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Abstract

This paper proposes a simple space vector PWM (SVPWM) scheme including overmodulation operation for 3-level NPC
(Neutral Point Clamped) Inverters. The proposed scheme features a simple decision and calculation procedure for determining
switching times in the overmodulation range by utilizing the duty calculation method used in 2-level inverters and the minimum
phase error projection method widely employed in motor drive systems. The proposed scheme does not need to detect the angle
of the reference vector or calculate trigonometric functions to determine the magnitude of the voltage vector. The magnitude of
the angle of the new reference voltage vector is decided in advance with the help of the Fourier Series Expansion to extend the
linearity of the output voltage of 3-level inverters in the overmodulation region. Experimental results demonstrate the validity of
the proposed SVPWM scheme including overmodulation operation for 3-level NPC inverters.
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I. INTRODUCTION

Inverters are widely adopted in various industrial areas
such as variable speed drive systems, and power conditioning
system for renewable energy because of their ability to control
the magnitude and frequency of output voltage. Recently, to
reduce the harmonics of inverter output voltage and to meet
the voltage ratings of the power devices used in inverters,
multi-level structures like the 3-level inverter scheme have
been widely researched, and the adaptation of multi-level,
especially 3-level, converters has gradually increased thanks
to their advantage of less harmonics [1]. There exists various
configurations of multi-level inverters such as neutral point
clamped (NPC), flying-capacitor, cascaded H-bridge, etc. [2].
Among these configurations, the proposed SVPWM scheme
is devised for NPC inverters, which are the most common
configuration of 3-level inverters, and they have the neutral
point of the DC link tied to each inverter arm by clamping
diodes [3].

The SVPWM method is commonly used in 3-level as well
as 2-level systems. There even exist different switching time
calculation methods, usually in the linear region. The main
idea behind determining the switching time for two and multi-
level systems is identical. In other words, the switching time
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is determined by the equalization of the reference voltage
during the switching period with the averaged voltage vector
generated by the time assignment of the three different voltage
vectors that exist in the vertices of the triangle where the refer-
ence voltage exists. On the other hand, there exist several types
of SVPWM schemes for 3-level NPC inverters with overmodu-
lation operation [4]–[6]. [4] and [5] suggested overmodulation
schemes, which increase the linearity of the inverter output
voltages. However, these schemes use trigonometric functions
in calculating the modified voltage vector and the switching
time itself, and consequently they are relatively complex. The
authors of [6] proposed an overmodulation method with a
neutral voltage balancing algorithm, which does not use the
medium voltage vectors that affect the potential of the DC link
voltage level, based on the overmodulation scheme for 2-level
inverters suggested in [7].

The overmodulation method can be classified as a so-called
static or dynamic one. The dynamic overmodulation method
(hereinafter DOM) is used in vector control systems for motor
drives. In this scheme, when the reference voltage exists
outside of the hexagon, the reference voltage is projected on
side of the hexagon. One of the common projection schemes
is the minimum phase error method [8]. On the other hand,
the so-called static overmodulation method (hereinafter SOM)
is employed in V/F control of induction motors to increase
the inverter output voltage in the high speed region. In the
SOM, according to the modulation index represented by m,
which varies from zero to one, the inverters generate an
output voltage from zero to one having a square waveform
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[9], [10]. In order to apply multilevel inverters in motor drive
applications that include high speed operation, it is necessary
to develop a scheme for overmodulation.

The proposed scheme obtains the magnitude of a new refer-
ence voltage directly from the modulation index and eliminates
the decision procedure for the angle and magnitude of the
reference vector. On the other hand, in [4] and [5] several
steps are involved to determine the reference voltage vectors.
Furthermore, the proposed method utilizes the minimum phase
error projection scheme for generating the duty ratios. As a
result, it has a simple calculation procedure.

Similar to [5], the magnitude of the reference voltage and
that of the phase angle are predetermined by the result of the
Fourier Series Expansion (FSE) in the proposed method. In
implementation, these values are obtained from approximate
equations of the magnitude and phase angle corresponding
to the modulation index. The experimental results for a 3-
level NPC inverter in both the linear and overmodulation
regions with V/F control of an induction motor demonstrate
the validity of the proposed SVPWM scheme.

