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Abstract—For the purpose of reducing cost and volume, tech-
niques of reconstructing three-phase currents through a single cur-
rent sensor have been reported for permanent magnet synchronous
motor vector control system. In existing studies, the reconstruc-
tion precision is largely affected by the dead zones in space vector
PWM plane, which requires additional efforts to compensate the
dead zones either by modifying pulse width modulation (PWM)
modulation strategy or by phase-shifting of PWM signal. In this
paper, a novel zero voltage vector sampling method (ZVVSM) is
proposed, which can move the current reconstruction dead zones
in low modulation region and sector boundary regions toward the
outline of the space vector hexagon without modifying PWM sig-
nal. By arranging the single current sensor at a novel position,
the proposed method is able to sample current in two zero voltage
vectors (ZVV). ZVVSM avoids the complicated algorithms as well
as the increase of the switching times, so that it is beneficial to the
PMSM drive performance. The proposed method is validated by
both simulation and experiments.

Index Terms—Dead zone, permanent magnet synchronous mo-
tor (PMSM), phase current reconstruction, single current sensor,
voltage vector, zero voltage vector sampling method (ZVVSM).

I. INTRODUCTION

P ERMANENT-MAGNET synchronous motors (PMSMs)
are widely used in industrial applications owing to their

merits such as high efficiency, high precision, and high reli-
ability [1]–[4]. Conventionally, PMSM drive requires at least
two current sensors [5] and a position sensor [6]–[8]. To reduce
cost and volume, as well as to increase reliability in hostile
environment [9], technical trends move toward driving PMSM
with fewer sensors. Position-sensorless control has been widely
studied and implemented in lots of industrial applications such
as fans and pumps. In [10] and [11], the current sampling upon
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short voltage vectors have been tackled in research on position-
sensorless drives, which use motor phase current derivatives.
As for current, studies to reconstruct three-phase currents using
single current sensor have been undertaken as well [12]–[28].

Most of the methods install the single current sensor on dc
bus. The steady-state relationships between the dc-link current
and the phase currents for various inverter switch states have
been reported in [12]. However, this method introduces dead
zones, where steady-state conditions can hardly be satisfied.
The dead zones are analyzed in [13], where it is identified that
the dead zones are located in the areas, where the output voltage
vector is in the low-modulation region, and space-vector
sector boundary region. To reduce the current reconstruction
dead zones, different compensation methods are proposed,
which are based on modifying pulse width modulation
(PWM) modulation, measurement-vector insertion, and phase
shifting.

In [14] and [15], the modified PWM modulation strategies
for reconstructing the three-phase currents from the dc-link
current are given. A new modulation technique that can re-
duce the current distortion and extend the current reconstruc-
tion range for a three-phase inverter using only dc-link sensor is
also proposed in [16]. The proposed PWM technique is a hybrid
method that consists of space vector modulation method and the
PWM method without using null switching states. Moreover,
state observer algorithms are adopted to reconstruct the phase
currents [17], [18].

Other research work is reported on the measurement-vector
insertion method (MVIM). In [19], the proposed method in-
volves the injection of voltage signals at the carrier frequency
for reconstructing the phase currents in PWM inverters using a
single current sensor in the dc-link. In [20] and [21], the MVIM
is adopted to reconstruct all three inverter phase currents using
a single current sensor.

Besides, the switching-state phase shift method is proposed to
minimize the dead zones in [22]. In [23], a technique for predict-
ing phase currents in vector-controlled inverters. The proposed
method predicts the currents measured at the fixed sampling
points from those measured in the dc link and the PWM patterns
of voltage outputs. Some other methods, like the overmodula-
tion method, tri-state PWM, and Luenberger observers are all
used in the single current sensor techniques [24]–[26]. A six-
phase current reconstruction scheme for dual traction inverters
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Fig. 1. Schematic diagram of a conventional PMSM drive.

with a single dc-link current sensor is proposed in [27]. In [28],
a dc-link current sensor is used to implement a novel position
sensorless PMSM drive. These compensation methods affects
normal PWM signal and results in negative impact on motor
control performance or complexity for implementation.

