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Abstract—A generalized space-vector-based spread spectrum
modulation scheme for multilevel inverters is proposed in this
paper. The proposed scheme uses the principle of sigma–delta
modulation as applied to analog-to-digital converters (ADCs),
based on the view that a multilevel converter could be interpreted
as an oversampling ADC. The principle of vector quantization is
utilized for quantizing the instantaneous reference voltage space
vector in the proposed space-vector-based sigma–delta converter.
The switching vectors of the inverter are naturally selected with-
out sector identification, ensuring optimum switching sequence
under all conditions including the overmodulation region. As the
sigma–delta converter results in a randomly varying switching fre-
quency, the proposed scheme has spread spectrum characteristics.
To avoid fractional arithmetic, a 60◦ coordinate system is used to
represent the space vector in this paper. The proposed scheme
can be used for any general n-level inverter, and experimental
results are presented for four-, five-, and six-level inverters, driving
a 2-hp three-phase induction motor in an open-end winding con-
figuration. The experimental results of the proposed scheme are
compared with the space-vector pulsewidth modulation (PWM)
scheme and random PWM scheme.

Index Terms—Multilevel inverter, sigma–delta converter, space
vector, spread spectrum, vector quantization.

I. INTRODUCTION

FOR THE medium-voltage high-power industrial drive ap-
plications, multilevel inverters have emerged as an at-

tractive choice. Speed control in adjustable speed drives is
achieved by varying the duty ratio of inverter switches [1]–[4].
Multilevel inverters have improved the total harmonic distortion
(THD) and reduced the stress on switching devices compared
to two-level inverters [2]–[7]. Commonly used modulation
and control strategies in multilevel inverters are carrier-based
sinusoidal pulsewidth modulation (PWM) and space-vector
PWM (SVPWM) [3]–[12]. Compared to carrier-based PWM
schemes, the space-vector modulation schemes have better
utilization of dc bus and are amenable to digital implementation
[2]–[7].
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The power spectrum of inverters using constant switching
frequency PWM schemes is concentrated around the switching
frequency and its harmonics [13], [14]. This will result in
acoustic noise, electromagnetic interference, copper loss, iron
loss, overheating, and torque pulsation in the electric machine
driven by the inverters [14]. The random modulation schemes
which produce spread spectrum characteristics can reduce these
adverse effects [15]–[25]. The random PWM is obtained by
comparison of reference signals with random number, by mod-
ulation of the switching frequency, or by random variation of
the position of the active switching vector [15]–[23]. In three-
level inverters, random PWM is implemented by comparison of
reference signals with random numbers, and in space-vector-
based random PWM for three-level inverter, randomness is
achieved by realizing instantaneous reference voltage space
vector among different possible combinations of inverter volt-
age space vector [24], [25].

The multilevel inverters can be considered as oversampling
analog-to-digital converters (ADCs) which synthesize the low-
frequency analog reference input by switching the discrete
inverter states at high frequency [26]–[28]. The oversampling
ADC in signal processing applications uses a sigma–delta mod-
ulator [29], [30]. Delta modulation and sigma–delta modulation
have been proposed for resonant link inverters in motor drives
[31]–[33]. Sigma–delta modulation with scalar quantizer is
used for power control of two-level voltage source inverters
[34], [35]. The principle of vector quantization has been used
in space-vector modulation to realize spread spectrum charac-
teristics for voltage source inverters [36], [37]. For space-vector
modulation of multilevel inverters, the space-vector diagram
of the higher level inverter is decomposed into space-vector
diagrams of the next lower inverters and further split into space-
vector diagram of two-level inverters [37]–[40].

This paper proposes a space-vector-based generalized ran-
dom PWM scheme for multilevel inverters from the standpoint
of oversampling ADC. The reference space vector for any
general n-level voltage space-vector plane is mapped into the
two-level space-vector plane directly in a single step for the
modulation in this scheme. In the present work, a spread spec-
trum technique using a sigma–delta modulator is applied to this
mapped reference. The quantizer in the proposed sigma–delta
modulator is based on the principle of vector quantization. To
eliminate fractional arithmetic, a 60◦ coordinate system is used
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for the representation of space vector in the present work. The
switching vectors of the inverter are naturally selected ensuring
optimum switching sequence under all conditions including the
overmodulation region. The proposed scheme is implemented
for four-, five-, and six-level inverter topologies driving a 2-hp
three-phase induction motor in an open-end winding configura-
tion, and experimental results are presented.

