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Abstract—A novel two-mode inverter-based open-winding per-
manent magnet synchronous motor drive is proposed in this article.
The proposed drive operates in hybrid-inverter mode at low and
medium speed to achieve high power quality. The common dc-bus
mode is adopted at high speed to fulfill a wider speed range than
hybrid-inverter mode. Based on the proposed drive, a modulation
strategy for any voltage ratio is proposed, which integrates the
instantaneous floating capacitor (FC) voltage into modulation to
synthesize the reference voltage vector. The proposed modulation
strategy can not only guarantee the FC voltage regulation but also
start the drive when the FC voltage is zero and switch the mode of
the drive smoothly. Besides, the excellent fault-tolerant capability
of the proposed drive is studied under open-phase and switch faults.
In the proposed fault-tolerant control, a sinusoidal zero-sequence
current is injected to tolerate the open-phase fault in the common
dc-bus mode and redundant switching combinations are used to
tolerate switch faults in the hybrid-inverter mode. All the claimed
advantages have been validated by experimental results.

Index Terms—Fault-tolerant control, floating capacitor
(FC), modulation strategy, open-winding permanent magnet
synchronous motor (OW-PMSM), zero-sequence current (ZSC).

I. INTRODUCTION

W ITH the further development of the automotive industry,
electric vehicles are moving towards greater power out-

put and higher reliability [1], [2], [3]. Since the open-winding
motor drive was proposed, it has attracted extensive attention
of academia and industry [4], [5], [6]. Compared with the
conventional permanent magnet synchronous motor (PMSM),
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the open-winding permanent magnet synchronous motor (OW-
PMSM) opens the neutral point of the stator winding, which can
achieve a greater power rating and higher reliability [7].

There are three sorts of typical topologies of OW-PMSM
drives: Namely common dc-bus topology, isolated dc-bus topol-
ogy, and hybrid-inverter topology. For OW-PMSM drive with
common dc bus, it has a wide speed range and more degrees
of freedom in current control but it needs to suppress the zero-
sequence current (ZSC) [8], [9]. Besides, it will be difficult to
suppress the ZSC when a switch fault occurs if no auxiliary
circuit is used [10]. For the OW-PMSM drive with two isolated
dc buses, the ZSC path no longer exists and it can achieve a
four-level output at the voltage ratio of 2:1, which has excel-
lent power quality [11]. However, the two dc sources of this
drive increase system cost and cannot handle open-phase fault
due to its limited degrees of freedom in current control. For
hybrid-inverter OW-PMSM drive, it can realize four-level output
more cheaply as one of the dc sources is replaced by a floating
capacitor. Nevertheless, the floating capacitor (FC) voltage must
be regulated and the speed range is relatively low compared with
OW-PMSM drive with common dc bus [12], [13], [14]. Besides,
the typical topologies of OW-PMSM drives can be equipped
with auxiliary circuits to further improve the performance and
flexibility of OW-PMSM drives [10], [15].

The commonly used voltage ratios of OW-PMSM drives are
1:1 and 2:1. For the voltage ratio of 1:1, the space vector diagram
has more redundant switching combinations in each vertex com-
pared with that at the voltage ratio of 2:1 [16], [17], which makes
it stronger to deal with faults. For the voltage ratio of 2:1, it is usu-
ally applied on the OW-PMSM drive with two isolated buses and
hybrid-inverter OW-PMSM drive [18], [19]. In [20], a decoupled
space vector modulation strategy was used to realize four-level
output in a dual-inverter system at the voltage ratio of 2:1. In [21],
the inverter with lower dc voltage was clamped and the other in-
verter is switched around it in the modulation of the OW-PMSM
drive with two isolated dc buses at the voltage ratio of 2:1. To
take advantage of the full potential of the OW-PMSM drive,
both voltage ratios 1:1 and 2:1 were used by controlling the FC
voltage actively in [22]. Nevertheless, in the switching process
of voltage ratio, the modulation mismatch will appear because
of the unfixed voltage ratio, which will cause undesired torque
ripple. So far, a modulation strategy applicable to any voltage
ratio of the hybrid-inverter OW-PMSM drive has not been found.

In terms of the fault-tolerant control of the OW-PMSM drive,
there are the following three common faults:
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Fig. 1. Proposed two-mode inverter-based OW-PMSM drive.

