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Abstract: In recent years, electric propulsion systems have become widely, used and these systems
have strict limits in volume and weight. Therefore, it is necessary to reduce the weight of the inverter-
motor drive system. In a typical n inverter-motor drive system, at least 2n phase current sensors are
required. In order to reduce the number of phase current sensors, this paper proposes a method for
measuring phase current using n DC link current sensors in a 2n inverter-motor drive system. Two
phase currents per inverter-motor system are measured during one period of the switching frequency
using the pulse width modulation (PWM) shift method. However, since the measured phase current
contains an error component in the average current, the error component was compensated for in
order to obtain a current similar to the actual phase current by using the slope and dwell time of the
phase current. The effectiveness of the proposed method is verified through experiments.

Keywords: dual inverter-motor drive; single DC link current; current reconstruction; PWM shift; SVPWM

1. Introduction

Recently, conventional fuel-powered transportation has been facing major regulations
due to environmental problems. For this reason, the transport industry is currently un-
dergoing a transition toward electric-based transportation, such as electric vehicles, ship
propulsion, and aircraft systems. In an electric propulsion system, it is necessary to reduce
the weight and volume, noise, and vibration while achieving high efficiency. Using several
motors in the propulsion system increases the efficiency of the system [1–11].

However, for vector control of motors, three-phase current information is required. In
general, a minimum of two current sensors are required in order to obtain a three-phase
current, and an additional DC link current sensor is required to protect against overcurrent.
Studies have been conducted using a single DC link current sensor to measure the phase
currents. When this method is applied, the size and cost of the system can be reduced.
However, this method is unable to measure the phase current in all regions and also causes
a distortion in the measured phase currents. The phase current is measured when the
active voltage vector is applied. However, if the duration of the active voltage vector is
shorter than the measurement time of the current, the phase current cannot be measured.
In the unmeasurable area, the phase current can be reconstructed by using the pulse width
modulation (PWM) shift method, the new voltage modulation method, and the current
estimation method. The PWM shift method is a method to secure the dwell time of the
active voltage vector by moving the PWM switching pattern left and right within one
switching period [12–15]. The new voltage modulation method is to use a different kind
of PWM method other than the space vector pulse width modulation (SVPWM) [16–18].
The current estimation method is a method of restoring the current through the current
estimation equation using the last current obtained in the measurable area [13,19–21].
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The control of a single motor-inverter system using a single DC link current sensor
have been studied a lot [12–21]. However, recently the use of multiple motor-inverter
systems in one propulsion system is becoming common to improve the efficiency of the
overall system. To control two inverter-motor systems, a method of measuring all phase
currents using only single DC link current sensor was studied in [6]. However, in the
conventional method, each voltage vector is asymmetrically applied to measure the phase
current. Therefore, the conventional method increases the phase current ripple compared
to the (SVPWM) method, and the noise of the inverter-motor system increases by the
increased phase current ripple [6,7].

Therefore, this paper proposes a method to measure the phase current using a single
DC link current sensor in a dual inverter-motor system with symmetrical voltage vectors. A
new PWM shift method is applied to obtain the phase current from a single DC link current
sensor. The two-phase currents of each motor are measured by sequentially sampling a DC
link current four times during one switching frequency cycle. Since the measured phase
current contains an error component, the average current of the two phases are estimated
by compensating for the error component of the phase current. The effectiveness of the
proposed method is verified through experiments.

2. Phase Current Measurement Method Using a Single DC Link Current Sensor
2.1. One Inverter-Motor System

The one-shunt inverter is a system that measures the three-phase current of a motor
using one DC link current sensor (as shown in Figure 1). A specific phase current flows
through the DC link current sensor according to the switching state of the inverter, and can
be expressed as follows in Equation (1) [12–21]:

IDC = Saia + Sbib + Scic (1)

where Sx (x = a, b, c) is the switching state of phase x. When the upper switch is turned
on, Sx is 1, and when the lower switch is turned on, Sx is 0. The switching states and the
phase current that can be measured from the DC link sensor during each switching state
are shown in Table 1. A specific phase current can be obtained in a section where the active
voltage vector is applied, and phase current cannot be obtained in a section where the zero
voltage vector is applied.
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Table 1. Measurable phase current according to voltage vector using a DC link current sensor.

