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Abstract- High switching losses, low switching speed and
minimum turn-on and turn-off time are known as the main
limitations of the semiconductor switches in high power
converters. In applications such as variable speed drives,
flexible ac transmission devices and active filters, a wide
range of voltage variations are desirable. Therefore
switching techniques applying in high power multilevel
converters must consider above mentioned problems to have
a good power quality and optimal efficiency for a wide range
of modulation indexes.

This paper presents a modified modulation technique with a
wide range of modulation indexes and minimized harmonic
distortion at low indexes. This method can be easily
implemented for different converter topologies and for any
number of levels. The minimum pulse restriction in diode-
clamped converters and charge balance control for cascaded
multilevel converters are considered in the proposed
switching pattern. Simulation results of a three-phase seven-
level cascaded converter validate the theoretical analysis
with reasonable agreement.
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I. INTRODUCTION
Multilevel converters have been presented as a cost effective
solution for various high voltage and high power applications
including power quality and motor drive problems [1-7].
Many large variable speed drives, flexible ac transmission
system devices and active filters may operate for long
durations well bellow their rated capabilities, e.g. during the
night period when production has stopped at a commercial or
industrial facility. The multilevel inverters should be designed
for the largest rated load. However, they also should be
optimized to operate optimally over must of their operating
region including at low amplitude modulation indexes.
Therefore in these applications, with the requirement of the
quality and efficiency and the limitation of high power device
switching speed, low switching frequency, small THD and
wide modulation index are desirable. By applying appropriate
modulation schemes, these goals can be achieved
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simultaneously and therefore Modulation techniques play a
very important role in multilevel converters.

Several modulation techniques have been developed and
applied [8-11]. Stair case or stepped waveform modulation
schemes eliminate lower frequency harmonics suitable for
high power applications have been presented in [1-3] and
[12]. These techniques require more than one switching per
cycle to obtain a wide modulation index. The new stepped-
waveform concept, which provides a wide range of
modulation indexes is proposed in [13]. By using this
technique, although with low switching frequency, wide
modulation index can be achieved, but at very low indexes,
THD of output waveforms increase strongly.

In this paper, the suggested technique can generate output
stepped-waveforms with a wide range of modulation indexes
and minimized distortion for the entire range of indexes. In
general, the most significant low frequency harmonic
components must be selected and eliminated. Then, high
frequency harmonic components can be readily removed by
using additional filters. Therefore the proposed modulation
technique is to reduce DF (Distortion Factor) of line voltage.
In motor drives, developed torque is proportional to current.
Therefore in this case distortion of current is analyzed and
compared to previous methods. Charge balance control for
cascade multilevel converters and minimum turn-on and turn-
off time for diode-clamped converters are considered in
switching pattern, too. The computation effort is fairly simpé
to implement and is seamless for the entire range of
modulation indexes. The simulation results of three-phase
seven-level stepped-waveform converter show that a wide
range of modulation indexes (from 0.05 to 1.05) as well as
minimized harmonic distortion can be easily achieved by
using the proposed technique.

II.LMODIFIED MODULATION TECHNIQUE

A. Selective Harmonic Elimination, Conventional Method

Fig. 1 shows a quarter-wave symmetric stepped voltage
waveform synthesized by a 2m +1 level converter, where m
is the number of switching angles. The waveform has no even
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Fig. 1. 2m+1 level stepped voltage wave form.

harmonics. The amplitude of any odd harmonic of this
stepped-waveform can be expressed as follows:

h =4—V[cos(na1)+cos(na2)+ ..... +cos(na,,)] (1)
nr

n

Where V' is the dc voltage, 7 is the odd harmonic order and
Q& is the k-th switching angle.

According to Fig. 1, switching angles must satisfy the
following condition:

2

To minimize harmonic distortion and to achieve adjustable

amplitude of the fundamental component, up to m—1
harmonic components can be removed from the voltage
waveform. In general, the most significant low frequency
harmonic components will be chosen to eliminate. Then, high
frequency harmonic components can be readily removed by
using additional filter circuits. Considering the Eq. (1), to
have a constant number of eliminated harmonics, all

switching angles ( & ,..., «,, ) must be less than 90 degree. If

A <0y <Ay <o, <—

the switching angles do not satisfy this condition, this scheme
basically provides a limited range of modulation index [13].
For example, in a seven-level converter, its modulation index
is only available from 0.5 to 1.05. The number of eliminated
harmonic components decreases and distortion of voltage and
current increases if the modulation index is lower than 0.5. As
a result, it can be said that this technique provides a narrow
modulation index range.