1) open-phase fault;
2) open-switch fault;
3) short-switch fault.
For the open-phase fault of the OW-PMSM drive, nearly

all fault-tolerant control strategies are studied on the basis of
common dc-bus topology [10], [23], [24], [25], but this topology
is weak to handle single switch faults, especially single switch
short-circuit fault. For the open-switch fault and short-switch
fault, the OW-PMSM with two isolated dc buses and hybrid-
inverter OW-PMSM drive are usually adopted [26], [27], [28].
However, they can hardly cope with the open-phase fault due to
their limited degrees of freedom in current control. So far, an
OW-PMSM drive that can handle not only the open-phase fault,
but also the open-switch fault and short-switch fault has been
seldom studied.

Unlike the existing studies, this article proposed a novel
two-mode inverter-based OW-PMSM drive, which can guar-
antee both high power quality and wide speed range. Then, a
modulation strategy with any voltage ratio is developed for the
proposed OW-PMSM drive. It can balance the FC voltage and
avoid modulation mismatch. Besides, the excellent fault-tolerant
capability of the proposed drive is explored. On the basis of the
proposed modulation strategy, a zero-sequence current injection
method is designed to tolerate the open-phase fault in the com-
mon dc-bus mode and redundant switching combinations are
used to tolerate switch faults in the hybrid-inverter mode.

The rest of this article is organized as follows. The pro-
posed two-mode inverter-based OW-PMSM drive and control-
ling method are described in Section II. The corresponding
detailed modulation strategies for different working conditions
are presented in Section III. The fault-tolerant control strategies
of open-phase, open-switch, and short-switch faults are pro-
posed in Section IV. The experimental validation is presented
in Section V. Finally, Section VI concludes the article.

II. DRIVE AND CONTROL

A. Proposed Two-Mode Inverter-Based OW-PMSM Drive

To fully exploit the potential of the OW-PMSM drive, a novel
two-mode inverter-based drive is proposed, as shown in Fig. 1.
The voltage ratio is defined as the ratio of the dc source voltage
U1 and the FC voltage Uc. For example, the voltage ratio of 2:1
means that the FC voltage is U1/2 and the voltage ratio of 1:1
means that the FC voltage is U1.

In normal operation, the size of the space vector diagram at
the voltage ratio of 2:1 is smaller than the case of 1:1 and the

TABLE I
SYSTEM MODE SELECTIONS OF EACH WORKING CONDITION

FC voltage regulation is needed in the hybrid-inverter mode.
As a result, the modulation range of hybrid-inverter mode at
the voltage ratio of 2:1 is limited, causing a limited speed
range. Nevertheless, the proposed drive at the voltage ratio of
2:1 can realize four-level output, which contributes to higher
power quality. Thus, the two bidirectional thyristors in Fig. 1
are turned OFF to make the system work in hybrid-inverter mode
at voltage ratio of 2:1 when the OW-PMSM operates at low and
medium speed. When the OW-PMSM is going to operate at high
speed, the capacitor voltage Uc will be charged to the dc source
voltage U1 first. Once it reaches the dc source voltage, the two
bidirectional thyristors in Fig. 1 will be turned ON to make the
system operate in the common dc-bus mode to achieve a wider
speed range. In this way, turning ON the bidirectional thyristors
will not result in voltage mismatch or large charging current of
the capacitor.

As for the fault-tolerant operation, when an open-phase fault
occurs in the proposed two-mode inverter-based drive, a ZSC
needs to be injected [24]. Thus, the two bidirectional thyristors
in Fig. 1 should be turned ON to make the system operate in the
common dc-bus mode. When an open-switch or short-switch
fault occurs, the two bidirectional thyristors need to be turned
OFF because the ZSC can hardly be controlled while synthesizing
the reference voltage with reduced vectors in the common dc-bus
mode. In summary, the system mode selections of each working
condition are listed in Table I.

B. Control Framework

The control diagram of the proposed OW-PMSM drive is
shown in Fig. 2. The main work of this article is the proposed
modulation strategy for any voltage ratio, which is highlighted in
cyan in the control diagram. The proposed modulation strategy
covers all operating conditions of the proposed OW-PMSM
drive, including starting, low speed, high speed, and fault tol-
erance. To this end, the modulations in both hybrid-inverter
mode with 2:1, 1:1, and varying voltage ratios and common
dc-bus mode have been intensively studied in this article. The
FC voltage regulation has been also included in the proposed
modulation strategy to balance the FC voltage and fulfill mode
switching. In the aspect of current control, the d-axis current
reference id∗ is set to zero to guarantee high efficiency. As for
the 0-axis current control, in order to realize both dc reference
tracking in normal operation and ac reference tracking in open-
phase fault-tolerant operation, the PI controller is paralleled
with a repetitive controller. The 0-axis current reference i0∗
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Fig. 2. Control block diagram of the two-mode OW-PMSM drive.