Switching
State

Active Voltage Vector Zero Voltage Vector

(100) (110) (010) (011) (001) (101) (000) (111)

iDC ia −ic ib −ia ic −ib -

However, if the dwell time of the active voltage vector is less than the minimum time
(Tmin) required for current sampling, the phase current cannot be obtained from the single
DC link current sensor even when the active voltage vector is applied. The Tmin can be
defined as follows in Equation (2) [6,13–15]:

Tmin = Tdead + Tsettling + Tad (2)

where Tdead is the dead time used to prevent a short circuit, Tsettling is the time for the
stabilization of the current, and Tad is the conversion delay of the AD converter.

To sample the current, the minimum time given in Equation (2) is required. However,
there are regions in the space vector where the dwell time is shorter than the minimum
time, as shown in Figure 2. Figure 2a shows the bar regions, which are areas where only
one phase current can be sampled from the DC link sensor. Figure 2b is a star region, which
is an area where no phase current can be sampled.
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(adapted from [13]).

2.2. Dual Inverter-Motor Drive System

Figure 3 shows the dual inverter-motor drive system. The phase currents of this
system are measurable using a single DC link current sensor. The DC link current flows in
the phase currents of the dual motors according to the switching state of the dual motors,
and the relation between the switching sequence and the DC link current can be represented
as follows in Equation (3) [6]:

IDC.T = IDC1 + IDC2 = Sa1ia1 + Sb1ib1 + Sc1ic1 + Sa2ia2 + Sb2ib2 + Sc2ic2 (3)

where Sx1 (x1 = a1, b1, c1) is switching state of phase x in motor1, and Sx2 (x2 = a2, b2, c2)
represents switching functions of phase x in motor2. When the upper switch is turned on,
Sx is 1, and when the lower switch is turned on, Sx is 0.
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As shown in Equation (3), when the active voltage vector of the dual motors is applied
at the same time, the DC link current is the sum of the DC link currents of the dual motors.
Therefore, when the active voltage vectors of both motors are applied at the same time,
the phase current of each motor cannot be measured from the DC link current at the same
time. Therefore, as shown in Equations (4) and (5), if one motor drive system applied the
active voltage vector while the other motor drive system is using the zero voltage vector,
the phase current of the motor that applied the active voltage vector can be measured from
the single DC link sensor.

Sa1ia1 + Sb1ib1 + Sc1ic1 6= 0, Sa2ia2 + Sb2ib2 + Sc2ic2 = 0 (4)

Sa1ia1 + Sb1ib1 + Sc1ic1 = 0, Sa2ia2 + Sb2ib2 + Sc2ic2 6= 0 (5)

The authors in [6] proposed a PWM shift method shown in Figure 4 in order to secure
the point in time at which the phase current of each motor can be measured from the
DC link current. After the switching cycle starts, the switching Sa1 for the maximum of
the reference pole voltage in inverter 1 is applied immediately, the switching Sb1 for the
intermediate of the reference pole voltage is applied at time Tmin, and the switching Sc1
for the minimum of the reference pole voltage is applied at time 2Tmin. Inverter 2 applies
switching for the maximum, medium, and minimum reference pole voltages at time 2Tmin,
3Tmin, and 4Tmin, respectively.

By applying this PWM shift method and sampling the DC link current four times at
the intervals of Tmin after switching starts, information on the two-phase current in each
motor can be sequentially obtained. In the example of Figure 4, ia1, −ic1, ib2, and −ic2 can
be obtained sequentially from the start of switching.

However, this method applies an active voltage vector asymmetrically to measure the
phase current. Therefore, the phase current ripple increases during one switching period,
and the noise and vibration of the inverter-motor system increase due to the application of
an asymmetric voltage [6,7].
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3. Proposed PWM Shift Method for Phase Current Measurement in a Dual
Inverter-Motor Drive System
3.1. Securing Measuring Time by Offset Voltage

In order to measure the phase current in inverter 1 from DC link current sensor, a
simultaneous active voltage vector and zero voltage vector should be applied to inverter 1
and inverter 2, respectively. Therefore, a method of symmetrically shifting the PWM signal
of the dual motors is needed in order to secure the point of time for measuring the phase
current of the motor. As shown in Figures 5 and 6, offset voltages of different magnitude
are applied at the reference three-phase voltage in each motor to secure the timing of the
phase current measurement.
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When the reference pole voltage in inverter 1 is classified into V∗max1, V∗mid1, and V∗min1
according to the magnitude, an offset voltage given in Equation (6) is applied during the
first half period in order to move the position of the switching state to the left, and an offset
voltage of Equation (7) is applied during the remaining half period. The reference pole
voltage and switching state of the inverter 1 before and after the offset voltage is applied
are shown in Figure 5.