II. PRINCIPLES ADOPTED IN THE PROPOSED SCHEME

The proposed spread spectrum modulation scheme for mul-
tilevel inverters is evolved from two basic ideas. The first one
is that the multilevel inverters can be viewed as oversampling
ADC and, hence, the techniques used with respect to over-
sampling ADCs are relevant in controlling multilevel inverters.
The second idea is that, at any sampling instance within the
multilevel structure, only a two-level structure is operational as,
within any switching time period, only three switches (one per
phase) are operational. While the first idea is used in the present
work to adopt sigma–delta-modulation-based spread spectrum
principles, the second idea is used to simplify the generation of
SVPWM signals for the multilevel inverter.

A. Multilevel Inverter as Oversampling ADC

The multilevel inverter has a discrete state output like digital
systems, and it tries to approximate the input signal, which is
a set of three-phase analog signals, by switching its discrete
states at a high frequency. Therefore, its behavior is similar to
an ADC [26]–[28]. Since the input analog signals are sampled
at a much higher frequency (the inverter switching frequency
is much higher than the analog input), the inverters and, hence,
multilevel inverters can be understood as a system of oversam-
pling ADC [26]–[28]. This understanding prompts us to explore
the possibility of adopting the techniques used in the context of
oversampling ADC, to control multilevel inverters.

In the case of a single-bit oversampling-type ADC, the reso-
lution of 16-bit Nyquist rate ADC can be achieved by spread-
ing the quantization noise out of the signal bandwidth using
sigma–delta modulators [29], [30]. The switching frequency in
the sigma–delta converters varies randomly, resulting in spread-
ing of output power spectrum. This will eliminate the concen-
tration of energy at switching frequency harmonics which are
present in the fixed frequency switching. In the present work,
to spread the power spectrum of the multilevel inverters, the
principles of sigma–delta modulators are employed, similar to
their application in the context of oversampling ADCs. The
space-vector-based modulation scheme is used in the proposed
scheme to generate the spread spectrum control signals for the
multilevel inverters.

B. Simplifying the Generation of Space-Vector Modulation in
Multilevel Inverters

In SVPWM scheme, the instantaneous reference voltage
space vector is approximated by switching the three inverter
voltage space vectors nearest to the tip of the reference voltage
space vector [1]–[4]. The time duration for each of the inverter

Fig. 1. Space-vector diagram of a six-level inverter and mapping of the
reference voltage space vector into two-level space-vector plane.

Fig. 2. Vector-quantized space-vector-based sigma–delta converter.

Fig. 3. Voronoi regions A to G corresponding to the integrated error V e and
sectors 1 to 6 of the reference space vector V .

voltage space vector depends on the amplitude and position of
the instantaneous reference voltage space vector. The number
of switching states for a three-phase n-level inverter is n3, of
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Fig. 4. Flow chart of the proposed algorithm.

which there are (n− 1)3 redundant states. The number of tri-
angular sectors in the n-level inverter is 6(n− 1)2. Therefore,
in the case of higher level inverters, the selection of inverter
switching vector and the calculation of the duration of these
vectors become complex due to the availability of large number
of inverter switching vectors [1]–[4]. The situation can be
simplified if we closely examine the operation of the multilevel
inverters at the individual switch level.