After analyzing the existing single current sensor techniques,
the current reconstruction dead zones in the low-modulation
region and sector boundary regions can be removed and the
working performance of the PMSM can be improved. This paper
proposes a novel single current sensor technique for three-phase
PMSM drive. This proposed method is implemented by chang-
ing the installation position of the single current sensor and
sampling the current during the zero voltage vectors, namely
zero voltage vector sampling method (ZVVSM). This paper is
organized as follows. At first, in Section II, the principles as well
as the dead zones of existing methods using a dc-link current
sensor are introduced. Then, the proposed ZVVSM and dead
zone analysis are introduced in Section III. The closed loop
control system based on the proposed method is established
and the MATLAB/Simulink simulation results are included in
Section IV. Section V presents the experimental setup and
results for further validation. At last, Section VI gives
the conclusion.

II. THREE-PHASE CURRENT RECONSTRUCTION METHOD

USING A DC-LINK CURRENT SENSOR

In the conventional phase current reconstruction method [12],
the single current sensor is installed on the dc link. The principle
and the dead zones of this method are introduced in this section,
which is used for comparison.

Fig. 1 shows the schematic diagram of single-sensor PMSM
drive. In general, the motor is fed by a voltage-source PWM in-
verter that consists of six power switches and six freewheeling
diodes. The voltage-source PWM inverter switches have eight
combinations that form six active voltage vectors and two zero
voltage vectors across its terminals. Generally, the eight gener-
ated switching states can be expressed together as the voltage
space vector Vi , i ∈ {0, 1, 2, . . . , 7}, as shown in Fig. 2, as
well as its seven-segment PWM waveform in the conventional
SVPWM algorithm. In Fig. 2, Ts is the PWM period, TA , TB ,
and TC are the conduction interval of three phases.

As shown in Fig. 2, during steady state of the active voltage
vector periods, the switching states as well as the current circuits
remain unchanged, so there is a certain relationship between the
phase currents and the dc-link current. By analyzing the eight
voltage vectors and the current circuits, the relationship between

Fig. 2. Reference voltage in Sector I and its seven-segment PWM waveform
in the conventional SVPWM algorithm.

TABLE I
RELATIONSHIP BETWEEN THE PHASE CURRENTS AND THE DC-LINK CURRENT

AT DIFFERENT VOLTAGE VECTORS

Vi V0 V1 V2 V3 V4 V5 V6 V7

Sa b c 000 100 110 010 011 001 101 111
id c 0 +ia −ic +ib −ia +ic −ib 0

the phase currents and the dc-link current is summarized in
Table I. In this table, Sabc are the switching states of the inverter
switches and the eight voltage vectors are formed by them.
In the switching states, only the switching functions of upper
switches are used to define them. For example, Sabc = (100),
generating the voltage vector V1 , means QAh = on, QBh = off ,
and QCh = off . Furthermore, the positive sign (+) indicates the
inflow of the phase currents and the negative sign (−) indicates
the outflow of the phase currents.

According to this relationship between the phase currents and
the dc-link current, the three-phase currents can be reconstructed
by measuring the dc-link current. Taking the voltage vector in
Sector I, for example, the reference voltage vector is generated
by four switching states, Sabc = (000), (100), (110) and (111)
in a PWM period Ts . Then, by measuring the dc-link current,
the phase currents +ia and –ic can be obtained under the two
switching states Sabc = (100) and (110), respectively. Since the
phase currents meet the following (1), the phase current ib can
be calculated as well. Hence, the phase currents can be recon-
structed by measuring the dc-link current under active voltage
vectors in a PWM period and this method can be called ac-
tive voltage vector sampling method. The relationship between
the phase currents and the dc-link current at different voltage
vectors is shown in Table I

ia + ib + ic = 0. (1)

Nevertheless, it is required a minimum duration for the volt-
age vectors to realize precise sampling in the actual situation
[12]. Due to this restriction, there are two areas where currents
cannot be measured, which are red and blue in Fig. 3. In these
two areas, which are low-modulation region and sector bound-
ary region, the duration of active voltage vectors is too short to
sample currents as the current waveforms contain disturbances
related to transistor switching. So there are large current recon-
struction dead zones that can limit the motor’s operation range.
Although some improved methods have been proposed to nar-
row the dead zones, these methods can reduce the performance
of the motor drive system and make the algorithms complex.
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Fig. 3. Normal working area and current reconstruction dead zones using the
phase current reconstruction method with a dc-link current sensor.

