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Abstract—This article proposes a phase current reconstruction
strategy for open-winding synchronous reluctance motor (OW-
SynRM) drives with the dual-inverter topology and common dc
bus. The traditional reconstruction strategy cannot be applied
in OW motor drives because the dual-inverter modulation and
zero-sequence current suppression strategies complicate the vec-
tor combinations and shorten their durations. Besides, additional
sampling is required because the sum of the three-phase current
is not zero. To solve these issues, the edge alignment algorithm is
proposed to extend the duration of certain vector combinations,
and the phase-shift strategy for the third sampling is proposed to
obtain extra current information. In the case of the reconstruction
failure in immeasurable regions, the corresponding compensation
strategy is investigated. With the proposed reconstruction strategy,
the system cost can be significantly reduced and the reliability can
be improved, where only one current sensor is required. Besides, the
single sensor can be reused for power detection and protection for
the whole system by selective installation. Moreover, the proposed
strategy is compatible with both the 180° and 120° assignment
schemes, increasing the flexibility of application. Finally, experi-
ments are carried out on an OW-SynRM to verify the high accuracy
and feasibility of the proposed strategy.

Index Terms—Dual-inverter modulation, open-winding
synchronous reluctance motor (OW-SynRM), phase current
reconstruction, zero-sequence current (ZSC) suppression.

I. INTRODUCTION

SYNCHRONOUS reluctance motors (SynRMs) have at-
tracted more and more attention due to the low manufac-

turing cost and high reliability. For the applications of electric
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vehicles and other electrified powertrains, the SynRM has been
recognized as a superior candidate [1], [2]. As there is neither
a permanent magnet nor winding on the rotor, the SynRM can
inherently get rid of the rare-earth material demagnetization and
rotor-winding heating up, so the possibility of system collapse
is reduced. Additionally, the decoupled vector control scheme
of an ac motor can be directly applied on the SynRM, where
low current distortion and torque ripple can be ensured [3],
[4]. However, to extend the application range of SynRMs, the
following two requirements should be satisfied.

1) A high dc-bus voltage utilization ratio to increase the
torque density of the SynRM drive system [5]–[7].

2) High system reliability and stability to prevent system
collapse caused by sensor damage.

For the dc-bus voltage utilization ratio improvement, space
vector pulsewidth modulation (SVPWM) has been more widely
used than sinusoidal pulse width modulation. However, the
three-phase two-level drive topology limits its further improve-
ment [8]. In previous investigations [9], [10], the modular mul-
tilevel converter (MMC) topology is adopted to achieve flexible
voltage selection, improve the torque capability, and achieve
flexible fault tolerance in SynRM applications. Nevertheless, the
MMC technology demands a more complex control scheme and
a module capacitor voltage balancing solution. In [11] and [12],
an approach to opening the neutral point of the stator winding
is proposed so that the motor can be fed by another inverter.
Benefitting from doubling the power switches, the OW topology
can achieve multilevel modulation effect, higher voltage utiliza-
tion, as well as better fault tolerance ability, compared with the
traditional single-inverter fed topology [13]–[15]. Furthermore,
the common dc-bus structure has been widely studied for saving
one power supply among several power supply methods. On this
occasion, zero-sequence current (ZSC) is introduced due to the
existence of the zero-sequence loop, which causes extra loss and
torque ripple, leading to system performance degradation.

Hence, some ZSC suppression methods have been proposed
in recent years [16]–[18]. For OW-induction motor drives, the
ZSC is mainly caused by the output zero-sequence voltage
(ZSV) difference between two inverters. Thus, the ZSC can be
eliminated by adopting an appropriate modulation scheme to
counteract the ZSV difference. For an open-winding permanent
magnet synchronous motor system, the third-order harmonic
back electromotive force (EMF) generates extra ZSV, which is
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the major source of ZSC in this situation [20], [21]. Besides,
the inverter nonlinearity, dead time effect of switching devices,
cross-coupling voltage components caused by d- and q-axis
currents, and other factors will also bring in additional ZSV [22].
Among all these ZSV sources, only the ZSV output difference
of the dual-inverter can be artificially controlled to eliminate the
ZSC.

In terms of system stability improvement, the phase current
reconstruction strategy is put forward, which employs a sin-
gle current sensor to obtain the three-phase current [23]–[26].
Because only one sensor is used, the probability of system
failure is decreased, where the system cost and volume can
also be reduced [27]–[29]. Therefore, many schemes have been
proposed in the three-phase star-connected motor system. In
[30] and [31], the measurement-vector-injection-based current
reconstruction strategy is proposed, which simplifies both the
sampling procedures and reconstruction algorithms. As the three
inserted measuring vectors synthesize an equivalent zero vector,
the motor operation is not affected by the voltage vector injec-
tion. However, the PWM signals need to be rebuilt to insert
the measurement vectors, where the switching loss is doubled
as well. Concerning the immeasurable regions caused by the
nonideal process of the bus current, the injected vectors should
meet the minimum duration limit. In [32]–[34], the current
reconstruction strategy with complicated wiring configurations
is studied where the bus current provides useful information
even when the inverter acts at the zero-vector state. However,
the industrial application is limited due to complex structures.
The phase-shift method-based current reconstruction strategies
are proposed in [35] and [36], where no extra switching action is
required. The problem of reconstruction failure in immeasurable
regions is resolved by shifting the switching signals. In [37],
the hybrid pulsewidth modulation (PWM) method is raised to
dynamically switch PWM methods in immeasurable regions,
where the current distortion is mitigated and the current recon-
struction range is extended. In [38] and [39], the single current
sensor is placed in one-phase branch of the motor, which has
the advantage of sensing a phase current accurately. The α-axis
component of stator current can be precisely obtained, whereas
the β-axis component is calculated using the mathematical
model. This single current sensor technology can only be used
in star-connected motor drives because the precondition is that
the sum of three-phase current is zero.

