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Hybrid Modulation Fault-Tolerant Control
of Open-End Windings Linear Vernier
Permanent-Magnet Motor With
Floating Capacitor Inverter

Wenxiang Zhao

Abstract—TIn this paper, a new hybrid modulation fault-tolerant
control of an open-end winding linear vernier permanent-magnet
(OEW-LVPM) motor is proposed. By using a floating capacitor
inverter, the proposed OEW-LVPM motor drive can continue op-
eration under open-circuit fault condition. The OEW-LVPM motor
fed by dual-inverter system consists of two inverters, which are con-
nected to both ends of the motor windings, including a dc power
named as main inverter (MI) and a floating capacitor called as ca-
pacitor inverter (CI). When one switch is broken in the CI, the CI
topology will be restructured to a three-phase four-switch inverter.
Then, an improved six-step modulation is investigated in the MI
to reduce the switching frequency, while the conventional modula-
tion is applied in the CI. Thus, the MI can provide all the active
power, and the CI is only used to supply the reactive power. The
proposed fault-tolerant control method is simulated and the exper-
iments with the OEW-LVPM motor drive are also accomplished to
verify the feasibility.

Index Terms—Fault tolerance, floating capacitor inverter,
hybrid modulation, inverters, linear motor, open-end windings
(OEW), permanent-magnet (PM) motor.

I. INTRODUCTION

OWADAYS, linear motors have received increased atten-
N tion in urban rail transit systems [1], [2]. Compared with
the conventional transit systems based on the rotary motors, the
urban rail transit systems employing linear motors eliminate
costly and bulky rotary-to-linear transmissions. The linear mo-
tors in the direct-drive systems can be mainly classified into two
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types, i.e., the linear induction motor and the linear permanent-
magnet (PM) motor. Linear induction motors have been widely
used due to its simple structure, but it suffers from a serious
problem of relatively low efficiency [3], [4]. The conventional
linear PM motors exhibit higher efficiency and higher power
factor than the linear induction motors [5]. However, in some
long-stroke applications, such as urban rail transit systems, this
technique inevitably suffers from high cost because armature
windings or PMs should be placed on the long stator. Therefore,
a cost-effective solution needs to be developed. In recent years,
a new class of brushless machines with both PMs and armature
windings located on the same side have attracted wide attention.
Among these motors, linear vernier permanent-magnet (LVPM)
motor can offer highest thrust force capability [6].

Although PM motors have many advantages, their high
back-electromotive force (back EMF) is generated by the
constant rotor flux in the high-speed region. The back EMF
increases rapidly with the increasing of the motor speed,
resulting in limited operation range under the condition of
fixed dc-link voltage supply. There are usually two ways to
realize high-speed operation for PM motors. Namely, the one
is to adopt the field-weakening control strategy [7], [8], and
the other is to boost the dc-link voltage of the motor. When
the field-weakening control method is adopted, the negative
d-axis current can reduce the back EMF and lower the dc-link
voltage, but it also reduces the output torque and the efficiency.
So, high dc-link voltage is required to guarantee the high-speed
operation of PM motors. A dc—dc boost converter is usually
used to increase the dc-link voltage. The boosting ratio of the
dc-dc converter is also limited, generally between 2 and 3. This
is because high boosting ratio decreases the efficiency of the
system. In addition, unavoidable extra power electronics and
reactors increase the complexity as well as the cost of the drive
system [9], [10].

To overcome the demerits of the cascaded system with the
dc—dc converter, the dual-inverter topology was proposed. This
topology not only can offer high phase voltage, but also can
extend the power capacity. By opening the neutral point of the
stator windings, the open-end windings (OEW) motor can be
fed by two separated inverters to increase power density and
high-speed capability. There are three dual-inverter topologies,

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-4444-6595
mailto:zwx@ujs.edu.cn
mailto:619682577@qq.com.cn
mailto:xudezhi@ujs.edu.cn
mailto:670169486@qq.com.cn
mailto:jhzhu@tsinghua.edu.cn

