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ABSTRACT To detect the three-phase current in the complex plane of a DC link shunt inverter, an algorithm
for restoring the current is required. In this paper, a method of dividing the detection voltage and the
compensation voltage to match the output voltage as much as possible to reduce the total harmonic distortion
while restoring the current is proposed. In addition, an overmodulation algorithm for a 12-step output,
which corresponds to the largest voltage in a DC link shunt inverter, is proposed, and a current recovery
method in the overmodulation region is proposed. To determine how to ensure a linear output voltage, the
fundamental frequency of the output voltage is analyzed through a Fourier series, and a new voltage vector
whose fundamental frequency amplitude is equal to the amplitude of the command voltage is calculated.
Finally, the performance of the proposed algorithm is verified through simulation and experimentation. The
output of a motor was increased by using overmodulation, and the harmonics of the current based on the
output voltage were analyzed through a Fourier series.

INDEX TERMS Field-oriented control, permanent magnet synchronousmotor, three-phase inverter, DC link
shunt inverters, total harmonic distortion, linearity, space vector PWM, overmodulation, 12-step, fourier
series, modulation index.

I. INTRODUCTION
For field-oriented control (FOC) of BLAC motors such
as permanent magnet synchronous motors (PMSMs), it is
important to detect the correct current of each phase in a
three-phase inverter (TPI) [1], [2]. Current sensors are a
popular option for accurate three-phase current detection and
are appropriate for high-performance motor control, but they
increase the volume and cost of a TPI. Therefore, various
methods of detecting the phase current based on the voltage
drop of the shunt resistor in a TPI have been studied and
adopted [3], [4]. They can be divided into 3-shunt (or 2-shunt)
inverters that can directly detect each phase current and DC
link shunt inverters (DSIs) that detect each phase current
from a DC current according to the pulse width modulation
(PWM) output, as shown in Fig. 1. A 3-shunt inverter has the
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advantage of being able to detect the phase current simply
without distortion of the PWM, but it has the disadvantage
of requiring at least two shunt resistors [4]–[7]. In addition,
each phase current scale and offset may incur error due to the
error associated with each shunt resistance, which may lead
to current phase unbalance. On the other hand, since a DSI
uses one shunt resistor to detect the current of each phase,
the configuration cost is low, and phase unbalance caused by
resistance errors can be prevented. However, a DSI creates
a relatively high amount of total harmonic distortion (THD)
because it requires technology to distort the PWM to detect
the current. Several studies have developed techniques to
detect current using a DSI [8]–[11]. The simplest method to
detect current in DSIs is to shift PWM as shown in Fig. 4(b).
This method has the advantage that it can be designed simply,
but has a relatively high THD due to the imbalance of the
zero voltage time and the destruction of the PWM center
alignment.
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FIGURE 1. Circuit diagram of a DC link shunt inverter.

TABLE 1. DC current value according to the switching state.

A min-max or space vector PWM (SVPWM) is usually
used in a PMSM drive system, but the stator voltage that
can be output linearly is limited. To increase the output of
a motor or improve the response characteristics, the sta-
tor voltage is required rather than the voltage that the TPI
can output linearly. Several overmodulation algorithms have
been studied and used. Among them, the minimum-phase-
error PWM method (MPEPM) and minimum-magnitude-
error PWM method (MMEPM) are widely used. Although
these algorithms have a relatively simple design, the out-
put voltage in their overmodulation region is nonlinear and
cannot be converted linearly with 6-step control, which is
required to maximize the output voltage of a TPI [12]–[14].
In the motor control system with a DSI, 6-step control cannot
be achieved because of the extent of the area where current
cannot be restored, as shown in Fig. 2 (white rhombus area).
Instead, 12-step overmodulation which is required to maxi-
mize the output voltage in the DSI is used to avoid the area
where current cannot be restored.

Several overmodulation algorithms have been proposed in
DSI. An overmodulation algorithm using the average voltage
vector according to the location of the sampling period is
proposed in [15]. An overmodulation method through the
combination of a voltage with a phase fixed at the peak of the
DSI and a voltage in the linear region is proposed in [16], [17].
An overmodulation method using the superposition principle
through the edge voltage of the SVPWM complex plane is
proposed in [18], [19]. However, these algorithms require
complex calculations to be used on low-performance CPUs.

