei Wang
Zheng Wang

Abstract—In this article, a coupled fault-tolerant control
(C-FTC) is proposed for primary permanent-magnet linear motor
traction system in subway applications. By coupling the faulty
mover with a healthy mover, the proposed C-FTC can achieve
continuous operation of the faulty mover, in which one or more
current sensors fail. A healthy mover is determined as the reference
mover. The switch-states of the reference mover are also applied to
its mathematical model. As a result, synchronous currents of the
reference mover are also estimated from its mathematical model,
and they are treated as the reference currents of the mathematical
model of the faulty mover. Hence, the switch-states of the faulty
mover can be determined. Therefore, the faulty mover can be
controlled without any current sensors. The key of C-FTC is to
compensate the parameter variations and the nonlinear effects of
the faulty mover drive system with those of a healthy mover drive
system, which is the main contribution of this article. Compar-
ing with the conventional current-sensorless control, C-FTC has
stronger robustness to the parameter variations and the nonlinear
effects. The effectiveness and robustness of the proposed C-FTC
are verified by simulation and experimental results.

Index Terms—Current-sensorless control (CSC), current
reconstruction, fault-tolerance, primary permanent-magnet linear
motor (PPMLM).

I. INTRODUCTION

HE linear motor has received more and more attentions
T in subway applications [1]-[5]. It has several outstanding
advantages are as follows:

1) direct production of the thrust force, which does not de-
pend on the friction between wheel and rail;
2) smaller turning radius and smaller cross-sectional area, if

a tunnel is required;

3) larger acceleration and stronger climbing ability;
4) lower noise and less maintenance.
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The linear induction motor (LIM) has been found in practical
subway projects [6], [7]. However, the permanent-magnet linear
motor (PMLM) s still not found in subway applications even
though it has advantages of high efficiency and high power
density [8], [9]. The main challenge faced by the conventional
PMLM is the high construction cost. As is known, the stator of
the LIM consists of iron while that of the conventional PMLM
consists of magnets or armature windings [10]. Recently, a pri-
mary PMLM (PPMLM) has attracted more and more attentions,
in which both magnets and armature windings can be mounted in
movers (cars) [11]-[13]. Obviously, the construction cost of the
PPMLM is still higher than that of the LIM while the structure
also becomes more complicated. However, the construction cost
of the PPMLM can be significantly reduced comparing to that of
the conventional PMLM, which makes the practical utilization
of PMLM in subway applications more possible.

For high-performance motor controls, such as field-oriented
control (FOC) and direct thrust force control, two phase current
sensors are usually required if three phase windings are con-
nected together. If one phase current sensor fails, the three-phase
linear motor usually cannot continue to work. As a result, the
thrust force of the corresponding linear motor will be lost.
Sometimes, however, the remaining thrust force is not enough
for the continuous operation even though a subway train consists
of several traction motors [14]. Therefore, the fault-tolerant con-
trol coping with current sensor faults is important for PPMLM
traction systems. Fault diagnosis is the pre-condition of the
fault-tolerant control, and many fault diagnosis methods have
been proposed to detect the current sensor faults [15], [16].

Nowadays, many efforts have been made to reduce current
sensors of motor drives, which can be considered as the fault-
tolerant control to deal with current sensor faults. Current-
sensorless controls (CSCs) can be easily thought since phase
currents of electrical motors can be estimated by mathematical
models. So far, a lot of CSCs have been proposed for various
motors, such as induction motors (IMs) [17], synchronous re-
luctance motors [18], PMSMs [19], and double fed induction
generators [20], respectively. Although all phase current sensors
can be eliminated by using CSCs, their dependence on accurate
motor models weakens the robustness. If there is one surviving
phase current sensor, the system robustness may be enhanced
by replacing one estimated phase current with the sensed value.
In [21], the actual d- and g-axis currents are estimated from
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Fig. 1. Structure of the studied PPMLM.