II. SVPWM FOR 3-LEVEL SYSTEM

Before explaining the proposed SVPWM scheme including
overmodulation, the method for determining the switching
time for a 3-level inverter is described first. Among the various
ways of selecting the switching time for a 3-level inverter, the
proposed scheme uses the scheme for 2-level inverters in order
to utilize the overmodulation scheme of 2-level inverters in a
3-level system.

A. Space vector PWM for 3-level inverters

The 3-level NPC inverter [3] shown in Fig. 1 has 3 different
switching states for the pole voltage denoted as 1, 0, and -1.
Where, 1 represents the switching status in which the top two
switches (i.e. the first and second switches from the top in an
inverter leg) are on, and the resultant pole voltage is 1/2Vdc.
The 0 status means that the second and third switches are
on while generating a 0V pole voltage. The third and fourth
switches in one leg are turned on in the case of -1 resulting
in a -1/2Vdc.

Fig. 2 shows a hexagon of the voltage vectors for 3-level
inverters. Each inverter leg can have three switching states,
which results in 27 voltage vectors. No power is delivered to
the load for the switching states (111), (000), and (-1-1-1),
which is referred to as the zero voltage vector (ZV). There
exists the same voltage level for different switching states,
such as (110) and (00-1), having the identical line to line
voltages. Hence, the 27 possible voltage vectors are classified
as 18 effective voltage vectors and 1 zero vector. The non-zero
voltage vectors can have three phase voltage levels, which are
2/3Vdc, Vdc/

√
3, and Vdc/3. Each voltage level corresponds to

the vertex of the large hexagon called the large vector (LV),
that on the middle side point of the large hexagon called the
medium vector (MV), or that on the vertex of the small (inside)
hexagon called the small vector (SV), respectively.

Fig. 1. Three level NPC inverter.

Fig. 2. Hexagon showing voltage vectors of 3-level inverter.

B. Determination of region and sector

The term sector denotes one of the six large triangles noted
as A, B, C, D, E, or F, and the term regions numbered as 1,
2, 3 or 4 in Fig. 2 are the four small triangles in a sector.
In this paper, for deciding the switching time, the switching
times for the reference voltage vector is determined first by
using two LVs and one ZV with the same scheme used in a
2-level SVPWM.

The switching times of the LVs and the ZV for V*, shown in
Fig. 3, are determined by Eqs. (1) and (2), where dm1 (Tr/Ts)
represents the duty ratio of the right vector of the large triangle,
dm2 (Tl /Ts) is that of the left vector, Ts is the sampling time,
and γ is the angle between the right vector and the voltage
reference.

dm1 =
Tr

Ts
=
√

3

∣∣Vre f
∣∣

Vdc
sin(600− γ) (1)

dm2 =
Tl

Ts
=
√

3

∣∣Vre f
∣∣

Vdc
sin(γ). (2)

dm1 and dm2 are calculated in the beginning so that these
values can be used in further steps for determining the switch-
ing times (equivalently duty ratios) in the linear as well as over
modulation regions without using trigonometric functions. The
region where the reference voltage V* exists can be determined
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Fig. 3. Reference voltage in region 1 with showing the voltage vectors and
corresponding duty ratios.

by the following conditions [11]:

Region 1: (dm1+dm2) ≤ 0.5
Region 2: dm1 > 0.5
Region 4: dm2 > 0.5
Region 3: otherwise

(3)

C. Switching time with respect to each region

The reference voltage V* in region 1 is generated by
applying three voltage vectors consisting of vertices with their
switching times determined by the voltage-second rule as in
Eq. (4). Eq. (4) is equivalent to Eq. (5) by assuming that the
rotating V* is considered as a stationary vector with a constant
magnitude during the sampling time Ts. By substituting the
vectors in Eq. (5) with the actual values of the voltage vectors,
Eq. (6) can be given. Instead of using switching times (T1 etc.),
duty ratios (d1 etc.) are used in this paper for the convenience
of implementation. By dividing Eq. (6) into real and imaginary
parts, Eq. (7) can be derived. Where, d1, d2, and d3 represent
the duty ratio of the left-side vector: V(1), the right-side vector:
V(2), and the center vector: V(3) in each region, respectively.
∫ Ts

0
V ∗dt =

∫ T1

0
V (1)dt +

∫ T1+T2

T1

V (2)dt +
∫ Ts

T2

V (3)dt (4)