Fig. 3. Space vector diagram at the voltage ratio of 2:1.

will be modified once an open-phase fault is detected and the
modulation strategy will change when switch faults occur.

III. MODULATION IN NORMAL OPERATION

In this section, the proposed modulation strategy for any volt-
age ratio of the proposed OW-PMSM drive will be introduced
in detail. Firstly, the modulation of fixed voltage ratios in the
hybrid-inverter mode is introduced, namely 2:1 and 1:1, which
are developed for the low-speed operation and fault-tolerant
operation of switch faults, respectively. Then, the modulation of
unfixed voltage ratios in the hybrid-inverter mode is proposed,
which can tackle the modulation mismatch when the voltage
ratio varies. At last, the modulation of the common dc-bus
mode is studied to control the ZSC in normal operation and
fault-tolerant operation of open-phase fault.

A. Modulation at the Voltage Ratio of 2:1

To regulate the FC voltage in hybrid-inverter mode, the charg-
ing and discharging effect of each voltage vector is fully utilized,
which are analyzed in Fig. 3. The numbers in Fig. 3 indicate the
switching status of the dual inverter. For instance, the switching
combination 62′ is composed of 6(110) from INV1 and 2′(010)
from INV2. The red switching combinations discharge the FC,
while the green ones charge the FC and the yellow ones hold

Fig. 4. Sector and subsector dividing at the voltage ratio of 2:1. (a) Sector
dividing. (b) Subsector dividing.

Fig. 5. Projection of V∗ in the g-h coordinate system.

the FC voltage [13]. When the FC voltage is lower than its
reference, the green switching combinations are selected in the
modulation. Otherwise, the red ones are selected. The yellow
ones are selected in the case that some required vertexes only
have this kind of switching combinations. Based on the above
analysis, the cyan circle in Fig. 3 is the effective modulation
range that can guarantee circular rotating voltage output and FC
voltage regulation since there are both charging and discharging
switching combinations in each subsector.

It can be found from Fig. 3 that the drive at the voltage ratio of
2:1 can realize four-level output, which has higher power quality
than three-level output. However, its modulation range is limited
in the cyan circle and the size of the space vector diagram at the
voltage ratio of 2:1 is smaller than that in common dc-bus mode.
Therefore, the hybrid-inverter mode at the voltage ratio of 2:1
is applied to low and medium speed.

The sector and subsector dividing are shown in Fig. 4. The
space vector diagram, as shown in Fig. 4(a), is divided into six
sectors, and each sector is divided into nine subsectors, as shown
in Fig. 4(b). The reference voltage V∗ is projected into the g- and
h-axis to identify the sector and subsector, as shown in Fig. 5. The
expressions of g- and h-axis components of V∗ can be deduced
from Fig. 5, as expressed in (1).

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Ubase =
2
3 (U1 + Uc)

Udc =
U1

Ubase

V ∗ =
√

V 2
α+V 2

β

Ubase

Vg = V ∗ cosϕ− Vh cos 60
◦ = V ∗

(
cosϕ−

√
3
3 sinϕ

)
Vh = V ∗ sinϕ

sin 60◦ = 2
√
3

3 V ∗ sinϕ
(1)

where Ubase is the base value of the voltage normalization;
Udc is the per-unit value of U1; Vα and Vβ are α- and β-axis
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TABLE II
SUBSECTOR IDENTIFICATION AT THE VOLTAGE RATIO OF 2:1

components of the reference voltage V∗, respectively; Vg and Vh

are g- and h-axis components of V∗, respectively; ϕ is the angle
between V∗ and g-axis; Vg, Vh, and V∗ are all per-unit values.

The sector of V∗ can be identified by calculating the angle of V∗

and subsector identification can be fulfilled in the g-h coordinate
system based on Fig. 4(b) and (1), as shown in Table II. In
Table II, only the cases of Subsectors 1–4 are shown because
only in these regions the FC voltage can be regulated at the
voltage ratio of 2:1.