Fig. 4. Circuit topology and sampling points of the ZVVSM. (a) Circuit
topology and the installation of the single hall-effect current sensor. (b) Sampling
points in a PWM cycle.

III. ZERO VOLTAGE VECTOR SAMPLING METHOD (ZVVSM)

Based on the principle of phase current reconstruction meth-
ods, this paper proposes a novel method named ZVVSM. The
circuit topology and the sampling points of the ZVVSM are
illustrated in Fig. 4(a). In this proposed method, the isolated
hall-effect current sensor is installed to detect the sum of the
two currents flowing through the inverter bridges. Moreover, as
Fig. 4(b) illustrates, the current sensor is sampled during the two
zero voltage vectors and the triangular wave at the top presents
the PWM carrier.

Fig. 5. Paths of the current flow at two zero voltage vectors. (a) V0 (000).
(b) V7 (111).

A. Basic Working Principle of ZVVSM

In this proposed method, the phase current can be recon-
structed by sampling the current during the zero voltage vec-
tors. To further explain the method in detail, taking the voltage
vector in the space vector hexagon, for example, there are two
zero voltage vectors V0 (000) and V7 (111) in a PWM cycle, so
the single current sensor is sampled twice in each PWM cycle.
The sampling interval is half a PWM cycle, which may reduce
the dynamics of current control [29]. In this paper, the posi-
tive sign (+) indicates the inflow of the phase currents and the
negative sign (−) indicates the outflow of the phase currents.

Fig. 5(a) illustrates the path of the current flow when the out-
put voltage vector is V0 (000). Here, the load current freewheels
through the lower switches, and the current sensor is read as

isamV = ic (2)

where isamV is the sample value of the current sensor at the
PWM carrier valleys. This sampling is the first sampling and
occurs at the beginning of the PWM cycle. Then, Fig. 5(b)
shows the path of the current flow when the output voltage
vector is V7 (111). Different from the former switching state,
the current freewheels through the load and the upper switches.
And the sample value of the current sensor is

isamP = ib + ic (3)

where isamP is the sample value of the current sensor at the
PWM carrier peaks. This sampling is the second sampling and
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TABLE II
RELATIONSHIP BETWEEN THE SAMPLING CURRENTS AND THE

PHASE CURRENTS UNDER ZVVSM

Voltage Vectors V0 (000) V7 (111)

Sampling Currents ic ib + ic

Fig. 6. Actual current and ideal current in the ZVVSM.

occurs at the middle of the PWM cycle. In summary, the rela-
tionship between the sampling currents and the phase currents
is shown in Table II. According to this table, the phase currents
ia and ic can be obtained if the current sensor is sampled during
the two zero voltage vectors V0 (000) and V7 (111).

Since the three-phase windings are Y-connected in the PMSM
and the phase currents meet the (1). The phase current ib can be
calculated as well. As a result, the three-phase currents can be
reconstructed during a PWM period, which are expressed as

⎧
⎪⎨

⎪⎩

ia = −isamP

ib = isamP − isamV

ic = isamV

(4)

B. Minimum Reliable Current Measurement Time Tmin

In the actual situation of current based on the ZVVSM, illus-
trated in Fig. 6, the current cannot follow the applied voltage
immediately due to the motor inductance and it takes some
time, denoted as Tset , to reach the steady state. Moreover,
the A/D converter of digital signal processor (DSP) needs an
extra conversion time after reaching steady state, denoted as
TAD . In addition, the total switching device turn-on delay time
and the dead zone time between the two switching devices in
one bridge leg for protection should be taken into consideration
as well, which are denoted as Ton and Td , respectively.

Based on these factors, it is required a minimum duration for
the zero voltage vectors to realize precise sampling. Moreover,
this minimum reliable current measurement time, denoted as
Tmin , should satisfy the following inequality:

Tmin ≥ Tset + TAD + Ton + Td. (5)

By measuring the signal settling time Tset and querying
the registers of DSP as well as the datasheet of IGBT, the
four parts of Tmin are obtained: Tset = 2.7 µs, TAD = 0.16 µs,
Ton = 0.36 µs, and Td = 0.85 µs. So, the minimum value of
Tmin is 4.07 µs. It is necessary to leave some margin to ensure
that the reliable current measurement. As a result, we set the
factor Tmin as 5 µs in this paper.

