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Abstract

This paper proposes phase current reconstruction techniques for two-phase two-leg and two-phase four-leg inverters using a
single current sensor. In the proposed methods, one phase current is sampled simultaneously with a particular branch current by
using only one current sensor, and then current reconstruction algorithms are applied to extract the information on two phase
currents from the sensor output. The sampled current information is periodically updated at the peak and the valley of the triangular
carrier waveform in each switching cycle of pulse-width modulation (PWM). The voltage vector spaces where the phase currents
can be reconstructed are evaluated. Compared to the existing method using two individual current sensors in two phases, the
proposed schemes can save implementation cost since it is possible to remove one current sensor. In addition, the proposed
methods are free from gain discrepancy issues between two current sensors. Simulations and experiments show excellent current
reconstruction performance of the proposed methods.
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I. INTRODUCTION

Two-phase motor drives using two-phase two-leg or four-leg
inverters have been studied in many low cost applications [1]–
[11]. The two-phase two-leg inverter is considered to be one
of the more economic solutions for variable speed AC motor
drives. In some low voltage applications such as a mobile
robot and a stepping motor drive [5], [6], the two-phase four-
leg inverter can be an attractive candidate because higher phase
voltage output can be obtained compare with the three-phase
half-bridge inverter operating under a fixed dc-link voltage
condition [8]–[11].

Meanwhile, vector control theories in three-phase motor
drives can be directly applied to two-phase motor drives
[9]. Similar to three-phase systems, the information of all
phase currents should be obtained in real-time to implement
the vector controls in two-phase inverter-fed motor drives.
One popular and possible solution to get the phase current
information is using two individual current sensors for each
of the two phases. However, using two individual current
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sensors may not be an economic solution for a low cost drive
application. On the other hand, if the output characteristics
of the individual current sensors are not exactly matched, it
causes torque ripples whose frequency is proportional to the
electrical angular speed of the rotor [12]–[14].

The problems can be mitigated by using a single current
sensor technique. In three-phase motor drive systems, many
studies have been conducted to reconstruct three-phase cur-
rents by using a single current sensor [15]–[17]. However,
only a few literatures are available for single current sensor
technique in two-phase motor drive system [10].

In this paper, three single current sensor techniques are
proposed for two-phase two-leg inverters [10] and two-phase
four-leg inverters with bipolar and unipolar pulse-width mod-
ulation (PWM) scheme. In the proposed method, one phase
current and a particular branch current are sampled simul-
taneously by using only one current sensor. After that, the
current reconstruction algorithms are applied to reconstruct
the two phase currents from the current sensor output. The
proposed algorithms operate periodically at the peak and the
valley of a triangular carrier waveform for PWM operation
in every switching cycle. Dead-zones where it is impossible
to reconstruct the phase currents are evaluated in the volt-
age vector spaces for two-phase inverters. Compared to the
existing method using two individual current sensors in two
phases, the proposed schemes can save implementation cost
since it is possible to remove one current sensor. In addition,
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(a) Two-phase two-leg inverter.

(b) Two-phase four-leg inverter.

Fig. 1. Two-phase inverter configurations for two-phase motor drives.

the proposed methods are free from gain discrepancy issues
between two current sensors since only one current sensor is
utilized. Simulations and experiments show excellent current
reconstruction performance of the proposed methods.

II. TWO PHASE INVERTER

Fig. 1(a) and 1(b) show two-phase motor drive systems
configured by a two-phase two-leg and a two-phase four-leg
inverter. When the two-phase two-leg inverter is used for the
two-phase motor drive, the one side end-points of phase a
and phase b are commonly connected to the neutral point of
the separated dc sources while the other side end-points are
connected to each of the switching legs as shown in Fig. 1(a).

If the two-phase four-leg inverter is employed for the
two-phase motor drive, each of the end-points in the two
windings is connected to the switching legs separately. The
angle difference between phase a and phase b currents should
be 90 degrees in normal operation. Accordingly, phase a and
phase b can be compared to stationary reference d-q frames in
three-phase applications. By using this property, voltage vector
spaces for two-phase two-leg and two-phase four-leg inverters
are evaluated as shown in Fig. 2 [11].

In two-phase inverters, a modulation index can be defined
as,

M =
Vm

Vdc
(1)

where Vm and Vdc represent the peak value of the phase
voltage reference and the dc-link voltage, respectively. In Fig.
2, the maximum available linear modulation indexes are 0.5
for two-phase two-leg inverters and 1.0 for two-phase four-leg
inverters according to (1). As illustrated in Fig. 2, when two-
phase inverters are utilizing its full capacities of the dc-link
voltage, the inverters go into the four-step operation which is
comparable to six-step operation in three-phase inverters.