After identifying the sector and subsector of V∗, voltage
vectors at the nearest triangle vertexes are selected in modulation
considering charging or discharging the FC. Then, volt-second
balancing equations of synthesizing the reference voltage vec-
tor in g-h coordinate systems are constructed to calculate the
duration of each vector, as expressed in (2)⎧⎪⎨

⎪⎩
V1gT1 + V2gT2 + V3gT3 = VgTs

V1hT1 + V2hT2 + V3hT3 = VhTs

T1 + T2 + T3 = Ts

(2)

where VXg and VXh are g- and h-axis components of selected
vector X (X = 1, 2, 3), respectively; TX is the corresponding
duration of voltage vector X; and Ts is the switching period.

It is noteworthy that using the volt-second balancing prin-
ciple to center the durations of high voltage levels of each
leg directly is forbidden because it will change the switching
combinations and the charging or discharging effect of the FC.
Besides, if the sequence of selected switching combinations
remains unchanged, the undesired switching loss caused by
the disorganized sequence will appear. Thus, to minimize the
switching loss, the sequence of selected switching combinations
is optimized to make the high voltage levels of each leg locate
in the center of a switching period as much as possible without
changing the switching combinations, as shown in Fig. 6. It
can be found from Fig. 6 that the switching combinations and
their durations remain unchanged before and after the switching
sequence optimization.

B. Modulation at the Voltage Ratio of 1:1 in Hybrid-Inverter
Mode

Modulation at the voltage ratio of 1:1 in hybrid-inverter mode
is similar to that of 2:1. The space vector diagram and the
subsector dividing at the voltage ratio of 1:1 are shown in Figs. 7
and 8, respectively. The sector dividing follows the same rules as
the case of 2:1 but the subsector identification is simpler as only
Subsector 1 can guarantee the FC voltage regulation. After the
sector and subsector are identified, the voltage vector selection,

Fig. 6. Sequence optimization of selected switching combinations. (a) Before
optimization. (b) After optimization.

Fig. 7. Space vector diagram at the voltage ratio of 1:1.

Fig. 8. Subsector dividing at the voltage ratio of 1:1.

the vector durations calculation, and the operation sequence
optimization can be fulfilled in the same way as Section III-A. It
should be noted that the size of the cyan circle in Fig. 7 is the same
as that in Fig. 3 because the size of the circumscribed hexagon of
the cyan circle only depends on the constant U1 of INV1. Thus,
the proposed two-mode inverter-based open-winding PMSM
drive in hybrid-inverter mode shares the same speed range
with the standard star-connected three-phase PMSM drive when
powered by the same dc voltage source. Once Uc rises to U1,
the bidirectional thyristors will be turned ON to make the system
switch into common dc-bus mode. In fault-tolerant operations,
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Fig. 9. Space vector diagram when the voltage ratio changes from 2:1 to 1:1.

Fig. 10. Subsector dividing when the voltage ratio changes from 2:1 to 1:1.

the redundant switching combinations at the 1:1 voltage ratio in
hybrid-inverter mode are used to tolerate the open-switch fault
and short-switch fault.

C. Modulation at the Voltage Ratio Between 2:1 and 1:1

The FC needs to be charged when the voltage ratio changes
from 2:1 to 1:1. If the modulation strategy remains unchanged,
both the synthesis of the reference voltage and the regulation of
capacitor voltage will be affected. The space vector diagram and
subsector dividing at the voltage ratios between 2:1 and 1:1 are
shown in Figs. 9 and 10, respectively.

Only the cyan circle-covered hexagon regions of Fig. 9 are
divided in Fig. 10 and the variable ΔUdc in Fig. 10 is used to
identify the subsector of V∗, as defined in (3)

ΔUdc =
(U1 − Uc)

Ubase
(3)

where ΔUdc is the per-unit voltage difference between the dc
source and the FC. It is worthwhile mentioning that ΔUdc will
decrease and the size of Fig. 9 will grow as Uc is increasing.
Therefore, this modulation strategy is a universal one for any
voltage ratio between 2:1 and 1:1.