2564

namely the common dc link, two isolated dc links, and a flying
capacitor. When the dual inverter is fed by the common dc link,
the zero-sequence current is expected to flow. An et al. [11]-[14]
proposed several strategies to eliminate the zero-sequence cur-
rent. To achieve the multilevel voltage waveforms and to cut the
path of the common-mode current flow, two isolated dc sources
are introduced into the traditional dual-inverter topology. In this
topology, a four level is obtained when the OEW motor is fed
by two separated inverters with unequal dc-link voltages, in
which the ratio is 2:1 [15], [16]. This strategy achieves a better
harmonic performance. For reducing the size and weight of the
dual-inverter system with two isolated dc links, the dual inverter
with a flying capacitor inverter was proposed. This topology has
attracted much attention in the recent years. The one inverter
connected dc source, called main inverter (MI), is controlled
to provide active power, while the other inverter-connected fly-
ing capacitor, called capacitor inverter (CI), provides reactive
power. Hong et al. [17] presented a charging method for the
capacitor. In [18]-[20], to generate a multilevel output voltage,
the particular voltage ratio of 1:0.5 or 1:0.366 was investigated,
in which several modified modulation schemes were adopted to
improve the waveform quality. In addition, it was used to extend
the operation range [21]-[23].

On the other hand, the reliability of the motor drives is a key
parameter in some critical applications and its improvement
can be obtained by applying various methods. In the recent
years, many fault-tolerant control strategies have been proposed
to continue the operation of the faulty motor drive. The OEW
motor fed by the dual-inverter system has additional degrees of
freedom compared with the conventional single inverter. These
degrees of freedom can be used for fault-tolerant operation when
a part of the system fails. Nguyen et al. [24] investigated a fault-
tolerant control strategy to remedy the short-circuit inverter fault
for an OEW five-phase PM synchronous motor. However, no
fault-tolerant control strategy was reported in dual inverter with
a floating CI.

This paper will propose a novel hybrid modulation fault-
tolerant control for an OEW-LVPM motor with a floating CI.
There have been already many literature about fault diagnostic
algorithms [25], [26]. The main topic of the proposed fault-
tolerant control strategy is to remedy the switch open-circuit
fault. When a switch is broken in the CI, the topology of the
CI will be restructured to a three-phase four-switch inverter.
Also, the improved six-step modulation is adopted in the MI,
and the conventional modulation is adopted in the CI. Thus,
the MI can provide all the active power, while the CI is only
used to provide the reactive power for compensation. As a
result, this OEW-LPMV motor can keep the same operating
performance as prefault and the switching frequency of the in-
verter is also reduced. At the same time, the power factor of
this system can be improved by using this control strategy. In
Section II, the OEW-LVPM motor is analyzed and its mathe-
matical model is established. The dual-inverter system with a
floating CI and the relationship of power and voltage is also
discussed. The hybrid modulation fault-tolerant control strategy
is proposed in Section III. Moreover, in Sections IV and V,
the performance of the proposed fault-tolerant control
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Fig.2. Back EMFs at mover speed of 0.3 m/s.

strategy is assessed by using the simulation and experiment
results, respectively. Finally, the conclusions are drawn in
Section VI.

II. OEW-LVPM MOTOR DRIVE
A. LVPM Motor

The topology of a three-phase OEW-LVPM motor is shown
in Fig. 1. Its mover consists of the iron core with salient teeth,
the armature windings, and a number of PM arrays which are
mounted on the inner surface of the mover teeth, while the
long stator is composed of the iron core only. The OEW-LVPM
motor also adopts a special PM array. One PM array adopts three
PMs, and the magnetization directions of these PMs differ from
each other, as referred by the arrows in Fig. 1. The vertically
magnetized PM is sandwiched between the two horizontally
magnetized PMs, and the horizontally magnetized PMs reduce
fringing leakage flux, hence improving air-gap flux density. The
operation principle of this machine is based on the magnetic
field modulation. The two-pole magnetic field produced by the
three-phase armature windings on the mover is modulated by
the stator teeth. This modulation produces nine-pole magnetic
field in the air gap which interacts with the nine-consequent-pole
PM field on the mover to produce thrust force. As a result, the
OEW-LVPM motor has the advantages of high efficiency, high
thrust density, and low cost, which is suitable for long stroke
applications.

Figure 2 shows the back EMFs of this OEW-LVPM motor at
the speed of 0.3 m/s. It can be seen that the back EMFs are very
sinusoidal and symmetrical.