In multilevel inverters, as in the case of a two-level inverter,
the state of the inverter changes from one state to another due
to the switching of only one switch (which switches from one
particular level to another). Within one sampling time period,
the instantaneous reference sample is realized by switching
three inverter states, and hence, three pairs of switches (one
pair per phase) will be changing state while all other switches
retain their previous states. Taking these three pairs of switches
together, it is like a two-level structure operating within a
multilevel inverter. It is interesting to note that the switching
pattern and PWM signals are similar to those of the two-level
inverter. That is, in each sampling time period, only a two-level
inverter structure is in operation within the multilevel-inverter
structure. This is the motivation behind the mapping of the
instantaneous reference signal of the multilevel inverter to that
of an equivalent two-level inverter [38]–[40]. The switching
vectors corresponding to the two-level inverter and time periods
can then be determined corresponding to the mapped reference
voltage space vector using methods of SVPWM generation

for a two-level inverter. The switching vectors corresponding
to the two-level inverter can then be translated to switching
vectors of the multilevel structure, maintaining optimum se-
quence [38]–[40].

III. PROPOSED SIGMA–DELTA CONVERTER FOR

MULTILEVEL STRUCTURE

In the proposed scheme, a 60◦ coordinate system is used for
the representation of space vector instead of the conventional
orthogonal coordinate system to reduce the computational com-
plexity by eliminating fractional arithmetic [41]. As explained
in the previous section, to simplify the switching scheme,
the reference voltage space vector in multilevel inverter is
mapped to two-level-inverter space-vector plane. The space-
vector-based sigma–delta ADC is used to convert the mapped
analog reference voltage space vector to two-level-inverter
switching states. The switching vectors generated in the space-
vector-based sigma–delta converter corresponding to two-level
inverter are then translated back to the original multilevel in-
verter to obtain the actual switching vectors in multilevel in-
verter. In the proposed scheme, the switching vectors of the
inverter are naturally selected to ensure the optimum switching
sequence under all conditions including the overmodulation
region. Hence, a smooth transition is achieved from linear to
overmodulation region.
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Fig. 5. Open-end winding induction motor driven by multilevel inverter configuration realized by cascading two conventional two-level inverters on one side
and a two-level inverter having asymmetrical dc-link voltage on the other side.

The steps involved in the proposed scheme are as follows:
1) mapping of instantaneous reference voltage space vector to
two-level space-vector plane; 2) generation of switching vec-
tors using the space-vector-based sigma–delta converter; and
3) translation of switching vectors into multilevel topology.
These are explained in detail in the following sections.

A. Mapping of Instantaneous Reference Voltage Space Vector
to Two-Level Space-Vector Plane

The proposed spread spectrum modulation scheme can be
used for any multilevel-inverter topology. The proposed scheme
is explained for a six-level inverter. Fig. 1 shows the space-
vector diagram of a six-level inverter. It may be noted that
this space-vector diagram is independent of the topology of the
inverter. The different switching levels in a six-level inverter
are 0, (1/5)Vdc, (2/5)Vdc, (3/5)Vdc, (4/5)Vdc, and Vdc, where
Vdc is the equivalent dc-link voltage of a two-level inverter.
These voltage levels in each phase are represented by 0, 1, 2,
3, 4, and 5, as can be seen in the space-vector diagram, and
each vector location is a combination of these levels. In the
case of a multilevel inverter, the same vector location can be
realized by different combinations of these levels. For example,
in Fig. 1, the vector at point D is realized by the vector 300.
However, it may be noted that the same vector location can
also be represented by vectors 411 and 522. These are called
redundant vectors. These redundant vectors are independent of
the multilevel-inverter topology. In Fig. 1, the redundant vectors
are not shown, to keep the diagram simple.

In Fig. 1, OR represents the instantaneous reference space
vector. The space-vector diagram of multilevel inverters can
be considered to be composed of many two-level space-vector
diagrams, called subhexagons [38]–[40]. The tip of the instan-