Nevertheless, the traditional current reconstruction strategies
cannot be used in OW topologies. On the one hand, the existing
phase current reconstruction strategies only focused on star-
connected motor drives, where two samples of the bus current are
sufficient to obtain the three-phase current. For OW motor drives,
one more sample is required because the sum of three-phase
current is not zero. On the other hand, the switching cycle is
only divided into seven segments by the SVPWM algorithm in
star-connected motor drives, where their durations are relatively
long. However, the switching cycle is divided into much more
segments in OW motor drives because of the dual-inverter mod-
ulation algorithm and ZSC suppression strategy. Therefore, the
vector combinations are complex and their durations are short,
which makes the duration of the vector combinations hard to

Fig. 1. Conventional OW-SynRM drive with three-phase current sensors.

meet the requirement of the minimum sampling time, and the
sampled current is unavailable.

This article proposes a current reconstruction strategy with
ZSC detection and suppression capability for an OW-SynRM
drive. To achieve this goal, the edge alignment algorithm and
the phase-shift strategy for the third sampling are proposed.
The edge alignment algorithm extends the duration of the active
measurement vector combinations, and the phase-shift strategy
for the third sampling aims to make the third sampled current
available. Besides, the corresponding compensation strategies
are presented in case of the reconstruction failure in the immea-
surable regions. With the proposed reconstruction strategy, only
one current sensor is needed in the OW system, which reduces
the system cost and volume, and improves the system stability. In
addition, the single sensor can be reused for the power detection
of the whole system, as the installation position of the sensor is
specifically selected. Moreover, the proposed strategy has a wide
application range and high flexibility, because it is compatible
with both 180° and 120° assignment modulation schemes.

II. MATHEMATICAL MODEL OF AN OW-SYNRM DRIVE WITH

ZSC SUPPRESSION

For the SynRM, low torque density is one of its major prob-
lems. As there is no winding or permanent magnet on the rotor,
only the reluctance component of the electromagnetic torque is
utilized, resulting in low output torque capability. Therefore, the
OW topology with dual-inverter and common dc bus is adopted
in this article to improve its output capability. Since the neutral
point is opened and fed by another inverter, the motor input
power is doubled and the low torque capability problem of
SynRM can be alleviated. The conventional dual-inverter fed
OW-SynRM drive topology with a common dc bus is presented
in Fig. 1.

In this article, the motor inherent nonlinear factors, such as
eddy currents, hysteresis losses, and the iron core saturation,
have no effect on the phase current reconstruction strategy, and
thus can be neglected. Hence, the voltage equations of the OW-
SynRM in the dq0-axis synchronous rotating reference frame
can be expressed as

⎡
⎣ud

uq

u0

⎤
⎦ =

⎡
⎣Rs + pLd −ωeLq 0

ωeLd Rs + pLq 0
0 0 Rs + pL0

⎤
⎦
⎡
⎣ id
iq
i0

⎤
⎦ (1)
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where ud, uq, u0, id, iq, and i0 are the stator voltages and currents
in the synchronous rotating reference frame, respectively. Rs

is the stator resistance, ωe is the electric rotor speed, and p
is the differential operator. Ld, Lq, and L0 are the dq0-axis
self-inductances without considering the magnetic saturation.
It should be noted that the zero-axis equation cannot be ignored
because of the existence of the zero-sequence loop.

The electromagnetic torque can be expressed as

Te =
3P

2
(Ld − Lq)idiq

=
3P

4
(Ld − Lq)I

2
s sin 2θ (2)

where P is the number of pole pairs, and Is and θ are the
magnitude and angle of the stator current vector, respectively. To
achieve the MTPA operation, the SynRM drive usually adopts
the id = iq control scheme.

However, severe ZSC problems will be caused by the ZSV
difference between the two inverters, the inverter nonlinearity,
the cross-coupling voltages component caused by dq-axis cur-
rents, and other factors [22]. The closed-loop controller should
be added to suppress the ZSC, where the quasi-proportional
resonant (PR) controller can be used. The quasi-PR controller
achieves an abundant gain and a certain bandwidth around the
selected frequency at the same time, and its typical transfer
function in the s-domain can be expressed as

G(s) = Kp +
Krωcs

s2 + 2ωcs+ ω2
0

(3)

where Kp and Kr are the proportional and resonant gains of
the PR regulator, and ωc and ω0 are the cutoff and resonant
frequencies, respectively. To maintain the high gain of the PR-
controller at the resonant frequency, the value of ωc should be
much smaller than ω0. And ω0 is selected as the third-order
harmonic frequency, which is the major component of ZSC.

With the quasi-PR controller, the ZSC suppression strategy is
achieved. Its essence is to redistribute the duration of zero vectors
(vector 0 and vector 7) of two inverters. It should be noted that the
zero vectors of two inverters should be redistributed in different
directions. For example, when the injected ZSV is greater than
zero, Inverter 1 increases the vector 7(111) duration and Inverter
2 decreases the vector 7(111) duration. When the injected ZSV
is smaller than zero, Inverter 1 decreases the vector 7(111)
duration, and Inverter 2 increases the vector 7(111) duration.