FIGURE 2. Space vector diagram of a DC link shunt inverter.

FIGURE 3. Schematic diagram of the current recovery for voltage vectors
present in the undetected area (OVIM).

In this paper, a current recovery algorithm with low THD
and a high output voltage utilization rate is proposed for
use in a DSI. And, an overmodulation algorithm that can be
implemented with relatively simple calculations up to 12-step
is proposed. This overmodulation algorithm is a newly pro-
posed method to apply to DSIs, based on the Bolognani over-
modulation proposed for general TPIs [20], [21]. In addition,
this paper proposes a method of maintaining linearity for
the overmodulation output voltage through harmonic analysis
using a Fourier series and measures the maximum funda-
mental voltage according to the proposed algorithm. Finally,
the proposed algorithm is verified through a simulation and
experiment using SPMSM.

II. CURRENT RECOVERY ALGORITHM
The method of detecting three-phase current in DSI is a
method of detecting two-phase current flowing in dc current
according to each switching state by applying two effective
voltages during one PWM period as shown in Fig. 4. Each
effective voltage vector and DC current value according to
the switching state are indicated in Table 1. A/D sampling is
performed at each effective voltage application time to detect
the two-phase current. After detecting the two-phase current,
the three-phase current is detected using the theory that the
sum of the three-phase currents is zero. However, there is a
region where two-phase currents cannot be detected on the
complex plane.

Expressing the voltage vector located in the undetectable-
current area of Fig. 2 (gray band/Sector 1) as PWM converts
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FIGURE 4. Comparison of PWM waveforms: (a) conventional SVPWM
waveform, (b) PWM shift method waveform, (c) OVIM PWM waveform.

it into a form similar to that in Fig. 4(a). Since the second
effective voltage application time T2 is less than the minimum
time required for current detection Tmin, only single-phase
current can be detected, and accurate current control cannot
be achieved. Therefore, to detect two-phase current, the out-
put PWM in the undetected area must be distorted. Tmin is
defined as follows [4]–[6].

Tmin = Tdead + Tsat + TA/D (1)

where Tdead is the dead time required to prevent an arm short
circuit; Tsat is the saturation time required for the voltage to
reach steady state; and TA/D is the analog-to-digital conver-
sion time of the digital signal processor (DSP).

The method proposed in this paper for recovering the
current in the undetected area, called the optimal voltage
injection method (OVIM), is shown in Fig. 3. The OVIM
measures the current by dividing the command voltage in the
undetected area into a current measurement voltage vector

and a compensation vector and applying each over a half-
cycle. To lower the THD of the output voltage, the two
voltages are divided orthogonally to the α-axis to minimize
the two voltage intervals.

V ∗ =
∣∣V ∗∣∣ ejθ∗

V ∗Ts = (V ∗m + V
∗
c )× 0.5Ts (2)

where Ts is the current sampling period for motor control;
V ∗ is the command voltage vector; θ∗ is the phase of the
command voltage; V ∗m is the voltage vector for current mea-
surement; and V ∗c is the compensation voltage vector.
A new coordinate transformation is required to convert

the voltage vector of each sector to the α-β axis of sector 1
to determine whether the voltage vector is present in the
undetected area. The coordinate transformation equation is
as follows.

θ = θ∗ − (n− 1)
π

3
(n = 1, 2, 3, 4, 5, 6)

V ∗α =
∣∣V ∗∣∣ cos θ, V ∗β =

∣∣V ∗∣∣ sin θ (3)

where V ∗α and V ∗β are the α-β axis voltages.
Comparing the magnitude of the β-axis command voltage

and 1V in Fig. 3 reveals whether the command voltage is
present in the undetected area. If

∣∣∣V ∗β ∣∣∣ < 1V , then the
command voltage vector is present in the undetected area, and
the OVIM for current detection should be applied. 1V , Vm,
and Vc can be calculated as follows.