TABLE I
DC-LINK VOLTAGES APPLIED TO THREE INVERTERS

AND NUMBER OF LEVELS

taneous reference space vector OR lies in the shaded space-
vector area of the two-level inverter named F. At different
sampling instants, the tip of the instantaneous reference space
vector lies in different space-vector areas of the two-level
inverter and selects inverter voltage vectors corresponding to
that active subhexagon. In Fig. 1, the subhexagon at the center
(inner subhexagon A) corresponds to the space-vector diagram
of a two-level inverter having the vector 000 as the center. These
centers of the subhexagons are referred to as the subhexagon
center. The subhexagons named B, C, D, E, and F also can be
viewed as space-vector diagrams of two-level inverter having
vectors 022, 030, 300, 204, and 440, respectively, as its centers.
It may be noted that a particular subhexagon can be mapped to
the innermost subhexagon, by subtracting the subhexagon cen-
ter from the other six vectors of that subhexagon. The instanta-
neous reference voltage space vector which lies in a particular
subhexagon can also be mapped to the innermost subhexagon
by subtracting the subhexagon center from the instantaneous
reference space vector [38]–[40]. In Fig. 1, the instantaneous
reference space vector OR will be mapped as OR′ in the inner
subhexagon by subtracting the vector at the center of the sub-
hexagon F (i.e., 440). Mapping the reference voltage space vec-
tor in multilevel inverter to the two-level-inverter space-vector
diagram simplifies the switching scheme of multilevel inverters.
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Fig. 6. (a) Four-level-inverter pole voltages with modulation index m = 0.8. (Upper trace) Pole voltage (VA2O) of cascaded inverter. (Middle trace) Pole voltage
(VA3O′ ) of two-level inverter. (Lower trace) Effective pole axis: Voltage (VA2O − VA3O′ ). Scale: X-axis: 4 ms/div; Y -axis: 100 V/div. (b) Five-level-inverter
pole voltages with modulation index m = 0.8. (Upper trace) Pole voltage (VA2O) of cascaded inverter. (Middle trace) Pole voltage (VA3O′ ) of two-level inverter.
(Lower trace) Effective pole voltage (VA2O − VA3O′ ). Scale: X-axis: 4 ms/div; Y -axis: (1) 100 V/div; (2) 50 V/div. (c) Six-level-inverter pole voltages with
modulation index m = 0.8. (Upper trace) Pole voltage (VA2O) of cascaded inverter. (Middle trace) Pole voltage (VA3O′ ) of two-level inverter. (Lower trace)
Effective pole voltage (VA2O − VA3O′ ). Scale: X-axis: 4 ms/div; Y -axis: 100 V/div.

The calculation of the voltage vector switching time and the
determination of switching sequence are done for the mapped
reference voltage space vector in two-level-inverter plane.
The switching vectors generated for two-level-inverter space-
vector plane are translated back to multilevel-inverter space-
vector plane in a reverse approach to the mapping [38]–[40].
This translation of the two-level vectors to the actual vectors of
the multilevel inverter is achieved by adding the center of the
subhexagon to the switching vectors generated in the two-level
inverter. This reverse mapping retains the time duration of the
vectors and the optimality in the sequence.

B. Space-Vector-Based Sigma–Delta Converter

The proposed space-vector-based sigma–delta converter
scheme is used to generate the inverter switching vectors
corresponding to the mapped reference voltage space vector.
Fig. 2 shows the proposed space-vector-based sigma–delta
converter scheme. This paper proposes a structure consisting
of two sigma–delta converters, each for the resolved m and
n components in the 60◦ coordinate system of the mapped
reference space vector. Each sigma–delta converter consists of
a difference node, a discrete time integrator, a space-vector
quantizer, and a digital-to-analog converter in the feedback path
[29], [30]. In the present work, the quantizer in the sigma–delta
converter uses the principle of vector quantization instead of
conventional scalar quantizer [42], [43].

The input to the integrator is the difference between the input
signal V and the quantized output value S converted back to
the predicted analog signal Sa. This error is summed up in
the integrator to produce an integrated error vector V e. It may
be noted that the integrated error space vector V e is random
in nature, and it can be mapped to a point in a 2-D vector
space plane of two-level inverter. This vector space can be
divided into seven Voronoi regions, named A to G, around each
inverter voltage vector (Fig. 3). Using the principles of vector
quantization, all the vectors in a Voronoi region are quantized
to the corresponding inverter voltage vectors. The eight inverter
voltage vectors can be coded using 3 b (000 to 111) which are
the two-level-inverter voltage vectors. The algorithm to find out
the Voronoi region and the corresponding code vector are given
in the flow chart, in the shaded portion corresponding to the
Space Vector Quantizer (Fig. 4).

