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Abstract

This paper introduces and develops a fast and generalized space vector pulse width modulation
(SVPWM) scheme and applies the SVPWM scheme to investigate the optimal performance of
multilevel inverters. Due to the development in this paper, the introduced SVPWM scheme is
more efficient when the commanded reference vector is in low modulation regions. The SVPWM
scheme generates all the available switching states and switching sequences based on two simple
and general mappings, and calculates the duty cycles simply as for two-level SVPWM, thus
independent of the level number of the inverter and providing significant flexibility for analyzing
and designing multilevel inverters. Because the switching states, duty cycles, and switching
sequences are all obtained by simple calculation in the SVPWM scheme, no lookup table is
needed and the scheme is computationally fast. In this paper, the performance of multilevel
inverters is quantitatively analyzed according to different influencing factors, such as switching
frequency, level number of the inverter, modulation index, and switching pattern. Simulation
results and general conclusions are given.
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Abstract— This paper introduces and develops a fast and
generalized space vector pulse width modulation (SVPWM)
scheme and applies the SVPWM scheme to investigate the
optimal performance of multilevel inverters. Due to the
development in this paper, the introduced SVPWM scheme is
more efficient when the commanded reference vector is in low-
modulation regions. The SVPWM scheme generates all the
available switching states and switching sequences based on two
simple and general mappings, and calculates the duty cycles
simply as for two-level SVPWM, thus independent of the level
number of the inverter and providing significant flexibility for
analyzing and designing multilevel inverters. Because the
switching states, duty cycles, and switching sequences are all
obtained by simple calculation in the SVPWM scheme, no
lookup table is needed and the scheme is computationally fast.
In this paper, the performance of multilevel inverters is
quantitatively analyzed according to different influencing
factors, such as switching frequency, level number of the
inverter, modulation index, and switching pattern. Simulation
results and general conclusions are given.

Keywords— Space vector modulation; SVPWM; multilevel
inverter

1. INTRODUCTION

Multilevel inverters are widely used in high-power high-
voltage applications due to their advantageous performance
compared to two-level inverters. Several designable factors,
such as switching frequency, level number of the inverter,
modulation index, and switching pattern, can influence the
performance of multilevel inverters. In order to achieve the
optimal design of a multilevel inverter, quantitative analysis
of'its performance is necessary.

Space vector pulse width modulation (SVPWM), also
called space vector modulation (SVM), is one of the most
attractive modulation strategies for multilevel inverters [1]-
[5]. However, in spite of its significant advantages, SVPWM
for more than three-level inverters is still hardly explored,
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due to the largely increased number of switching states and
switching sequences that accompany the higher number of
levels.

Several SVPWM schemes [1]-[5] are known for three-
level inverters. However, those schemes are not readily
extended to four or higher level. One method partitions the
three-level space vector diagram into six two-level space
vector diagrams [1]. However, the axes of the d-¢g plane need
to be rotated by a certain angle in each calculation of the
reference vector location and thus the method is not easily
applied to higher level inverters; and no general method for
switching sequence selection or application for four or
higher level inverter is introduced. A similar method for
three-level inverters is described in [2], in which a two-phase
to three-phase conversion is needed to calculate the shift of
origin of a virtual two-level inverter. Since the two-phase to
three-phase conversion is needed for each division of the
space vector diagram, both the complexity and computation
of this scheme will increase when applied to a four or higher
level inverter. Moreover, no general switching sequence
selection method is introduced either. A Euclidean vector
system based SVPWM algorithm is presented in [3].
However, several matrix transformations are needed, and no
systematic approach for determining the switching states or
real-time implementation is provided. A coordinate
transformation and switching sequence mapping based
SVPWM scheme is proposed in [4], in which a coordinate
transformation is needed to determine the location of the
reference vector and to calculate the duty cycles, and a pre-
stored switching sequence mapping table is needed to
determine the switching sequence. Since the number of
possible switching sequences increases sensitively with the
increasing level of the inverter, more memory will be needed
and slower mapping speed will be achieved when the
method in [4] is applied to higher level inverters. In [5], the
equivalent two-level sub-hexagon is detected, which
contains the tip of the reference vector in the space vector



diagram of the multilevel inverter, and then the origin of the
reference vector is relocated to the center of the two-level
sub-hexagon. However, some switching states and switching
sequences that are actually suitable for the reference vector
are ignored in this method, which causes the method to not
provide optimal switching waveforms for every operation
condition.