1V =
2Tmin
√
3Ts

Vdc (4)

V ∗m =

{
V ∗α + j(V

∗
β +1V − V

∗
β ) (V ∗β ≥ 0)

V ∗α + j(V
∗
β −1V − V

∗
β ) (V ∗β < 0)

(5)

V ∗c =

{
V ∗α + j(V

∗
β −1V + V

∗
β ) (V ∗β ≥ 0)

V ∗α + j(V
∗
β +1V + V

∗
β ) (V ∗β < 0)

(6)

The OVIM is compared to conventional PWM in Fig. 4.
The conventional SVPWM and DC current waveforms of
the voltage in the undetectable-current area are shown in
Fig. 4(a), and the PWM and DC current waveforms to which
OVIM is applied are shown in Fig. 4(c). The U-phase and
W-phase currents are detected by applying the measured
voltage during the PWM half-cycle, and the compensation
voltage is applied during the next half-cycle to restore the two
sum vectors to the original command voltage vector.
As shown in Fig. 5(a), In the area of triangles ABC and

CDE at the vertices of a complex vector, V ∗m and V ∗c cannot
exist orthogonal to the a-axis. To detect three-phase current,
themeasured voltageV ∗mmust be output outside the gray band
area. Therefore, the current can be restored by moving V ∗c to
maintain the magnitude and phase of the command voltage
vector V ∗. To identify this area, the maximum OVIM output
voltage VOVIM max is calculated as follows.

VOVIM max =
2
3
Vdc

(
1−

Tmin

Ts

)
(7)
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FIGURE 5. Schematic diagram of the OVIM: (a) when measurement
voltage vector and compensation voltage vector do not exist
orthogonally, (b) when the voltage vector exists in the region where the
current cannot be restored.

V ∗m and V ∗c can be recalculated as follows.

V ∗m =


V ∗α − V

∗
α + VOVIM max + j(V ∗β +1V − V

∗
β )

(V ∗β ≥ 0)
V ∗α − V

∗
α + VOVIM max + j(V ∗β −1V − V

∗
β )

(V ∗β < 0)

(8)

V ∗c =


V ∗α + V

∗
α − VOVIM max + j(V ∗β −1V + V

∗
β )

(V ∗β ≥ 0)
V ∗α + V

∗
α − VOVIM max + j(V ∗β +1V + V

∗
β )

(V ∗β < 0)

(9)

As shown in Fig. 5(b), when the output voltage is divided
by the measured voltage V ∗m and the compensation voltage
V ∗c in the corner region (white rhombus) of the complex
plane, it cannot be output because V ∗c is out of the complex
plane. Therefore, the voltage vector in the white rhombus of
the SVPWM complex plane cannot be output because it is
physically impossible to restore the current.

III. OVERMODULATION
The overmodulation algorithm proposed in this section is a
maintain-voltage-magnitude overmodulation (MVMO) algo-
rithm capable of a maximum 12-step operation, which is
achieved by maintaining the magnitude of the command volt-
age in the DSI.

The MVMO algorithm uses a circle with a radius that
is the size of the command voltage in the overmodula-
tion region and is larger than the inscribed circle of the
SVPWM complex plane. When the position of the voltage
vector is within the SVPWM complex plane, the normal
SVPWM method is used. When the position of the voltage
vector is outside, the phase is fixed to the closest inter-
section with the voltage vector among the intersections of
the circle with a radius the size of the command voltage,
the area of which is where current recovery is possible.
When applying the MVMO algorithm, the output phase is
divided in two according to the size of the command voltage
vector.

A. BOLOGNANI OVERMODULATION DRIVE
In this case, the circle of the command voltage does not
contain the white rhombus area in Fig. 2 and can be defined
by the following equation.

Vdc
√
3
<
∣∣V ∗∣∣ < VOVIM max (10)

If the voltage vector is outside the SVPWMcomplex plane,
the phase is fixed at the hold angle α to maintain the magni-
tude of the output voltage. The hold angle, which is based on
the magnitude of the voltage vector, can be obtained using a
trigonometric function.

α =
π

6
− arccos

√
3× |V ∗|
Vdc

(11)

Then, the phase of the output voltage V ∗′, which is based
on the command voltage phase (0 ≤ θ < π/3), is defined as
follows (Figs. 6(a) and (d)).

θovm =


θ (0 ≤ θ < α)
α (α ≤ θ < π/6)
π/3− α (π/6 ≤ θ < π/3− α)
θ (π/3− α ≤ θ < π/3)

(12)

The hold angle changes with the magnitude of the com-
mand voltage vector and approaches 0 degrees as the magni-
tude of the voltage increases. However, if the amplitude of the
voltage vector in the DSI is greater than VOVIM max, another
phase angle must be considered.