Voffset1(L) = −V*min1 − Vdc/2 (6)

Voffset1(R) = −V*max1 + Vdc/2 (7)

By applying an offset voltage to the reference pole voltage in inverter 1, the position
of the active voltage vector is moved to the start of the switching sequence.

When the reference pole voltage in inverter 2 is classified into V∗max2, V∗mid2, and V∗min2
according to the magnitude, an offset voltage of Equation (8) is applied during the first
half period in order to move the position of the switching state to the right, and an offset
voltage of Equation (9) is applied during the remaining half period. The reference pole
voltage and switching state of inverter 2 before and after the offset voltage is applied are
shown in Figure 6.

Voffset2(L) = −V*max1 + Vdc/2 (8)

Voffset2(R) = −V*max1 − Vdc/2 (9)

By applying an offset voltage to the reference pole voltage in inverter 2, the position
of the active voltage vector is moved to the end of switching sequence.

3.2. Phase Current Sampling Using PWM Shift Method

If the proposed PWM shift method is used, it is possible to secure four points where
the phase current of each motor can be measured through the DC link current sensor during
one switching cycle. The phase current measured at the four points synchronized with the
active voltage injection time of the dual motors is indicated as Sampling 1~Sampling 4 in
order from the left, as shown in Figure 7.
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Figure 7 shows a switching pattern when the voltage vector of both motors is located
in sector 1, using the proposed PWM shift method. The −ic1 and ia1 of inverter 1 can be
measured from sampling 1 and sampling 3, and ia2 and −ic2 of inverter 2 can be measured
from sampling 2 and sampling 4, respectively. The sampling current according to the
sector of the voltage vector of each inverter can be represented as shown in Table 2. In
other words, the proposed current measurement method can independently obtain the
phase current of the dual inverter according to the sector in each voltage vector using the
sampled current.

Table 2. Measurable phase currents according to the sector of voltage vector.

Sector
Inverter 1 Inverter 2

Sampling 1 Sampling 3 Sampling 2 Sampling 4

1 −ic1 ia1 ia2 −ic2

2 −ic1 ib1 ib2 −ic2

3 −ia1 ib1 ib2 −ia2

4 −ia1 ic1 ic2 −ia2

5 −ib1 ic1 ic2 −ib2

6 −ib1 ia1 ia2 −ib2

3.3. Modifiable Reference Voltage Applied with the Proposed Method

Tmin is required to sample the DC link current. Each motor needs at least 2Tmin of time
during a switching cycle, as only one of the two motors measures current at the time when
the active voltage is applied. Therefore, the sum of the applied time of the active voltage
vector is less than Ts − 2Tmin.

The magnitude of the reference voltage vectors that can be applied according to
these conditions is limited, and the dwell time of the two active voltage vectors of the
motor can be obtained by Equations (10) and (11) [7]. The magnitude of the reference
voltage satisfying the conditions of the proposed PWM shift method is calculated using
Equation (12). The range of the modulation reference voltage presented on the complex
plane is shown in Figure 8. Therefore, when applying this algorithm, the range of the
modulation reference voltage decreases by the ratio of 2Tmin/Ts.