the reference ones and the only surviving sensed phase current.
During the estimation, no additional IM parameters are required.
However, the transient performances are not satisfying [22]. In
[23], a fault-tolerant control is proposed for IM drives against
phase current sensor failures, in which the «- and 3-axis currents
are estimated by accurate IM model. The robustness of such
fault-tolerant controls is improved by introducing a voltage de-
coupler module [24]. On the other hand, the dc-link current can
reflect one phase current if the voltage-source-inverter (VSI) is
operated with one active voltage vector. Furthermore, the refer-
ence voltage vector of pulsewidth modulation (PWM) based VSI
is usually synthesized by two adjacent active voltage vectors, and
they can reflect two different phase currents. Therefore, three
phase currents can be reconstructed in one switching period by
single dc-link current sensor for PWM-VSI if their summation
is zero [20]. Obviously, the motor parameters are not required in
the construction of phase currents. Unfortunately, this method
is not suitable for the situation if the summation of all phase
currents is not zero. So far, many control schemes using single
dc-link current sensor have been presented [25]-[28]. However,
sometimes the dc-link current sensor does not exist in motor
drives.

All the abovementioned control methods only focus on single-
motor drives while the subway traction system is a multimotor
drive. This article proposes a coupled fault-tolerant control
(C-FTC) for the PPMLM traction system, which takes full ad-
vantage of the multimotor feature. To clarify the description, the
mover with one or more faulty current sensors is redefined as the
faulty mover in this article. Furthermore, the conventional CSCs
are renamed as independent fault tolerant controls (I-FTCs)
since they only take the faulty mover into account. Differing
from I-FTC, the faulty mover is coupled with one adjacent
healthy mover in C-FTC. As is well-known, the performances
of I-FTC will be seriously affected by the parameter variations
and the nonlinear effects (dead-time and voltage drop of power
devices) of the faulty mover drive system. By using C-FTC,
however, these affections can be significantly reduced by com-
pensating the parameter variations and the nonlinear effects of
the faulty mover drive system with those of a healthy mover
drive system, which is the main contribution of this article.
The rest if article is organized as follows. The studied PPMLM
traction system is defined in Section II. The proposed C-FTC
is presented in Section III, and its performances are compared
with I-FTC in Section IV. In order to verify the effectiveness of
the C-FTC, some simulations and experiments are carried out in
Sections V and VI, respectively. Finally, the conclusion is drawn
in Section VII.

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
PPMLM traction system is illustrated in Fig. 2, which contains
four same three-phase movers (mover 1 ~mover 4). As shown in
Fig. 2, four movers are, respectively, fed by four VSIs, and they
are supplied by the contacting grid. The dc-link voltage u .
is sensed by a voltage sensor. Obviously, independent control
of four movers can be realized. For one mover, two phase
currents are, respectively, sensed by two current sensors while
the third phase current can be calculated. In this article, the
phase windings of mover k (k = 1~4) are defined as phase-Ak,
phase-Bk, and phase-Ck, respectively. The corresponding phase
currents are defined as i,x, iy, and i.g, respectively. In this
article, the subscript k represents Mover k.

B. Mathematical Model of PPMLM

The d- and g-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 g-axis is the primary position with the minimum
(zero) PM flux linkage. The relative displacement between d-
and g-axis is 74/4, where 7 is the stator pole pitch. When the
positive PM flux linkage passing through phase-A winding is
maximum, the corresponding primary position 6. is defined as
zero, as shown in Fig. 3.

Based on the definition earlier, the dynamic voltage equations
of Mover k can be expressed as

{Udk I A TS PP
Ugk = Ryigr + dﬁik +wae
with
{m =¥y + Lata @)
qu = Ls’qu
W = 2TV, [ Ts 3

where v, is the mover speed; 17 is the PM flux linkage; i 41, and
igr are d- and g-axis currents, respectively; uq;, and ugy, are d-
and g-axis voltages, respectively; 1 g5, and 1) ¢, are d- and g-axis
stator flux linkages, respectively; and Rs and L are the stator
resistance and inductance, respectively.
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In steady state, (4) can be simplified as abe
_ P ; Virtual | , |dq Phase
Ugr = Rigr — wlsigr k=1~4 (5) L Mover 2 |42 focl® L2 1 Voltage
gk = Rsigr + W(Lsidk + 7/}f) 3) T Calculator 2

Considering the linear motor mainly operates in transient
states, (4) is more accurate than (5) since the transient-state
operation is described by the differential terms in (4). However,
the existence of the differential terms in (4) also will make the
analysis difficult. In order to simplify the analysis, (5) is adopted
in this article. According to (5), the electromagnetic thrust force
is deduced as

Fek:37T1/)f’iqk/Ts,k:1N4. (6)