Based on Fig. 10 and (3), subsector identification can be
fulfilled in the g-h coordinate system, as shown in Table III.
In Fig. 10, Subsectors 1, 2, and 3 are all triangles and Subsector
4 is a trapezoid. The vectors A, B, and G are selected when
V∗ is located in Subsector 1 and the vectors B, C, and E are

TABLE III
SUBSECTOR IDENTIFICATION AT THE VOLTAGE RATIO BETWEEN 2:1 AND 1:1

Fig. 11. Space vector diagram at motor starting.

selected when V∗ is located in Subsector 2. When V∗ is located
in Subsector 3, vectors G, B, and E are selected and the vectors
G, D, and F are selected when V∗ is located in subsector 4, as
shown in Table III. Then, the duration calculating and sequence
optimization at the voltage ratios between 2:1 and 1:1 can be
implemented in the same way as Section III-A.

D. Modulation at the Voltage Ratios Between 2:0 and 2:1

In the startup process, the voltage ratio is between 2:0 and
2:1. The modulation of motor starting is similar to that when
the voltage ratio changes from 2:1 to 1:1 because both voltage
ratios are unfixed. It is worth mentioning that the voltage ratio
of 2:0 only appears when the drive starts. At this moment, the
line voltages of INV2 are all zero with any voltage vector,
which means INV2 automatically forms a neutral point of the
OW-PMSM. In the starting process, the FC voltage will increase
gradually, the voltage ratio will change from 2:0 to 2:1 accord-
ingly. In summary, instead of actively controlling the drive to
the ratio of 2:0, the proposed strategy guarantees precise vector
generation by automatically accommodating the unfixed voltage
ratio during the transition of FC voltage.

The space vector diagram and subsector dividing of the motor
starting are shown in Figs. 11 and 12, respectively. The calcula-
tion of Udc and ΔUdc are shown in (1) and (3), respectively. The
subsector identification and vector selection table are shown in
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Fig. 12. Subsector dividing at motor starting.

TABLE IV
SUBSECTOR IDENTIFICATION AT THE VOLTAGE RATIO BETWEEN 2:0 AND 2:1

Table IV. The vector durations calculation and sequence opti-
mization can be implemented in the same way as Section III-C.

E. Modulation in Common DC-Bus Mode

The space vector diagram of the common dc-bus mode is
the same as that at the voltage ratio of 1:1 in hybrid-inverter
mode, as shown in Fig. 7. In common dc-bus mode, since the
FC is paralleled with the dc source, the modulation range is the
inscribed circle of the outer hexagon in Fig. 7, whose radius
is twice of the cyan circle in Fig. 7. Therefore, the proposed
drive in common dc-bus mode has a nearly double speed range
compared with that in hybrid-inverter mode. Nevertheless, due
to the zero-sequence path, the ZSC suppression is required in
the common dc-bus mode. To handle the ZSC problem, a CMV
elimination method is developed to suppress the ZSC caused by
the modulation and a ZSC closed-loop control is introduced to
further suppress the ZSC caused by the inverter nonlinearity and
the harmonics of the back electromotive force.

To better elucidate the CMV elimination, some variables are
needed to be defined, which are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Tcm = (T1a + T1b + T1c − T2a − T2b − T2c)/3

T1min = min{T1a, T1b, T1c}
T1max = max{T1a, T1b, T1c}
T2min = min{T2a, T2b, T2c}
T2max = max{T2a, T2b, T2c}
Ts = 1/fs

(4)

where Tcm is the CMV durations; T1a, T1b, and T1c are the
three-phase high-level durations of INV1; T2a, T2b, and T2c are

Fig. 13. Flowchart of CMV elimination.

three-phase high-level durations of INV2; T1min and T1max are
the minimum and maximum values of T1a, T1b, and T1c; T2min

and T2max are the minimum and maximum values of T2a, T2b,
and T2c. fs is the switching frequency.

After the preparation of (4), if Tcm is positive, the three-phase
high-level durations of INV1, which is T1 in Fig. 13, are added
or subtracted to eliminate the CMV durations of voltage vectors
firstly. If the CMV durations cannot be eliminated in the first
stage, then the three-phase high-level durations of INV2, which
is T2 in Fig. 13, are added or subtracted to eliminate the rest CMV
durations. If Tcm is negative, the elimination is similar to that
when Tcm is positive. The detailed process of common-mode
voltage elimination is shown in Fig. 13. It is noteworthy that
changing Tcm to –Tcm will make the common voltage elimina-
tion become injection, which will be used to realize the ZSC
closed-loop control in Section IV-A.