In the proposed scheme, the inverter voltage vectors are
selected depending upon the Voronoi region of the instanta-
neous error vector and the sector of the input reference vector.
Fig. 3 shows the Voronoi region of error vector V e (regions
A to G) and sectors of reference space vector V (sectors 1
to 6). The instantaneous switching vector is selected among
the two active vectors corresponding to the sector and the zero
vector to minimize inverter switching. A particular active vector
is selected whenever the error vector falls in the respective
Voronoi region (i.e., the Voronoi region in which the active
vector resides) or in the adjacent Voronoi region. Whenever
the error vector falls in the Voronoi regions other than the
regions in which the two active switching vectors reside or
in the regions adjacent to it, zero vectors are selected. The
redundancy available in the case of zero vectors is exploited
to ensure optimum switching sequence.

Whenever the reference space vector crosses a sector, the
integrated error vector becomes large. If the integrated error
vector V e is too large, selection of vectors from sectors that are
not adjacent to the reference space vector V is also possible.
This results in direct polarity reversals in the inverter line-to-
line voltages [33], [34]. Such polarity reversals lead to increased
overvoltage stresses at the load terminals. To overcome this,
whenever vectors from nonadjacent sectors are selected, it is
replaced by a zero vector. To ensure the optimum switching
sequence, zero vectors are selected depending on the sector in
which the reference space vector lies. If the reference space
vector V is in the odd-numbered sectors, the gating pattern
V 7 = [1 1 1] is selected, and if the reference space vector V is
in the even-numbered sectors, the gating pattern V 0 = [0 0 0]
is selected. Hence, the decision of switching vector depends
on the reference space vector’s sector and the integrated error
vector’s Voronoi region. This will ensure minimum switching
losses in the inverter.

C. Generation of the Actual Switching Vectors of the
Multilevel Inverter

The switching vectors determined using the sigma–delta
modulator are the switching vectors corresponding to the inner-
most subhexagon, onto which the actual subhexagon containing
the tip of the instantaneous reference space vector was mapped.
Now, to generate the actual switching vectors of the multilevel
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Fig. 7. (a) Four-level-inverter scheme with modulation index m = 0.8. (Upper trace) Motor phase voltage (VA2A3). Scale: X-axis: 4 ms/div; Y -axis: 50 V/div.
(Lower trace) Motor phase current (IA). Scale: Y -axis: 1 A/div. (b) Five-level-inverter scheme with modulation index m = 0.8. (Upper trace) Motor phase
voltage (VA2A3). Scale: X-axis: 4 ms/div; Y -axis: 50 V/div. (Lower trace) Motor phase current (IA). Scale: Y -axis: 1 A/div. (c) Six-level-inverter scheme with
modulation index m = 0.8. (Upper trace) Motor phase voltage (VA2A3). Scale: X-axis: 4 ms/div; Y -axis: 50 V/div. (Lower trace) Motor phase current (IA).
Scale: Y -axis: 2 A/div.

Fig. 8. (a) Four-level-inverter scheme under overmodulation condition. (Upper trace) Pole voltage (VA2O) of cascaded inverter. (Middle trace) Pole voltage
(VA3O′ ) of two-level inverter. (Lower trace) Motor phase voltage (VA2A3). Scale: X-axis: 4 ms/div; Y -axis: 100 V/div for the top and bottom traces and 50 V/div
for the middle trace. (b) Five-level-inverter scheme under overmodulation condition. (Upper trace) Pole voltage (VA2O) of cascaded inverter. (Middle trace) Pole
voltage (VA3O′ ) of two-level inverter. (Lower trace) Motor phase voltage (VA2A3). Scale: X-axis: 4 ms/div; Y -axis: 100 V/div for the top and bottom traces and
25 V/div for the middle trace. (c) Six-level-inverter scheme under overmodulation condition. (Upper trace) Pole voltage (VA2O) of cascaded inverter. (Middle
trace) Pole voltage (VA3O′ ) of two-level inverter. (Lower trace) Motor phase voltage (VA2A3). Scale: X-axis: 4 ms/div; Y -axis: 100 V/div for the top and bottom
traces and 50 V/div for the middle trace.