III. PROPOSED C-FTC

Without special declaration, mover 2 is assumed to be the
faulty mover while other movers are healthy, among which
mover 1 is selected as the reference mover in this article. The
selection principle of the reference mover will be explained in
the following section. Therefore, phase currents of mover 1 can
be sensed while one or more phase currents of mover 2 only
can be estimated. To cope with all current sensor faults, all

Current sensorless controller

Fig. 4. Block diagram of the proposed C-FTC.

phase currents of mover 2 are estimated in this article. Based
on this precondition, C-FTC is presented in this section, which
is illustrated in Fig. 4. In this article, the superscripts * and
e represent the reference and estimated values, respectively.
Additionally, the primary positions of two movers are measured
by position sensors. C-FTC contains two modules: reference
current generator and current sensorless controller, and they will
be explained in the following content.

A. Reference Current Generator

In this module, the reference currents ifm of mover 2 are
generated by the mathematical model of mover 1. The reference



WANG et al.: COUPLED FAULT-TOLERANT CONTROL OF PPMLM TRACTION SYSTEMS FOR SUBWAY APPLICATIONS

g-axis current iy, is determined by automatic speed regulator
(ASR) while the reference d-axis current ¢}, is set as 0. Then,
the reference phase currents ), ., can be obtained by the inverse
Park transformation Q(6.1)

iZbcl = Q(etil)iqu (7)
with
cos(fer)

Q(Ock) = | cos(Oer, — 27/3)
cos(Ber + 27/3)

—sin(fex)
—sin(fer —27/3) |,k =1,2.
—sin(fe + 27/3)
(®)

According to the hysteresis current control (HCC), the switch-
states § g1 of VSI 1 can be determined by comparing 27, ., with
the actual phase currents igp.1. As a result, the synchronous
currents i 441 of Mover 1 can be well controlled.

Meanwhile, the estimated synchronous currents 27, are cal-
culated by the mathematical model (4), which is defined as
the virtual reference mover. According to (4), the synchronous
voltages u 4,41 are required. Based on the phase voltages u 5.1
and the primary position 6.1, # 41 can be obtained by Park
transformation P(0.1)

Udql = P(eel)uabcl (9)
with
P(eek) - (2/3)
co8(0er;)  cos(Oer —27m/3)  cos(Ber + 27/3)

—sin(fer) —sin(0e, — 27/3) —sin(ber, + 27/3) |,k =1,2.
0.5 0.5 0.5
(10)
The phase voltages u,,.1 can be reconstructed from the
switch-states 5,01 and the dc-link voltage u .

Ug1 1 2 -1 -1 Sal
Up1 | = 3Ude -1 2 1| |su; (11)
Uel -1 -1 2 Sel

Therefore, the estimated synchronous currents i§q1 can be
obtained by the virtual reference mover.

It can be found that the synchronous voltages u 4,1 are first
determined by the actual mover 1 and then supplied on the virtual
mover 1 to generate the estimated synchronous currents zg, ;. It
should be emphasized that ¢ ; have no influences on the control
of the actual mover 1.

In C-FTC, the estimated synchronous currents i, of the
virtual mover 1 are treated as the reference values zj,, of the
virtual mover 2, that is

g2 = tgq1- (12)

B. Current Sensorless Controller

In this module, mover 2 is controlled according to ¢ 2 without
any current sensor. Based on the inverse Park transformation (8),
the reference phase currents ¢, , can be obtained as follows:

Tobea = Q(0e2)i50- (13)
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HCC is also selected for mover 2, which usually generates
the switch-states sqpc2 by comparing 47, o with the actual phase
currents 2.,.0. However, 2,52 can not be obtained since there
are not enough healthy current sensors for mover 2, which is
the trouble. Instead, 2,52 are replaced by the estimated phase
currents 25, .

According to Fig. 2, four movers share one common dc-link
voltage u 4., which can be sensed by the dc-link voltage sensor.
When s 2 are applied on VSI 2, the actual phase voltages wqpc2
can be reconstructed as follows:

Ug2 1 2 -1 -1 Sa2
Ups | = gudc -1 2 -1 Spo (14)
U2 -1 -1 2 S¢2

Hence, the synchronous voltages u 442 can be calculated from
the Park transformation (10)

Udq2 = P(962)uabc2~ (15)

According to ug4o and the mover speed v,,, the estimated
synchronous currents % g2 are calculated from (4), and then the
estimated phase currents ¢{, , can be finally obtained from the
inverse Park transformation

i(c;,bc2 = Q(GQQ)’I:(SZQZ .