The motor model in the d-g coordinate system is also
established. The voltage equation in the d-q coordinate can be
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Fig. 3. Topology of dual inverter with floating CI.

expressed as
2
Ug=pLqlq — ﬂLqu + Ryl
20 M
U, =pLy1, — - (Lalq +vpar) + Ry

where I; and I, are the d-q axis currents, Ly and L, are the
d-q axis inductances, ¥py is the PM flux linkage, v is the mover
speed, T is the pole pitch, and Rj is the stator resistance. The p
indicates differential operator (d/dt).

The thrust equation can be written as

F, = 3771—[7/)PML] +1ady(La — Ly)]. 2)

B. Dual Inverter With Floating CI

Figure 3 shows the topology of the dual inverter with a floating
CI. There are also three solid-state relays (SSRs) which can
operate under faulty condition. The voltage vectors of the two
inverters are defined by

{ Vit = 2(Ua101 + Up101€72™/3 + Uy p1€747/3) /3

; . 3)
Var = 2(U202 + Up202€?2™/3 + Uegpoe?4/3) /3

where Uj1,1 and Upa,9 are pole voltages of the two inverters,
respectively (k = a, b, ¢).

According to Fig. 3, the three-phase voltages of the motor are
given as

Ua - Uula? - Ualol - Ua?o? + Uolo?
Uy = Up1pa = Up1o1 — Up2o2 + Us102 “4)
Uc = Uclc? = Uclol - UCQOQ + U0102

where U,;,2 is the voltage between the neutral point of MI
and CI.

Based on (3) and (4), the voltage vector of the dual inverter
can be obtained by subtracting V1 from Vi

Vs =V — Ver. )

For the single inverter, there are eight switching states and
eight space voltage vectors, including six active vectors and two
zero vectors. As to the MI, the eight vectors are denoted by 1-8,
in which 1’ to 8’ are used to denote the eight vectors for the CIL.
Consequently, there are 64 possible combinations of the switch-
ing states for the dual inverter, and 19 different space voltage
vectors, as shown in Fig. 4. They include 18 active vectors and
one zero vector, the same as three-level inverters. The red circle
indicates the maximum modulation range, and the length of the
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Fig. 5. Powers flow diagram. (a) Dual inverter with two isolated dc links. (b)

Dual inverter with floating CI.

maximum voltage vector OG is 4U,./3. Since the switch-
ing signals of two insulated-gate bipolar transistors (IGBTs)
on the same leg are complementary, one signal can be used
to get the ON-OFF state of each leg. For example, a com-
bination 35’ implies that the switching state for the MI is
(0 1 0) and that for the CI is (0 O 1). A “1” indicates
that a top switch in an inverter leg is turned ON and a
“0” indicates that the bottom switch in an inverter leg is
turned ON.

C. Power Regulation

The powers flow in the conventional dual inverter with two
isolated dc links is shown in Fig. 5(a), where P and Q indicate
the active and reactive powers, respectively, and the subscripts
indicate the inverter, PiNv1, Qinvi, Pinve, and Qpnvye indicate
the input active and reactive powers to the motor, Poyr and
Qout show the powers consumed by the motor. So, Poyr and
Qour can be given as

{ Py + Pnve = Pour

(©)
Qmvi + Qivve = Qour-
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Fig. 6. Phase relationship between voltage vectors and current vector.
According to the previous analysis, the Poyr and Qour in the
dual inverter with flying CI can also be expressed as

{ Pui + P = Pour
Qwm + Qc1 = Qour-

Different from the control strategy of the conventional dual
inverter with two isolated dc-links topology, the control strategy
of the dual inverter with flying capacitor consists of two impor-
tant parts, namely powers control and flying capacitor voltage
control. To accomplish the first goal, the powers of this system
are regulated. As shown in Fig. 5(b), in the conventional control
method, the MI is controlled to only provide active powers Py
and the CI is only used to provide the reactive powers Q¢y for
compensation. It can be summarized as

Qmi =0
Pc = 0.