Fig. 2. Comparison of the voltage vector spaces in two-phase two-leg and
four-leg inverters.

Fig. 3. Proposed sensor configuration method for two-phase two-leg inverter.

III. PHASE CURRENT RECONSTRUCTION METHODS

Three types of phase current reconstruction methods are
proposed for two-phase inverters in this section. In the pro-
posed method, one phase current is measured together with a
particular branch current by using a Hall-effect current sensor.
After that, current reconstruction algorithms are applied to
reconstruct both phase a and b currents in a PWM switching
cycle. To do this, the following assumptions are required:
a) The load inductance is sufficiently large and the current

through the load is approximately constant in a PWM
switching cycle.

b) The current sensor output is sampled twice in a PWM
switching cycle.

c) The bandwidth of the current sensor is fast enough to
measure the chopped current accurately through the current
sensor.

d) The proposed methods are implemented in a digital control
scheme.

Based on these assumptions, the proposed methods will be
described in the next subsections.

A. Current Reconstruction Method for Two-Phase Two-Leg
Inverter

Fig. 3 shows a configuration method of the current sensor
to implement the proposed single current sensor technique
for two-phase two-leg inverters. In this method, a Hall-effect
current sensor is used to measure both a phase current and
the positive or the negative dc-bus current simultaneously. In
this paper, phase a and the positive bus currents are sampled



Phase Current Reconstruction Techniques for Two-Phase Inverters · · · 839

Fig. 4. Current sampling points in the proposed method.

arbitrarily. Accordingly, the output value of the current sensor
ismp is,

ismp = idc− ia (2)

where idc and ia represent the positive dc-bus and phase a
currents. Next, the switching function for the two-phase two-
leg inverter is defined as follows.

S (Sa,Sb) ;
Sa : phase a switching state ∈ {0,1}
Sb : phase b switching state ∈ {0,1}
1 : upper switch turn on
0 : lower switch turn on

(3)

The relationship between the PWM carrier waveform and
the current sampling points is shown in Fig. 4. A triangular
waveform is considered as the PWM carrier to obtain the two
switching functions, S(0,0) and S(1,1), at the peak and the
valley of the PWM carrier. The maximum and the minimum
values of the PWM carrier are limited by 1 and -1. The phase
a and b duties are represented as da and db, respectively. The
duty references ranges within the maximum and the minimum
values of the PWM carrier. The output of the current sensor
ismp is sampled at both the peak and the valley of the PWM
carrier by using the analog-to-digital (AD) converter of the
digital controller.

The sampled current at the peak of the PWM carrier where
the switching function is S(0,0) is defined as idc peak, while
the sampled current at the valley of the PWM carrier where
the switching function is S(1,1) is defined as idc valley. Fig.
5 shows the commutation modes at the peak and the valley
points of the PWM carrier. In Fig. 5(a), the positive dc-bus
does not supply a current to any phase and only phase a current
is measured by the current sensor. Therefore, at this point, the
current sensor output is,

ismp = idc− ias =−ia (4)

From (4), idc peak is,

idc peak =−ia (5)

Fig. 5(b) describes the commutation mode at the valley point
in the PWM carrier. As shown in the figure, both phase a and
b currents are flowing through the positive dc-bus. Hence, idc
is represented as following.

idc = ia + ib (6)

(a) At the peak point of the PWM carrier, S(0,0).

(b) At the valley point of the PWM carrier, S(1,1).

Fig. 5. Commutation modes at the peak and valley points in the PWM carrier
waveform.

Fig. 6. Proposed current sensor configuration for two-phase four-leg inverter
with unipolar PWM.

From (2) and (6), ismp is,

ismp = idc− ia = (ia + ib)− ia = ib (7)

Then, idc valley is,

idc valley = ib (8)

By using (5) and (8), phase a and b currents are recon-
structed as following.

ia =−idc peak
ib = idc valley

(9)

As long as the duty references are not over 1 or -1, both
the switching functions S(0,0) and S(1,1) appear in a PWM
switching cycle. However, duty references rarely reach 1 or
-1 in most inverter applications. In practice, there are some
cases where commanding 1 or -1 as a duty reference is not
even impossible due to hardware limitations. A later section
will cover the issue.
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(a) S(0,0,0,0).

(b) S(1,1,1,1).

Fig. 7. Commutation modes at the peak and the valley points with unipolar
PWM scheme.

