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Abstract — This paper proposes a new structure to implement
the input dc voltage sources of hybrid multilevel inverters
applied to medium voltage ac motor drives. As each cell of a
hybrid multilevel inverter processes distinct power levels, this
paper proposes a generalized design methodology to determine
the phase angles among the secondary windings of the input
isolation transformer, even when the active power levels
processed by the cells and/or the impedances of the
uncontrolled rectifiers are different. The phase angles are
obtained to eliminate the fifth harmonic of the input current,
once this harmonic component presents an amplitude
considerably higher than the amplitude of the other harmonics.
Therefore, the proposed design methodology increases the input
power factor and reduces the input current THD.

1. INTRODUCTION

Voltage-source multilevel converters have been used for
medium voltage ac motor drives, because low voltage levels
are imposed to semiconductor devices and, therefore, voltage
change rates are lower than that obtained with two-level
converters [1]-[6]. In addition, multilevel adjustable speed
drives (ASD’s) synthesize waveforms with reduced harmonic
content and also present increased efficiency, because they
usually operate with low switching frequency.

Among several multilevel structures, hybrid multilevel
inverters have been receiving increasing attention [7]-[9],
mainly because they can synthesize voltage waveforms with
a reduced harmonic content using few series-connected cells.
This advantage is achieved by using distinct voltage levels in
the different cells, allowing more levels to be created in the
output voltage, then minimizing the output voltage THD
(Total Harmonic Distortion), and making possible the
reduction or even the elimination of the output filter
[10]-[12]. In addition, a hybrid modulation strategy can be
used so that the higher power cells are modulated to switch at
low frequency and lowest power cell is modulated to switch
at high frequency. Then, a high-voltage high-quality
waveform is synthesized, switching at high frequency only
the lowest power cell. On the other hand, as each cell
processes distinct power levels, a generalized approach about
the implementation of the input dc voltage sources for
applications with active power transfer was not still presented.

In applications with active power flow, as medium voltage
ASD’s, the dc voltage sources of all H-bridge (single-phase
full-bridge inverter) cells must supply this active power and
maintain the average value of the dc bus voltage constant
during the specified time interval. Therefore, the H-bridge
cells must be connected to a power supply system, such as
batteries [1], or in the utility grid [5], [6]. One of the simplest
alternatives to obtain a dc voltage source from the utility grid
is to employ an uncontrolled six-pulse rectifier. This rectifier
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is composed of a three-phase diode bridge rectifier and a
filter capacitor, utilized to reduce the dc bus voltage ripple.
However, the current waveforms drawn from the utility grid
present high THD when the input inductance is not large
enough to minimize the harmonic currents [13], [14].

Since it is necessary to employ an isolation transformer
with several secondary windings to implement the isolated dc
voltage sources, it is possible to reduce the harmonic
components of the input currents with multipulse connection
of rectifiers [15]-[17]. With adequate phase angles among
the secondary windings, the harmonic currents generated by
one diode rectifier can be cancelled by the harmonics
produced by the others rectifiers. Nevertheless, some low
frequency harmonics of the input currents will be eliminated
only when the active power levels processed by all rectifiers
and their impedances (input inductances and dc bus
capacitors) are equal, by using the conventional design
methodology to compute the phase angles among the
secondary windings. Hence, for hybrid multilevel inverters,
where the H-bridge cells usually process distinct power
levels, the line currents will present some undesired
harmonics by using the conventional design methodology.

To overcome this problem, this paper proposes a new
structure to implement the input dc voltage sources of hybrid
multilevel inverters applied to medium voltage ac motor
drives, which is illustrated in Fig. 1. The isolation
transformer has one primary winding, and 3z secondary
windings that supply energy for all cells that compose the
three-phase multilevel inverter. A new generalized design
methodology to determine the phase angles among the
secondary windings of the isolation transformer, even when
the active power levels processed by each rectifier and/or
their impedances are different, is proposed. The phase angles
are obtained to eliminate the fifth harmonic of the input
currents, once this harmonic component presents an
amplitude considerably higher than the amplitudes of the
other components [13], [14]. With this, the proposed design
methodology increases the input power factor and reduces
the input current THD.

II. DESCRIPTION OF HYBRID MULTILEVEL INVERTERS

A phase output voltage of a multilevel inverter with n
series-connected H-bridge cells per phase is obtained by
summing the output voltages of the cells, e.g.:

v () =V, (O +v,,(O)+..+v, (). 1)

If the dc voltage sources of all H-bridge cells are equal, the
maximum number of levels of the phase voltage is:

m=1+2n . )
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Fig. 1 — Proposed hybrid multilevel system.