@)

®)

From (7) and (8), Poyr and Qoyr in the dual inverter with a
floating CI are regulated as

P = Pour

Qc1 = Qour-

The currents flowing in the MI, CI, and the motor are identical
under certain conditions. Thus, the output power depends on the
phase angle of the output voltage vectors and the current vectors
of each inverter. Fig. 6 shows the phase relationships between
the reference voltage vector Vg and the current vectors Ig in
the dual inverter with floating CI, Vjq and V(- are the voltage
vectors of the MI and the CI, respectively, Vicive 1S the active
component of the reference voltage vector, Vieactive 1S the reactive
component of the reference voltage vector, 6; is the angle of Ig,
0,; is the angle between Vjy; and Ig, and ¢ is the power factor
angle. By controlling the output voltage vector of the MI in
parallel with the current vector, Qy; becomes zero. Also, Pcp
becomes zero when the angle between the current vector and
the output voltage vector of the CI is 90°. Thus, by applying the
dual inverter with flying CI topology, the power factor of system
can be increased. This effect is more obvious when the motor
operates in the high-speed region or in high load region. As

€))
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Fig.7. Modulation of MI. (a) Conventional six-step modulation. (b) Improved
six-step modulation.

shown in Fig. 6, the angle ¢ is constant in a fix speed region, but
the voltage vector Vg increases as the speed increases according
to (1). The faster the motor runs, the higher voltage vector Vg
is required and the higher reactive voltage is also increased. In
summary, the dual inverter with a floating CI system lightens
the burden of reactive power and improves the efficiency of the
motor in the high-speed region.

III. HYBRID MODULATION FAULT-TOLERANT
CONTROL STRATEGY

In this section, a hybrid modulation strategy for the OEW-
LVPM motor with a floating CI will be proposed, in which
an improved six-step modulation strategy is investigated in the
MI. Besides, when one switch is broken in the CI, a fault-
tolerant control strategy is deduced to keep the motor operation
as prefault.

A. Improved Six-Step Modulation

At present, there are three representative modulation meth-
ods, namely sinusoidal pulsewidth modulation (PWM), space
vector PWM, and six-step modulation. The maximum modula-
tion indices of the sinusoidal PWM and the space vector PWM
are 0.7854 and 0.9067, respectively. While the six-step modu-
lation can provide the maximum modulation indices of 1. For
the conventional motor drive employing a single inverter, by
adopting the six-step modulation, it generates odd harmonics
which will lower the efficiency and cause the torque ripple and
noise. However, in the dual inverter with a floating CI topology,
the voltage vector required by the motor is synthesized by the
voltage vectors supplied by the dual inverter. The dual-inverter
topology can solve these problems. Based on the compensation
of the floating CI, the currents are maintained in very sinusoidal
shape. In summary, the six-step modulation adopted in the dual
inverter removes its disadvantages.

The improved six-step modulation method is illustrated in
Fig. 7, as compared with the conventional one. The red arrow
indicates the six active voltage vectors generated by the three-
phase inverter, and the blue dotted line represents the division
of the six-step modulation voltage sector. The voltage vector
of the MI is divided into six sectors and the angle between the
sectors is 60°. Viive 1S the active component of the reference
voltage vector and it is parallel to the current vector Ig. As
shown in Fig. 7(a), for the conventional six-step modulation
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method, when the Vv locates in the angle range of [—7/6,
7/6), the voltage vector V; (1 0 0) is selected as the output volt-
age vector of the MI. Different from the conventional six-step
modulation method, the improved six-step modulation consists
of double vectors which contains one closest active voltage vec-
tor and one optimal zero voltage vector. For the improved six-
step modulation method, in Fig. 7(b), when the Ve locates in
the angle range of [ —7/6, 7/6), the closest active voltage vector
V1 (1 00) and the zero voltage vector V{, (0 0 0) are selected to
synthesize the output voltage vector of the MI. By selecting the
closest active voltage vector and the optimal zero voltage vector,
VM1 can be accurately synthesized to satisfy the required active
voltage of the motor. Compared with the conventional six-step
modulation method, the improved six-step modulation method
is applicable to the whole modulation range, so the switching
frequency is reduced. In addition, the CI only needs to pro-
vide the reactive powers. Thus, the fluctuation of the capacitor
voltage can also be reduced. The improved six-step modulation
method is not only used in the health mode, but also can be in
the fault-tolerant mode.