V ∗ ·Ts =V (1) ·T1 +V (2) ·T2 +V (3) ·T3 (5)

|V ∗|e jγ = 0 ·d1 +
1
3

Vdc ·d2 +
1
3

Vdce j 1
3 π ·d3. (6)

By comparing Eqs. (1) and (2) with Eq. (7), d1, d2, and d3
can be expressed as dm1 and dm2, as shown in Eq. (8) [12].

|V ∗|cosγ =
1
3

Vdc ·d2 +
1
3

Vdc ·
1
2
·d3

|V ∗|sinγ =
1
3

Vdc ·
√

3
2
·d3

(7)

d3 = |V ∗|sinγ× 2
√

3
Vdc

= 2×dm2

d2 =
3

Vdc
×
(
|V ∗|cosγ− 1√

3
· |V ∗|sinγ

)
= 2×dm1.

(8)

TABLE I
d1 , d2 , AND d3 EXPRESSED BY dm1 AND dm2 IN EACH REGION

XXXXX
Region

Duty 1 2 3 4
d2 2dm1 2dm1-1 2dm1+2dm2-1 2dm1
d3 2dm2 2dm2 1-2dm2 2dm2-1
d1 1-d2-d3

TABLE II
DUTY RATIOS FOR EACH REGION IN SECTOR A

Region 1 Region 2
Sa1+ d1/3+d2/2+d3/2 d1/2+d2 +d3
Sa2+ 2d1/3+d2 +d3 d1 +d2 +d3
Sb1+ d1/3+d3/2 0
Sb2+ 2d1/3+d2/2+d3 d1/2+d3
Sc1+ d1/3 0
Sc2+ 2d1/3+d2/2+d3/2 d1/2

Region 3 Region 4
Sa1+ d1/2+d2 +d3/2 d1/2+d2 +d3
Sa2+ d1/3+d2 +d3 d1 +d2 +d3
Sb1+ d1/2 d1/2+d3
Sb2+ d1 +d2 +d3/2 d1 +d2 +d3
Sc1+ 0 0
Sc2+ d1/2+d3/2 d1/2

By applying the same process for different regions, the
duty ratios written by dm1 and dm2 in each region can be
summarized as Table I. Table I illustrates that the duty ratios
are determined with simple algebraic math operations.

D. Determination of switching times for each switch

After obtaining the duty ratios of the switching time, it is
necessary to determine that for each of the switches such
as Sa1+. Fig. 4 depicts the switch statuses of Sa1+ and
Sa2+ corresponding to T1, T2, and T3 (equally d1, d2, and
d3) in region 1. The demanded states for Sa1+ and Sa2+ are
illustrated in the bottom figure of Fig. 4 (b) for generating pole
voltage waveforms like VAO, shown at the top of the figure.

To generate V* with a minimum switching transition, the
voltage vectors are selected with a counter clock wise (CCW)
direction from (-1-1-1) vector to (111) and then returned to
(-1-1-1) with a clockwise (CW) direction as shown in Fig.
4(a). In other words, (-1-1-1) → (0-1-1) → (00-1) → (000)
→ (100) → (110) → (111) in CCW and (111) → .. → (000)
in CW like the pole voltage waveforms given in Fig. 4. By
drawing pictures like the one in Fig. 4, the switching time
for each switch can be easily determined. For instance, from
Fig 4, it can be determined that Sa1+ is gated on during
T1/3+T2/2+T3/2 (equivalently d1/3+d2/2+d3/2), and that Sa2+
remains on during 2T1/3+T2+T3 (equivalently 2d1/3+d2+d3).
The duty ratios in sector A corresponding to each region are
summarized in Table II.

By applying the same procedure to the other sectors from B
to F, the switching time (duty ratio) can be decided with less
effort. Table II shows the switching times for only the upper
switches such as Sa1+ and Sa2+. Since the upper switches Sa1+
or Sa1+ are acting complementary with the lower switches Sa1-
or Sa2-, the command of the switching times of the bottom two
switches such as Sa1- and Sa2- are determined by those of the
upper two switches with the subtraction of the calculated duty
ratios from 100 % of the duty cycle, i.e. 1 - d.
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(a)

(b)

Fig. 4. (a) Sequence of selecting voltage vectors. (b) Inverter pole voltage
waveforms and related gate signals.