The switch-states s,p.2 determined by the virtual mover 2 are
also applied to the actual mover 2. Finally, the actual mover 2
can be successfully controlled.

(16)

IV. PERFORMANCE ANALYSIS

The performances of the proposed C-FTC and the conven-
tional I-FTC are analyzed in this section.

A. Affections of Parameter Variation for I-FTC

In this section, the nonlinear effects of VSIs are neglected.
To clarify the analysis, the block diagram of I-FTC is deduced
from Fig. 4, which is illustrated in Fig. 5. In I-FTC, the reference
synchronous currents 2, of the faulty mover (mover 2) are
directly set as the reference synchronous currents %, of the
healthy mover (mover 1), that is,

sk — g%
tag = ta1
Sk gk
i =g
As a result, the synchronous currents of both movers are
independent.

It is assumed that ¢, can be well tracked by the estimated
synchronous currents iflqz, that is,

7)

Va2 = e (18)
igy = lgo-
Substituting (17) into (5) gives
o
ug2 = Rsigy + w(Lsigy + )
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Fig. 5. Block diagram of the conventional I-FTC.

where 1, R and L, are redefined as the rated PM flux linkage,
the rated stator resistance, and inductance, respectively. Con-
sidering the parameter variations and the actual synchronous
currents i 442 of mover 2, (5) also can be rewritten as

Ugz = Rgaigr — wlsaign

. ! (20)
Uge2 = Raige +w(Lsaiaz + Py2)

where 1) 2, Ry, and Lo are the actual PM flux linkage, the
actual stator resistance, and inductance of mover 2, respectively.
The relationship between (¢f, Ry, L) and (¢f2, Re2, Ls2) is
defined as

R52 == nRZRs
Lso =nra2Ls 21
Yo = Nyt

where 72, 7r2, and 1o are the variation coefficients of PM
flux linkage, stator resistance, and inductance of mover 2, re-
spectively. According to (17)—~(21), the relationship of (i7;,i3,)
and (i 42, i42) can be determined by (22), as shown at the bottom
of this page. According to (22), the actual synchronous currents
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depend on the accuracy of mover parameters, which is the main
drawback of I-FTC.

B. Affections of Parameter Variation for C-FTC

In this section, the nonlinear effects of VSIs are also neglected.
The analysis in this section refers to Fig. 4. It is assumed that
1,1 can be well tracked by the actual synchronous currents 2,
that is,

idl = 121 (23)
Gg1 = lg1-
Substituting (23) into (5) gives
Ug1 = Rslifjl — Wlei;1 (24)

Ug1 = Rsli:;l + W(L51i21 + ’l/)fl)

Considering the parameter variations and the estimated syn-
chronous currents i3q1 of mover 1, (5) also can be rewritten
as

Udq1 = RSZ'?U - WLSigl

.e ! (25)
Ugr = Rsigy +w(Lsig, +¥y)

where ¥41, Ry1, and L, are the actual PM flux linkage, the actual
stator resistance, and inductance of Mover 1, respectively. The
relationship between (¢4, R, Lg) and (141, Rs1, Ls1) is defined
as

Rsl - anRs
Lgi =nr1Ls (26)
Y1 =y

where 7,1, Nr1, and 7,1 are the variation coefficients of PM
flux linkage, stator resistance, and inductance of mover 1, re-
spectively.

In C-FTC, the reference synchronous currents 2 of mover
2 are indirectly set as the estimated synchronous currents 4y, ;,
that is,

Z‘ZQ = 7:21 (27)

igo = lq1-

According to (27), iy, is the bridge between 4, and 45 o,
and the virtual faulty mover and the healthy one are coupled
together. According to (18), (19), (25), and (27), u 441 should be
equal to u 442, that is,