B. 12-STEP OVERMODULATION DRIVE
In this case, the circle denoting the command voltage contains
the white rhombus area in Fig. 2 and can be defined by the
following equation.

VOVIM max ≤
∣∣V ∗∣∣ ≤ Vref max (13)

The phase is fixed not only at the hold angle but also at
the intersection of the reference voltage circle and the white
rhombus. Vref max is the maximum output voltage (12-step)
usable in the proposed overmodulation algorithm and can be
calculated as follows.

Vref max =
2
3
Vdc

(
1−

Tmin

2Ts

)
(14)

Then, the phase of the output voltage V ∗′, which is based
on the command voltage phase (0 ≤ θ < π/3), is as follows
(Figs. 6(b) and (e)).

θovm =



αrh (0 ≤ θ < αrh)
θ (αrh ≤ θ < α)
α (α ≤ θ < π/6)
π/3− α (π/6 ≤ θ < π/3− α)
θ (π/3− α ≤ θ < π/3− αrh)
π/3− αrh (π/3− αrh ≤ θ < π/3)

(15)

αrh is the phase angle for delaying the voltage phase in
the area where current recovery is impossible in the DSI and
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FIGURE 6. Schematic diagram of the MVMO: (a) phase of the output voltage under Bolognani overmodulation drive, (b) phase of the
output voltage under MVMO drive, (c) phase of the output voltage under 12-step drive, (d) space vector diagram under Bolognani
overmodulation drive, (e) space vector diagram under MVMO drive, (f) space vector diagram under 12-step drive, (g) phase voltage wave
form and comparison of modulation index.

is shown in Fig. 7. To output the command voltage V ∗, the
voltage vector V ∗′ must be output with the same amplitude
and a vector direction toward the hypotenuse of the rhombus.
However, it is difficult to calculate the phase angle of the
voltage vector V ∗′, which requires a complicated calculation
based on Tmin. Therefore, the output voltage is replaced with
a new proximity voltage vector V ∗′′, which has a phase and
magnitude close to those of V ∗′ and is easy to calculate.
Increasing Tmin increases the error associated with the two
voltage vectors, but when Tmin is small, the error is negligible
(V ∗′ ≈ V ∗′′). Even if the error is large, it can be neglected

because the voltage is output through fundamental harmonic
analysis via the Fourier series. Voffset is the size to be added to
the β-axis command voltage to obtain V ∗′′ and is calculated
as follows.

V1α = Vref max − V ∗α , V1β =
√
3× V1α (16)

Voffset = V1β − V ∗β (17)

The new voltage vector (V ∗′′) is calculated as follows.

V ∗′′ = V ∗′′α + jV
∗′′
β

V ∗′′α = V ∗α , V ∗′′β = V ∗β + Voffset (18)
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FIGURE 7. Schematic diagram of the MVMO when voltage vector is in a
region where current cannot be restored.

αrh = tan−1
(
V ∗′′β
V ∗′′α

)
(19)

In the proposed MVMO algorithm, as the command
voltage increases, the hold angle α decreases, and the rhom-
bus angle αrh increases. As the two phases become increas-
ingly similar, a smooth conversion is performed linearly with
12-step control, as shown in Figs. 6(c) and (f).

IV. ANALYSIS OF VOLTAGE HARMONICS
The phase voltage output by the MVMO algorithm, as shown
in Fig. 6(g), changes from a sine wave to a square wave
and contains many harmonics. Except for the fundamental
component used for actual control, the harmonics are lossy
components such as noise and ripple. Since the size of the
fundamental frequency used for actual control is smaller than
the size of the output voltage, the voltage is nonlinear. Prior
to the description, the voltage modulation index (MI) indicat-
ing the magnitude of the fundamental frequency included in
the output phase voltage is defined as follows.

MI =
|V1st |
0.5Vdc

(20)

To compare the fundamental wave to the output voltage,
the voltageMI of the command voltage is defined as follows.

MIcmd =
|V ∗|
0.5Vdc

(21)

In this section, harmonic analysis of the output voltage is
performed through the Fourier series during MVMO oper-
ation. In addition, an improved method for maintaining the
linearity of the output voltage is proposed.