III. SVPWM IN OVERMODULATION REGION

In the SOM, the magnitude and the phase of the reference
voltage are modified to increase the magnitude of the output
voltage and to have the linearity of the inverter output voltage
with respect to the modulation index m [9], [10]. As in 2-level
inverters, the overmodulation occurs when V* for the 3-level
inverter is located outside the large hexagon as shown in Fig.
5(b). Fig. 5 shows that the side of the large hexagon of the
3-level SVPWM can be considered to be the same as the one
for the 2-level SVPWM. One sector for the three-level case
is matched with one of the small triangles in the hexagon for
the 2-level SVPWM.

The proposed SVPWM method is devised to use dm1 and
dm2, which are equivalent to Tr and Tl in the 2-level SVPWM,
for realizing the SVPWM scheme for a 3-level inverter with
the features of simplicity and easy implementation. In addi-
tion, the proposed method avoids using the time consuming
calculation processes, such as trigonometric functions in the
determination of the reference voltage vector and the switching
time itself, used in conventional methods.

A. SOM in mode I (0.9069 ≤ m < 0.9514)

The modulation index m is defined as Eq. (9). It is the ratio
of the fundamental component of the voltage reference to that

Fig. 5. Reference voltage vector of (a) 2-level. (b) 3-level systems in the
overmodulation region.

for the six-step operation.

m =V ∗1
/
V1,Six−step

=V ∗1
/

2
π Vdc

. (9)

According to the m value, the SOM scheme needs different
strategies for generating a reference voltage vector. The range
of the overmoduation is divided by two, and called mode I or
mode II. In mode I, the magnitude of the voltage reference is
modified to have a boosted value. On the other hand, both the
magnitude and the phase angle of the reference voltage need
to be modified in mode II [9], [10]. In mode I, the magnitude
of the new voltage reference is boosted in order to have the
same fundamental voltage level corresponding to m. In this
paper, the amount of boosting is determined by FSE, and the
process is explained below.

The voltage reference V* can be expressed as Eq. (10).
Where, V1 is the magnitude of original reference voltage.
Because V1 is larger than Vdc/

√
3, during the rotation of the

reference vector, the vector goes outside the hexagon during
the period 1∼2 as depicted in Fig. 6 (a). During the period
1∼2, the voltage magnitude is limited to Vdc/

√
3cos(π/6−θ),

and the averaged voltage magnitude becomes less than V1.
Therefore, a modification of the voltage references is required
as shown in Eq. (11) and Fig. 6 (b), where V2 represents the
boosted voltage magnitude to compensate the decrease in the
voltage magnitude due to the overmodulation in 1∼2 period.
Where αc is the crossover angle.

V ∗ =V1e jθ 0≤ θ ≤ π
3

(10)

V ∗new =





V2e jθ 0≤ θ < αc (11a)
Vdc
/√

3cos(π/6−θ)e
jθ αc ≤ θ < π

3 −αc (11b)
V2e jθ π

3 −αc ≤ θ < π
3 (11c)

Fig. 6(b) illustrates that during the periods A-B and C-
D, the reference vector having a V2 magnitude is located
inside the hexagon, and during the C-D periods the reference
voltage moves along the side of the large triangle, and whose
magnitude is expressed as Vdc/

√
3cos(π/6−θ) in Eq. (11).

If the modified voltage reference (V∗new) is selected by Eq.
(11), it is necessary to calculate trigonometric functions such
as cos(π/6-θ ) with the information of αc and the angle of the
reference vector as was done in [4] and [5].

To remove this complexity, the proposed SOM generates a
new boosted voltage vector with a simple procedure, where
the V2 value is directly obtained from the modulation index
m without finding αcand the angle of the reference vector.
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Fig. 6. (a) Original vector before boosting. (b) New reference voltage vector
after boosting in mode I with showing αc.

Fig. 7. New reference voltage generation by minimum phase error projection
scheme.

The duty ratios are selected by utilizing the minimum phase
error projection scheme shown in Fig. 7 and expressed as Eq.
(12), when V∗new having a V2 magnitude is located outside
the hexagon such as during the periods B-C like V2e jθ1 ,
and V2e jθ2 . The V∗new vector is projected on the side of the
hexagon. As the magnitude of the projected vector in the
periods B-C (equivalently αc ≤ θ < π/3 - αc) is identical
to Vdc/

√
3cos(π/6−θ), Eq. (11-b) is automatically satisfied.