III. ISSUES OF PHASE CURRENT RECONSTRUCTION IN

OW-SYNRM SYSTEM

For the dual-inverter OW-SynRM drive, the synthetic refer-
ence voltage vector needs to be assigned to the two inverters.
However, the assignment modulation can be quite flexible, as
the magnitude and angle of either inverter output voltage vector
can be adjusted. To balance the voltage stress of the two inverters,
the output voltage vectors should have the same magnitude. In
this condition, the angle is still adjustable. Fig. 2 presents the
two most commonly used dual-inverter assignment modulation
schemes.

Fig. 2. Reference voltage assignment modulation strategies for dual-inverter.
(a) 180° modulation scheme. (b) 120° modulation scheme.

Fig. 3. Switching signals of two reference voltage assignment modulation
schemes with ZSC suppression. (a) 180° assignment modulation scheme.
(b) 120° assignment modulation scheme.

Both modulation schemes have both been widely used be-
cause of their different characteristics and merits. As illustrated
in [22], the 180° assignment modulation scheme takes the ad-
vantage of higher voltage utilization and simpler calculation,
whereas the 120° scheme takes the advantage of none unde-
sired ZSV sources. The voltage output performance of the two
schemes is widely studied, but the vector combinations and the
reduction of their duration time are seldomly focused on [15]–
[17]. These features are closely relevant to the success of the
phase current reconstruction strategy, which will be investigated
in detail in this article.

As it is known, the duration of the vectors should not be
smaller than the minimum sampling time (tmin) [23]–[25], which
is about 5 μs in the physical system in this article. tmin is caused
by many factors, such as the instantaneous oscillation of bus
current, the time delay between drive signals and switch actions,
the dead time of the half-bridge to avoid the simultaneous con-
duction of the upper and lower switches, and so on. For the OW
motor drive, the dual-inverter assignment modulation scheme, as
well as the ZSC suppression strategy, divide the switching period
into many small segments, which results in complex vector
combinations and shorter durations. The switching signals of the
dual-inverter with two different assignment modulation schemes
are shown in Fig. 3.

At the top of Fig. 3, Vm-n′ represents the dual-inverter state,
where the output state of Inverter 1 is m and the outputs state
of Inverter 2 is n. The black Vm-n′ (denoted as active vector
combination, VACV) are generated because of the dual-inverter
assignment modulation, and the blue Vm-n′ (denoted as zero-
sequence vector combination, VZSV) are generated because of
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Fig. 4. Control diagram of the proposed phase current reconstruction strategy
for OW-SynRM.

the ZSC suppression scheme. It can be derived by a simple
calculation that the corresponding vector duration is equal for
the two modulation schemes, which can be expressed as{

t1x = t2y, t1y = t2x, 180
◦ scheme

t1x = t2x, t1y = t2y, 120
◦ scheme

(4)

where tnx is the duration of the first active vector of Inverter n,
and tny is the duration of the second active vector.

It can be deduced that the duration time of VACV (ts1, ts2,
and ts3) is shortened because of the existence of VZSV duration
(denoted as Δt and Δt′) in both schemes. The difference is that
the duration of VACV for the 180° modulation scheme is even
shorter, and Δt′ has different expressions. The value of Δt′ can
be calculated as

Δt′ = Δt+ t1x − t2x

=

{
Δt+ t1x − t1y
Δt+ t1x − t1x

=

{
Δt+ t1x − t1y, 180

◦ scheme
Δt, 120◦ scheme.

(5)

Δt is determined by the output of the quasi-PR controller and
it cannot be adjusted at will. Sometimes it is equal to zero during
the switching cycle because of the zero-crossings of the quasi-PR
controller output. Therefore, VACV instead of VZSV is chosen as
the measurement vector for phase current reconstruction in the
OW topology. Additionally, two more requirements need to be
satisfied to measure the available current information and suc-
cessfully reconstruct the three-phase currents: 1) the three times
sampled values should indicate distinct current information and
2) each measurement vector should last for tmin at least.

IV. PROPOSED PHASE CURRENT RECONSTRUCTION STRATEGY

FOR OW-SYNRM SYSTEM

The block diagram of the proposed current reconstruction
strategy for the OW-SynRM drive is shown in Fig. 4. The edge
alignment algorithm extends the duration of measurement vector
combinations, and the third sampling strategy aims to make
the third sampled current available. Besides, the compensation
strategies are presented in the case of reconstruction failure in

Fig. 5. Different single current sensor locations and the ibus state of each
while operating on the V6-5′ state. (a) On the dc bus. (b) On the branch bus.

immeasurable regions. The operation principle for each part of
the control diagram is described in detail in the following.

A. Installation Position of Single Current Sensor

To preserve the transient characteristics of the bus current,
the single sensor needs to be placed behind the bus capacitors.
Fig. 5 shows two typical installations of the single sensor for the
OW-SynRM drives.