The complete modulation strategy in the whole working pro-
cess is shown in Fig. 14. The system operates in the hybrid-
inverter mode of voltage ratio 2:1 to achieve high power quality
and in the common dc-bus mode to realize a wide speed range.
When the motor starts or the voltage ratio changes from 2:1 to
1:1, the proposed strategy for any voltage ratio is used to make
the FC voltage rise smoothly without modulation mismatch.

The simulation results of the FC voltage, the FC current, and
motor speed in full operating conditions are shown in Fig. 15. It
can be seen from Fig. 15 that the proposed modulation strategy
at the voltage ratio between 2:0 and 2:1 can charge the FC and
start the motor smoothly. As soon as the FC voltage reaches
half of the dc source, the drive switches to the hybrid-inverter
mode and the modulation strategy at the voltage ratio of 2:1
is applied to regulate the FC voltage, which is magnified at
the lower right of Fig. 15. To present all the normal operating
conditions, the reference voltage ratio of the proposed drive is
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Fig. 14. Summary of all the modulation processes.

Fig. 15 Simulation results of the normal operation.

set to 1:1 at t = 0.3. After this instant, the proposed modulation
strategy at the voltage ratio between 2:1 and 1:1 is applied to
make the FC voltage increase to the dc source voltage while
keeping the speed stable. As soon as the FC voltage reaches
the dc source voltage, the modulation strategy at the voltage
ratio of 1:1 is applied and it can be found from the upper right
of Fig. 15 that the FC voltage has been balanced effectively.
When t = 0.4, the two bidirectional thyristors are turned ON to

make the drive switch to the common dc-bus mode with the
ZSC suppression strategy applied. In the whole process, the
motor speed rises smoothly and remains stable whether the FC
voltage varies or not, which shows excellent performance of the
proposed modulation strategy for any voltage ratio.

IV. FAULT-TOLERANT CONTROL

A. Open-Phase Fault

In this article, a novel zero-sequence injection-based fault-
tolerant control is proposed for the open-phase fault of the OW-
PMSM drive without reshaping the space vector diagram. The
Phase-A open-phase fault will be presented as an example.

The phase current references with zero d-axis current are⎧⎪⎨
⎪⎩
i∗a = I∗q cos

(
ωt+ π

2

)
i∗b = I∗q cos

(
ωt− π

6

)
i∗c = I∗q cos

(
ωt+ 7π

6

) (5)

where I∗q is the amplitude of the q-axis current reference.
To deduce the fault-tolerant 0-axis current reference, the

relations between phase currents and α-, β-, and 0-axis currents
are established according to the inverse Clark transform⎧⎪⎨

⎪⎩
i∗a = i∗α + i∗0
i∗b = − 1

2 · i∗α +
√
3
2 · i∗β + i∗0

i∗c = − 1
2 · i∗α −

√
3
2 · i∗β + i∗0

(6)

where i∗α, i∗β , and i∗0 are α-, β-, and 0-axis current references.
In fault-tolerant operation, constructing equivalent rotating

magnetomotive force is the foundation of generating stable
torque. Thus, α-axis and β-axis current references should re-
main unchanged with the zero Phase-A current constraint. Thus,
the Phase-A current reference under Phase-A open-phase fault
should be set to zero considering the first equation of (5)

i∗a_op = i∗α_op + i∗0_op = i∗α + i∗0_op = 0 (7)

where i∗a_op, i∗α_op, and i∗0_op are Phase-A current reference,
α-axis current reference, and 0-axis current reference under
open-phase fault, respectively.

Combining (5), (7), and Clarke transformation, i∗0˙op can be
deduced as

i∗0_op = −i∗α = −
(
2

3
i∗a −

1

3
i∗b −

1

3
i∗c

)
= I∗q sin(ωt). (8)

By injecting the sinusoidal ZSC in (8), the Phase-A current
is actively controlled to zero and the expressions of α-axis
and β-axis currents remain unchanged. In this way, the torque
fluctuation under open-phase fault can be eliminated.

Combining the inverse Park transformation and (8), the fault-
tolerant three-phase current reference for open-phase fault can
be obtained as ⎧⎪⎨

⎪⎩
i∗a_op = 0

i∗b_op =
√
3I∗q cos(ωt− π

3 )

i∗c_op = −√
3I∗q cos(ωt+

π
3 )

. (9)

It can be deduced from (5) and (9) that the copper loss of
OW-PMSM in the fault-tolerant operation of open-phase fault
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Fig. 16. Current directions at different current vector regions.