1442 Oof mover 2 will be seriously affected by the parameter Udl = Ud2 (28)
variations. In other words, the performances of I-FTC highly Ugl = Ug-
i — [WRz(Rs)2+TIL2(WLs)2]i21+(7IL2—71R2)WR5Lsi21+(1—71w2)77L2w2Ls¢f
42 ("7R2R52)2+(7]L2WL522 (22)
i = (Mr2—nL2)wRs Loty +[Mr2(Rs) " +nr2(wLs) Jiy, +(1-ny2)nr2wRs s
a2 (nr2Rs)*+(np2wl,)?
i — [nr1nR2(Rs)? +nr1nLe (wLe)?ig, +(nL2nr—nreni)wRe Leig +(ny1—nyp2)nrow? sty
d2 (771%2Rs)24‘(77L2“’Ls)z (29)
iy — (nrR2nz1—nL2nr)w Rs Ly, +nrinrz (Rs)*+nrinpe(whs) i, +(ny1—nuw2)nrawRs ¥y
gz — z

(nr2Rs)*+(nr2wLly)
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According to (20), (24), and (28), the relationship of (izl,izl)
and (ig2, i42) can be determined by (29) shown at the bottom of
this page.

According to (29), the actual synchronous currents 442 of
mover 2 are affected by the parameter variations of two movers
in C-FTC instead of just mover 2 in I-FTC. It seems that C-FTC
will perform worse than I-FTC. However, the fact is not like this
in subway applications. As is mentioned in the Section II-A, all
movers are required to have same rated parameters in a subway
train. Due to the machining error, however, the actual parameters
may be different between any two movers but these differences
should be quite small. Otherwise, the mover is not qualified.
Additionally, the actual mover parameters also can be affected by
the operation conditions, such as flux saturation and temperature.
In order to minimize the parameter differences between the
faulty mover and the reference one, the reference mover is
determined according the nearest selection principle, which will
be explained in the Section IV-C. Hence, the reference mover
and the faulty one have nearly same operation conditions. As a
result, the parameter variations of two movers should be nearly
same, that is

NRrR1 = NR2
nL1 = 1NL2
N1 = My2-

(30)
Substituting (30) into (29) gives

Z.cl2 ~ 221
S
1q2 = 141

ql

€Y

According to (31), the actual synchronous currents 42 of
mover 2 can well track the reference values %;,, of mover 1
by using C-FTC. Comparing with I-FTC, C-FTC has stronger
robustness to parameter variations.

C. Nearest Selection Principle

As is analyzed in Section IV-B, the parameter variations are
mainly resulted by the different operation conditions of the
faulty and the reference movers. Hence, a selection principle
is proposed in this section to choose a preferable healthy mover
as the reference mover.

Due to the friction dissipation and the machining error, the
wheel diameter difference usually cannot be avoided, as illus-
trated in Fig. 6. Therefore, the airgap widths of all movers
become different. Obviously, the airgap width difference be-
tween two adjacent movers is minimum. On the other hand,
the permanent-magnet flux linkage and the mover inductance
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highly depend on the airgap width. In order to minimize the
parameter differences between the faulty and reference movers,
the healthy mover nearest to the faulty mover should be selected
as the reference mover for the proposed C-FTC. Therefore, this
selection principle is named as the nearest selection principle.
As a multimover drive, the candidate of the reference mover
usually is not unique. For example, both mover 1 and 3 can be
selected as the reference mover if mover 2 fails according to
Fig. 2.

According to [14], the available maximum diameter differ-
ence is 10 mm, which is too small comparing to the length of one
subway car. Therefore, the diameter difference can be ignored.

D. Nonlinear Effects of VSIs

In this section, the parameter variation are neglected, and the
nonlinear effects of VSIs will be evaluated for C-FTC and I-FTC.
Hence, (24), (25), (19), and (20) can be, respectively, rewritten
as

g + Augr = Ryig — wlyig (32)
uql —+ Auql = Rsifll + W(L€7’§1 + wf)

uql — RSqu + w(LSZdl + wf)

Ugy = Rsljéz - sti’% (34
Ugy = RquQ + W(Lszdz + wf)

Ugy + Aty = Ryigy — whsigy (35)
qu —+ Aqu = Rsti + W(LsidQ + /l/}f)

where Aug; and Au,g; are the d- and g-axis voltage errors caused
by the nonlinear effects of VSI 1, respectively; and Augo and
Augs are the d- and g-axis voltage errors caused by the nonlinear
effects of VSI 2, respectively.
For I-FTC, the relationship of (i’&l,izl) and (442, i42) can be
determined from (17), (34), and (35) as
{id2 _ 221 + RsAuga+wlLsAugs

R2+(wLs )2
RsAugo—wL s Augs

R2+(wL,)?