On the other hand, if at least one of the dc voltage sources is
different from the other ones, the multilevel inverter shown in
Fig. 1 can be called asymmetric multilevel inverter [10].
Considering that the lowest dc voltage source (V) is chosen
as base value for the p.u. notation of the hybrid inverter, the
normalized values of all dc voltage sources must be natural
numbers (V; € N) and they also must respect the following
relation to obtain uniform step multilevel waveforms [11]:

j-1
V< 1+22Vk , j=2,3,.,nm (3)
k=1
where it is also considered that the dc voltage sources are
arranged in an increasing way, that is:

MV, SV SV, 4

Therefore, the maximum number of levels of an output
phase voltage waveform can be given by [11]:

m=1+20, (5)
where:
G, =DV, (6)
j=1

From (2) and (5)—(6) it is possible to verify that
asymmetric multilevel inverters can generate a larger number
of levels with the same number of cells.

However, the power devices of different cells are subjected
to distinct voltage levels. Therefore, a hybrid approach has
been proposed in [7], called hybrid multilevel inverter, for
high power and high performance applications. This hybrid
multilevel inverter uses a synergistic approach that combines
the fast switching ability of IGBT’s and large voltage blocking
capability of IGCT’s. These devices are modulated differently,
so that the IGCT inverter (high power inverter) is modulated at
fundamental frequency of the inverter output and the IGBT
inverter (low power inverter) is modulated at high frequency.

690

A. Modulation strategy

A generalized modulation strategy has been presented in
[8], which uses stepped voltage waveform synthesis in higher
power H-bridge cells in conjunction with high frequency
pulsewidth modulation (PWM) in the lowest power cell.

However, to synthesize a voltage waveform modulated at
high frequency among all adjacent voltage steps, switching at
high frequency only the lowest power inverter, the dc voltage
sources must satisfy the following equation:

j-1
VJSZZV,“ j=2,3, .1 (7
k=1

Thus, if (7) is satisfied, the spectral response of the output
voltage depends on the switching frequency of the lowest
power cell, while the power processing depends basically on
the inverter with the highest dc voltage source.

Fig. 2 shows that the reference signal of the hybrid
multilevel inverter is the command signal of the H-bridge cell
with highest dc voltage source (V). This signal is compared
with a voltage level corresponding to the sum of all smaller dc
voltage sources (G,.;). The command signal of the jth cell is the
difference between the command signal and the output voltage
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Fig. 2 — Modulation strategy of hybrid multilevel inverters [8].




of the inverter j+1. In this way, the command signal of the ;"
cell contains information about the harmonic content of the
output voltage of all higher voltage cells. This command signal
is compared to the sum of all voltage sources until the inverter
Jj-1 (0;,). Finally, the command signal of the lowest power
inverter is compared with a high frequency signal, resulting in
a high frequency output voltage.

B. Design methodology

There are several possibilities for setting the value of the
dc voltage source of each cell to obtain the same number of
levels, mainly when the number of levels increases. For
instance, although different configurations of dc voltage
sources can result in the same number of levels, the power
processing of the overall hybrid multilevel inverter is
different from one configuration to another. Therefore, it is
important to employ a design methodology to define the
number of cells and the value of the dc voltage sources [19].

The definition of the number of cells and the dc voltage
levels of each cell must consider the topologies employed to
implement these sources. Assuming that all dc voltage
sources will be implemented with six-pulse diode rectifiers,
then it will not be possible to regenerate energy from load to
source. Then, Fig. 3 presents the normalized values of the dc
voltage sources that ensure that all H-bridge cells will not
regenerate energy in motor mode for any value of m,
(amplitude modulation index). Consequently, with these dc
voltage levels, it is possible to use six-pulse diode rectifiers.
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Fig. 3 — Normalized dc voltage sources of the H-bridge cells.
III. ANALYSIS OF S1X-PULSE DIODE RECTIFIERS

The harmonic analysis of the input currents drawn by the
six-pulse rectifier shown in Fig. 4 assumes a symmetrical
three-phase power supply, represented by a sinusoidal phase
voltage V; and an inductance L,. Considering that this rectifier
composes the input stage of a high-power ASD, the internal
resistances of the input power supply are small and, therefore,
they are neglected in this analysis. Moreover, the dc bus
capacitor C, produces a dc voltage V. with low frequency
ripple, and the dc current source I, models the rectifier load,
due to the harmonic current path provided by the capacitor.