TABLE V
CHARGING OR DISCHARGING EFFECTS OF EACH VECTOR

Fig. 17. Space vector diagram of S11 open-switch fault.

is double that in normal operation. Besides, the conduction loss
of the dual inverter will also increase due to the increase of phase
current amplitude. Therefore, in the fault-tolerant operation of
open-phase fault, the total loss of OW-PMSM drive will increase
and the efficiency will decrease. In the practical application,
derating is usually adopted to avoid the overheating problem in
the fault-tolerant operation.

TABLE VI
PARAMETERS OF THE OW-PMSM SYSTEM

Fig. 18. Experimental platform of the OW-PMSM system.

B. Switch Faults

Switch faults can be classified into open-switch fault and
short-switch fault. The proposed two-mode inverter-based drive
cannot operate in the common dc-bus mode under the open-
switch fault because the ability to suppress common voltage is
insufficient, which will cause a large ZSC. Thus, the hybrid-
inverter mode will be selected in the fault-tolerant control of
open-switch fault.

For the fault-tolerant control of open-switch fault, the FC
voltage should also be regulated but more precisely. Considering
the winding inductance, whether charging or discharging the
FC only depends on the instantaneous current direction and
the switching combinations of INV2. The relationship between
the current direction and the current vector is shown in Fig. 16.
The current space vector diagram is divided into six regions
according to the directions of three-phase currents. The “+” in
Fig. 16 means the current flows from INV1 to INV2 and the “–”
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Fig. 19. Normal operation. (a) Floating capacitor voltages and Phase-A cur-
rent. (b) d-axis currents. (c) q-axis currents. (d) 0-axis currents. (e) Speed and
torque.

Fig. 20. Comparison of the maximum speed at U1 = 100 V without load.

means the reverse direction. The charge or discharge effect of
each voltage vector is shown in Table V. In Table V, “=”, “↓”,
and “↑” means holding on, discharging, and charging the FC
voltage, respectively. Y represents the number 0–7. For example,
when Y is 6, Y3’ represents the switch combination of 63′.

The voltage space vector diagram of S11 open-switch fault
is shown in Fig. 17. The missing switching combinations are
marked in gray and the remaining ones are marked in black.
According to Table V, the Sectors II–V can guarantee the FC
voltage regulation, which is painted in cyan in Fig. 17. Sector I
and Sector VI can only discharge the capacitor, which is painted
in red in Fig. 17. Considering that there are only discharging
vectors in red sectors, charging vectors are always selected to
precharge the FC in Sector V. The rest of the modulation can be
implemented in the same way as Section III-B.

For the short-switch fault, when S11 short-switch fault occurs,
S14 is always turned OFF to avoid shooting through the leg. Thus,
the space vector diagram of the short-switch fault is the same
as that of the open-switch fault in the same leg. Therefore, the
modulation strategy of these two faults is designed identically.
For instance, the modulation strategy of the S11 short-switch
fault is designed the same as S14 open-switch fault.

As for the efficiency of fault-tolerant operation in switch
faults, the three-phase currents are identical to those in normal
operation. Thus, the efficiency of the OW-PMSM drive is al-
most unchanged after entering the fault-tolerant operation of
the open-switch fault.

V. EXPERIMENT VALIDATION

To validate the effectiveness of the proposed modulation
strategy for any voltage ratio and fault-tolerant strategies, the
experiments were carried out on a laboratory prototype of the
proposed two-mode inverter-based drive. The detailed system
parameters are listed in Table VI and the experimental platform
is shown in Fig. 18. The OW-PMSM drive is powered by the dc
source and the FC. The buses of INV1 and INV2 are connected
by the two bidirectional thyristors. The digital signal processor
performs the control algorithm and generates drive signals. The
OW-PMSM is mechanically coupled to a generator, and the
adjustable load resistors are connected to the output of the
generator to consume the generated electricity.