The assumed positive directions of the three-phase current
and bus current are presented in Fig. 5. When the dual-inverter
operates with the vector combination of V6-5′ , it can be seen that
the measured value of ibus1 is ib − ic, while the measured value
of the sensor between Inverters 1 and 2 is ia + ic. Despite the
measured values of the two sensors are different, they both reflect
the effective current information and can be used for current
reconstruction. The mathematical models of bus current for the
two typically installed sensors can be expressed as{

ibus1 = (ST
abc1 − ST

abc2) · iabc
ibus2 = −ST

abc2 · iabc
(6)

where Sabcn is the three-phase switching state of Inverter n.
ibus2 has a simpler expression than ibus1, which is related only
to the switching state of Inverter 2. Therefore, installing the
single sensor on the positive dc bus between two inverters seems
to be a better choice. Nevertheless, the installation position of
the bus bar right behind the bus capacitor is more suitable for
industrial applications. There are mainly two reasons: 1) The
sensor between bus capacitor and dual-inverter can be reused
for bus overcurrent protection, as it can detect the entire dc
input current. 2) For the applications where voltage matching
is required, it can also be reused for the internal current loop
control of the former dc/dc conversion.
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Fig. 6. Switching signals of two reference voltage assignment modulation
schemes with the proposed edge alignment strategy. (a) 180° assignment mod-
ulation scheme. (b) 120° assignment modulation scheme.

Hence, the bus sensor right behind the bus capacitor with the
current model ibus1 is selected. On this occasion, the complexity
of the bus current model is significantly increased. As there are
64 vector combination states, it becomes harder to reconstruct
the phase current. Therefore, a simplified model and the corre-
sponding modulation algorithm are required.

B. Proposed Phase-Shift-Based Edge Alignment Strategy and
Third-Sampling Strategy

As mentioned in Section III, both 180° and 120° assignment
modulation schemes are widely used because of their particular
advantages, so the proposed edge alignment strategy should be
compatible with both schemes. The phase-shift method and the
switching signals of each scheme are illustrated in Fig. 6. For the
180° scheme presented in Fig. 6(a), the edge alignment strategy
is a little bit complicated. Since the time differences of the rising
edges between relevant phases are not equal, the three-phase
signals are shifted differently. The switching signal of phase
A and B move forward for Δt/2, whereas the switching signal
of phase C moves forward for Δt′/2. As for the 120° scheme
presented in Fig. 6(b), the time differences of the rising edges
between relevant phases are equal. Once the switching pulses of
Inverter 2 move forward for Δt/2, the rising edges of the dual-
inverter switching signals are aligned. The blue arrows indicate
the phase-shift process of the edge alignment strategy.

With the proposed edge alignment strategy, the number of vec-
tor combinations is decreased and the durations of measurement
vector combinations are extended. It should be noted that the
rising edge alignment of the dual-inverter is not always achieved
by moving the pulses of Inverter 2. When Inverter 2 is required
to output more ZSV than Inverter 1, the switching duration time
of Inverter 2 is longer. In this condition, the pulses of Inverter 1
move forward instead. According to the vector synthesis rule, it
is clear that the total resultant vector does not change after using
the edge alignment strategy. Moreover, the injected ZSV remains
unchanged as well, which means the edge alignment effect on the
SynRM operation is minimized. The detailed phase-shift-based
rising-edge alignment strategy in each sector is summarized in
Table I, where the minus sign “−” means that the corresponding
pulse moves forward.

Nevertheless, the nonnegligible problem of the third sampling
failure still exists. Taking the switching cycle shown in Fig. 6(a)
as an example, the measurement vector combinations are V4-2′ ,

TABLE I
PHASE-SHIFT METHOD FOR EDGE ALIGNMENT STRATEGY

Fig. 7. Switching signals of phase-shift-based edge alignment and third sam-
pling strategy. (a) Δt ≥ 0 condition. (b) Δt < 0 condition.

V6-3′ , and V7-7′ . The measured currents for V4-2′ and V6-3′ are
available, which are ia − ib and ia − ic. However, the measured
current for V7-7′ is zero, which does not provide useful infor-
mation. Hence, the phase-shift method for the third sampling is
proposed to make the third measured current available, which is
briefly described as follows.

Take the switching signals condition presented in Fig. 7(a)
as an example, the pulse with the shortest duty cycle, which
is Sb2 of Inverter 2, moves backward. Then, the V7-5′ with the
duration tp0 is created, making the third measured current (ib)
available. The reason for choosing the shortest phase to move
is as follows. Since the measured bus currents for the first two
measurement vector combinations are available, Sa1, Sb1, Sa2,
and Sc2 remain unchanged for simplicity. Then, if Sc1 is selected
to move, tp0 might be longer than the duration of Sb2, which will
also result in sampling failure. In consequence, Sb2 is selected to
move for the third sampling. To make it clearer, the phase-shift
procedures for the third sampling in different conditions of Δt
are represented by the red arrows in Fig. 7, while the phase-shift
procedures of the edge alignment strategy are still represented
by the blue arrows.

However, the phase that has the shortest duty cycle is deter-
mined based on several factors. To make the proposed strategy
clearer, the phase-shift method for the third sampling under
different modulation schemes, different voltage sectors, and
different signs of Δt are summarized in Table II.