Figure 8 shows the vector diagrams of the improved six-step
modulation according to the angle of current vector 15°, —15°,
0°, and —30° in sector 1. The outermost circle is the maximum
modulation range. In sector 1, the closest active voltage vector
V1 (1 00) and the zero voltage vector V;, (0 0 0) are selected to
synthesize the output voltage vector of the MI, namely Vj. In
Fig. 8(a), when the angle of the current vector is 15°, the current
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TABLE I
DURATION OF VECTOR

sector 0O Vy Vz T,

1 [~7/6, n/6) Vi Vo(000)  3Vactive IS /2 Vaccos(6))

2 [7/6, /2) 123 V2(111)  3Vactive TS 22 Vyccos(0;-1/3)
3 [7/2, 57/6) Vs Vo(000) 3 Vaciive I's /2 Vaccos(6;-21/3)
4 [S7/6, T7/6) Ve VZ(111)  3Vacive Ts /2 Vaccos(6;-1)

5 [77/6, 37/2) Vs Vo(000)  3Vactive T's /2 VgecoS(0-41/3)
6 [37/2, 117/6) Vs VA(111)  3Vactive T's /2 VgecOS8(0i-51/3)

vector Ig leads V. The CI not only provides the reactive power
required by the motor but also provides the reactive powers
which output by the MI. When the angle of the current vector is
—15°, the current vector Ig lags behind Vy. The MI can supply
a part of reactive powers. Therefore, the CI only supplies the
rest of the reactive powers, as shown in Fig. 8(b). In Fig. 8(c),
when the angle of the current vector is 0°, the current vector Ig
is parallel to V1. The MI can only supply all the active powers
required by the motor, while the CI can supply all the reactive
powers. In Fig. 8(d), the angle of the current vector is —30°
where is the edge of the sector 1, and the active voltage vector
V1 (1 00) and the zero voltage vector V4 (00 0) are also selected
to synthesize the output voltage vector of the MI.

As shown in Fig. 8, Ve 1s parallel to the current vector Ig.
The amplitude of V,.ive and Vi can be expressed as

V;lctive = VS Cos
(10)

_ Viciive
Van = cos(Oyy —0:)

where 0y is the angle of Vyyp. In sector 1, the active vector V;
(1 0 0) and the zero vector V4 (0 0 0) is selected to synthesize
VM1, so under the volt—second balance principle, the relationship
between Vi, Vi, and Vy can be calculated as

VmTs =WViT, + VTo Y

where Ty is the switching period, 7;, is the duration of Vi, Tj
is the duration of V}, Vq. is the voltage of the dc link, and the
amplitudes of the active vector V| and the zero vector Vj are
2V /3 and 0.

Based on (10) and (11), the durations of the active vector V}
and the zero vector V can be obtained as

3V‘:1<:tive
T’n = T
2V, cos(Ovy, — 0;) § (12)
Ty =Ts —T,.

According to the foregoing analysis, when the current vector
I, lies in the other sectors, two vectors are selected and 71, is
calculated as listed in Table I.

One of the advantages of the six-step modulation is its lower
switching frequency, and the improved six-step modulation is
also the same by selecting the optimal zero voltage vectors. In
the improved six-step modulation method, when taking phase A
as example, its switching state only changes in sector 1 and sec-
tor 4, while the switching state keeps high in sector 2 and sector
6 and keeps low in sector 3 and sector 5 without operation. Thus,
the switching frequency of the improved six-step modulation is
reduced to one-third of the conventional SVPWM. The switch-
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Fig.9. Reconstructed topology of dual inverter under fault-tolerant condition.

ing loss is proportional to the switching frequency when the
parameters of the system keep constant [27]. So, the switching
loss in the improved six-step modulation is also reduced greatly.
By adopting the improved six-step modulation method, the
MI can provide not only the active voltage required by the motor
but also the reactive voltage with low switching frequency. Also,
the CI only needs to supply the reactive power with a little
fluctuation of capacitance voltage. It can be expressed as

Pt = Pour
13
{ Qcr + Qumi = Qour- (13)

B. Fault-Tolerant Operation

As shown in Fig. 4, there are three SSRs. These SSRs con-
nect the midpoint of each phase of the bridge arm to the neutral
point of the capacitance, respectively. SSRs are all opened dur-
ing healthy state. However, when a switch is broken in CI,
the connection between the corresponding bridge arm and the
capacitor is disconnected, and then the corresponding SSR is
quickly closed. As a result, the corresponding phase winding is
connected to the neutral point of the capacitors and the CI is
restructured to three-phase four-switch topology. For example,
when the switch S¢; is broken, the reconstructed topology is
shown in Fig. 9.