This paper in Section II introduces and develops a fast
and generalized SVPWM scheme for multilevel inverters,
which can generate all the available switching states and
switching sequences and calculates the duty cycles simply as
for two-level SVPWM, thus providing significant flexibility

for exploring the optimal performance of multilevel inverters.

Based on this SVPWM scheme, Section III evaluates the
performance of multilevel inverters according to different
influencing factors, such as switching frequency, level
number of the inverter, modulation index, and switching
pattern. Finally, Section IV concludes the paper.

1.  SVPWM SCHEME

The principle of the SVPWM scheme is illustrated in Fig.
1 based on the space vector diagram H, of a five-level
inverter. Fig. 1(a) shows how to locate the reference vector
Vi, 1.€., to detect the modulation triangle AP,P,Ps; Fig.
1(b)-(c) show how to calculate the duty cycles and to
generate the switching sequences in two modes, i.e.,
counterclockwise (mode=1) and clockwise (mode=2), as if it
were an equivalent two-level SVPWM. More details of this
SVPWM scheme can be found in [6].

In order to synthesize or equate the reference vector, it is
the task of the SVPWM scheme to detect the nearest three
vectors V1, Vi, and Vy; (i.e., the vectors from the center of
H, to vertices P, P, and P;), to determine the sequence of
the nearest three vectors during a switching cycle (i.e., the
switching sequence), and to calculate the needed on-time
(i.e., duty cycle) of each nearest vector based on the
following equation [3]

.2 4
Vier = (0= 1) (Vs +Vy - /3 + 17 &557) (1a)

Ts : V'ref = dl : an + dZ : Vn2 + d3 : Vn3 (lb)
where V", V{7, and V" are the command reference voltage of
phase A, B, and C; T is the commanded switching cycle;
and d,, d,, and d; are the duty cycles of Vy, Vi, and Vi3,
respectively.

The detailed method of generating the switching
sequences and calculating the corresponding duty cycles, and
the development of the SVPWM scheme when the reference
vector locates in low-modulation regions, are introduced as
follows.

A. Switching Sequences

First, the reference vector V. is represented as the sum
of a set of “vertex vectors” (shown as blue solid arrows) and
a “remainder vector” V., as shown in Fig. 1(a). A vertex

vector is a vector connecting two adjacent vertices. The
remainder vector is the vector enclosed by the modulation
triangle AP, P,P5 and connecting a first vertex (i.e., P, in Fig.
1(a)) of the modulation triangle with the reference vector.

One way to determine the set of vertex vectors is based
on determining a set of nested hexagons H,, H,, and H;
enclosing the reference vector, as shown in Fig. 1(a). Each
nested hexagon corresponds to a specific level ranging from
(n-1) to a second level, and centers at the vertex of a vertex
vector. For instance, the method of selecting the nested (n-
1)-level hexagon H, is shown in Fig. 2.

There are six vertex vectors available for the nested (n-
1)-level hexagon H,, i.e., the one blue solid arrow and five
blue dashed arrows as shown in Fig. 2. The actual vertex
vector, among the six available vertex vectors, for the nested
(n-1)-level hexagon H,, is the one for which the angle
between this vertex vector and the reference vector is the
smallest. In this way, the first vertex vector Vy; can be
selected, as the blue solid arrow shown in Fig. 2. Then the
origin of the reference vector is shifted to the vertex of the

(b) mode=1

(¢) mode=2

Fig. 1. SVPWM in the paper: (a) Locating the reference vector; (b)-(c)
Two switching sequence modes.



selected vertex vector, which is the center vertex of the
selected nested hexagon /), and a new reference vector Vg,
is yielded. The other nested hexagons and vertex vectors can
be selected in a similar way by repeating the processing in
Fig. 2 based on the new reference vector.