B. Wide Range Modulation

The polarity of some levels can be changed and as a result a
low modulation index can be obtained [13]. As an example,
consider a Three-phase seven-level stepped waveform. To
minimize the DF of the line voltage and to achieve the
adjustable amplitude of the fundamental component, the
lowest significant non-triplen harmonic components must be
eliminated from the synthesized phase voltage. In this case up
to two surplus harmonics can be removed. Thus, the 5-th and
7-th harmonics, are chosen to be eliminated from the phase

.........................................................................
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Fig. 2. A positive half cycle of a seven-level stepped-
waveform with different modulation indexes. (a) High
modulation index (b) Middle modulation index (c) Low
modulation index.

voltages. Fig. 2 illustrates the positive half-cycle of seven-
level stepped waveforms with different modulation index
levels [13]. In this case the range of modulation indexes has
been divided into three levels such as high, middle and low
level. The amplitude of any odd harmonic of this stepped-
waveform can be expressed by Eq. (3), whereas the
amplitudes of all even harmonics are zero.

h, = ﬂ[cos(nal)+cos(na2)+cos(na3)] (3)
nm

Whenever ¢, is greater than 90, instead of this pattern, an

output waveform shown in Fig. 2-b, which gives middle
modulation index level, will be applied. Odd harmonics of
this waveform in this level is expressed as follows:

(4)

h, = 4—V[cos(na1) +cos(na,) — cos(nay)]
nw



An output waveform shown in Fig. 2-c will replace with Fig.
2-b if the switching angles ¢, to ¢, are not convergent at

middle modulation index level. In this level the odd

harmonics are:

4V

h, =—/[cos(na,)—cos(na,)+cos(na,)] (5)
nw

In general, a stepped-waveform, which comprises m

switching angles, can be divided into m modulation index
levels.

With the reduction of modulation index, fundamental
component decreases but surplus harmonics are nearly
constant. Therefore at low indexes, distortion of output
waveforms increase strongly. As a result by using this
technique, although with low switching frequency, wide
modulation index can be achieved, but in very low indexes
the distortion of output waveforms increase significantly.

C. Harmonic Reduction at Low Indexes

The modified technique of this paper can generate output
voltage waveforms with a wide range of modulation indexes
and minimized harmonic distortion in the entire range and at
low indexes as well.

Fig. 3 shows a proposed quarter-wave symmetric stepped
voltage waveform synthesized by a seven level converter at
very low indexes. The amplitude of any odd harmonic of this
stepped-waveform can be expressed by Eq. (6). In this case,
allof even harmonics are zero too.

ho = ﬂ[cos(nal) —cos(na,) +cos(na;) —

n

nr
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Fig. 3. Proposed switching pattern at very low modulation
index

To minimize DF of line voltage, and to achieve adjustable
amplitude of the fundamental component, up to five surplus
harmonics can be removed. Thus, the 5-th, 7-th, 11-th, 13-th
and 17-th harmonics, are chosen to be eliminated from the
phase voltage. In this case the range of modulation indexes is
divided into four levels such as high, middle, low and very

low level. By using this technique, minimized harmonic in
output waveforms and wide range of modulation indexes
(from 0.05 to 1.05) can be achieved simultaneously. For the
modulation index levels; high, middle and low, the main
power devices switch only one time per cycle and in very low
indexes switch two times per cycle, which is suitable for high
power applications.

In general, a stepped-waveform, which comprises m

switching angles can be divided into # + 1 modulation index
levels. Simulation results for seven-level converter, which is
based on the suggested technique, will be presented in the
section 4 of the paper.

III. Special Considerations

Fig. 1 shows a quarter-wave symmetric stepped voltage
waveform synthesized by a 2m +1 level converter.
Considering equations 3, 4 and 5 (and the Fig. 2 as well), the
rising edge provides positive polarity for the corresponding
cosine term, whereas the falling edge gives the cosine term a
negative polarity. Equation 7 is the generalized form of the
odd harmonic components in 2m+1 level converter for all
modulation indexes.
h = 4—V[cos(n a,)tcos(na,) * ...t cos(na,, )] (7
nr

n

The positive and negative signs are for the rising and falling
edges respectively. Only the polarity and the number of levels
must be determined for different modulation indexes.
Therefore the computation effort is seamless for the entire
range of modulation indexes and is fairly simple to implement
in various multilevel topologies.