The Fourier series of a general function with a specific
period is as follows.

f (t) = a0 +
∞∑
n=1

cn sin(nωt + φn)

= a0 +
∞∑
n=1

(an cos nωt + bn sin nωt) (22)

FIGURE 8. Modulation index of harmonics analysis with MVMO.

FIGURE 9. Fundamental frequency modulation index according to shunt
sampling time.

a0 =
1
T

T∫
0

f (t)dt, cn =
√
a2n + b2n, φn = tan−1

(
an
bn

)

an =
2
T

T∫
0

f (t) cos nωtdt, bn =
2
T

T∫
0

f (t) sin nωtdt

(23)

Since the voltages of the output 3 phase are even functions
(f (x) = f (−x)) and have a phase difference of 120 degrees,
the Fourier series for the phase voltage can be reorganized as
follows.

a0 = 0, a2n = 0, a3n = 0, bn = 0 (24)

V (t) = V1st cosωt + V5th cos 5ωt + V7th cos 7ωt

+V11th cos 11ωt + V13th cos 13ωt + · · · (25)

The phase voltage output from overmodulation is com-
posed of the fundamental frequency and the 5th, 7th, 11th,
and 13th harmonics, as shown in Fig. 8. The magnitude of
the command voltage and the magnitude of the phase voltage
used for motor control have an error in the sum of harmonics,
resulting in a nonlinear characteristic. The nonlinearity of
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FIGURE 10. Block diagram of PMSM vector control used in simulation and experiment to verify the proposed algorithm.

the output voltage causes the current controller to have low
dynamic characteristic. To maintain linearity, the MI of the
fundamental frequency according to the output phase voltage
is analyzed off-line through the Fourier series, as shown in
Fig. 6(g), and a look-up table is applied. Linearity is main-
tained by using a phase voltage whose fundamental frequency
has the same magnitude as the output voltage of the current
controller. Fig. 11 is a block diagram of MVMO overmodu-
lation using the voltageMI.

V ∗new = LT
(∣∣V ∗∣∣) , V1=

∣∣V ∗∣∣
V ∗new(t) = V1 cosωt+V5 cos 5ωt + V7 cos 7ωt + · · · (26)

MImax =
LT−1

(∣∣Vref max
∣∣)

0.5Vdc
(27)

MImax is the maximum voltage MI of the fundamental
frequency that can be output according to Tmin. As the output
phase voltage of the proposed MVMO method decreases
in proportion to Tmin, as shown in Equation (14) and (27),
the magnitude of the fundamental frequency also decreases.
Fig. 9 shows an off-line analysis of the maximum output
phase voltage and the maximum voltageMI of the fundamen-
tal frequencyMI according to Tmin.

V. SIMULATION AND EXPERIMENT
To verify the algorithm proposed in this paper, simulation
using MATLAB, and experiments were performed using
motors and inverters with the specifications shown in Table 2.
The PMSM control block diagram used in the simulation and
experiment was composed of a DC link shunt 2-level voltage
source inverter, as shown in Fig. 10. The field attenuation
technique for high-speed operation was implemented using
a magnetic flux-torque table; refer to reference [22], [23] for
a detailed algorithm.

TABLE 2. Motor and inverter specifications.

FIGURE 11. Block diagram of the MVMO based on look-up table.

A. SIMULATION
The maximum voltage (Vref max) that can be output in this
experiment and the maximum modulation index (MImax) of
the fundamental frequency are as follows.

Vref max=
2
3
Vdc

(
1−

Tmin

2Ts

)
=7.88[V ], MImax≈1.258

(28)
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FIGURE 12. Block diagram of PMSM vector control used in simulation and experiment to verify the proposed algorithm.