Consequently, the duty ratios for V ∗new expressed in Eq. (13)
is determined by Eq. (12) for the case where dm1 + dm2 > 1
occurred in the periods B-C.

dnew
m1 =

dm1

dm1 +dm2
, dnew

m2 =
dm2

dm1 +dm2
(12)

V ∗new =V2e jθ 0≤ θ ≤ π
3
. (13)

In Eq. (12), dm1 and dm2 are the duty ratios for V∗new
generated by the large vectors, and dnew

m1 and dnew
m2 are the

recalculated duty ratios obtained from the projected V∗new.
The required voltage level, i.e. V2, which makes the funda-

mental voltage magnitude after boosting equivalent to V1, is
calculated by employing the FSE. By equalizing the coefficient
of the FSE of the original vector with that of the new vectors
shown as Eq. (14), V2 can be determined. For simplicity, the
constant coefficients of the FSE on both sides of Eq. (14) are
omitted.

∫ π
3

0 V1e jθ e− jθ dθ =
∫ αc

0 V2e jθ e− jθ dθ +
∫ π/3−αc

αc
Vdc√

3cos
(π/6−αc

)e jθ e− jθ dθ

+
∫ π/3
π/3−αc

V2e jθ e− jθ dθ

(14)

By using the relation
∫ 1

cosξ dξ = ln tan
(

π
4 + ξ

2

)
, Eq. (14)

can be written as:

V1 =
6
π

αcV2 +

√
3

π
Vdc

[
ln tan

(π
3
− αc

2

)
− ln tan

(π
6
− αc

2

)]

(15)
Fig. 6(b) clearly shows that the magnitude V2 is the value

at which θ = αc, so that the following equation is obtained:

V2 =
Vdc√

3
1

cos
(π

6 −αc
) (16)

Substituting Eq. (16) into (15), the relationship between V1
and αc can be given as Eq. (17):

V1 =
6
π ×αc× Vdc√

3
× 1

cos( π
6−αc)

+
√

3
π ×Vdc

[
ln tan

(π
3 − αc

2

)
− ln tan

(π
6 − αc

2

)] (17)

With Eqs. (15)-(17), V2 corresponding to V1 can be decided
and shown as Fig. 8. V1, and V2 in above equations are
equivalent to mv1, and mv2, respectively. The definitions of
mv1 and mv2 are given as:.

m = mv1 =
V ∗1

2/πVdc
,mv2 =

V ∗inst
2/πVdc

. (18)

V1
∗ is the fundamental component of the voltage reference.

On the other hand, Vinst
∗ in mv2 is the instantaneous value of

the reference voltage. In implementation, the magnitude of the
modified reference is not a fundamental but an instantaneous
value. Therefore, in the proposed SOM, mv2 defined with an
instantaneous value is used. Where, the modulation index m
with respect to αc can be given as Eq. (19) [13]. Hence, it
can be seen that mode I starts at m = 0.907 and ends at m =
0.9514 for αc= 300 and 00, respectively.

m =

√
3ln
[
tan
(π

3 − αc
2

)]

1− 6
π αc

. (19)

Mode I ends at αc = 00. From Eq. (16) it can be seen that
V∗inst is 2/3Vdc, and that it results in mv2 = 1.0472 as Eq. (21).

V2 =
Vdc√

3
1

cos
(π

6

) = 2
3

Vdc (20)

mv2 =V2

/
2
π Vdc

=
2
3Vdc

/
2
π Vdc

=
π
3
= 1.0472. (21)

The result shows that mv1 for V ∗1 varies from m = 0.907 to
0.9514 in mode I. On the other hand mv2 varies from 0.907
to 1.0472. This agrees with the x and y axis values in Fig. 8.
In implementation, mv2 with respected to mv1 is determined
by the approximate equations summarized in Table III. It is
divided in 3 sections and obtained with the help of a curve
fitting tool.
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Fig. 8. Relationship between mv2 and mv1 in mode I.

TABLE III
APPROXIMATE EQUATION FOR mv2 IN MODE IWITH RESPECT TO mv1

DIVIDED IN THREE SECTIONS

mode I (0.9069 ≤ m < 0.9514)
mv1 (original m) mv2 (modified m)
0.9069 ≤ mv1 < 0.940 mv2=1.731mv1-0.6656
0.940 ≤ mv1 < 0.951 mv2=5.48mv1-4.19
0.951 ≤ mv1 < 0.9514 mv2=35.82mv1-33.04

It should be mentioned that in mode I, the only required
value is mv2 equivalently V2 (or V∗inst ). This value is deter-
mined by Table III, and the duty ratios for V∗new having a V2
magnitude is automatically decided by Eq. (12) when V∗new
goes outside the hexagon.