. , (36)

g2 = z(*ﬂ +

According to (36), the static errors between (igl,izl) and

(ig2, iq2) will appear. Hence, the performances of I-FTC will
be affected by the nonlinear effects of VSI 2.

For C-FTC, the relationship of (iy;,ig;) and (ig2, i42) can be
determined from (17), (28), (32), and (35) as

(Augi—Augz)Rs+(Augr—Auga)wL,

.
1d2 = 1gq1 — R§+(wLS)2 37
P = (Augr—Augz)Rs—(Augi —Augz)wL, ( )
72 — ‘q1 R24(wLy)? :

According to (37), it seems that the performances of C-FTC
will be affected by the nonlinear effects of VSI 1 and VSI 2 at
the same time. Due to the nearly same operation conditions, the
nonlinear effects of two VSIs can be considered to be same, that
is,

{Audl = Augo (38)

Auq1 = A’LLQQ .
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Fig. 7. Two procedures of C-FTC.

As a result, no static errors between (ifﬂ,izl) and (ig2, ig2)
will appear in ideal situation. Even though the nonlinear effects
of two VSIs may be a bit different in actual situation, C-FTC
performs better robustness to the nonlinear effects of VSIs.

E. Discussion

In C-FTC, there are two procedures, which are illustrated in
Fig. 7. In procedure I, the signal flow is from the actual reference
mover to the virtual reference mover, and the parameter varia-
tions and the nonlinear effects are neglected. In procedure II, the
signal flow is from the virtual faulty mover to the actual faulty
mover, and the parameter variations and the nonlinear effects are
added. It can be found that they are two reversible procedures.
Without (27), these two procedures are independent. However,
they are coupled together due to the introduction of the virtual
coupler (27). The affections of the parameter variations and
the nonlinear effects during procedure II can be automatically
compensated by procedure I, which is the main contribution
of this article. However, it is not necessary to know the exact
values of the parameter variations and the nonlinear effects. In
order to minimize the differences of actual parameters between
any two movers, all movers should have nearly same rated
parameters and they also should have nearly same operation
conditions. These requirements can be easily realized for subway
trains. First, the parameter consistency is a basic requirement for
mature commercial productions. Therefore, the differences of
rated parameters between any two movers in a subway train can
be quite small. Second, the reference mover is selected from the
adjacent movers of the faulty mover. Therefore, the differences
of operation conditions between two movers in a subway train
also can be quite small. Therefore, the affections of parameter
variations and the nonlinear effects can be nearly same for both
the reference and faulty movers. Therefore, the performances
of C-FTC are nearly not affected by the parameter variations
and the nonlinear effects. No matter how much the differences
of actual parameters between two movers, to say the least, the
performances of C-FTC should be better than those of I-FTC.

F. Applications

In real subway applications, the current sensor faults can be
detected by existing fault diagnosis methods [15], [16]. Once
one or more current sensors are detected to be failed, the corre-
sponding mover is set as the faulty mover immediately. Then, the
reference mover is determined according to the nearest selection
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TABLE I
PARAMETERS OF PPMLM

Parameter Value
Mover resistance (Q), Rs 3
Mover inductance (mH), Ls 335
Permanent-magnet flux linkage (Wb), wy 0.125
Rate phase current (A) 3
Rated speed (m/s) 1.2
Maximum load (N) 150

TABLE II
DEFINITION OF FOUR SITUATIONS FOR CONTROLLERS

- Mover Mover Permanent-magnet
Situation . . .
resistance inductance flux linkage
Situation-1 R Ls wr
Situation-2 2Rs Ls wr
Situation-3 R Ls 0.5y
Situation-4 R 0.5Ls W

principle. Third, the reference synchronous currents of the faulty
mover are switched from ASR to the virtual reference mover,
and C-FTC is activated. Finally, the actual currents of the faulty
mover can be virtually measured by the reference mover using
C-FTC.

V. SIMULATION VALIDATION

In order to verify the effectiveness of the proposed C-FTC, a
MATLAB/Simulink model is developed, and some simulation
results are provided. The parameters of PPMLM are given in
Table I. The dc-link voltage is 50 V. The sampling frequency is
20kHz. The reference speed is setas 0.3 m/s. Several simulations
are carried out to verify the effectiveness of C-FTC.