With the two phase-shift procedures represented previously,
the switching signals of the dual-inverter are obtained. In each
switching cycle, the adjusted switching signals produce three
available Vm-n′ that last long enough, then three different current
information is obtained. Furthermore, the rising edge alignment
method reduces the number of available Vm-n′ from 36 (6 × 6)
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TABLE II
PHASE-SHIFT METHOD FOR THIRD SAMPLING STRATEGY

TABLE III
RELATIONSHIP BETWEEN THE MEASURED BUS CURRENT AND THE VECTOR

COMBINATION OF DUAL-INVERTER

Fig. 8. Immeasurable regions of the OW-SynRM system.

to 6. In addition, the phase-shift-based third sampling strategy
generates several other Vm-n′ , where one inverter adopts V7, and
the other inverter adopts V3, V5, or V6. In general, the relation-
ships between the measured current and the vector combination
of the dual-inverter are represented in Table III.

As shown in Table III, there are two Vm-n′ in the left table and
one Vm-n′ in the right table in every switching cycle, where the
bus current in each Vm-n′ is measured. Based on these three
sampled currents, the three-phase current can be effectively
reconstructed in the SynRM drive.

C. Compensation Strategy in Immeasurable Regions

Although the rising edge alignment strategy increases the
duration of VACV, there still exist immeasurable regions, where
the requirement of tmin is not met [23]–[25]. These immea-
surable regions are shown in Fig. 8, where two regions are
similar to that of the star-connected motor and one region is
different. Moreover, it can be deduced from (4) and Fig. 8 that
Vref1 and Vref2 will enter the immeasurable region at the same
time, regardless of whichever assignment modulation scheme
is adopted. Therefore, Vref1 is substituted for the corresponding
synthesized voltage vector to simplify the description.

Fig. 9. Compensation method of the immeasurable region 1. (a) Adjusted
synthesis vector of Vref1 diagram. (b) Modulated switching signals.

When the duration time of one VACV is smaller than tmin, the
corresponding current sampling is not available. This condition
is presented in Fig. 8 as immeasurable region 1 (in purple). When
both the two VACV do not last long enough, the system will
operate in immeasurable region 2 (in red), where the samplings
in both two active voltage vectors are not available. Moreover,
an additional one is added inevitably (in green), which is caused
by the lack of duration of the Vm-n′ for the third sampling.

The compensation methods of each region are analyzed and
summarized as follows.

As shown in Fig. 8, the immeasurable regions are divided into
six parts according to sectors, but the compensation strategies are
similar. Therefore, the compensation strategy of immeasurable
regions in Sector I is taken as an example for detailed analysis
and deduction, and the compensation strategy in other sectors
can be deduced in the same way.

1) Immeasurable region 1: In this region, one of the first two
Vm-n′ durations is sufficient and the other one is deficient, where
the judgment equation can be expressed as

max{t1x/2, t1y/2} ≥ tmin, min{t1x/2, t1y/2} < tmin. (7)

The situations of t1x ≥ t1y and t1x < t1y can be consid-
ered symmetric about the angular bisectors of Sector I, so the
compensation algorithms in both situations are similar. Taking
the t1x ≥ t1y situation as an example, the vector falls in the
immeasurable region 1, as shown in Fig. 9(a). The red arrows
represent the phase-shift procedure of the compensation method
in Fig. 9(b).

As shown in Fig. 9, the duration time of V4-1′ (d1) meets the
requirement of dmin (tmin / ts), while V6-5′ (d2) does not. To
extend the duration of V6 from d2 to d′2, the pulses of Sc1 and
Sb2 are shifted backward for

Δtc1 = Δtb2 = tmin − ty/2. (8)

Additionally, the duration of the third Vm-n′ needs to be long
enough, which means that the falling edge of the phase with
the second shortest duty cycle [Sc1 or Sa2 in Fig. 9(b)] cannot
precede the rising edge of Sb2, which can be calculated as

⎧⎨
⎩

tc1 = t0 +Δt
ta2 = t0 + ty
tb2 = t0

(9)
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Fig. 10. Compensation method of the immeasurable region 2. (a) Adjusted
synthesis vector of Vref1 diagram. (b) Modulated switching signals.

where t0 is the duration of the injected zero vector (111) of both
inverters, and the following relationship should be satisfied:{

tc1 ≥ tp0 = tmin

ta2 ≥ ty/2 + Δtc1 + tp0.
(10)

Simplifying (8), (9), and (10), the following relationship can
be obtained as: {

t0 +Δt ≥ tmin

t0 + ty ≥ 2tmin.
(11)

As the minimum values of Δt and ty are 0, t0 should not be
shorter than 2tmin, which is 10 μs.

2) Immeasurable region 2: In this region, the durations of the
first two Vm-n′ are both deficient, which can be expressed as

max{t1x, t1y} < tmin. (12)

Fig. 10 shows the compensation method in immeasurable
region 2. In the low modulation region shown in Fig. 10(a),
d1 and d2 need to be increased to d′1 and d′2, respectively. The
adjustment process is shown in Fig. 10(b), where the red arrows
represent the phase-shift procedure.

To increase d1 and d2, the switching pulses of Sa1 and Sc2
are shifted forward, and the switching pulses of Sc1 and Sb2 are
shifted backward. Each phase-shift value can be calculated as{

Δta1 = Δtc2 = tmin − tx/2
Δtc1 = Δtb2 = tmin − ty/2.

(13)

Under the assumption of t0 = 10 μs, the conditions in (9) are
satisfied. Furthermore, the falling edge of Sc2 should also be
taken into consideration

tc2 = t0 + tx + ty ≥ tx/2

+ Δtc2 + ty/2 + Δtc1 + tp0 = 3tmin. (14)

Since tx and ty can be close to 0, t0 should be larger than 3tmin

in the immeasurable region 2. However, the duration of zero
vector in this situation is long enough to be redistributed, which
does not affect the maximum linear modulation range. Table IV
represents the selected phase-shift signals for the compensation
strategies in all sectors.