B. SOM in mode II (0.9514 ≤m ≤ 1)

In mode II, the fundamental component of V1 cannot be
generated by only boosting the voltage magnitude [9], [10].
In the conventional method for the overmodulation of 2-level
inverters, the voltage and the angle reference are generated
by Eqs. (22) and (23) [13], where αh represents the holding
angle. Fig. 9 illustrates the SOM operation for 3-level inverters
in mode II. Fig. 9 shows that when the angle of the reference
vector (θ ) is located between 0 and αh, the new reference
vector remains at 0 degrees. Between αh and π/3 - αh it goes
along the side of the hexagon, and it remains at π/3 when θ
is located between π/3 - αh to π/3.

V ∗ =





2
3

Vdc

Vdc√
3cos

(π
6
−θ
)e jθ

2
3

Vdce j π
3

0≤ θ < αh

αh ≤ θ <
π
3
−αh

π
3
−αh ≤ θ <

π
3

(22)

θ ∗ =





0

θ −αh
π
6 −αh

· π
6

π
3

0≤ θ < αh

αh ≤ θ <
π
3
−αh

π
3
−αh ≤ θ <

π
3

. (23)

In the proposed method for 3-level inverters, the voltage
and the angle reference are given as Eqs. (24) and (25).
The magnitude of V∗new is fixed as 2/3Vdc, which is the

Fig. 9. V* in mode II discriminated in 3 sections by the phase reference with
respect to αh.

maximum inverter voltage equivalent to mv2 = 1.0472. The
angle reference is given by Eq. (25), to make the SVPWM
method simple.

V ∗new =
2
3

Vdce jθ 0≤ θ <
π
3
. (24)

In mode II, it can be seen that the reference vector described
in Eq. (22) for the conventional method of 2-level SVPWM
always moves along the side of the hexagon or stays in the
vertices of the triangle.

θ ∗ =





0
θ
π
3

0≤ θ < αh

αh ≤ θ <
π
3
−αh

π
3
−αh ≤ θ <

π
3

. (25)

Therefore, V∗new in Eq. (24), having a fixed magnitude of
2/3Vdc, always rotates outside the large hexagon. With the
angle command of Eq. (25) it can generate the same voltage
reference as that shown in Eq. (22). Also, as in mode I, the
duty ratios for generating V∗new can be easily determined by
the identical projection scheme described in Eq. (12).

Since, in the proposed SOM for mode II, mv2 is fixed at
1.0472 (equivalently 2/3Vdc), only expressing αh as a function
of mv1 is necessary. The relationship between αh and mv1 is
determined in a method that is similar to the one for obtaining
mv2 in mode I. In other words, by using the FSE, αh with
respect to mv1 is found. By equalizing the coefficient of the
FSE of the original vector expressed as Eq. (26) with that of
the new vector, Eqs. (27) and (28) can be obtained.

V ∗ =V1e jθ 0≤ θ ≤ π
3

(26)

∫ π
3

0
V1dθ =

∫ αh

0

2
3

Vdce− jθ dθ +
∫ π

3−αh

αh

Vdc√
3cos(π

6 −θ)
dθ+

∫ π
3

π
3 −αh

2
3

Vdce j( π
3−θ)dθ

(27)

V1 ·
π
3
=

2
3

Vdc · j
[
e− jαh −1

]
+

Vdc√
3
·
∫ π

3−αh

αh

Vdc

cos(π
6 −θ)

dθ +
2
3

Vdc · j
[
1− e− jαh

]
.
(28)

Eq. (29) is given by dividing Eq. (28) into the imaginary
and real parts.

V1 =
4
π
·Vdc ·2 · sinαh+

√
3

π

[
ln tan

(π
3
− αh

2

)
− ln tan

(π
6
− αh

6

)]
.

(29)
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Fig. 10. Holding angle αh with respect tom in mode II.