MImax was measured by off-line fast Fourier transform
(FFT) analysis of the simulation results for use in actual
experiments. Through FFT analysis of the simulation results,
the amplitude of the fundamental frequency was analyzed
for each MI size, as shown in Fig. 6(g), and MVMO was
applied to the experiment. Fig. 13 shows the α-β axis voltage
data obtained by measuring the output voltage vector for each
control period while increasing theMI from 1.175 to 1.258 at
a constant rate through simulation. As the MI increases, the
output voltage vector approaches the 12-step value along the
hypotenuse of the SVPWM complex plane. Fig. 14 depicts a
waveform comparing the voltageMI of the fundamental wave
voltage according to the command voltage MI for MVMO,
MMEPM and MPEPM, respectively. MMEPM and MPEPM
cannot output up to the maximum voltage that can be output
from aDSI, butMVMOcan output up toMImax. Additionally,
when a look-up table is used, the output voltage is linear,
like a unit vector. Fig. 12 shows the simulation results of
d-q axis current, torque, MI, and THD according to speed.
It was confirmed that the MVMO output MIcmd increased
linearly to MImax (12-step driving) as the speed increased.
MInew is the voltage command applied to the motor as the
output value of the lookup table through the MVMO algo-
rithm. As the phase voltage approaches 12-step operation,
the THD of the phase voltage and the phase current also
increase, so it was confirmed that harmonics are included in
the d-q axis current and torque feedback. But the average

FIGURE 13. Simulation result: MVMO output point in α-β axis.

of the torque was maintained. It was confirmed that as the
THD of the voltage increased, the THD of the current also
increased. But, even if the same phase voltage is input to
the motor, only the THD trend of the current according to
the THD of the voltage can be confirmed in this experi-
ment because the THD of the current is greatly affected
by various variables such as the motor parameter, the cut-
off frequency of the current controller, and the switching
frequency.
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FIGURE 14. Linearity comparison of overmodulation algorithms.

FIGURE 15. Experimental results of phase current, phase voltage, and
phase angle waveform: (a) 1.155 < MI < MImax , (b) MI = MImax .

B. EXPERIMENTAL RESULTS
Fig. 15 shows the results of voltage and current experiments
applying the proposed algorithm to a DSI. Fig. 15(a) presents
the result of MVMO control in 1.155 ≤ MI < MImax;
the operating conditions consisted of a 0.18 Nm output at
6250 rpm. Based on the phase and phase voltage of the output
voltage vector, the operation of the proposed MVMO can
be confirmed. Fig. 15(b) is the result of MVMO control
at MI = MImax(= 1.258). The 12-step voltage is output
under operating conditions consisting of 0.18 Nm output at
6800 rpm. The 12-step voltage includes the 5th, 7th, 11th,
and 13th harmonics, so the current also becomes a waveform
including harmonics rather than sinusoids. Fig. 16 shows an
FFT analysis of the phase current waveform in the oper-
ating state of Fig. 15(a). Current was measured according
to the conventional SVPWM method, the proposed OVIM

FIGURE 16. Harmonic analysis of current in overmodulation drive.

FIGURE 17. Torque and power comparison among the MVMO drive and
conventional SVPWM drive(without MVMO).

method, and the PWM shift method, and THD was analyzed
to be 11.61%, 12.24%, and 13.86%, respectively. In inverters
using current sensors, the conventional SVPWM method has
the lowest THD because no PWM distortion is required to
detect the current. The PWM shift method was analyzed
with a relatively high THD, and the OVIM was analyzed
with a THD value close to that of the conventional SVPWM
method in an inverter using current sensors. Fig. 17 shows
the T-N curve and output measurement data before and after
the application of the proposed overmodulation algorithm.
Before the MVMO was applied, the voltage MI was 1.098
(= 1.155 ∗ 0.95) including 5%margin in SVPWM linear out-
put to prevent control diffusion due to saturation of the current
controller (PI controller). After the MVMO was applied, the
voltage MI increased 1.1457 times to 1.258, and the output
increased accordingly.

VI. CONCLUSION
In this paper, an overmodulation algorithm is proposed
in DSI with current undetectable area. For 12-step oper-
ation in the current undetectable area, an approximate
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voltage was calculated, and the voltage amplitude was main-
tained by fixing the phase with the hold angle. Frequency
analysis was performed for the output voltage through a
Fourier series, and a look-up table based on the ampli-
tude of the fundamental frequency was designed to main-
tain linearity. The proposed algorithm is guaranteed to
maintain voltage linearity with a relatively simple equa-
tion in DSI. It is believed to be an effective and logical
overmodulation method in DSI by providing a transition
while maintaining linearity to 12-step. The simulation and
experimental results provided the feasibility of the proposed
method.
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