A. Charge Balance Control

Cascade connected H-bridge multilevel converters are
becoming an attractive topology for very high power
applications. The dc link capacitor required in this converters
are faced with a heavy stress. Limiting the DC bus voltage
ripple to small magnitudes require large capacitors for all
bridges. Thus, it is desirable to equalize bridge DC power
over short period.

Pattern swapping scheme, shown in Fig. 4, make the cascade
inverters voltage and current stresses the same and helps to
maintain the batteries charge state balanced in high power
hybrid electric vehicle (HEV) motor drives [10]. This scheme
also can be used for equalizing the power drawn from each H-
bridge of cascade converters in motor drives and FACTS
devices, to reduce the size of the capacitor.

Switching pattern swapping scheme of the 2m +1 level
cascade converter, where m is the number of series
connected H-bridges or the number of switching angles, is
shown in table 1. For 2m +1 level converter, this scheme

needs at must m/2 cycles to equalize dc power drawn from all
H- bridges.



Fig. 4. Switching pattern swapping scheme of cascade
inverter for balancing battery charge.

B. Minimum Pulse Limitation

Two well-known multilevel topologies are considered in term
of how the minimum on-time and off-time (minimum pulse)
affect their synthesized output waveforms[13].

Table 1. Switching pattern swapping scheme of the 2m+1
level cascade converter.

half half - half - half -
cycle cycle cycle cycle
1 2 m/2 m/2+1
bridge 1 |bridge m bridge 2 | bridge 1
bridge 2 | bridge 1 bridge 3 | bridge 2
bridge | bridge bridge bridge
m-1 m-2 m m-1
bridge bridge bridge bridge
m m-1 1 m

It is obvious that the minimum pulse is not required in
cascade multilevel converters. Because narrow pulses can be
produced by turning on the power switch from one bridge and
turning off the power switch from another bridge. But for
diode-clamped converters, the proper operation of high power
semiconductor devices needs the consideration of the
minimum pulse. If this restriction is not considered, high
power semiconductor devices may fail and harmonic
distortion increases. Therefore the greatest switching angle
must take into account the minimum pulse. Because of

symmetric characteristic of positive half cycle respect to 90°
and negative half cycle respect to 270°, greatest switching
angle (¢, ) must satisfy the following condition, i.e.:

p ulsemin

(®)

a, <90 —

or,

pulsemin = 360ftmin (9)
or,

a, <90-180 /% .. (19

Where £, is the duration of the minimum pulse (in second).

To explain the approach numerically, assume that the
minimum pulse for high power semiconductor switch is
150z sec . Considering Eq. (8) for a 50Hz system, 150 zsec

is equal to 2.7°. From Egq. (10), ¢, must be less than

88.65°. Therefore all switching angles must satisfy the
following condition.

o, <A, <oy <...... a, <88.65° (11)

As a result, whenever «, is greater than 88.65°, a

switching pattern for different modulation index levels will be
applied.

IV. SIMULATION RESULTS

Fig. 5 shows a three-phase seven-level cascade inverter which
has been studied in this paper. Basically the modulation index
for cascade multilevel waveform, M, is defined as follows.

M= (12)

Where V' is the dc voltage, h1 is the amplitude of the

fundamental component and 72 is the number of switching
angles.
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Fig. 5. Three phase seven-level cascade inverter

Distortion factor (DF) of line voltage is defined as follows:
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Where £, is the amplitude of n-th harmonic.