T1 = Ts
3|V∗|
2Vdc

sin(60◦ − θ)

sin 60◦
(10)
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T2 = Ts
3|V∗|
2Vdc

sin θ

sin 60◦
(11)

V∗ ≤ Vdc√
3

Ts
1

sin(60◦ − θ)

(Ts − 2Tmin)

Ts
(12)
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4. Proposed Phase Current Reconstruction Method
4.1. The Need for Average Current Estimation

The proposed method for measuring the phase current using a single DC link cur-
rent sensor is the reconstruction of the phase current using the DC link current that is
sequentially measured at the sampling point. The sampled phase current is measured in
an inaccurate current containing ripple components as well as an average current com-
ponent because the sampling time is different. Using the sampled phase current without
compensation causes a speed ripple due to a pulsating component in the generated torque,
which reduces the overall inverter-motor system performance. Therefore, compensation of
the pulsating current by using the mathematical model of the motor was proposed in [16].
However, the sampling point in [22] and the sampling point in the proposed method
are different, and hence it is necessary to compensate for the phase current pulsating
component according to the proposed method.

4.2. The Need for Average Current Estimation

Figure 9 shows the average current and real phase current when the voltage vector
of both motors is located in sector 1. As shown in Figure 9a, the ic1 contains a pulsating
component (ic1.ripple) in the average phase c current in inverter 1 (ic1.avg), so the ic1 at the
sampling point (ic1.sample) is different from ic1.avg. These differences result in the degradation
of inverter-motor system performance. Compensation for the difference between the ic1.avg
and ic1.sample is computable using the slope of the phase current according to switching
state and dwell time [23]. However, since the phase current sampling point of the proposed
method is different from the one in [13], the compensation for the current error is different.
Therefore, a compensation method for the pulsating component that is suitable for the
proposed sampling time is needed.
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The voltage applied to the resistance of the motor is small, so the resistance component
is ignored. The slope of the phase current according to the switching state can be obtained
from the equivalent circuit of the three-phase inverter permanent magnet synchronous
motor (PMSM) through the Thevenin’s equivalent circuit, as shown in Table 3. The back-
electromagnetic field (EMF) of PMSM is assumed to be a sinusoidal wave. The dwell time
of the active voltage vector can be calculated using the triangle ratio of the reference pole
voltage and switching period, as shown in Figure 10.

Table 3. Slope of phase current according to switching state. (adapted from [13].)

Switching State Slope of Phase a Slope of Phase b Slope of Phase c

000 −Ea
L

−Eb
L

−Ec
L

001 −3Ea−Vdc
3L

−3Eb−Vdc
3L

−3Ec+2Vdc
3L

010 −3Ea−Vdc
3L

−3Eb+2Vdc
3L

−3Ec−Vdc
3L

011 −3Ea−2Vdc
3L

−3Eb+Vdc
3L

−3Ec+Vdc
3L

100 −3Ea+2Vdc
3L

−3Eb−Vdc
3L

−3Ec−Vdc
3L

101 −3Ea+Vdc
3L

−3Eb−2Vdc
3L

−3Ec+Vdc
3L

110 −3Ea+Vdc
3L

−3Eb+Vdc
3L

−3Ec−2Vdc
3L

111 −Ea
L

−Eb
L

−Ec
L
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Figure 10. Reference pole voltage and dwell time of switching state.

The dwell time of the active voltage vector and zero voltage vector can be calculated
using the reference pole voltage, as shown in Equations (13)–(15) [24].

T1

2
=

Ts

2Vdc
(V∗mid −V∗min) (13)

T2

2
=

Ts

2Vdc
(V∗max −V∗mid) (14)

T0

4
=

Ts

4

[
1− 1

Vdc
(V∗max −V∗min)

]
(15)

4.3. The Need for Average Current Estimation

As shown in Figure 10, the average current can be obtained by calculating four
sampling current and error components during a sampling period.

Figure 9a shows the waveform of ic1 at sector 1. The ic1.avg can be obtained using
ic1.sample and ∆ic1, ∆ic2, and ∆ic3.

∆ic1 =
Ts

2Vdc
(V∗mid1 −V∗min1)

Vdc − 3Ec1

3L1
(16)

∆ic2 =
Ts

2Vdc
(V∗max1 −V∗mid1)

2Vdc − 3Ec1

3L1
(17)

∆ic3 = −Ts

4

[
1− 1

Vdc
(V∗max1 −V∗min1)

]
Ec1

L1
(18)

ic1.avg =
Ts

2L1

[
Vas −

Ec1

2

(
1 +

V∗an −V∗cn
Vdc

)]
+ ic1.samp (19)

where L1 is the stator inductance of motor 1, and Ea1, Eb1, and Ec1 is back-EMF of phase a,
b, and c in motor 1, respectively.