inverter, i.e., the vectors corresponding to the original sub-
hexagon containing the tip of the instantaneous reference space
vector, the innermost subhexagon has to be reverse mapped to
the actual subhexagon. This can be achieved by adding the vec-
tor value at the center of the selected subhexagon to the switch-
ing vectors of the two-level inverter, resulting in the actual
three switching vectors nearest to the tip of the instantaneous
reference space vector [38]–[40]. The complete flow chart of
the proposed algorithm is given in the flow chart in Fig. 4.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Power Circuit

The proposed scheme for the n-level inverters can be ap-
plied to any inverter configuration, viz., neutral-point-clamped,
H-bridge, capacitor-clamped, and open-end-winding induction
motor configurations. In the present work, a power circuit
(Fig. 5) that can be configured as four-, five-, and six-level
multilevel inverters is used [44]–[49]. It consists of an open-
end-winding induction motor fed with a two-level inverter at
one end and three-level inverter on the other side realized by
the cascaded connection of two conventional two-level inverters
[47]. The four-, five-, and six-level inverter configurations can
be achieved by different combinations of the dc-link voltages in
the three inverters. Table I shows the dc-link voltages applied
to the three inverters, i.e., four-, five-, and six-level inverters,
having asymmetrical dc-link voltages. The three-level inverter

Fig. 9. (a) Three experimental pole voltage (VA2O, VB2O, and VC2O)
waveforms for the proposed scheme with three-level mode of operation (mod-
ulation index m = 0.8). Scale: X-axis: 4 ms/div; Y -axis: 100 V/div. (b) Time-
scale expanded waveforms of the three pole voltages of the marked region in
(a). X-axis: 400 μs/div; Y -axis: 100 V/div.

configuration in the setup is realized by cascaded inverter
configurations. The configuration is used to drive a 2-hp three-
phase open-end-winding induction motor with V/f control for
different modulation indices covering different speed ranges.
The scheme is implemented using the dSPACE DS 1104 real
time interface platform. The glue logic for realizing the gating
pulses from the PWM signals is implemented on Virtex-II PRO
XC2VP30 field-programmable gate array board.
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Fig. 10. (a) Experimental pole voltage spectrum of four-level inverter for the proposed scheme with modulation index m = 0.8. Scale: Y -axis: −40 ∼ +40 dB;
10 dB/div; X-axis: 0–125 kHz; 12.5 kHz/div. (b) Experimental pole voltage spectrum of five-level inverter for the proposed scheme with modulation index
m = 0.8. Scale: Y -axis: −40 ∼ +40 dB; 10 dB/div; X-axis: 0–125 kHz; 12.5 kHz/div. (c) Experimental pole voltage spectrum of six-level inverter for the
proposed scheme with modulation index m = 0.8. Scale: Y -axis: −40 ∼ +40 dB; 10 dB/div; X-axis: 0–125 kHz; 12.5 kHz/div.

Fig. 11. (a) Experimental phase voltage (VAO) spectrum for the proposed scheme with modulation index m = 0.8. Scale: Y -axis: −40 ∼ 40 dB; 10 dB/div;
X-axis: 0–50 kHz; 5 kHz/div. (b) Experimental phase voltage (VAO) spectrum for the SVPWM with modulation index m = 0.8. Scale: Y -axis: −40 ∼ 40 dB;
10 dB/div; X-axis: 0–50 kHz; 5 kHz/div.

B. Experimental Results of the Proposed Scheme

Fig. 6(a)–(c) shows the pole voltages for the four-, five-,
and six-level inverters, respectively. In Fig. 6(a), the pole volt-
ages of four-level inverter with modulation index m = 0.8 are
shown. The upper trace is the pole voltage (VA2O) of cascaded
three-level inverter, and the middle trace is the pole voltage
(VA3O′) of two-level inverter. The lower trace of Fig. 6(a) is
the difference between pole voltages (VA2O − VA3O′ ) of three-
and two-level inverters driving the open-end winding induction
motor. It shows the equivalent pole voltage of the open-end
winding configuration and is similar to the four-level pole volt-
age. Similarly, Fig. 6(b) and (c) shows the pole voltages of the
five- and six-level inverter configurations. The lower traces of
Fig. 6(b) and (c) show the equivalent pole voltages of the five-
and six-level inverters, i.e., (VA2O − VA3O′ ) corresponding to
the five- and six-level-inverter operations.