In motor drives, torque is proportional to current. Therefore in
this case distortion of current is analyzed. Total line current
harmonic distortion is definedas follows:

200

Z(;"f

THD(%) == .100 (14)
1

To minimize harmonic distortion, 5-th and 7-th harmonics

must be eliminated from the phase voltage. Thus, a set of

nonlinear equations, in high modulation level, are derived as

follows:

cos(a,) +cos(a,) + cos(ar;) = 3mT7z (15)
cos(5a,) +cos(5ar,) +cos(5a;) =0 (16)
cos(7a;) +cos(7a,) +cos(7a;) =0 (17)

To solve this nonlinear equations the Newton-Raphson
method has been used [9,14]. Equations which should be
solved for all modulation indexes are given in appendix.
Angles calculated for each index are initial values for solving
these nonlinear equations for the next index. Fig. 6-a shows

calculated switching angles (&,, &, and ¢;) versus high

modulation indexes. As it can be seen, with the reduction of
the modulation index, ¢, increases and at index 0.49, ¢, is

equal to 88.1°. According to Eq. (10), all switching angles
must be less than 88.65°. Whenever «, is greater than

88.65°, this waveform is no longer exist. Therefore, an
output waveform shown in Fig. 2-b, which is proper for
middle modulation index level, will be applied instead.

When the switching angles «; to ¢, in Fig. 2-b are not
convergent at middle modulation index level, an output
waveform shown in Fig. 2-c will replace.

Fig. 6-b and 6-c illustrate switching angles, «;, «, and «;,,
versus middle and low modulation indexes, respectively. Fig.
3 shows the switching pattern at very low modulation
indexes. As shown in Fig. 7 all switching angles in this level
are smaller than&88.65°. Waveforms and spectra of line
voltage are shown in figures 8 and 9. As expected, the results

show that 5-th, 7-th, 11-th, 13-th and 17-th harmonic
components of the line voltage at very low modulation

indexes and all triplen harmonics in line voltages are very
small.

Although all switching angles in all levels satisfy the
condition of Eq. (10) and the range of modulation indexes is
wide, but at very low indexes DF and THD increase strongly.
Figures 10 and 11 present the DF and THD of the proposed
technique and the technique which is suggested earlier [13].
As it can be seen, the proposed technique of the paper reduces
the DF of line voltage up to 80% and THD of line current up
to 58% of the other technique.

V. CONCLUSIONS

A modified modulation technique for multilevel voltage
source converters, suitable for large variable speed drives,
high voltage power supplies and flexible ac transmission
system devices has been presented in this paper. The
proposed technique can generate stepped waveforms with a
wide range of modulation indexes (from 0.05 to 1.05), as well
as minimized harmonic distortion. This method is simple to
implement in varies multilevel converter topologies and for
any number of levels. The computation effort is seamless for
the entire range of modulation indexes.

A three-phase seven-level cascaded inverter is simulated as an
example. The simulation results validate the theoretical
analysis with reasonable agreement.
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Line voltage waveform and spectra in high and middle
modulation index levels, respectively

Fig. 9.
Line voltage waveform and spectra in low and very low
modulation index levels, respectively
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Fig. 10.
DF of line voltage versus modulation index, suggested
(dotted curve) and ordinary (solid curve) techniques.

APPENDIX

Equations of Different Modulation Index Levels for
Seven-Level Inverter

High level case:

cos(;) +cos(a,) +cos(a;) = 3mT7r

cos(5a,) +cos(5a,) +cos(5a;) =0

cos(7a,) +cos(7a,) +cos(7a;) =0
Middle level case:

cos(a;) + cos(a,) —cos(a;) = mz

cos(5a,)+cos(5a,) —cos(5a;) =0
cos(7a,)+cos(7e,) —cos(7a,) =0

Low level case:

cos(a;) —cos(a,) +cos(a;) = 3mT;r

cos(5a,)—cos(5a,) +cos(5a;) =0
cos(7a,)—cos(7a,) +cos(7a;) =0

THD (%)
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Fig. 11.
THD of line current versus modulation index, suggested
(dotted curve) and ordinary (solid curve) techniques.

Very low level case:

[cos(a,) —cos(a, ) +cos(a;) —

cos(a,) + cos(as) —cos(ag )] = 3mx

[cos(5e,) —cos(5ar, ) + cos(Sar;) —

cos(5a,) +cos(Sa;) —cos(5a)]=0

[cos(7a,) —cos(Ta,) + cos(Tay) —
cos(7a,) +cos(7a) —cos(7e )] =0

[cos(11la,) —cos(l1le,) + cos(l1ex,) —
cos(l1a,) +cos(l1as) —cos(l1e)]=0

[cos(13a,) — cos(13ex, ) + cos(13cx;) —
cos(13a, ) + cos(13a5) —cos(13)] =0

[cos(17a,) —cos(17cx,) + cos(17 ;) —
cos(17a,) +cos(17a5) —cos(17c,)]=0