In this way, the average currents can be calculated by the sampling current 2~4
and the compensation value of the current change amount. Furthermore, the equation of
compensation can be generalized according to the sector where the reference pole voltage of
each motor is located. The equation of average current generalized according to the sector of
the sampling current can be summarized as shown in Table 4, where M1 and M2 represent
the first and second motor, and max, mid, and min represent the maximum, medium, and
minimum value of pole voltage during one period of the switching frequency, respectively.
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Table 4. Average current compensation for the proposed sampling currents.

Sampling Current Generalized Equation of Estimation Average
Current

1
Ts

2LM1

[
Vmax.M1 − Emax.M1

2

(
1 + V∗max.M1−V∗min.M1

Vdc

)]
+

imax.sample.M1

2 − Emin.M2
4LM2

(
1− V∗max.M2−V∗min.M2

Vdc

)
+ imin.sample.M2

3 Emin.M1
4LM1

(
1− V∗max.M1−V∗min.M1

Vdc

)
+ imin.sample.M1

4
Ts

2LM2

[
Vmax.M2 − Emax.M2

2

(
1 + V∗max.M2−V∗min.M2

Vdc

)]
+

imax.sample.M2

Figure 11 shows the overall control block diagram in a double inverter-motor using
a single DC link current sensor. Two phase currents of each inverter-motor system are
measured by sampling four times during one switching cycle using the single DC link
current sensor. By doing this, the average current is obtained using the proposed average
current measurement method when the voltage vector of each inverter is in the measurable
area. For the bar region, one phase current of the motor measures using the proposed
method, and the other phase current estimates the current using the current estimation
method. In the star region, the phase current estimates the current using the current
estimation method. This paper estimates the current using the current estimation method
in [13], so it can be used in the low modulation region.
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current sensor.

5. Experimental Results

Figure 12a presents the experimental configuration for confirming the effectiveness
of the current measurement in a dual inverter-motor drive system using a single DC link
current sensor. Figure 12b shows the experimental setup by using two educational M-G sets
supported by Hyowon Power Tech. The hardware system consists of two motors, two load
units, and two controllers to control them. The main specifications of the inverter-motor
are as shown in Table 5. The inverter for motor control consists of six MOSFETs, which
use IRFS3107-7P from Infineon. The dead time to prevent a short circuit in the inverter
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is set to 1.2 µs. The two inverters share one DC link capacitor, and a DC link current
sensor is installed in order to measure the DC link current. The current sensor used LEM’s
LA25P. In order to verify the accuracy of the restored current through the proposed current
restoration method, two current sensors were additionally installed in each inverter in
order to measure the phase current.
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Table 5. Parameters of inverter and motor.

Motor Inverter

Pole 10 DC link voltage 24 V

Rated power 30 W Rated current 2.1 A

Stator resistance 1.35 Ω Turn-on delay 17 ns

Stator inductance 542.5 uH Turn-off delay 100 ns

Back-EMF constant 0.0237 V/wm Dead Time 1.2 µs

The system utilizes the TI’s DSP TMS320C28346 microprocessor. The DSP can generate
a start of conversion (SOC) signal at a desired time by using an internal ADC with Sallen key
filter of 9.8 Hz cut-off frequency; the DC link current is measured at the proposed sampling
time. The digital signal from DSP is outputted to DAC8803, using SPI communication, and
converted to an analog signal; the experiment was conducted by observing it through an
LT264 from Lecroy. The current control cycle of each motor is 100 µs, and the speed control
cycle is set to 1 ms. The sampling frequency is 10 kHz.

Figure 13 shows the waveform of the DC link current measured when the motor is
operated at 1000 rpm by using the conventional method [6]. Figure 13a is a waveform of
the DC link current during two switching cycles when the conventional method is applied.
The DC link current has a region where current can be sampled. Figure 13b shows the ia
and DC link current. The DC link current has a ripple of about 1.5 A.
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Figure 13. DC link current applied to the conventional method [6] operated at 1000 rpm; (a) two
switching cycles; (b) 1.5 cycle fundamental wave.