TABLE IV
APPROXIMATE EQUATIONS FOR HOLDING ANGLE IN MODE II

CORRESPONDING TO Mv1 DIVIDED IN THREE SECTIONS

mode II (0.9514 ≤ mv1 ≤ 1)
mv1 (m) αh, holding angle

0.9514 ≤ mv1< 0.955 αh=20.73mv1-19.71
0.955 ≤ mv1< 0.995 αh=7.797mv1-7.351

0.995 ≤ mv1< 1 αh=19.87mv1–19.37
mv1 = 1 αh= π/6

By substituting V1 with m = mv1 = V1/(2Vdc/π), the rela-
tionship between m (or mv1) and αh can be given as Eq. (30),
and drawn as Fig. 10.

m = 2 · sinαh +

√
3

2

[
ln tan

(π
3
− αh

2

)
− ln tan

(π
6
− αh

6

)]
.

(30)
Similar to mode I, with the help of a curve fitting tool the

approximate equations for the holding angle αh as a function
of the modulation index m can be found and summarized in
Table IV.

In summary, only αhcorresponding to m (mv1) is determined
in mode II, and the duty ratio for V∗newis determined by a
projection scheme identical to the one described in Eq. (12).
Fig. 11 shows a flowchart of the proposed over modulation
method for 3-level inverters.

IV. VERIFICATIONS

The specifications are summarized in Table V. In order
to verify the validity of the proposed SOM, the algorithm
has been implemented by using a digital signal processor
(TMS320F28335) with the V/F control of an induction mo-
tor. The switching frequency is chosen as 2 KHz with the
consideration of high power converters for high speed trains,
and motors are under controlled from the linear to six-step
operation mode. In the PWM interrupt service routine, the new
reference of magnitude of V∗new (equivalently mv2) and the
phase angle are generated by the proposed algorithm, shown
in Fig. 11. The computation times of the conventional and the
proposed methods have been measured and summarized in
Table VI. The time for determining the duty ratios has been
compared. As expected, Table VI shows that the proposed
method has greatly reduced the computation time for the
operation of overmodulation mode I as well as mode II.

Fig. 12 shows the experimental results corresponding to
various m values. In each figure, the phase current and the

Fig. 11. Flow chart for the proposed SOM.

TABLE V
SPECIFICATIONS FOR EXPERIMENTS

Motor Induction motor (2
HP/4poles)

DSP TMS320F28335
Switching freq. 2kHz

line voltage waveform of the inverter are shown from top to
bottom. Fig. 12(a) shows the experimental results when the
motor speed is 500 rpm. Since, the voltage vector is rotating
inside the small hexagon of Fig. 2, only the small vectors are
chosen so that the line voltage looks like that from a 2-level
inverter. Fig. 12(b) shows the waveforms for 900rpm. In this
operation condition, where the reference voltage is rotating
between the small and large hexagon areas, the line voltage
shows the conventional waveforms of a 3-level inverter in the
linear region. The waveforms obtained for mode I and mode
II are shown in Fig. 12(c) and 12(d), respectively. It can be
seen that as m increases, the area of missing PWM pulses
increases. When m = 1 (six-step operation), the inverter will
generate a square shape waveform, and the waveforms for this
operational condition are illustrated in Fig. 12(d).

V. CONCLUSION

In this paper, a novel SVPWM including the SOM for
3-level NPC inverters has been proposed. Only the boosted
magnitude or the holding angle with respect to the modulation
index in mode I or II need to be calculated. The modified
voltage reference and the duty ratios have been determined by
the minimum phase error projection scheme. As the result, the
proposed SOM features a simple calculation process. The rela-
tionship between the voltage magnitude and the holding angle
corresponding to the modulation index has been determined
in advance with the help of the Fourier series expansion and
implemented with the approximate equations. Experimental

TABLE VI
COMPARISON OF COMPUTATION TIMES

Operation Conventional Proposed
method

Linear 2.95 µs 2.95 µs
OVM mode I 10.95 µs 7.04 µs
OVM mode II 8.39 µs 6.07 µs
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(a)

(b)

(c)

(d)

Fig. 12. Experimental results for (a) motor speed 500rpm: linear region inside
the small hexagon, (b) 900 rpm: linear region inside the large hexagon, (c)
1600 rpm: SOM in mode I, (d) 1750 rpm: SOM in mode II especially six-step
mode (from top to bottom motor current [1.5A/div.], and line to line inverter
output voltage [200V/div.] with time scale [10msec/div.]).

results have demonstrated the validity of the proposed SOM
for 3-level NPC inverters.
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