For the immeasurable region 3, as shown in Fig 8, the motor
operates in the high modulation region, which is close to the
boundary of the linear modulation area. In this situation, the
active vectors take up the dominant part of the switching cycle,
leaving no extra duration for the third sampling. Therefore, the
duration of the third Vm-n′ is always deficient in this region,

TABLE IV
PHASES SELECTED FOR COMPENSATION STRATEGIES IN IMMEASURABLE

REGIONS

which results in a 5% reduction in the linear modulation area
(10 kHz switching frequency, 5 μs reserved for the third Vm-n′ ).

In general, the algorithm in the immeasurable region 2 realizes
the compensation perfectly, whereas the algorithm in the immea-
surable region 1 needs to satisfy the condition of t0 = 2tmin (10
μs). However, the decline in voltage utilization does not worsen.
As shown in Fig. 9(a), the maximum linear modulation index
can be calculated as

M =

√
3
/
2Udc × (1− 0.5)

Udc
= 0.823. (15)

Equation 15 means that the i0 lacking region [0.9Udc, as
shown in Fig. 9(a)] falls outside the linear modulation region,
thus having no effect on the linear modulation range of the
system. In a word, despite the immeasurable region 3 cannot be
eliminated, the voltage utilization of the system is only reduced
by 5%.

D. Discussion and Comparison

For further industrial application, the compatibility of the
proposed current reconstruction strategy on encoderless control
is discussed in the following. The rotor position estimation
algorithm of SynRM can be divided into two kinds of methods.
One is based on the mathematical model of the motor, which
mainly uses the EMF to estimate the rotor position and velocity
[40]–[42], where only the voltage and current information is re-
quired. As the proposed current reconstruction strategy provides
the precise three-phase current, it is compatible with this kind
of encoderless method. The other kind of encoderless control is
based on the salient effect of the rotor, where the high-frequency
(HF) signal injection strategies are utilized. To inject the HF
signals, the voltage reference value needs to be modulated. This
will make it difficult to eliminate the immeasurable regions when
using the proposed current reconstruction strategy. Thus, the
proposed reconstruction strategy is not suitable for this kind of
encoderless technology.

Besides, the comparison between the proposed system and
the existing methods is carried out in Table V. The existing
current reconstruction strategies can be divided into three kinds:
the measurement pulse injection methods [30], [31], the wiring
reconfiguration methods [32]–[34], and the phase-shift-based
method [35], [36]. What they have in common is that they
are proposed for the star-connected motor drives, where just
one current sensor is saved. Only the proposed method can be
applied to the OW topology, where two current sensors are saved.
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TABLE V
COMPARISON OF THE PROPOSED AND EXISTING CURRENT

RECONSTRUCTION STRATEGY

TABLE VI
MAIN PARAMETERS OF THE MOTOR AND CONTROL SYSTEM

Besides, additional measurement pulses injection is needed in
the methods proposed in [30] and [31], which results in extra
switching losses. Wiring reconfiguration is needed in [32]–[34],
which will complicate the circuit wiring and increase the system
volume. Nevertheless, the proposed method is the most complex
in terms of the reconstruction algorithm because of the edge
alignment and third sampling procedures.

V. EXPERIMENTAL VERIFICATION

To verify the proposed phase current reconstruction strategy,
experiments are carried out on a three-phase OW-SynRM driven
by a dual-inverter topology with a common dc bus. The main
parameters of the system are listed in Table VI. The experimental
platform is shown in Fig. 11(a), and the schematic diagram of
the motor drive is illustrated in Fig. 11(b). The dual-inverter
consists of six IGBT half-bridge modules, and is powered by
a programmable voltage source where the dc voltage output is
set as 80 V. The sampling and switching frequencies are both
10 kHz. The dc-bus current and three-phase currents are sampled
by Hall-effect current sensors LA55P/SP1 and the rotor position
is detected by a resolver. The digital control system is designed
based on a TMS320F28377D platform. The experimental wave-
forms are recorded by a multichannel isolated oscilloscope. The
load torque is provided by a magnetic brake. A torque sensor
and a gearbox are installed between the motor and the load,
to measure and amplify the torque, respectively. Specifically,
the single sensor is installed between the bus capacitor and the
dual-inverter.

Fig. 12 shows the experimental results of the bus current and
the switching states during one switching cycle under 180° as-
signment modulation with and without the proposed phase-shift

Fig. 11. Experimental setup for the overall system. (a) Photograph of the test
platform. (b) Schematic diagram.

Fig. 12. Experimental results of the bus current and switching states with 180°
assignment modulation scheme whenΔt< 0. (a) Without the proposed scheme.
(b) With the proposed scheme.

strategy. In the figure, ibus is the detected bus current, and Sabc1,
Sabc2 are the switching signals of dual-inverter, respectively. As
shown in Fig. 12(a), the switching signal is centrally symmetric
about the switching period without the proposed strategies.
Hence, only the first half cycle is considered. It can be seen
that the bus current has five nonzero states in the first half
cycle, which are related to the switching states. Although these
current states contain redundant information about the three-
phase current, the duration of each state is too short for accurate
current sampling, resulting in reconstruction failure. When the
proposed phase-shift method (180° scheme in Tables I and II)
and compensation strategy (see Table IV) are applied, the five
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Fig. 13. Experimental results of the bus current and switching states with 120°
assignment modulation scheme whenΔt> 0. (a) Without the proposed scheme.
(b) With the proposed scheme.

current states in Fig. 12(a) are merged into two nonzero states
and an additional current state. In Fig. 12(b), the bus current
states are significantly simplified, and the different current states,
ia−ib, ia−ic, −ia last long enough to be measured accurately.