B. Current Reconstruction Method for Two-Phase Four-Leg
Inverter with Unipolar PWM

Two kinds of phase current reconstruction methods are
proposed for two-phase four-leg inverters depending on PWM
schemes. One method is for unipolar PWM scheme and
another is for bipolar PWM scheme. The reason for propos-
ing two methods is that the commutation modes during
the free-wheeling period are different in each of the PWM
schemes. This subsection proposes a phase current reconstruc-
tion method for two-phase four-leg inverters with unipolar
PWM scheme. Fig. 6 shows the current sensor configuration
method for the proposed method. In Fig. 6, phase a consists
of phase a1 and a2, while phase b consists of phase b1 and
b2. A Hall-effect current sensor is employed to measure both
phase b current and the branch between Q1 and Q2 which
is the middle of the switching leg of phase a1. Again, this
configuration is chosen to demonstrate the proposed method
arbitrarily. Other configurations are also available. Similar to
the two-leg case, the switching function is also defined as (10)
for the two-phase four-leg inverter.

S (Sa1,Sa2,Sb1,Sb2) ;
Sa1 : phase a1 switching state ∈ {0,1}
Sa2 : phase a2 switching state ∈ {0,1}
Sb1 : phase b1 switching state ∈ {0,1}
Sb2 : phase b2 switching state ∈ {0,1}
1 : upper switch turn on
0 : lower switch turn on

(10)

In the unipolar PWM scheme, the duty references of phase
a1, a2, b1, and b2 are given by,

da1 = d∗a da2 =−d∗a
db1 = d∗b db2 =−d∗b

(11)

where d∗aand d∗brepresent the duty references of phase a and
b. If the duty references are used with the triangular PWM
carrier as in Fig. 4 and the magnitudes of the duty references
are within the range of -1 and 1, the switching functions at the
peak and the valley of the PWM carrier become S(0,0,0,0) and

Fig. 8. Proposed current sensor configuration for two-phase four-leg inverter
with bipolar PWM.

S(1,1,1,1). Fig. 7 shows the commutation modes in these cases.
Similar to the previous two-phase two-leg case, the sampled
current at the peak of the PWM carrier where the switching
function is S(0,0,0,0) is defined as idc peak, while the sampled
current at the valley of the PWM carrier where the switching
function is S(1,1,1,1) is defined as idc valley. As shown in Fig.
7(a), if the switching function is S(0,0,0,0), the current sensor
measures both phase b and the middle of phase a1 branch
currents. Because the phase a1 branch current is identical to
phase a current at S(0,0,0,0), the current sensor output is,

ismp = ia + ib (12)

Then, idc peak is,

idc peak = ia + ib (13)

Meanwhile, as shown in Fig. 7(b), the current sensor only
measures phase b current at the switching function S(1,1,1,1)
as following.

ismp = ib (14)

Then, idc valley is,

idc valley = ib (15)

From (13) and (15), phase currents a and b are reconstructed
as following.

ib = idc valley
ia = idc peak− idc valley

(16)

C. Current Reconstruction Method for Two-Phase Four-Leg
Inverter with Bipolar PWM

The proposed single current sensor technique for two-phase
four-leg inverters with bipolar PWM scheme is shown in Fig.
8. In this method, a Hall-effect current sensor is used to
measure both phase a current and the positive dc-bus current
at the same time, similar to the two-phase two-leg case. If
a triangular waveform is chosen as the PWM carrier in the
bipolar PWM scheme, the switching function at the peak
and the valley of the PWM carrier become S(0,1,0,1) and
S(1,0,1,0). Similar to the two-phase four-leg case, the sampled
currents at the peak and the valley of the PWM carrier are
defined as idc peak and idc valley. Fig. 9 shows the commutation
mode at the peak and the valley points of the triangular PWM
carrier in this case. As illustrated in Fig. 9(a), when the
switching function is S(0,1,0,1), the positive dc-bus current
idc takes phase currents a and b according to the directions
defined in the figure. However, it should be noted that physical
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(a) S(0,1,0,1).

(b) S(1,0,1,0).

Fig. 9. Commutation mode at the peak and the valley points with bipolar
PWM scheme.

Fig. 10. Minimum sampling interval.

currents can be either taken or supplied by idc according to the
direction of the actual phase currents. Here the current sensor
output can be written as,

ismp = idc− ia = (−ia− ib)− ia =−2ia− ib (17)

Then, idc peak is,

idc peak =−2ia− ib (18)

If the switching function is S(1,0,1,0) as shown in Fig. 9(b),
the positive dc-bus current idc supplies both phase a and b
currents according to the defined directions. Hence the current
sensor output ismp is,

ismp = idc− ia = (ia + ib)− ia = ib (19)

Then, idc valley is,

idc valley = ib (20)

From (17) and (20), both phase a and b currents can be
reconstructed as follows.

ib = idc valley

ia =−
idc peak + idc valley

2
(21)

Fig. 11. Comparison of the voltage vector spaces in two-phase two-leg and
four-leg inverters considering dead-zones.