Moreover, it is interesting to normalize all variables and
system parameters so that the results obtained in the
harmonic analysis are independent from voltage and current
levels of the six-pulse rectifier. Hence, the rms value of the
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power supply phase voltage is chosen as voltage base value
and the fundamental component of the input line current is
defined as current base value for the input stage, that is:

Vdc [ dc

Viwe =V, and [, =—5=5—
3V, cos@,

base s base (8)
where @, is the phase displacement between the phase
voltage and the fundamental component of the line current.

After, the diode rectifier depicted in Fig. 4 has been
extensively simulated to evaluate its harmonic performance.
It is well known that the input current harmonics sensibly
decrease for higher values of X;. In addition, fifth and
seventh harmonics present the highest amplitudes [13], [14].
Therefore, these two harmonics should be eliminated or
minimized to reduce the input current THD.

Thus, as fifth harmonic presents the highest amplitude,
Fig. 5 shows the fifth harmonic amplitude /s, referred to the
fundamental current I;, is = I/}, versus the input reactance
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and for different values of the dc bus capacitor reactance.
Besides the knowledge of the fifth harmonic amplitude, it is
also necessary to identify its phase angle to eliminate this
harmonic with multipulse connection of rectifiers. Hence, Fig.
6 presents the phase angle between the phase voltage and the
fifth harmonic of its respective line current.

Consequently, from this analysis it is possible to estimate
the fifth harmonic of the input currents. These results will be
used after in a generalized design methodology for
multipulse connection of rectifiers.

IV. MULTIPULSE CONNECTION OF RECTIFIERS:
CONVENTIONAL DESIGN METHODOLOGY

Uncontrolled diode rectifiers have been widely used in the
input stage of medium voltage ASD’s [3]-[5], because they
have a simple structure and a smaller cost, if compared with
controlled rectifiers [6], [18]. Nevertheless, besides these
uncontrolled rectifiers do not allow the bi-directional power
flow between load and source, the input currents of six-pulse
diode rectifiers with capacitive filter present high THD.

As an input transformer must be employed to implement the
isolated voltage sources, it is possible to reduce the harmonic
content of the input currents by using multipulse connection of
rectifiers [15]-[17]. Multipulse converters use the phase shift
among the secondary windings of transformers to cancel some
harmonic currents and to reduce the dc bus voltage ripple.
Consequently, besides the galvanic isolation among the dc
voltage sources and the voltage adaptation between the input
source and the dc voltage sources of the different cells, the
input transformer can be utilized to minimize the harmonic
content of the input currents and also to reduce the common-
mode voltage at the induction motor terminals [20].

Fig. 7 shows the equivalent circuit of one phase of the input
stage of a multilevel inverter with »n series-connected cells.
The dc current source /,.; represents the average value of the
input current of the /™ H-bridge cell. Then, due to the fact that
each cell presents distinct voltage and current ratings, each
input rectifier has its own voltage and current base values.

The secondary windings line currents (input currents of the
six-pulse diode rectifiers) can be expressed by:

i, (=Y 21, sin[h(or+®,)+g,, ]

h=1,57....

- 9
i)=Y x/zlhﬁzsin[h((ot+<l)2)+(ph’2] ®
i, ()= i 21, sin[h(or+ @)+, ]

where ®@; is the angle between the line voltage of the jth
secondary winding and the primary line voltage, and /,; and
¢y, are, respectively, the rms value and the phase (without
consider the phase shift between the primary and secondary
windings) of the A" input current harmonic of the six-pulse
diode rectifier that supply the /™ cell.

The corresponding primary line current is given by:

n

i)=Y i (0

=12,

(10)

where lfsq/.(t) is the line current in the /™ secondary winding,
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Fig. 7 — One phase of the input stage of a multilevel inverter with series-
connected H-bridge cells.

reflected to the primary side.

All positive-sequence current components (7, 17, I3, ...) of
the primary line current /ag their corresponding positive-
sequence current components in the secondary line current
by a phase angle ®;. On the other hand, all negative-sequence
current components (s, 111, 117, ...) of the primary line current
lead their corresponding harmonic components in the
secondary line current by the same angle ®; [17].

Consequently, the primary line current is:

I, ;sin (mt +0,; )+

— >4 i [h’/.sinl:h((x)t'f‘(b,-)""q),-+(p/z,/]+
h=511,...

oo

+ Y 1,1’,.sin|:h(wt+CD/.)—CD/. +(p,w.]

ERE .
(11

where Vp is the primary line voltage and V; is the line voltage
of the j secondary winding.