In Fig. 12(b), there exists a small current drop between the
first two current states, which lasts for about 2 μs. This is
caused by the dead time of upper and lower switches, where
additional current states are presented. Taking the switching state
in Fig. 12(b) as an example, the actual output voltages of b1 and
c2 in Fig. 1 are uncontrollable during the dead time, which are
determined by the current polarities of ib and ic, respectively.
The lower antiparallel diode of b1 conducts when ib > 0 and the
upper diode conducts when ib < 0. The same principle applies to
the diodes of c2 as well. Therefore, there are 4 (2 × 2) possible
output voltage scenarios in the dead time near the aligned rising
edge of switching signals. Among them, the current state of ia-ib
remains only when ib > 0 and ic > 0; otherwise, a small current
drop or rise will occur. As the dead-time effect has already been
considered when evaluating tmin, the effective measurement
of ia-ib has been completed before the current drop and the
dead-time effect will not affect accurate current sampling.

Fig. 13 shows the experimental results of the bus current
and the switching states during one switching cycle under 120°
assignment modulation with and without the proposed phase-
shift strategy. The bus current still has five nonzero states in
the first half cycle, where the duration time of each state is too
short for accurate sampling. The edge alignment scheme and the
phase-shift method for the third sampling in this condition are
slightly different, where Sa2, Sb2, and Sc2 are shifted forward
for Δt/2, and Sb2 is selected to be shifted for the third sampling
(120° scheme in Tables I and II).

It can be seen from Figs. 12 and 13 that the bus current in
the second half switching cycle becomes different from that of
the first half one after adopting the proposed scheme, which
indicates extra current information. However, the actual Vm-n′

states in the second half cycle are not clear and their durations
are passively determined by the proposed scheme, which cannot
be changed according to the requirement. Therefore, the second
half cycle cannot be used for effective sampling.

In Fig. 14, the experimental results of the bus current ibus and
the sampling currents i1, i2, and i3 at 200 r/min are presented, and
the principle of the phase current reconstruction control strategy
is particularly represented in the enlarged view of two adjacent
cycles. As shown in the figure, i1 and i2 alternate with each other
and form the upper envelope curve of ibus, and i3 intersects with

Fig. 14. Experimental results of the sampling current i123 and the recon-
structed three-phase current i′abc in the main window and enlarged view at
200 r/min.

the sampled i1, i2, and i3 with the reconstruction strategy listed
in Table III, which is presented in the enlarged view.

Suppose that the two amplified periods are the [n]th and
[n+1]th cycles, the calculation process is as follows. First, the
i1[n−1], i2[n−1], and i3[n−1] sampled in the [n−1]th cycle
are utilized for calculating the reconstructed three-phase current
i′a[n−1], i′b[n−1], and i′c[n−1]. Second, the reconstructed
currents are used in the control system to generate the switching
signals for the [n]th cycle. Third, the switches of the dual-inverter
act accordingly to control the three-phase current, and ibus
in the [n]th cycle is recorded as i1[n], i2[n], and i3[n] when
each measurement vector is adopted, respectively. Then, the
calculation and control strategy can be extended to the [n+1]th
cycle in the same manner.

It should be noted that the enlarged view of two adjacent
switching cycles is selected where the synthetic reference volt-
age vector is situated in Sector I. In this situation, the sampled i1
equals to ia − ic when the dual-inverter is in the V4-1′ state;
the sampled i2 equals to ib − ic when the dual-inverter is
in the V6-5′ state; and the sampled i3 equals to ib when the
dual-inverter is in the V7-5′ state. When the synthetic reference
voltage vector locates in other sectors, the sampled i1, i2, and
i3 reflect different current information, and the corresponding
reconstruction calculation equations are adopted.

The experimental results of the actual and reconstructed three-
phase current (iabc and i′abc) with and without the PR-based
ZSC suppression strategy are shown in Fig. 15, where the ZSC
suppression strategy is employed at the middle point of the
curve. The magnitude of each harmonic component and the
total harmonic distortion (THD) of ia can be derived using the
Fast Fourier transform algorithm. Without the PR-based ZSC
suppression scheme, the magnitude of the third-order harmonic
current is 20.4%, which makes up the dominant component that
causes the current distortion, and the THD is 21.39%. With
the ZSC suppression strategy, the magnitude of the third-order
harmonic current is well eliminated to only 1.16%, where
the THD is reduced to only 5.16%. However, the proposed
three-times-sampling strategy is still needed to detect i0 for the
ZSC suppression. The point to be emphasized here is that the
proposed reconstruction strategy can be achieved regardless of
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Fig. 15. Experimental results of the reconstructed three-phase current i′abc
with and without ZSC suppression strategy.

Fig. 16. Experimental results of the comparison between the actual three-
phase current (iabc) and reconstructed three-phase current (i′abc) and the re-
construction error of phase A (ea) under no-load condition. (a) 300 r/min. (b)
1500 r/min. (c) 30 r/min.

whether the phase current contains the ZSC component, which is
the most prominent difference compared with traditional current
reconstruction strategies.