After the set of vertex vectors is obtained, determine
iteratively the switching states at the vertices (i.e., centers of
the nested hexagons) for each vertex vector in the set,
starting from the switching states of the inverter at the origin
vertex, by modifying (increase or decrease by 1) a
corresponding phase of the present switching states to
produce the switching states of the inverter at the first vertex
(P, in Fig. 1) of the modulation triangle. The type of the
modification for the switching states and the corresponding
phase are shown in Table I, which is called the “first
mapping” and is explained in more detail in [6]. For each
iteration, the type of the modification and the corresponding
phase are determined based on a function s of the angle ¢ (0
< ¢ <2m) ofthe corresponding vertex vector

s=3¢/m+1 2)

Based on the first mapping in Table I, the switching
states at the vertices of the vertex vectors (the centers of the
nested hexagons) and the first vertex of the modulation
triangle are shown in Fig. 1 and Fig. 3. The redundant
switching states at each vertex are listed decreasingly from
top to bottom corresponding to the switching states of phase
A. The invalid switching states 454, 353, and -120 are
excluded sequentially, as shown in Fig. 3.

Finally, based on the switching states obtained at the first
vertex of the modulation triangle, determine the switching
sequences according to the switching sequence mode (mode)
and the region number (reg) of the modulation triangle in the
nested 2-level hexagon H; as shown in Fig. 1(b)-(c). The rule
of determining the switching sequence, called the “second
mapping”, is shown in Table II and more thoroughly
explained in [6]. Correspondingly, the switching sequences
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Fig. 3. Switching states at the first vertex of the modulation triangle and
the vertex vectors

141 — 041 — 031 (mode=1) and 031 — 041 — 141 — 142
(mode=2), as shown in Fig. 1(b)-(c).

B. Calculation of the Duty Cycles

Based on the remainder vector V., as shown in Fig.
1(b)-(c), the duty cycles of the “nearest three vectors” are
determined as for a two-level SVPWM, thus independent of

according to different switching sequence modes are 142 — the level number of the inverter. Vo, Vi, and V; are
TABLEL.  RULE OF THE MODIFICATION OF SWITCHING STATES (FIRST MAPPING)
s 1 2 3 4 5 6
Modification A1 cl B? Al ct B
Swhching e S5 | (S, | SIS | SIS, | SeDSS. | SIS | S,
TABLEIL. RULE OF THE DETERMINATION OF SWITCHING SEQUENCES (SECOND MAPPING)
reg
1 2 3 4 5 6
mode=1 | ABCT(L) CAB(U) BCAT(L) ABC|(U) CAB1(L) BCAL(U)
mode=2 | CBA|(U) BACH(L) ACB|(U) CBAT(L) BAC|(U) ACB1(L)




respectively equivalent to the nearest three vectors V, Vi3,
and V,; in (1b).

Equation (1b) is now expressed as
Ty Vie = Vo - (Ty - 1097073 T, - eFreamlzy (3

where Vg is voltage of the DC source of the inverter; 7 and
T, are respectively the duty cycle times of V; and V5; reg is
the region number (D-®) of the modulation triangle in the
nested 2-level hexagon H; as shown in Fig. 1(b)-(c).

inally, the duty cycles are yielded from (3) as
Finally, the duty cycl yielded from (3)
(1 =%[Vmsin (%n)—l/;y cos (%n)] - T,

{ T, = —% [V sin (%n) —V,y cos (Tei_ln)] - Ty
{ T,=T,—T, —T,

Q)

where V, and V,, represent the real and imaginary part of
Vier Ve, tespectively; T, is the total duty cycle for the
vectors from the center vertex of the n-level hexagon H, to
the center vertex of the nested 2-level hexagon Hjs, or called
the “zero vectors”.