Fig. 7. Minimum reliable current measurement time Tm in and its duty cycle
limitation under ZVVSM.

Fig. 8. Current reconstruction dead zones of ZVVSM and the relationship
with the PWM frequency fs .

Tmin is like a restriction on the duration of the voltage vec-
tors or the duty cycle of PWM, therefore, to ensure the reliable
current sampling, Tmin should be set as a reasonable value in
the algorithms in advance. Then, Tmin determines the minimum
duration of the two zero voltage vectors V0 and V7 in SVPWM.
Fig. 7 illustrates this relationship between Tmin and its duty
limitation under ZVVSM, where DA , DB , DC are the duty
cycles of the three phases. The single current sensor is sam-
pled at the valleys and peaks of the PWM carrier wave and the
sampling results are determined by the current sensor outputs
at these sampling instants. However, the factor Tmin just limits
the sampling range, where the sampling points are located. As
a result, if the factor Tmin is set up reasonably and the motor is
not operated in the dead zone region, the sampling results will
not be influenced by Tmin .

C. Dead Zone Analysis

Similar to other phase current reconstruction methods,
ZVVSM also has the current reconstruction dead zone. In this
method, the zero voltage vectors must maintain enough time to
guarantee the current sampled. Since the duration of zero volt-
age vectors will be reduced with the amplitude of voltage vector
increasing, the current cannot be sampled successfully when the
amplitude of voltage vector is too large. As a result, there will
be a current reconstruction dead zone, which is illustrated in
Fig. 8 and marked with shadow area. In this figure, it is obvi-
ous that there are no dead zones in the low-modulation region
and sector boundary region compared with the single dc-link
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Fig. 9. Relationship between the maximum active voltage vector proportion-
ality coefficient and the PWM frequency fs under ZVVSM; Tm in = 5 µs.

current sensor method. Furthermore, ZVVSM does not increase
the switching times of the inverter during each PWM cycle, so
the switching loss of the inverter will not increase.

To further study the relationship between the duration of zero
voltage vectors and the current reconstruction dead zone, a pro-
portionality coefficient µ is introduced. It is the ratio of active
voltage vector duration to the PWM period Ts , expressed as
follows:

µ =
Ts − T0

Ts
. (6)

In the conventional Space Vector Modulation algorithm, the
duration of zero voltage vector T0 should be equally distributed
to the switching states Sabc = (000) and (111). Since duration
of the two zero voltage vectors should exceed the minimum
reliable current measurement time Tmin discussed earlier, the
duration of zero voltage vector need satisfy the inequality

T0 ≥ 2Tmin . (7)

Then, by substitution of the inequality into (6), the maximum
active voltage vector proportionality coefficient, µmax , can be
computed as follows:

µmax =
Ts − 2 · Tmin

Ts
=

1/fs − 2 · Tmin

1/fs
= 1 − 2fs · Tmin .

(8)
More, the maximum voltage vectors output of ZVVSM can

be expressed as

Vmax1 =
2
3
Vdc(1 − 2fs · Tmin). (9)

It can be concluded that the proportionality coefficient µmax
decreases when the PWM frequency fs or the minimum reliable
current measurement time Tmin increases. Generally, the inter-
val Tmin is a constant, so the maximum active voltage vector
proportionality coefficient µmax , as well as the effective opera-
tion region of the voltage vector, will decrease with the PWM
frequency increasing. Fig. 9 shows the relationship between the
maximum active voltage vector proportionality coefficient and
the PWM frequency fs under ZVVSM. In this figure, it is ob-
vious that the maximum active voltage vector, as well as the
effective operation region of the voltage vector, will decreases
with the PWM frequency increasing. As illustrated in Fig. 8, the

TABLE III
PMSM DRIVE PARAMETERS

Parameters Quantity

Winding resistance (Ra ) 0.62 Ω
Winding inductance (La ) 0.28 mH
Back EMF coefficient (Ke ) 0.1103 V /(rad/s)
Moment of inertia (J) 0.82 g.m2

Number of pole pairs (p) 4
DC-link voltage (Vd c ) 60 V
Rated torque (TN ) 5 N.m
Rated speed (nN ) 1000 r/ min

Fig. 10. PMSM control strategy based on ZVVSM.

effective operation region shrinks inward with the PWM fre-
quency increasing. The shadow region indicates the dead zones
of the ZVVSM at different frequencies.