A. Simulation 1: Affections of Same Parameter Variations

In this simulation, actual parameters of all movers are equal
to the rated values (see Table I) while the controller parameters
are given in Table II. In other words, both movers have same
parameter variations. Additionally, the nonlinear effects are
neglected. The simulation results using C-FTC are illustrated in
Fig. 8. As shown in Fig. 8, the estimated synchronous currents
are significantly affected by parameter variations, and they are
varied in four situations. However, the estimated synchronous
currents of mover 1 can be well tracked by those of mover 2 no
matter in which situation, and the actual synchronous currents
in four situations are not affected by the parameter variations.
Especially, both movers always can output same synchronous
currents no matter in which situations. Hence, the performances
of C-FTC are not affected if both movers have same parameter
variations.

B. Simulation 2: Affections of Different Parameter Variations

In this simulation, the actual resistance, inductance, and
permanent-magnet flux linkage of mover 2 are set as 0.9R;,
0.9L,, and 1.1%)y, respectively. Situation-3 and situation-4 are
selected as two examples to verify the theoretical analysis. Other
simulation parameters in this simulation are as same as those
in simulation 1. Hence, both movers have different parameter
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under (a) situation-3 and (b) situation-4.

variations in this simulation. It should be emphasized here that
the difference of the parameter variations for two movers are
usually not so significant in real subway applications. This
setting with large differences of parameter variations is just
to emphasize the comparison between C-FTC and I-FTC. The
simulation results are illustrated in Figs. 9 and 10, where the
performances of both C-FTC and I-FTC are affected. Comparing
Fig. 9 with Fig. 10, however, it can be found that the differences

under (a) situation-3 and (b) situation-4.

of actual synchronous currents between two movers are signif-
icantly reduced by using C-FTC. Therefore, the performances
of C-FTC are better than those of I-FTC if both movers have
different parameter variations.

C. Simulation 3: Affections of Nonlinear Effects

In this simulation, only the nonlinear effects are considered
while the parameter variations are neglected. The dead-time is
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set as 2 us, and the voltage drop of power devices is set as 0.7 V.
The simulation results using C-FTC and I-FTC are, respectively,
illustrated in Figs. 11 and 12. As shown in Figs. 11 and 12, six
harmonic components appear in the estimated currents of both
movers and the actual currents of mover 2, which are resulted
by the nonlinear effects of VSIs. The explanations about the six
harmonic components can refer to [29]. Static current errors
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(b) ©

dSPACE DS1103 Control circuit ~ DC power supply

Mover | Mover 2

d

Linear encoder

Fig. 13.  Experiment platform. (a) Bottom view of mover. (b) Stator teeth.
(c) Stator (rail) teeth. (d) Entire view.

appear in Fig. 12 while this phenomenon does not occur in
Fig. 11. The reasons can be found in the Section IV-D.

VI. EXPERIMENTAL VALIDATION

To verify the effectiveness of C-FTC, two same movers
are manufactured and an experiment platform is developed, as
shown in Fig. 13. The two movers with a linear encoder are
connected together and their parameters are given in Table I.
The control program is implemented in a dSPACE DS1103
controller. The inputs for the dSPACE DS1103 controller are
the sensed phase currents and dc-link voltage, and the feedback
signal of the linear encoder. It should be emphasized that the
sensed and estimated phase currents are respectively used in
HCCs of movers 1 and 2. The phase currents of mover 2 are
just sensed as a reference but not used. The switch-states for
the VSIs are generated by the dSPACE DS1103 controller. A
personal computer is employed for editing the control program
and commanding the dSPACE DS1103 controller. It should
be emphasized that the d- and g-axis currents cannot be mea-
sured directly, and they are calculated from the measured phase
currents according to Park transformation P(0.1) (10) in this
section.
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A. Experiment 1: Steady-State Performances of C-FTC

This experiment is to test steady-state performances of
C-FTC. In this experiment, the speed reference is also set as
0.3 m/s. The experimental results under four situations as given
in Table II are illustrated in Fig. 14. As shown in Fig. 14, the
estimated synchronous currents (ig,ig;) are well tracked by
(ng,ifﬂ). However, the static errors between (i41, iq1) and (i42,
i42) appear, and the second harmonic components are significant
in the actual synchronous currents (ig2, i42). As analyzed in
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Experimental results of steady-state operation using C-FTC under (a) situation-1, (b) situation-2, (c) situation-3, and (d) situation-4.