IV. DEAD-ZONE ANALYSIS

Although the proposed methods clearly show the possibili-
ties of single current sensor techniques for two-phase inverters
in theory, there are some practical limitations to be considered
such as AD conversion time, switching noise components, and
so on. Due to these limitations, a minimum sampling interval
hsmp is defined. The length of the minimum sampling interval
depends on the current settling time near the current sampling
points and sampling and hold time of the AD converter. Fig.
10 shows the relationship between the duty reference and hsmp.
The minimum sampling interval hsmp is necessary for every
sampling instant. At the points A and B in Fig. 10, ismp is
settled to steady state before the minimum sampling interval.
Therefore the average current can be easily sampled through
the AD converter in the digital controller. However, at point C
in Fig. 10, ismp is still under transients due to switching noise
and parasitics. Here, the minimum sampling interval cannot
be satisfied. As a result, the AD conversion at this point may
be incomplete and inaccurate.

The minimum sampling interval should therefore be guar-
anteed in a PWM switching cycle. With the triangular PWM
carrier in the proposed methods, guaranteeing hsmp becomes
harder as the phase duty references approach the positive
or the negative maximum value, 1 and -1. This means that
the maximum available voltage under the fixed dc-link volt-
age condition is reduced. In fact, this effect becomes more
dominant as the switching frequency increases. For example,
suppose that hsmp is selected to be 2 µsec by considering AD
conversion time and decaying switching noise under 5-kHz of
the switching frequency. In this case, the maximum and the
minimum duty periods are limited to 198 µsec and 2 µsec.
Therefore the inverter has a total of 4 µsec of dead-zone. This
means that equivalently 2 percent of the dc-link voltage cannot
be utilized. If the switching frequency is 5-kHz, 4 µsec of the
dead-zone is equivalently 4 percent of the dc-link voltage. Fig.
11 compares the voltage vector spaces for two-phase two-leg
and four-leg inverters considering the dead-zones. As shown
in the figure, the voltage vector spaces are limited to guarantee
hsmp. It should be noted that the dead zones appear when the
voltage references approach the maximum value at a fixed
dc-link voltage. However, practically, the effect of the dead
zones caused by the proposed method to guarantee hsmp is not
so high. In most inverter applications, a dead-time to prevent



842 Journal of Power Electronics, Vol. 11, No. 6, November 2011

(a) ia, ia smp, ib, ib smp, ismp, and PWM carrier. (b) ia, ia smp, ib, ib smp, ismp, and PWM carrier (zoomed in).

Fig. 12. Simulation result for two-phase two-leg inverter.

(a) ia, ia smp, ib, ib smp, ismp, and PWM carrier. (b) ia, ia smp, ib, ib smp, ismp, and PWM carrier (zoomed in).

Fig. 13. Simulation result for two-phase four-leg inverter with bipolar PWM.

(a) ia, ia smp, ib, ib smp, ismp, and PWM carrier. (b) ia, ia smp, ib, ib smp, ismp, and PWM carrier (zoomed in).

Fig. 14. Simulation result for two-phase four-leg inverter with unipolar PWM.

a shoot-through condition in a switching leg is necessary.
Usually the dead-time is several µsec. Therefore, regardless of
the dead-zones in the proposed method, the maximum voltage
output is limited by the dead-time. A different reason may
dominate in a low cost drive system. In these systems, it is
popular to use bootstrap type gate drivers where bootstrap
capacitors should be continuously charged. To do this, the
lower switching device in a switching leg should be turned
on at least several nsec to µsec in a PWM switching cycle.
This will also limit the maximum duty reference. Because
the maximum duty reference is already limited by both the
dead-time and the bootstrap capacitor charging operation, the
voltage limitation effect of hsmp is not a big deal.