Negative and positive-sequence harmonics, respectively, of
the primary line currents can be represented as vectors, that is:

- Vs 12
iol@ur = X |0 ® 0 h=S 00, (12)

j=1.2,..
= VS, i 13
1,9, = j;sz—Pflh,j (h-1)®,+¢,,, h=7,13,.. 13

Therefore, from (12), (13) and considering that the
impedances and active power levels processed by all cells are
equal, it is possible to verify that the minimum phase angle
(AD,;,) among the secondary windings to cancel the
dominant input current harmonics can be obtained by:

AD . =60/n (degrees). (14)
Fig. 8 presents simulation results of a multipulse connection

with three identical rectifiers, which process the same active
power levels. The phase shift among the secondary windings

min



are obtained from (14), so that: ®; = -20°, ®, = +20° e O3 =0°.
Fig. 8(a) shows the input currents of the six-pulse rectifiers.
Although these currents present high THD, Fig. 8(b) illustrates
that the primary line current has a reduced harmonic content
(THD = 4.5%). The high-quality current drawn from the utility
is due to the multipulse connection, which eliminates the S‘h,
7% 11™ and 13" harmonics, as can be seen in Fig. 8(c).
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On the other hand, Fig. 9 shows simulation results of a
multipulse connection with three rectifiers processing distinct
active power levels and maintaining the same phase shift
among the secondary windings. The harmonics of the
primary line current (Fig. 9(b)) are not eliminated, as can be
seen from Fig. 9(c), resulting in an input current waveform
with a higher THD (10.9%).
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(b) Primary line current. (c) Harmonic spectrum of the primary line current.




Then, it is important to develop a generalized design
methodology to compute the phase shift among the secondary
windings, mainly considering the active power processed by
each rectifier. This methodology is important, for instance, to
design the input stage of hybrid multilevel inverters, where
each cell usually process a distinct active power level.

V. MULTIPULSE CONNECTION OF RECTIFIERS:
GENERALIZED DESIGN METHODOLOGY

As fifth harmonic typically presents the highest amplitude,
it would be desirable to eliminate this harmonic, even when
the rectifiers process distinct active power levels. From (12),
the fifth harmonic can be represented as a sum of vectors:

L p|@sp = 112; Sf15/6d> +0s . (15)

Considering that ®, = O° (reference angle), then the fifth
harmonic amplitude can be obtained by:

2
|:%15’1 cos (6Aq>1 +0s, )"‘ L, COS((PSW >:| +

: : o

(16)

From (16), it is possible to verify that the fifth harmonic
amplitude is a function of these phase angles, that is:

I, = f(AD,AD,,...AD ). (17)

5.P

V.
+[%15,1 sin (6AD, +¢;,)

P P

Considering that (17) has at least one minimum point, the
following conditions must be satisfied to obtain the phase
angles that result in a minimum value of /5 » [21]:

g _ o _ I _, (18)
0AD,  JAD, 0AD, |
2 2 2
af2>0 or af2>00r...ora—f2>0 . (19)
0AD, 0AD, 0AD

The global minimum point inside the specified interval
(—m/6 < AD; < T/6) presents the second derivative with the
highest amplitude among the points that satisfy (18) and (19).

Consequently, from secondary line voltages and from fifth
harmonic amplitude and phase of the input current of the six-
pulse rectifiers, which can be obtained from Fig. 5 and Fig. 6,
it is possible to determine the phase shift among the secondary
windings, by using (16), (18) and (19), to minimize or even
eliminate the fifth harmonic of the primary line currents.

For instance, Fig. 10 shows the fifth harmonic amplitude of
the primary line current by varying the phase angles among the
secondary windings of a multipulse connection with three
rectifiers processing distinct active power levels and with same
normalized impedances. In this case, when the active power
processed by the second rectifier is 50% greater than the
power of the first cell and the active power processed by the
third rectifier is two times greater than the active power of the
first rectifier, the fifth harmonic of the primary line current has
minimum points when A®; = -22,24° and A®, = +25,17°, o
AD, = +22,24° and AD, = -25,17°. The fifth and seventh
current harmonics are cancelled by using these phase angles,
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as can be verified in Fig. 11(b). Without these harmonics, the
THD of the input current shown in Fig. 11(a) is 6.6% while
the input current THD using the conventional design
methodology (Fig. 9(b)) is 10.9%.
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Fig. 10 — Fifth harmonic amplitude of the primary current versus phase angles
of the secondary windings. Distinct power levels (P, = 1.5P; and P; =2P).
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Due to the fact that the proposed design methodology
computes the phase angles among the secondary windings of
the isolation transformer even with rectifiers processing
distinct active power levels, it can be applied to the input
stage of hybrid multilevel inverters.