Section IV, the static errors of synchronous currents can be
caused by different parameter variations or different nonlinear
effects. Because the VSIs are mature commercial productions,
the differences of nonlinear effects between two VSIs can be
neglected. However, these two movers are manufactured in
the lab, and their parameter consistency is not so good. As a
result, the static current errors appear. Especially, L> contains
significant second harmonic component, which results in the
appearance of the second harmonic components in (ig2, i42).
However, it still can be found that the static current errors and
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Fig. 15.

the second harmonic components remain nearly unchanged in
four different situations. In other words, the performances of
C-FTC are not affected by same parameter variations. It should
be emphasized that the differences of actual parameters between
two movers can be quite small if they are manufactured in a
mature commercial production line.

B. Experiment 2: Speed Response of C-FTC

In this experiment, the speed is increased from 0.3 to 0.6
m/s, and then decreased to 0.3 m/s. In order to verify the
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Experimental results of speed response using C-FTC under (a) situation-1, (b) situation-2, (c) situation-3, and (d) situation-4.

robustness of the proposed C-FTC, this speed response pro-
cedure is carried out in four different situations (situation-1—
situation-4) to consider the parameter variations. The experi-
mental results are illustrated in Fig. 15. In the speed response
procedure, it can be found in Fig. 15 that the estimated syn-
chronous currents (45, 15, i;l, 122) are significantly affected by
the parameter variations while the differences between (i,,7,7)
and (49, %,0) are nearly not affected by the same parameter
variations. Hence, the performances of C-FTC are not affected
during the speed response if both movers have same parameter
variations.
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C. Experiment 3: Current Response of C-FTC

This experiment is to test the current response of C-FTC. In
this experiment, the g-axis current of mover 1 is commanded to
decrease from 3 to —3 A, and then return to 3 A. The exper-
imental results under four situations are illustrated in Fig. 16.
For mover 2, the falling time is measured from 1 to —3 A
while the rising time is measured from -3 to 2 A, which are
curved in Fig. 16. No matter in which situation, as shown
in Fig. 16, the falling and rising times are 3.3 and 7.3 ms,
respectively. Obviously, the current response ability of C-FTC
is not affected by the parameter variations. It means the thrust
response in post-fault operation can be as fast as that in normal
operation for the traction system of subway applications, which
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Fig. 17.  Experimental results of steady-state operation under situation-1 using
(a) I-FTC and (b) C-FTC.

is especially important for the safe operation in regenerative
braking procedure.

D. Experiment 4: Comparison of I-FTC and C-FTC

In this experiment, the experimental parameters are set as
situation-1. The experimental results using I-FTC and C-FTC
are illustrated in Fig. 17. Comparing with I-FTC shown in
Fig. 17(a), the differences between (iq1, iq1) and (ig2, ig2)
have been significantly reduced by using C-FTC, which have
been verified in Fig. 17(b). The reason is that the parameter
variations and the nonlinear effects of mover 2 drive system
have been mostly compensated by the parameter variations and
the nonlinear effects of mover 1 drive system using C-FTC.
However, no compensation for the parameter variations and the
nonlinear effects of mover 2 drive system can be found since
both movers are independent by using I-FTC.

VII. CONCLUSION

In this article, a C-FTC scheme without current sensor is pro-
posed for the PPMLM traction system in subway applications,
which takes full advantage of the multimotor feature. In the
proposed C-FTC, a healthy mover is determined as the reference
mover, and the faulty mover is coupled with the reference mover.
The estimated synchronous currents of the reference mover
are treated as the reference synchronous currents of the faulty
mover, which are tracked by the estimated synchronous currents
of the faulty mover. Comparing with the conventional CSC,
the performances of C-FTC have been significantly improved
by compensating the parameter variations and the nonlinear
effects of the faulty mover drive system with those of a healthy
mover drive system. The effectiveness and robustness of the
proposed C-FTC are verified by simulation and experimental
results. Comparing with the normal operation, the performances
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of the PPMLM are degraded a bit in the fault-tolerant operation.
Therefore, each mover is equipped with two current sensors
in actual subway applications since the normal operation is
preferable, and the proposed C-FTC is only a fault-tolerant
solution coping with current sensor faults. In the future, the
proposed C-FTC will be applied in a local subway line as soon
as possible.
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