V. SIMULATION

Simulations are carried out to evaluate the validity of the
proposed methods based on PSIM software. The parameters
used in the simulations are listed in Table I. The same
parameters are applied for the two-phase two-leg, four-leg
with unipolar PWM scheme, and four-leg with bipolar PWM
scheme simulations. As listed in the table, the sinusoidal duty
references have a modulation index of 0.5 and a fundamental
frequency of 100-Hz. These references are applied in open-
loop. In all of the simulation results, ia, ib, ia smp, ib smp,
and ismp represent the actual phase current a and b, the
reconstructed phase currents a and b, and the current sensor
output. Fig. 12 shows the simulation result of the proposed
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(a) ia, ib, ismp, and sampled ismp (b) ia, ia smp, ib, and ib smp

Fig. 15. Experimental result for two-phase two-leg inverter.

(a) ia, ib, ismp, and ib smp (b) ia, ia smp, ib, and ib smp (zoomed-in)

Fig. 16. Experimental result for two-phase four-leg inverter with bipolar PWM.

(a) ia, ib, ismp, and sampled ismp (b) ia, ib, ismp, and ismp(DAC)

Fig. 17. Experimental result for two-phase four-leg inverter with unipolar PWM.
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method for the two-phase two-leg inverter. The simulation
results of the proposed method for the two-phase four-leg
with unipolar and bipolar PWM schemes are shown in Fig.
13 and 14. As can be seen in the figures, the actual and the
reconstructed phase currents are well matched in the proposed
methods. In Fig. 12 and 13, the current reconstruction and the
switching ripple periods are identical. However, as can be seen
in Fig. 14, the period of the switching ripple is twice that of
the current reconstruction interval since the effective switching
frequency is double the frequency of the PWM carrier in
unipolar PWM scheme.

VI. EXPERIMENTS

Experiments are carried out to show the effectiveness of the
proposed methods. For the experiments, the same parameters
with the simulations are used as in Table I. The proposed
algorithms are implemented with a digital control board in
which TI’s TMS320F28335 digital signal processor (DSP) is
employed. By using a 4-channel digital-to-analog converter,
the DSP internal variables are monitored in real-time. As the
current sensor, LEM’s LA55-P is used. The bandwidth of the
sensor is 200-kHz. The PWM output voltages are applied in
open-loop manner.

Fig. 15 shows the experimental result of the proposed
single current sensor technique for the two-phase two-leg
inverter case. In Fig. 15(a), ia, ib, and ismp are measured by
using the current probes of the oscilloscope. By using the
DAC, ismp is monitored as ismp(DAC). As can be seen in
the figure, ismp(DAC) reflects ismp very well without severe
noise components. Unlike the previous simulation result, the
magnitude of the two phase currents are different because the
capacitor voltage is fluctuating due to the neutral phase current
in two-phase two-leg inverter. The reconstructed phase a and
b currents are shown in Fig. 15(b). It can be seen that the
measured and the reconstructed currents are well matched even
in transient.

Fig. 16(a) compares the actual and the reconstructed phase
currents for two-phase four-leg inverter with bipolar PWM
case. Fig. 16(b) shows the zoomed-in waveforms of the actual
and the reconstructed phase currents near a zero crossing point
of ia. In every sampling points, phase a and phase b currents
are updated by turns, and this shows a good agreement with
the theoretical analyses of the proposed method.

Fig. 17 shows the experimental results for two-phase four-
leg inverter case with unipolar PWM method. As shown in
Fig. 17(a), the phase current reconstruction is well performed.
In Fig. 17(b), it can be seen that the sampled value of ismp
exactly matches with the actual ismp with the half sample delay
due to double update of the current sampling.

Fig. 18 shows the test result when the output voltage
modulation index is 1.0. In this case, the reconstructed phase
currents are distorted because the minimum sampling interval
which is explained in section IV is not guaranteed, and the
voltage reference vectors locate in the dead-zone. Therefore,
it is crucial to secure the minimum sampling interval in the
implementation of the proposed methods.

Fig. 18. Experimental result for two-phase four-leg inverter with unipolar
PWM when the output modulation index is 1.0.

VII. CONCLUSION

In this paper, three single current sensor techniques are
proposed for two-phase two-leg inverter, two-phase four-leg
inverter with bipolar PWM, and two-phase four-leg inverter
with unipolar PWM. In the proposed methods, a phase current
is sampled simultaneously with a particular branch current
by using only one current sensor. After that, the phase cur-
rent reconstruction algorithms are applied to get two-phase
current information. This operation is occurred periodically
in the proposed method. This is an important advantage of
the proposed method to be implemented by using a digital
controller. Additionally, this regular sampling feature gives
another advantage that the sampled currents are identical to
the average value of each phase current. From the dead-zone
analysis, the limitations of the proposed method are addressed.
Finally, the simulation and the experimental results show that
the proposed single current sensor technique can reconstruct
two-phase current in two-phase two-leg and two-phase four
leg inverters.
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