Experiments are carried out at 300, 1500 r/min, and the
extremely low 30 r/min under no-load conditions to verify the
effectiveness of the proposed current reconstruction scheme.
Experimental results of iabc, i′abc, and ea are illustrated in
Fig. 16, where ea is the reconstruction error of phase A. It
can be seen that iabc matches well with i′abc, which verifies
the effectiveness of the proposed reconstruction strategy over
a wide range of speeds. In Fig. 16(a), the amplitudes of the
actual current ia and reconstruction error ea are 26.6 A and 0.8
A, respectively, where the relative reconstruction error is 3.0%.
As the speed increases in Fig. 16(b), those two amplitudes rise
to 27.2 A and 1.3 A, where the relative reconstruction error is
4.8%. Despite the reconstruction effect decreases slightly with
the increase of rotor speed, the error is still low enough for

Fig. 17. Experimental results of the comparison of the actual three-phase
current (iabc) and reconstructed three-phase current (i′abc) and the reconstruction
error of phase A (ea) with 2 N·m load. (a) 300 r/min. (b) 1500 r/min.

Fig. 18. Experimental results of the comparison between the actual three-
phase current (iabc) and reconstructed three-phase current (i′abc) in reversing
process.

motor control. Even in the extremely low-speed condition, as
shown in Fig. 16(c), the relative error is only 3.6%, ensuring
high accuracy.

Experiments are also carried out at 300 r/min and 1500 r/min
under 2 N·m load condition, as shown in Fig. 17. The amplitudes
of ia and ea are 56.8 A and 1.6 A at 300 r/min, where the relative
reconstruction error is 2.8%. Comparing with the no-load condi-
tion in Fig. 16(a), the relative error is slightly decreased with the
increase of the load torque. This is due to the rapid increase of
the three-phase current amplitude. A similar phenomenon exists
in the 1500 r/min condition, where the amplitudes of ia and ea
are 58.2 and 2.8 A, and the relative reconstruction error is 4.8%.

To verify the dynamic performance of the proposed strategy,
the experiment of a large speed step is carried out. Fig. 18 shows
the results of the system performance in the reversing process
from 300 to −300 r/min, where n is the actual speed. As can be
seen from Fig. 18, it takes about 0.75 s for the motor to decelerate
from 300 r/min to 0, and about 2 s to reversely accelerate to
−300 r/min. As can be seen in Fig. 18, the reconstructed three-
phase current tracks the actual ones well during the whole speed
regulating process.

The experiment is also carried out to further verify the dy-
namic characteristics of the proposed reconstruction strategy
under the torque mutation conditions. In Fig. 19, the blue curve
represents the electromagnetic torque Te. Due to the friction
on the rotating shaft, the load torque is about 0.5 N·m at the
beginning. Then, the load torque is increased to 1 N·m, where
the dynamic settling time is about 0.25 s. Afterward, the load
torque is increased to 2 N·m, which takes about 0.3 s. Finally,
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Fig. 19. Experimental results of the comparison between the actual three-
phase current (iabc) and the reconstructed three-phase current (i′abc) under the
torque mutation condition.

the load torque falls back to 0.5 N·m, where the settling time is
about 0.45 s. It can be seen from the figure that the reconstructed
three-phase current tracks well with the actual ones in the whole
torque mutation process.

In general, the effectiveness of the proposed current recon-
struction strategy for OW-SynRM is proved in a wide range
of speed and torque. In addition, with the proposed phase-shift
scheme, the current reconstruction strategy is feasible regardless
of whether the 180° or 120° assignment modulation scheme is
adopted in the dual-inverter topology. Besides, the three-phase
current can be precisely reconstructed regardless of whether
the phase current contains the ZSC component. Therefore, the
proposed current reconstruction scheme is proved to have high
compatibility.

VI. CONCLUSION

This article proposes a new phase current reconstruction
strategy for the OW-SynRM drive, where the ZSC component of
the three-phase current can be detected. The traditional current
reconstruction strategy cannot be directly applied to the OW
drive topology, as the dual-inverter assignment scheme and ZSC
suppression strategy divide the switching cycle into segments
with shorter durations. The proposed phase-shift-based edge
alignment algorithm decreases the number of total vector combi-
nations and extends the durations of the active measurement vec-
tor combinations, with which two effective current information
can be obtained in each switching cycle. Besides, the phase-shift
strategy for the third sampling is developed to obtain additional
current information. Furthermore, the compensation strategy is
investigated in the case of reconstruction failure in immeasurable
regions. Finally, the high feasibility and accuracy of the proposed
reconstruction strategy are verified by experiments. The major
contributions and advantages can be summarized as follows.

1) Only one current sensor is used in OW-SynRM system,
reducing the system cost and volume, which can also pro-
vide a fault-tolerant alternative for phase current sensors
in highly reliable applications.

2) The dc-bus current sensor can be reused for total power
detection for the whole system by specifically selecting
the installation position.

3) Whether the ZSC is suppressed or not, the three-phase
current can be reconstructed independently.

4) The proposed strategy is compatible with both 180° and
120° assignment modulation schemes, increasing the ap-
plication flexibility.

5) The proposed scheme is convenient for wire connection,
and the commercial six-switch modules can be utilized,
which is beneficial for industrial applications.
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