The normal operations at a constant 500 r/min speed 8 Nm
load are shown in Fig. 19, where the drive switches from hybrid-
inverter mode to common dc-bus mode and the FC voltage is
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Fig. 21. Fault-tolerant control of Phase-A open-phase fault. (a) Three-phase
currents. (b) d-axis and q-axis currents. (c) 0-axis currents. (d) Speed and torque.

charged from U1/2 to U1. In Fig. 19(a), the THD of the phase
current is 2.36% at the voltage ratio of 2:1 in hybrid-inverter
mode, while it is 3.17% in common dc-bus mode, which proves
the high power quality of hybrid-inverter mode at the voltage
ratio of 2:1. The THD differences mainly stem from the spectrum
near the switching frequency, as expected. It can be found from
Fig. 19(b)–(d) that the dq0-axis currents can all track their
respective references precisely during the mode switching. Since

Fig. 22. Fault-tolerant control of S11 open-circuit fault. (a) Three-phase
currents. (b) d-axis and q-axis currents. (c) Speed and torque.

the proposed FC voltage regulation strategy is decoupled with
the speed closed-loop control, the real-time speed and torque are
stable during the mode switching process, as shown in Fig. 19(e).
Fig. 19 proves the effective FC voltage regulation and smooth
mode switching of the proposed strategy.

Fig. 20 shows comparison of the maximum speeds of hybrid-
inverter mode and common dc-bus mode with 100-V dc source
and no load. Instead of using speed closed-loop control, the
drive operates in the respective modulation upper limits of 2:1
in hybrid-inverter mode and 1:1 in common dc-bus mode to
compare their maximum speeds under limited dc source voltage.
It can be seen from Fig. 20 that the maximum speed increases
from 495 r/min in the hybrid-inverter mode to 940 r/min in
the common dc-bus mode with an increment of 89.90%, which
proves that the drive in common dc-bus mode has a wider speed
range than that in hybrid-inverter mode.

The fault-tolerant control of Phase-A open-phase fault under
500 r/min speed and 5-Nm load are shown in Fig. 21. Due to the
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Fig. 23. Fault-tolerant control for S11 short-circuit fault. (a) Three-phase
currents. (b) d-axis and q-axis currents. (c) Speed and torque.

Phase-A open circuit, ia remains zero in Fig. 21(a). The distorted
currents ib and ic become sinusoidal after the fault-tolerant
strategy is applied. Moreover, the large current tracking errors in
the dq0-axis currents are all eliminated and the torque fluctuation
is suppressed by injecting the sinusoidal ZSC deduced in (8), as
shown in Fig. 21(b)–(d).

The fault-tolerant operation of open-switch fault under
500 r/min speed and 5-Nm load is shown in Fig. 22. To better
validate the proposed modulation strategy, a constant q-axis
current reference is used. It can be seen from Fig. 22(a)–(b) that
the phase currents recover quickly and the dq-axis currents track
their corresponding references successfully in the fault-tolerant
operation. In Fig. 22(c), the large torque ripple is eliminated
after fault tolerance. The results in Fig. 22 prove effectiveness
of the proposed fault-tolerant scheme for open-switch fault.

The fault-tolerant operation of the short-switch fault under
500 r/min speed and 5-Nm load is shown in Fig. 23. When a

short-switch fault occurs, the currents will increase rapidly. For
safety reasons, a current threshold is set to trigger the fault-
tolerant control. The pulses in the middle of Fig. 23(a)–(c) are
caused by S11 short-circuit fault. It can be found from Fig. 23
that the phase currents and the dq-axis currents can track their
references, and the speed and torque return to normal after fault-
tolerant control is introduced. The results in Fig. 23 illustrate a
well-performed fault-tolerant control of the short-switch fault.

VI. CONCLUSION

This article proposed a two-mode inverter-based OW-PMSM
drive and its modulation strategies, which has the hybrid-inverter
mode and common dc-bus mode. In hybrid-inverter mode, high
power quality can be achieved at the voltage ratio of 2:1, and a
modulation strategy for any voltage ratio was proposed to make
the voltage ratio vary more flexibly and precisely, leading to
the smooth zero FC voltage starting and mode switching. In
the common dc-bus mode, the speed range of the system was
increased by nearly 90% in the experiment compared with the
hybrid-inverter mode. Besides, the proposed two-mode inverter-
based drive could switch into a proper mode to handle open-
phase faults and switch faults effectively. In this article, the high
power quality of the voltage ratio 2:1 and the high reliability of
the voltage ratio 1:1 were combined to fully exploit the potential
of the OW-PMSM drive.
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