In the SVPWM scheme, two switching states (e.g., 142
and 031 in Fig. 1(b)-(c)) at the center vertex of the nested 2-
level hexagon are used, and each switching state represents a
“zero vector”. The duty cycles T, and T, of the two zero
vectors can be freely adjusted as long as the following
equation is met

Too =To —Tor, 0=Tp; =T

®)

C. Development of the SVPWM Scheme

For an n-level inverter, (n-2) vertex vectors need to be
generated in order to locate every reference vector, according
to the locating method in Fig. 1(a). However, when the
reference vector Vs is in a low-modulation region, the
locating processing can be simplified, as shown in Fig. 4,
which is implemented as follows.

At first, classify the modulation region of the reference
vector as

r=m<%ﬂg+l ©

- Vdc

where int(x) means the integer part of x, and ||V.4| is the
magnitude of the reference vector V¢ calculated from (1a).

When 1<r<n-1, the reference vector is locating in a low-
modulation region, and can be treated as in a (r+1)-level
space vector diagram instead of in a n-level space vector
diagram, which is very useful when the level number of the
inverter is high while the modulation index of the reference
vector is low because less vertex vectors need to be
determined.

344
s=4, AL | 233
122

(b)

Fig. 4. A reference vector with low modulation index: (a) Locating the
reference vector; (b) Calculating the switching states.

For example, Fig. 4 shows the calculation of switching
states for the reference vector V¢ with a relatively low
modulation index (=2 from (6)). Three vertex vectors need
to be produced without classifying the modulation region in
(6), while only one vertex vector is produced after the
classification as shown in Fig. 4. Because of the
classification in (6), when the reference vector is in the low-
modulation regions, fewer vertex vectors, from (n-2) to (r-1),
need to be determined, which makes the SVPWM scheme
more efficient, especially when 7 is much smaller than 7.

III. PERFORMANCE EVALUATION OF MULTILEVEL
INVERTERS

In this section, the SVPWM scheme introduced in
Section II is applied to analyze the performance of multilevel
inverters for different influencing factors, such as switching
frequency, level number of the inverter, modulation index,
and switching pattern. A base operating condition of a
multilevel inverter is selected as: 1) Switching frequency: 5
kHz; 2) Level number of the inverter: 9; 3) Modulation index:
0.8; and 4) Fundamental frequency: 50 Hz.

The total harmonic distortion (THD) of the output line
voltage of the inverter determines the power quality supplied
by the inverter and thus is considered as an evaluation



criteria for the performance of the inverter. In this paper, the
THD is calculated as

VIIVoll2=IVos II?

Vol

THD = 7)

where V, is the output line voltage of the inverter, Vy, is the
fundamental frequency component of V,, and ||x|| represents
the root mean square value of x.

The influence of each factor is described as follows.

A. Switching Frequency

Adjust the switching frequency (f;) of the inverter from
500 Hz to 12.5 kHz (step size: 0.5 kHz) and keep the other
configurations of the inverter unchanged as for the base
operating condition; then the THD of the output line voltage
Vab (phase A to phase B) of the inverter is shown in Fig. 5.
For instance, the waveforms of V;, when f; is 1 kHz, 5 kHz,
and 10 kHz are respectively shown in Fig. 6.

Fig. 5 reveals that for the SVPWM controlled multilevel
inverter, the THD of the output line voltage is significantly
reduced when the switching frequency increases until
reaching a certain amount, e.g., 2.5 kHz as shown in Fig. 5.
When the switching frequency is higher than about 2.5 kHz,
the THD of the output line voltage does not decrease much
further by simply increasing the switching frequency beyond
2.5 kHz.

Meanwhile, despite reducing THD of the output line
voltage, when the switching frequency becomes higher, the
power losses of the inverter will increase. So there is a
compromise between the THD and power losses of the
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Fig. 5. THD of'the inverter according to different switching frequencies

inverter, and the SVPWM scheme introduced in this paper
can help to select the optimal switching frequency.

B. Level number of the Inverter

The level number of the inverter is now adjusted from 2
to 27 while keeping the other configurations of the inverter
unchanged as for the base operating condition. The THD of
the output line voltage V7, of the inverter is shown in Fig. 8.
The actual waveforms of V,, when the level number of the
inverter is 3, 15, and 27 for example are respectively shown
in Fig. 7.