The phase voltages and phase currents of the induction motor
for four-, five-, and six-level inverter configurations are shown
in Fig. 7(a)–(c), respectively. Fig. 7(a) shows the four-level
mode of operation in the four-level inverter with modulation
index m = 0.8. The five-level mode of operation and six-level
mode of operation in the five- and six-level inverters with
modulation index m = 0.8 are shown in Fig. 7(b) and (c),
respectively.

The pole voltage and phase voltage of the motor under the
overmodulation condition are shown in Fig. 8. In Fig. 8(a), the
upper trace is the pole voltage (VA2O) of cascaded inverter,

and the middle trace is the pole voltage (VA3O′) of two-
level inverter in the case of four-level inverter configuration.
The lower trace in Fig. 8(a) shows the motor phase voltage
(VA2A3) under overmodulation in four-level inverter. Fig. 8(b)
and (c) similarly shows the pole and phase voltages under the
overmodulation condition, in the cases of five- and six-level
inverters.

Fig. 9 shows the time-scale expanded waveform of the pole
voltages of cascaded three-level inverter and two-level inverter
in the five-level inverter configuration. From the time-scale
expanded waveform of the pole voltages shown in Fig. 9(b),
it can be noted that the width of each pulse is constant, which
is equal to the sampling period. However, the density of pulses
varies there by varying the effective width of pulses, resulting
in random variation of switching frequency.

The random variation of switching frequency in the proposed
scheme results in spreading of output spectrum, as shown in
Fig. 10. Fig. 10(a)–(c) shows the spectra of phase voltages
obtained experimentally for four-, five-, and six-level inverter
configurations, respectively, with modulation index m = 0.8.
The noise levels are less than 0 dB in the proposed scheme at all
frequencies and spread without any concentration at switching
harmonics.

The comparison of frequency spectrum of the proposed
scheme with that of the SVPWM scheme at modulation index
0.8 is shown in Fig. 11. For the SVPWM scheme in Fig. 11(b),
it can be noted that clusters of switching noise are present at its
switching frequency of 5 kHz and its harmonics.
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Fig. 12. Experimental results: Comparison of THD characteristics of the pole
voltage for the proposed scheme, SVPWM scheme, and random PWM scheme.

Fig. 12 shows the harmonic analysis and comparison of
THD characteristics of the proposed scheme, SVPWM scheme,
and random PWM scheme. THD characteristics are evaluated
experimentally with different modulation indices for the pole
voltage in the three schemes. It shows that the THD of the
proposed scheme is much lesser than that of SVPWM scheme
and comparable with that of the random SVPWM scheme for
all modulation indices.

V. CONCLUSION

A generalized spread spectrum modulation scheme for mul-
tilevel inverters has been proposed, from the point of view
that multilevel inverters are similar to oversampling ADCs. In
the proposed scheme, the instantaneous reference space vector
is mapped to an equivalent two-level inverter, and the pro-
posed space-vector-based sigma–delta modulation is applied
on this mapped reference space vector. The resultant vectors
of the two-level inverter can be easily translated to the actual
switching vectors, and this proposed method of working on
the mapped reference space vector makes the proposed scheme
suitable for any general n-level inverter. The scheme uses the
principle of vector quantization for quantizing the reference
space vector in the sigma–delta converter. The space-vector
region is divided into Voronoi regions, and a method has been
proposed for the vector quantization of inverter switching vec-
tor. The proposed scheme is implemented for four-, five-, and
six-level inverters driving a 2-hp three-phase induction motor.
The performance of the proposed scheme is compared with
those of the SVPWM and random PWM schemes with dif-
ferent modulation indices, and experimental results have been
presented.
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