Therefore, compared to the dc-link current reconstruction
method, ZVVSM is available in the low-modulation region and
sector boundary region, which avoids lots of the complicated
algorithms to improve the dead zones. After calculating the
areas of dead zones of the typical single dc-link current sensor
method [24], ZVVSM does not reduce the areas of dead zones.
It moves the dead zones toward the outline of the space vector
hexagon. In general, ZVVSM provides a new solution for the
single current sensor control strategy.

IV. SIMULATION RESULTS

To corroborate the novel phase current reconstruction method,
the MATLAB/Simulink environment has been used for the sim-
ulation. More, the load of the three-phase PWM-VSI is a PMSM
and the motor parameters are reported in Table III. The table
includes the parameters of the actual experimental drive, which
are also used for the establishment of simulation model. The
PWM-VSI is controlled with 10-kHz switching frequency of
the power semiconductor devices and a 60-V dc-link nominal
voltage.

Fig. 10 shows the PMSM control strategy based on ZVVSM.
In this control strategy, the PMSM is driven by a speed and
current double closed loop. The outputs of single current sensor
are sampled based on ZVVSM and the three-phase currents are
reconstructed. Furthermore, the reconstructed phase currents
are transformed to the d–q synchronous rotating frame, id and
iq , which are the feedback current signals of the current loops.
Other algorithms in this control strategy are the same as the
conventional double-close-loop PMSM control strategy.



3802 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 5, MAY 2017

Fig. 11. Single current sensor output isam and the actual phase currents—ia
and ic (Simulation results).

Fig. 12. Sampling principle and discretization of the actual phase currents in
the simulation.

Fig. 11 shows the simulation results of the current sensor
output isam and the actual phase currents –ia and ic . It can
be observed that the single current sensor output contains the
current information of phase A and C. The two envelope curves
of the single current sensor output are consistent with the phase
currents –ia and ic .

The actual three-phase currents, illustrated in Fig. 13(a), are
continuous and contain the ripple components. However, based
on the ZVVSM, the reconstructed results are discrete values.
Therefore, to avoid the effect of the ripple components on the re-
sults of the proposed algorithms, the discrete ZVVSM outcomes
should be compared with discretized values of actual currents.
In the simulation, the actual phase currents are discretized by
computing the mean current value for each PWM cycle. Fig. 12
shows the sampling principle of the actual phase currents in the
simulation. The continuous actual phase currents are sampled
twice in a PWM cycle, which are occurred at the valleys and
peaks of the PWM triangle carrier wave. Then, the twice sam-
pling results are averaging to get the mean value during each
PWM period as the discretized values of actual currents, which
are illustrated in Fig. 13(b).

The reconstructed phase currents based on ZVVSM are il-
lustrated in Fig. 14. From this figure, it can be concluded that
the ZVVSM can reconstruct the three-phase currents. Neverthe-
less, there are still current estimation errors, shown in Fig. 15,
which are the difference value between the Phase A currents
in the discrete ZVVSM outcomes in Fig. 14 and the discrete
actual phase currents in Fig. 13(b). Compared with the value of

Fig. 13. Actual phase currents as well as their discretized values under
ZVVSM (simulation results). (a) Continuous values of actual phase currents.
(b) Discretized values of actual phase currents.

Fig. 14. Reconstructed phase currents under ZVVSM (simulation results).

Fig. 15. Current estimation errors of phase A under ZVVSM (simulation
results).
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Fig. 16. Scheme of the experimental setup.

Fig. 17. Photograph of the experimental setup.

phase currents, the reconstruction errors are acceptable. So, the
simulation results validate the proposed current reconstruction
method.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

To further validate the proposed phase current reconstruc-
tion method, an experiment platform is set up, whose diagram
and photograph are shown in Figs. 16 and 17, respectively. The
experimental setup consists of a PWM-VSI, a PMSM with a
resolver, a drive platform and a dc source. The PWM-VSI has a
3-kVA maximum power, a 10-kHz switching frequency of the
IGBTs (IKW75N60T) and a 60-V dc-link nominal voltage. In
the drive platform, a DSP, TMS320F2812, is used as the con-
trol unit to generate the PWM signals, sampling signals, and
implement the proposed method. In this experimental setup, the
minimum reliable current measurement time Tmin is set at 5 µs.
Moreover, motor parameters are shown in Table III. Further-
more, in order to ensure the accurate detection of the sample
current, an isolated hall-effect current sensor (LEM HAIS-50P)

Fig. 18. Reconstructed three-phase currents under ZVVSM (experimental
results).