VI. MULTIPULSE CONNECTION OF UNCONTROLLED
RECTIFIERS APPLIED TO HYBRID MULTILEVEL CONVERTERS

The THD of the unfiltered output voltage waveforms can
be used to determine the number of levels of a hybrid
multilevel inverter. For instance, defining that the THD of
the unfiltered line voltage waveform should be less than 5 %
for a unitary amplitude modulation index, the multilevel
inverter should be able to synthesize voltage waveforms with
at least 15 levels [19].

On the other hand, as diode rectifiers do not allow the bi-
directional power flow between load and source, the dc
voltage sources of the H-bridge cells that compose the hybrid
multilevel inverter must be correctly determined so that all
cells can not regenerate energy in any operating point.

Table I shows the parameters of a hybrid inverter able to
synthesize phase voltages with fifteen distinct levels, resulting
in line voltages with THD smaller than 5% for m, = 1. The
normalized values of the dc voltage sources have been
obtained from Fig. 3 and, therefore, they can be implemented
with diode rectifiers.

TABLE | - PARAMETERS OF A HYBRID MULTILEVEL INVERTER.

Parameter Value
Number of levels () 15
Series-connected H-bridge cells (1) 4
. Vi=1p.u. V;=2p.u.
Normalized dc voltage sources (V) Vo=1pu. Vi=3pu.
Frequency modulation index (m1)) 61

Fig. 12 presents the fundamental components of the output
voltages of the H-bridge cells and it also indicates the
fundamental components of these voltages for m, = 0.9,
which has been defined as nominal operating point. As these
H-bridge cells are connected in series, the same current flows
through them and, therefore, the active power levels
processed by these cells have a feature similar to that
illustrated in Fig. 12.

8

4 Output
voltage

Fundamental voltage (p.u)

0

0 0.2 0.4 0.6 0.8 1
Amplitude modulation index

Fig. 12 — Fundamental voltages (V1 = V,=1p.u., V3=2p.u., V4=3 p.u.).

695

From the active power level processed by each H-bridge
cell at the nominal operating point and using (16), (18) and
(19), it is possible to demonstrate that a set of phase angles
among the secondary windings of the isolation transformer
that eliminates the fifth harmonic of the primary line current in
this operating point is given by: A®, = +21.53°, A®, = -23.26°
and AD; = +29,69°.

Fig. 13(a) presents a line current (THD = 7.8%) drawn from
utility (V; = 220 V) in the nominal operating point of a three-
phase 4160 V/100 kW (@ m, = 0.9) hybrid multilevel inverter
able to synthesize fifteen distinct voltage levels (Table I). The
dc voltage sources of all H-bridge cells are implemented with
six-pulse diode rectifiers and the secondary windings are
phase-shifted among them with the angles mentioned above.
As expected, Fig. 13(b) shows that the fifth harmonic is
eliminated by using these phase angles. Moreover, Fig. 14
presents an output phase voltage waveform with fifteen
distinct voltage levels at the nominal operating point.

Finally, Fig. 15 presents the THD of a primary line
current, using different connections for the input isolation
transformer. This figure shows that the input current
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Fig. 13 — Multipulse connection of uncontrolled rectifiers applied to a 15-
level hybrid inverter (m, = 0.9, X.; = 0.05 p.u.;, X;, = 0.02 p.u.;,
AD, =21.53° Ad, = -23.26° and AD; = 29.69°). (a) Primary line
current. (b) Harmonic spectrum.
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waveform presented a smaller THD for a wide range around
the nominal operating point by using the phase angles
computed from the proposed generalized design
methodology. However, for low m, values, the hybrid system
presented a better input performance with the phase angles
obtained from conventional design methodology, because the
ratios among the active power levels processed by the
H-bridge cells are not the same for different values of m,,
with the adopted modulation strategy.

VII. CONCLUSIONS

This paper proposed a new generalized design
methodology to determine the phase angles of the secondary
windings of the input isolation transformer, even when the
active power levels processed by each rectifier and/or their
impedances are different. Consequently, this generalized
design methodology can be employed to design multipulse
connection of rectifiers for the input stage of hybrid
multilevel inverters, once the series-connected cells usually
process distinct active power levels. The phase angles of the
secondary windings are obtained to eliminate the fifth
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harmonic of the input current, once this harmonic component
presents an amplitude considerably higher than the
amplitudes of the other components. Therefore, the proposed
design methodology can be employed to increase the input
power factor and to reduce the input current THD.
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