Figure 14 shows the waveform of the DC link current measured when the motor is
operating at 1000 rpm by using the proposed method. Figure 14a is a waveform of the
DC link current during two switching cycles when the proposed method is applied. The
DC link current has four parts to sample the phase current, and there is no phase current
overlap region. The DC link current ripple is reduced compared with the conventional
method, as shown in Figure 14b. Therefore, not only the weight of the DC link capacitor
but also the loss of the overall inverter-motor system can be reduced.
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Figure 15a shows the waveform of ia1 measured by phase current sensor (ia1_ph) and
current probe (ia1_cp) using the conventional method [6] when the motor is operated at
1500 rpm. Figure 15b shows the results of the fast fourier transform (FFT) in ia1_cp. The
ia1_cp in the switching frequency band generates about 35 mA.
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Figure 16a shows the waveforms of ia1_ph and ia1_cp using the proposed method when
the motor is operated at 1500 rpm. Figure 16b shows the results of the FFT in ia1_cp. The
ia1_cp in the switching frequency band generates about 5 mA. The proposed method uses a
symmetric active voltage vector, thus the harmonics in the switching frequency band is
reduced by about 85%.
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Figure 17a shows the waveforms of the phase currents of inverter 1 and inverter 2
obtained from sampling the DC link current and the current measured by phase current
sensors. ia1_sam and ia2_sam represent the phase current obtained from sampling the DC
link current for inverter 1 and inverter 2, respectively. ia1_ph and ia2_ph are the currents
measured using the phase current sensors of inverter 1 and inverter 2, respectively. The
ia1_sam and ia2_sam have a large pulsating component in the measurable region, and cannot
be measured in the unmeasurable region. In the measurable region, the phase current
reconstruction is done by using average current compensation. In the unmeasurable region,
the phase current is estimated by using the reference current. The ia1_dc and ia2_dc can be
obtained by using ia1_sam and ia2_sam and the compensation method, as shown in Figure 17b.
The current restored by the DC link current sensor and the current measured by using the
phase current sensor are almost identical. Therefore, the adequacy of the steady state was
confirmed in the same control state of the proposed algorithm.
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Figure 17. Phase current of two motors according to measurement methods operated at 1000 rpm.
(a) The sampling current measured by a DC link current sensor and the current measured by a phase
current sensor; (b) The restored current and the current measured by a phase current sensor.

When the motor is controlled under different conditions, the speed of motor 1 was
fixed and motor 2 was changed to confirm the adequacy of the proposed algorithm.
Figure 18a shows a phase current measured by different methods when controlling motor
1 to a speed of 1000 rpm and motor 2 to a speed of 500 rpm. Figure 18b shows the phase
current measured by different methods when controlling motor 1 to a speed of 1000 rpm
and motor 2 to a speed of 2000 rpm. As shown in Figure 18, when the speed of the
dual motor is different, the restored current measured by a DC link current sensor can be
measured independently and accurately.
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In Figure 19, in order to verify the transient characteristics of the proposed algorithm,
motor 1 was fixed and the speed of motor 2 was increased from 1000 rpm to 2000 rpm. It
was confirmed that ia2_ph and ia2_dc were similar. When the speed reference is changed in
motor 2, iqe2 generates a flow of 2.1 A. It is possible to measure the current using the DC
link current sensor in the transient response.
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6. Conclusions

In this paper, a current reconstruction method using a single DC link current sensor in
a dual inverter-motor system was proposed. The measurable area is considered as follows.
First, a PWM shift method was proposed that can secure phase current measurement time
while minimizing phase current ripple. Second, a sampling point for the phase current
measurement was proposed. Finally, an average current calculation method was proposed
in order to compensate for the pulsation component included in the proposed sampling
current. In this method, the sampling points to measure the phase current were secured by
moving the switching pattern of two motor in opposite directions. In order to apply this to
three or more motors, a zero voltage vector must be applied to two motors and an active
voltage vector must be applied to one motor, so a new algorithm is needed. In considering
the unmeasurable area, the current is estimated using [13]. Therefore, it can be used in
the low modulation region. Compared with the conventional method, the phase current
ripple is reduced in the switching frequency band by about 85%. At less than 50% load, DC
current ripple is reduced compared to the conventional method. Furthermore, the current
can be independently restored at various speeds and load conditions from the single DC
link current sensor.
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