Fig. 19. Output of the single current sensor with the PWM frequency of
10 kHz (experimental results).

with maximum sample rate 50 kHz is employed in this control
system.

B. Experimental Results

Fig. 18 shows the experimental results of reconstructed
three-phase currents under the ZVVSM. The motor speed is
1000 r/min and the load torque is 5 N·m, which are the same
as the simulation setup. It can be seen that the three-phase sinu-
soidal currents are achieved. In the following experiments, the
reconstructed currents are not only used for computing errors
but also for control purposes. The control strategy is shown in
Fig. 10, and the reconstructed three-phase currents are trans-
formed to the d–q synchronous rotating frame, id and iq , which
are the feedback current signals of the current loops.

Fig. 19 gives the output of the single current sensor. It can be
observed that the envelope curves of the current sensor output
contain the information of the phase currents −ia and ic . To
clearly show the sampling points of ZVVSM, the output of the
current sensor and the PWM signals are put in one figure. Fig. 20
shows the current sampling points and PWM signals during the
two zero voltage vectors. In Fig. 20, it is obvious that the current
sampling is occurred during the zero voltage vectors V0 (000)
and V7 (111).
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Fig. 20. Sampling points during the zero voltage vectors and PWM signals
when the ZVVSM is adopted (experimental results).

Fig. 21. Reconstructed and measured Phase A currents under ZVVSM
(experimental results).

Fig. 21 shows the reconstructed and measured Phase A cur-
rents with the PWM frequency of 10 kHz when ZVVSM is
adopted. Since there is no D/A converter in the experimental
platform, the results of the reconstructed Phase A current are
calculated in the DSP and real-time transmitted to the computer
using the serial port RS232. Considering the transfer rate of
RS232, the interrupt of RS232 is not triggered by the PWM. For
comparison, the actual Phase A current is measured by another
current sensor and also transmitted synchronously using the se-
rial port RS232. Then, the results are plotted in one figure with
MATLAB.

The current estimation errors are shown in Fig. 22. It can be
seen that the reconstructed Phase A current is consistent with
the actual measured phase A current and the current estimation
errors are acceptable, which is about 3%. Nevertheless, there
is difference between the simulation and experimental results.
Furthermore, the low-frequency components of the experimen-
tal results are consistent with the motor electrical frequency and
motor speed, which has the same changing law as the simu-
lation results. Both in experimental and simulation results, the
low-frequency components of error waveforms are caused by
the ZVVSM algorithm, because the single current sensor output
waveform is influenced by the values of the three-phase duty

Fig. 22. Current estimation errors of Phase A under ZVVSM (experimental
results).

Fig. 23. Experimental results when the PMSM starts from standstill and
accelerates to its rated speed (experimental results). (a) Reconstructed three-
phase currents. (b) Reconstructed and measured Phase A currents. (c) Current
estimation errors of Phase A.

cycles that are changed periodically with the motor electrical
frequency. However, the high-frequency components of the er-
ror waveform in the experiment exist. The reason is that the
two current sensors used for comparison are filtered separately
by the filter circuits and transmitted to the DSP in the signal
processing circuits of the drive platform. While in the simula-
tion, this kind of influence factor does not exist. Besides, the
features of the actual power switches and the electromagnetic
interference in the whole control system are not considered in
the simulation. As a result, the level of difference between simu-
lation and experiment is mostly influenced by the measurement
noise and the small difference of hardware circuits.

Moreover, to further prove the applicability of ZVVSM, an
experiment is conducted, where the PMSM drive starts from
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Fig. 24. Reconstructed and measured Phase A currents and the current estimation errors when the motor load is changing (experimental results). (a) Motor load
is changed from the rated load 5 to 3 N·m (b) Motor load is changed from the 3 N·m back to rated load 5 N.m.

standstill and accelerates to its rated speed. Fig. 23 shows the
experimental results of this starting process. Fig. 23(a) shows
the reconstructed three-phase currents that are used for the cur-
rent close-loop control. Fig. 23(b) shows the reconstructed and
measured Phase A currents in this process, and Fig. 23(c) is the
current estimation errors of Phase A. It is obvious that the cur-
rent estimation errors become large with motor speed increasing.
However, the errors are acceptable and the drive performance is
not influenced too much.