Fig. 8 illustrates that the THD of the output line voltage

1 1 1
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kel kel ©
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Fig. 6. Normalized PWM waveforms of the output line voltage according to different switching frequencies

Level: 3
05 05

Vab / Vdc
S
(4 o
Vab / Vdc
=)
wn o

'
L
N

Level: 15

Level: 27

Vab / Vdc
o

o

0 0.2 0.4 0.6 0.8 1
t/T

04 06
t/T

0.8 1 0 0.2 0.4 0.6 0.8 1
t/T

Fig. 7. Normalized PWM waveforms of the output line voltage according to different inverter levels



decreases significantly initially as the level number of the
inverter increases but after about an 11-level inverter there is
not much further improvement for higher levels. By
comparing to Fig. 5, it also shows that when the THD of the
output line voltage cannot be reduced much further by
increasing the switching frequency, it can be reduced by
increasing the level number of the inverter.

C. Modulation Index

Now the modulation index of the inverter is adjusted
from 0.1 to 1.0 while keeping the other configurations of the
inverter as the same as for the base operating condition. The
THD of the output line voltage V,, of the inverter now
appears in Fig. 9. The actual waveforms of V, when the
modulation index is 0.2, 0.5, and 1.0 are respectively shown
in Fig. 10 for instance.

Fig. 9 demonstrates that the THD of the output line
voltage decreases significantly when the modulation index
starts increasing form a low value. However, when the
modulation index is low, there are more redundant switching
sequences available, which is beneficial for de-link capacitor
voltage balancing control for clamped multilevel inverters as
described in [7]. The SVPWM scheme introduced in this
paper can be used to select the optimal modulation index in
any particular applications.

D. Switching Pattern

In the above sections, the duty cycles Ty, and Ty, of the
two zero vectors in (5) are all selected as

Toy =Tor =Ty /2 ®)

Fig. 11 shows the output voltage of phase A when the
duty cycles of the zero vectors are selected as other values.
When the modulation index is 0.8, there are two redundant
switching sequences for each switching sequence mode
according to Table II, and the output voltage of phase A for
different redundant switching sequences is shown in Fig. 12.

Though the =zero vectors, or redundant switching
sequences, have the same effect on the output line voltage,
they have different effects on the common-mode voltage
brought by the inverters, and on the de-link capacitor voltage
balancing for clamped multilevel inverters [7]. Applying the
SVPWM scheme described in this paper can help the inverter
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Fig. 8. THD of the inverter according to different inverter levels
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Fig. 9. THD of the inverter according to different modulation indexes

to achieve the optimal performance for any particular
operating conditions/requirements.

IV. CONCLUSIONS

This paper introduces and develops a fast and generalized
SVPWM scheme for multilevel inverters. Due to the
development in this paper, the introduced SVPWM scheme is
more efficient when the commanded reference vector is in
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Fig. 10. Normalized PWM waveforms of the output line voltage according to different modulation indexes
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Fig. 11. Normalized PWM voltage waveforms of phase A according to different zero vector duty cycles
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Fig. 12. Normalized PWM voltage waveforms of phase A for different redundant switching sequences

low-modulation regions. The SVPWM scheme has the
following significant advantages compared with prior
SVPWM schemes: 1) Switching states, duty cycles, and
switching sequences are all obtained by simple calculation, so
no lookup table is needed and the scheme is computationally
fast; 2) All the available switching states and switching
sequences can be obtained, which provides the most
flexibility of optimizing switching sequence; 3) The scheme
is suitable for any level inverter.

Based on the SVPWM scheme introduced in this paper,
the performance of multilevel inverters is quantitatively
analyzed according to different influencing factors, such as
switching frequency, level number of the inverter, modulation
index, and switching pattern. The results are useful for
designing multilevel inverters, and the SVPWM scheme can
be applied to explore the optimal performance of multilevel
inverters for any particular operating conditions/requirements.
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