Under open-circuit fault condition, the improved six-step
modulation is still applied to the MI, and the fault-tolerant con-
trol strategy is activated in CI. Since only two-phase bridge arm
can continue operation in the CI, only four active vectors are
remained, namely 1'-4’. The switching states of the correspond-
ing bridge arm are 00, 1 0, 1 1, 0 1, as depicted in Fig. 10. The
red circle indicates the maximum modulation range which is
the half of that at healthy operation. It can also be seen from
Fig. 10 that no zero vector can be found. Therefore, the two in-
verse vectors need to act equal time in a switching period, such
as voltage vectors 1’ and 4’. The proposed remedial method is
suitable for other bridge arms with open-circuit fault.

Fig. 11 shows the space vector diagrams of the dual inverter in
fault-tolerance state when capacitor voltage is doubled. There
are total 32 space vector combinations. If the capacitor volt-
age is still in its original state Veap (Viap = Viic), the maximum
modulation range is 75% of that under the healthy condition.
However, if the capacitor voltage is changed to 2V, the max-
imum modulation range is the same as that in the healthy state.
So the motor can operate as it is in the healthy state.

The control block diagram with the proposed hybrid modula-
tion fault-tolerant control strategy is shown in Fig. 12. When a
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Fig. 10.  Space vector distribution diagrams of CI.
Fig. 11.  Space vector diagrams of dual inverter under fault-tolerant condition.

switch is broken in CI, the CI is restructured to the three-phase
four-switch topology. According to the above-analyzed hybrid
fault-tolerant strategy, the reference vector is decoupled into
two vectors (Vi and V). The outputs of current proportional-
integral (PI) regulators transformed into active voltage vector
Viactive based on (10). Although the CI mainly provides reactive
powers, it also needs to provide few active powers Vipactive tO
compensate losses consumed by the inverter. So, the MI ac-
tive voltage vector Viractive 18 composed of Vieive and Vipactive-
Then, two different modulation methods are used in the MI and
ClI, separately. The improved six-step modulation is adopted in
MI to synthetize Vi and the fault-tolerant control strategy is
activated in CI to synthetize V.

IV. SIMULATION

To verify the proposed hybrid modulation fault-tolerant con-
trol strategy, simulations in a MATLAB/Simulink environment
are performed. When one switch is with open-circuit fault, the
CI is restructured to the three-phase four-switch topology in
Fig. 9. The simulations are performed under this open-circuit
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TABLE I step change in command velocity occurs from 0.4 to 0.5 m/s; at
LVPM MOTOR PARAMETERS the time 0.7 s, a step change in thrust occurs from 70 to 90 N.
b With the change of the reference speed and reference thrust, the
arameters Symbol Value .

Stator resistance () R, 112 frequency and amplitude of a three-phase currents also change.
d-axis inductance (mH) Lq 84.8 Obviously, the proposed fault-tolerant strategy has good dy-
g-axis inductance (mH) L, 86 : ~ ; ;

Permanent flux linkage (Wb) e 0.105 namlg'and steady-state performance under different operating
Pole pitch (m) z 0.0147 COHC}IUOH- . '
Mover weight (kg) M 32 Figure 14 compares the MI sector and switch state in healthy
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0.8 T T T r
E 0.6 |—Real speed —— Refrence Speed | |

= 0.4 V 1
3

202 1
0 : ; : :

|— Real Thrust — Refrence Thrust |

S

[
(=]
T

S

wno

=]

Currents [A] Thrust [N]

1
wn
+

0 0.2 0.4 0.6 0.8 1
Time [s]
Fig. 13.  Speed, thrust, and currents performance at the proposed fault-tolerant
operation.

fault condition. The simulation results are shown in this section.
The parameters of the OEW-LVPM motor are given in Table II.

Figure 13 shows the speed, thrust, and currents performance
at the proposed fault-tolerant operation. At the time 0.4 s, a

and fault-tolerant modes. In this paper, the open-circuit fault
occurs in the CI. The improved six-step modulation used in the
MI is the same at pre-/postfault, so the MI sector and the switch
state are also the same. It can be seen that the switch operates
only on sector 1 and sector 4. The switching frequency of the
conventional SVPWM modulation is usually 10 kHz. However,
the switching frequency of the improved six-step modulation
is about 3.4 kHz. Thus, the switching frequency is reduced
by about 2/3. Since the switching loss is in proportion to the
switching frequency when other parameters stay constant, the
switching loss is also reduced.