Then, a variable load experiment under ZVVSM is carried
out. The motor load is changed from the rated torque 5– 3 N·m
and then back to 5 N·m. Fig. 24(a) and (b) show the experimen-
tal results when the motor load is decreasing and increasing,
respectively. In the experiments, the modulation index is set as
0.8. The modulation index is defined as the ratio between the
amplitude of the reference voltage vector and the inscribed circle
radius of the space vector hexagon. According to the experimen-
tal results, the variable loads can cause the torque disturbances
and influence the measurement results. Besides, there is a lot
of error between the measured and reconstructed current at a
certain instant. The reason is that the error can be influenced by
the measurement noise. Moreover, when the motor is operating
at variable loads, the torque disturbances can change the phase
currents instantaneously during single PWM period. Then at
a certain instant, the estimation errors of ZVVSM will become
large. From the results it can be concluded that the reconstructed
phase current is consistent with the actual measured phase cur-
rent and the dynamic performance of ZVVSM is acceptable.

However, ZVVSM has some drawbacks on the fast current
control dynamics if the phase currents change by as much as the
rated value during single PWM period. To explain the reasons,
the sampling principle of the ZVVSM should be analyzed. Since

there is only one current sensor in the ZVVSM, it is impossible
to obtain the three-phase currents at the same time. However,
sampling phase currents at the same time is common in the
conventional space vector control for PMSM by using two or
more phase current sensors.

Therefore, in ZVVSM the three-phase currents should be re-
constructed based on two samples recorded in different instants
of the PWM period. If the motor speed is very high and the
phase currents change by as much as the rated value during sin-
gle PWM period, the estimation errors of ZVVSM will become
large and the transient-related robustness will become inferior,
which may limit the application range of ZVVSM. The afore-
said features are not the proprietary characteristics of ZVVSM,
but they are also existed in other single current sensor methods.
Owing to the sampling interval in these methods, the features
in speed and transient-related robustness are general drawbacks
among the single current sensor methods.

In all, the experimental results demonstrate that the proposed
ZVVSM can reconstruct the phase currents accurately. A signif-
icant reason is that this method does not change the modulation
mode of SVPWM, which is different from some other compli-
cated algorithms using the single dc-link current sensor. So the
ZVVSM can make the reconstructed phase currents with less
waveform distortion and less harmonic contents, which are the
advantages of this method.

VI. CONCLUSION

In this paper, a novel single current sensing technique,
ZVVSM, is proposed for three-phase PMSM drive, which can
move the dead zones toward the outline of the space vector
hexagon without modifying PWM signal. This proposed method
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is implemented by arranging the single current sensor at a novel
position and the current can be sampled in the two zero voltage
vectors. The dead zones and the maximum voltage utilization
ratio of ZVVSM will decrease with the increase of the PWM
frequency. There are some drawbacks in ZVVSM. First, com-
pared with the typical single dc-link current sensor method,
ZVVSM moves the dead zones toward the outline of the space
vector hexagon, which limits the drive power and drive maximal
speed. Second, since the wires between the two power switches
should be led out, ZVVSM is not applicable to Integrated Power
Modules. However, ZVVSM has the following merits which can
compensate for its shortcomings.

1) There are no dead zones on the sector boundary. Further-
more, in ZVVSM the PWM waveforms do not need to be
modified, which makes the control algorithm concise. As
a result, the phase current waveforms are no longer influ-
enced by the modification of PWM, which is beneficial to
the PMSM drive performance.

2) In the ZVVSM, the PWM waveforms are not changed,
which does not increase the switching times of the inverter
during each PWM cycle. So the switching loss of the
inverter will not increase and the drive system efficiency
will not be influenced.

3) The ZVVSM removes the dead zones in the low modu-
lation region, which makes this method is available and
accurate at low motor speed.

Both simulation results and experimental results validate
the effectiveness of the proposed phase current reconstruction
method. Furthermore, the dynamic performance of ZVVSM
is also verified by experiments. The ZVVSM is a suitable
control strategy for low-cost and small-size PMSM drive
applications.
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