The stability of a capacitor voltage is an important issue of
the whole control system. In this study, a voltage controller is
designed by PI controller to balance the capacitor voltage in
constant. From Fig. 15, the capacitor voltage can be balanced in
a stable level. Digital filters with same cut-off frequency are used
to extract the fundamental wave of capacitor voltage, as well as
the phase-current. In order to show more clearly, the current
is ten times larger. It can be seen that the capacitor voltage
lags behind the current 90° to compensate all of the reactive
components. Under fault-tolerant condition, the CI runs in only
four sectors.

V. EXPERIMENT RESULTS

In order to verify the proposed control strategy, a test platform
has been set up, as shown in Fig. 16. The timing calculations,
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Fig. 15.  Top to bottom: Capacitor voltage, the relationship between phase
voltage and phase current, CI sector at the proposed fault-tolerant operation.

voltage controllers, PWM signal generation, and the control
scheme are implemented on TMS320F2812 DSP. Two intel-
ligent power modules PM100CVA120 are used. The dc-link
voltage of MI is 80 V and the capacitor of Cl is 160 V. Thus, un-
der the fault-tolerant condition, the motor can achieve the same
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Fig. 16.  Experimental platform.
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Fig. 17. Comparison of speed and thrust in healthy and fault-tolerant modes.

state as it is in the healthy condition. Two capacitors (4700 uF)
are chosen to supply all the reactive powers.

Figure 17 compares the speed and thrust performances in the
healthy and fault-tolerant modes. By using the proposed fault-
tolerant control strategy, at the speed of 0.3 m/s, the motor can
all run steadily.

The control strategy used in the MI always remains unchanged
under any condition. So, for the MI, its sector and switch state
also should be same. From Fig. 18, it can be seen that no distor-
tion occur in the three-phase current before and after the fault.
The MI sector and switch state of one phase are shown in sec-
ond and third figure, respectively. The switch operates only on
sector 1 and sector 4, and the switching frequency is reduced.

Figure 19 shows the experimental waveforms of the capac-
itor voltage and the CI sector. Before and after the fault, by
using the proposed fault-tolerant control strategy, the capacitor
voltage keeps steady at 160 V. Thus, the CI can supply all the
reactive power. For the CI sector, by reconstructing the CI to the
three-phase four-switch topology, the number of the CI sector
is reduced to 4. It can be known from the bottom figure.

Figure 20 reflects the relationship between the filtered voltage
in the CI and the currents at stepped load. It can be seen that
the rise of the current amplitude corresponds to the up-loading
process. The phase current leads phase voltage of 90°, so the CI
only supplies the reactive powers.
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Fig. 20.
stepped.

Relationship between filtered phase voltage and phase current in load

Figure 21 shows the speed performance at the proposed fault-
tolerant operation. At the time 1.5 s, a step change in command
velocity occurs from 0.25 to 0.35 m/s; obviously, the proposed
fault-tolerant strategy has a good dynamic performance.
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Fig. 21.  Speed performance at the proposed fault-tolerant operation.

VI. CONCLUSION

This paper has proposed a hybrid modulation fault-tolerant
control strategy for the OEW-LVPM motor with a floating CI,
which can improve the fault-tolerant ability when one certain
switch in CI is broken. Under the open-circuit fault condition,
the improved six-step modulation is used in the MI, and the
fault-tolerant control strategy is activated in CI. The improved
six-step modulation consists of double vectors, which contains
one closest active voltage vector and one optimal zero volt-
age vectors. Thus, the MI can provide all the active powers
with lower switching frequency as well as switching loss. By
reconstructing the CI to the three-phase four-switch topology,
CI only needs to compensate the reactive power with less ca-
pacitor voltage ripple. A voltage controller is also designed by
the PI controller to keep the capacitor voltage invariable. So, the
OEW-LVPM system efficiency is enhanced. The motor can keep
operation as prefault. The simulation and experimental studies
have proven that the proposed fault-tolerant control strategy has
a good performance.
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